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1. Zusammenfassung

1.1. Einleitung

Die Behandlung von Tumorerkrankungen im Kopf-Hals-Bereich ist haufig komplex und stellt
Behandler vor groRe Herausforderungen'. Wie Scott et al. aufgezeigt haben, wurden fir diese
Tumore so wenige neue Behandlungen zugelassen wie in kaum einem anderen Bereich?. Zur
Behandlung stehen die klassischen Saulen der Tumortherapie zur Verfigung: chirurgische
Resektion, klassische Chemotherapeutika, die Bestrahlung und zukinftig kdnnten auch
zielgerichtete Therapien eingesetzt werden, diese =zeigten bislang jedoch keinen
durchschlagenden Erfolg®*.

Zwar konnten bereits deutliche Fortschritte aus der gesamten Krebsforschung in die Klinik
Ubertragen werden und beispielsweise die Prazision der Radiotherapie erhéht und damit der
Effekt der Strahlung auf benachbarte Gewebe reduziert werden, trotzdem liegt die Funf-
Jahres-Uberlebensrate des oralen Plattenepithelkarzinoms (OSCC) weiterhin seit
Jahrzehnten unverandert bei ca. 65%%%. Der Grund hierfirr ist besonders in der hohen
Rezidivrate zu suchen. Diese wird unter anderem von Capote-Moreno et al. mit 40%
angegeben®’.

Eine Theorie, warum es selbst nach Bestrahlung noch zum Rezidiv kommt, ist, dass
Tumorzellen, die dieser Therapie ausgesetzt sind, nicht wie beabsichtigt absterben, sondern
in einen Ruhezustand verfallen — die sogenannte Seneszenz®®. Seneszente Zellen verlieren
ihre Teilungsfahigkeit, bleiben jedoch metabolisch aktiv und beeinflussen ihre Umgebung
durch die Freisetzung proinflammatorischer und tumorfordernder Zytokine — ein Phanomen,
das als Seneszenz-assoziierter sekretorischer Phanotyp (SASP) bezeichnet wird'®. Wahrend
SASP in bestimmten Kontexten eine immunstimulierende und tumorsuppressive Wirkung
haben kann, zeigen Studien auch negative Effekte, wie die Férderung von Tumorzellmigration,
Metastasierung und Chemotherapieresistenz".

In der Umgebung des Tumors, dem Tumormikromilieu (TME), spielen tumorassoziierte
Fibroblasten (CAFs) eine Schlusselrolle'?. CAFs unterstiitzen die Tumorprogression durch die
Modifikation der extrazellularen Matrix (ECM), die Regulation der epithelial-mesenchymalen
Transition (EMT) und die Freisetzung von Zytokinen'>'*, Die Interaktion zwischen Tumorzellen
und CAFs ist daher von zentraler Bedeutung fur die Tumorbiologie, insbesondere nach
Bestrahlung'®.

Ziel der vorliegenden Studie war es, die Wechselwirkungen zwischen Tumorzellen und CAFs
nach Strahlenexposition genauer zu untersuchen. Dabei lag der Fokus auf der Frage, wie
diese Interaktionen die Seneszenz, die Zytokinfreisetzung und die Reproliferation
beziehungsweise das Tumorzellverhalten beeinflusst. Die Ergebnisse dieser Arbeit kdnnten
wichtige Einblicke in potenzielle therapeutische Ansatzpunkte zur Verbesserung der
Behandlungsstrategien bei OSCC liefern.

1.2. Methoden

In Vorstudien an Kopf-Hals-Tumorzelllinien zeigte sich eine zelllinienspezifische Variabilitat
der Strahlenantwort hinsichtlich des Zelltods und Induktion von Seneszenz. Dabei wurde zur
Nachahmung klinischer Bedingungen ein fraktioniertes Bestrahlungsprotokoll von 2 Gy pro
Fraktion, finfmal wochentlich Uber drei Wochen, angewendet. Es wurde beobachtet, dass
Uberlebende Zellen haufig Merkmale zellularer Seneszenz aufwiesen, was darauf hindeutet,
dass Seneszenz als Uberlebensmechanismus dienen konnte.

Im weiteren Verlauf der Studie wurden A549-Zellen als Modell verwendet, eine etablierte
Zelllinie des nicht-kleinzelligen Lungenkarzinoms, die nach Strahlenexposition zuverlassig und
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zu einem hohen Prozentsatz Seneszenz zeigen. Primare CAFs wurden aus Gewebeproben
von Patienten mit oralem Plattenepithelkarzinom isoliert.

Nach Ablosen der Zellen von der Zellkulturschale in Monokultur und Farbung mit dem
CellTrace™-Kit wurden A549-Zellen und CAFs in Mono- und Co-Kulturen mit spezifischen
Zellverhaltnissen ausgesat. Nach 24 Stunden erfolgte eine Bestrahlung mit 16 Gy mittels einer
Cs137-Gammaquelle. Dieses Protokoll orientierte sich an aktuellen Konzepten der
Strahlentherapie, die hohe Einzeldosen bevorzugen und Vorversuchen zur Induktion der
Seneszenz aus der Arbeitsgruppe. Die Kulturen wurden bis Tag 6 nach Bestrahlung
weitergeflihrt und umfassend analysiert.

Zur ldentifikation seneszenter Zellen wurde eine [3-Galaktosidase-Farbung eingesetzt, die
seneszente Zellen durch eine blaue Farbung sichtbar macht. Mittels Durchflusszytometrie
wurden lebende, tote, apoptotische und nekrotische Zellen bestimmt. Die Co-Kulturen wurden
hinsichtlich des CAF-zu-A549-Verhaltnisses untersucht. A549-Zellen mit hohem CellTrace-
Signal wurden als seneszent klassifiziert, da diese keine intrazellulare Verdinnung des
Farbstoffs durch Proliferation aufwiesen.

Zur Analyse Seneszenz-assoziierter Zytokine wurde im Anschluss eine orientierende
Untersuchung mittels des Human Cytokine Array C5 durchgefiihrt. Uberstéande von bestrahlten
und nicht bestrahlten Zellen wurden gesammelt und die Ergebnisse densitometrisch
analysiert. Die Zytokine IL-6, IL-8, MCP-1, OPG und TIMP-1 wurden fir detailliertere
Untersuchungen mittels ELISA ausgewabhlt. Die Auswahl basierte auf deren Bedeutung fir die
Tumorprogression sowie auffallig hohen Signalen im Zytokin-Array.

Zur Untersuchung des Einflusses von CAF-konditioniertem Medium auf die Migration von
A549 und FaDu-Zellen wurden Scratch-Assays durchgefiihrt, um sowohl den Einfluss auf
Zellen des Adenokarzinoms als auch des Plattenepithelkarzinoms zu prifen. Die Analyse
erfolgte computergestutzt mit der Software T-Scratch.

1.3. Ergebnisse

Unsere Studie konnte sowohl morphologische als auch funktionelle Veranderungen in einem
Co-Kulturmodell aus A549-Tumorzellen und CAFs nach Bestrahlung aufzeigen. Die
Auswirkungen der Bestrahlung sowie der Co-Kultur mit CAFs auf Seneszenz, Proliferation,
Migration und Zytokinsekretion der Tumorzellen konnten systematisch untersucht werden.

Die mikroskopische Analyse der Zellen zeigte, dass A549-Zellen nach Bestrahlung mit 16 Gy
eine vergroRerte Form und eine betonte Zellkernmorphologie aufweisen, was mit typischen
Seneszenzmerkmalen Ubereinstimmt. Die Seneszenz wurde durch X-Gal-Farbung bestatigt,
wobei eine intensive blaue Farbung um den Zellkern sichtbar wurde. Im Gegensatz dazu
blieben CAFs weitgehend spindelformig, zeigten jedoch ebenfalls eine perinukleare
Seneszenz-assoziierte Beta-Galaktosidase Aktivitat. In der Co-Kultur wurden tumorahnliche
Zellnester, die dem histologischen Bild in vivo ahneln, nur in unbehandelten Proben
beobachtet; nach Bestrahlung war eine Unterscheidung der Zelltypen aufgrund des
Seneszenz Phanotyps erschwert.

Durchflusszytometrisch wurde zunachst ermittelt, dass der Anteil von CAFs in bestrahlten Co-
Kulturen signifikant héher war als in unbehandelten. Dies deutet darauf hin, dass CAFs im
Vergleich zu A549-Zellen weniger empfindlich gegenuber Bestrahlung sind. Bezlglich der
Uberlebensraten und des Zelltods wurden signifikante Unterschiede zwischen bestrahlten und
nicht-bestrahlten Kulturen festgestellt. Dabei zeigte sich, dass Co-Kulturen zumindest
tendenziell einen hoheren Anteil lebender Zellen und einen geringeren Anteil toter Zellen
aufwiesen. Unterschiede im Anteil apoptotischer oder nekrotischer Zellen waren minimal. In
den bestrahlten Tumorzellen, insbesondere in der Co-Kultur, zeigte sich zwar eine erhéhte
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Nekroserate, jedoch verhinderten starke Schwankungen zwischen den einzelnen Kulturen
eine eindeutige Interpretation; eine signifikante Zunahme der Apoptose konnte in keiner Kultur
nachgewiesen werden. Die weitere Analyse ergab, dass ohne Bestrahlung wie erwartet nur
wenige Ab549-Zellen seneszent waren. Nach Bestrahlung hingegen waren fast alle der
Uberlebenden Zellen in Mono-Kultur seneszent, wahrend dieser Anteil in Co-Kultur signifikant
geringer war.

Wahrend der Langzeitbeobachtungen Uber 50 Tage sollte festgestellt werden, ob mit dem
geringeren Anteil seneszenter Zellen auch ein hdheres Potential zur Reproliferation besteht.
In allen bestrahlten A549-Mono-Kulturen fanden sich Reproliferationsinseln. Dieses
Phanomen trat nur in zwei von vier Co-Kulturen auf.

Bei der ersten Analyse der Zytokine mittels eines Arrays konnten orientierend erste
Unterschiede zwischen den Kulturbedingungen festgestellt werden. Das prazisere ELISA
zeigte in bestrahlten A549-Monokulturen eine signifikant erhohte Sekretion von IL-8 und MCP-
1, wahrend CAFs nach Bestrahlung keine signifikanten Veranderungen aufwiesen. In der Co-
Kultur variierte die MCP-1-Sekretion in Abhangigkeit vom Bestrahlungsstatus. Die [L-6-
Sekretion war in der Co-Kultur héher als in den A549-Monokulturen. Die TIMP-1-Sekretion war
in bestrahlten CAFs und Co-Kulturen im Vergleich zu bestrahlten A549-Zellen erhoht.
Unabhangig von der Bestrahlung war die OPG-Sekretion in CAFs und Co-Kulturen
durchgehend hdher als in den A549-Monokulturen.

In Experimenten zur Stimulation von A549- und FaDu-Zellen mit konditioniertem CAF-Medium
zeigte sich, dass sich der Spalt des Scratch-Assays bei Behandlung mit CAF-Medium im
Vergleich zur Kontrolle schneller schloss. Dabei fiUhrte Medium von bestrahlten CAFs zu einer
starkeren Forderung der Migration als das von nicht-bestrahlten CAFs.

1.4. Diskussion

Die vorliegenden Ergebnisse liefern wichtige Einblicke in die komplexen Wechselwirkungen
zwischen Tumorzellen und CAFs nach Strahlenexposition. Die Beobachtung, dass ein
signifikanter Anteil der bestrahlten A549-Zellen in einen seneszenten Zustand eintritt, wird
durch die bestehende Literatur unterstiitzt 86, Auffallig war jedoch, dass dieser Anteil in der
Co-Kultur mit CAFs signifikant reduziert war. Dies deutet auf eine modulierende Funktion der
CAFs hin, die das Seneszenzverhalten der Tumorzellen beeinflussen konnte'”'°.

CAFs konnten Mechanismen vorhalten, die Seneszenz in Tumorzellen verhindern oder
zumindest reduzieren. Mdglicherweise tragen parakrine Signale der CAFs dazu bei, dass
bestrahlte Tumorzellen weniger stark in die Seneszenz eintreten?>?2. Diese Hypothese wird
durch die Ergebnisse der Zytokinanalysen gestutzt, die eine verstarkte Sekretion von MCP-1
und IL-6 insbesondere in Co-Kulturen aufdeckten?*24, Diese Zytokine sind fir ihre Rolle bei
der Modulation des Tumormikromilieus und der Stimulation von Zelliberlebenssignalen
bekannt?*28, Die Zytokinanalysen zeigten darliber hinaus, dass TIMP-1 unter allen
Kulturbedingungen konstant exprimiert wurde. Damit kdnnte es ein potenzieller Angriffspunkt
in allen Phasen der Therapie sein.

Ein weiteres bemerkenswertes Ergebnis betrifft die langfristige Reproliferation bestrahlter
A549-Zellen. Wahrend in Mono-Kulturen regelmalig Reproliferationsinseln beobachtet
wurden, trat dieses Phanomen in Co-Kulturen nur vereinzelt auf. Dies konnte darauf
hinweisen, dass die Interaktion mit CAFs nicht nur die Seneszenz beeinflusst, sondern auch
die Fahigkeit zur Reproliferation einschrankt. Denkbar ist, dass CAFs durch die Freisetzung
spezifischer Zytokine eine Mikroumgebung schaffen, die die Wiederaufnahme der Zellteilung
erschwert"17:20,



Das Scratch-Assay verdeutlichte, dass konditioniertes Medium von CAFs die Migration sowohl
von Adeno- als auch Plattenepithelkarzinomzellen férdern kann. Auffallig war eine starkere
Wirkung des Mediums bestrahlter CAFs. Diese Beobachtung legt nahe, dass bestrahlte CAFs
ein verandertes sekretorisches Profil aufweisen, das die Tumoraggressivitat potenziell
verstarken konnte?'2,

Insgesamt bestatigen die Ergebnisse die zentrale Rolle von CAFs im Tumormikromilieu und
deren Einfluss auf die strahlungsinduzierte Seneszenz und Migration von Tumorzellen. Die
reduzierte Seneszenz und verstarkte Migration in Co-Kulturen legen nahe, dass CAFs nach
Bestrahlung eine protumorogene Funktion beibehalten bzw. Gbernehmen konnten. Diese
Erkenntnisse betonen die Notwendigkeit, CAFs als therapeutisches Ziel zu berutcksichtigen,
um die Wirksamkeit der Strahlentherapie zu verbessern und Tumorrezidiven
entgegenzuwirken.

Zukunftige Studien sollten darauf abzielen, die Mechanismen hinter den beobachteten
Effekten genauer zu charakterisieren und mdgliche Signalwege zu identifizieren, die fur die
Modulation der Seneszenz und Migration verantwortlich sind. Auch die Rolle weiterer Zelltypen
im Tumormikromilieu und deren Wechselwirkungen mit CAFs sollten dabei in den Fokus
ricken. Derartige Untersuchungen kénnten wertvolle Informationen fir die Entwicklung
innovativer Therapiestrategien liefern.



2. Zur Veroffentlichung angenommenes Manuskript

Kupka JR, Gieringer R, Kaya S, Langer V, Brieger J, Wiesmann-Imilowski N. Interaction of
tumor cells and Cancer-associated fibroblasts in radiation-induced senescence. Cell Signal.
Published online October 27, 2025. doi:10.1016/j.cellsig.2025.112187
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ARTICLE INFO ABSTRACT
Keywords: Background: Despite significant progress in tumor therapy, recurrences continue to pose a major challenge in
Cancer-associated fibroblasts (CAFs) clinical oral oncology. Recent studies suggest that senescence and intercellular signaling within the tumor

Radiation-induced senescence
Paracrine effects
Cytokine secretion

microenvironment play a crucial role in post-radiation recurrence. As these mechanisms remain incompletely
understood, this study examined the interactions between co-cultured tumor cells and cancer-associated fibro-
Migration blasts (CAFs) under the influence of radiation.

Senescence-associated secretory phenotype Methods: A549 tumor cells and primary CAFs were cultured individually and in co-culture and then exposed to 16
(SASP) Gray irradiation. Changes in cell morphology and secretome were measured, and medium transfer experiments
assessed tumor cell migration. Six days post-irradiation, the proportions of apoptotic, necrotic, dead, and viable
cells were assessed. Long-term cultures were used to document tumor cell reproliferation.

Results: Post-irradiation fewer tumor cells underwent senescence in co-culture with CAFs compared to mono-
culture, without an increase in long-term tumor cell reproliferation in the co-cultures. MCP-1 (CCL2) secretion
was lower in co-culture, potentially contributing to the reduced senescence. IL-6 secretion was higher, consistent
with its role in promoting tumor invasion. IL-8 expression was elevated in non-irradiated co-cultures; its
reduction post-irradiation may explain the lower senescence in co-culture. CAFs produced OPG, potentially
driving migration. TIMP-1 was consistently secreted across all conditions. CAF-conditioned medium promoted
migration of A549 and FaDu cells.

Conclusion: This study demonstrates that CAFs modulate tumor cell senescence and enhance migration following
irradiation. These findings highlight the role of CAFs in progression and radiation response. Targeting CAF-
related mechanisms during radiotherapy may improve therapeutic outcomes across epithelial cancer types.

1. Background colorectal and oral carcinomas (OSCC) [1]. These tumors are collec-
tively responsible for a substantial global cancer burden, with rising

One of the main topics of research in oncology is the treatment of incidence rates in several regions [2,3]. Despite the clinical relevance of
epithelial tumors, which include malignancies such as lung, gastric, these tumor types, therapeutic advances remain limited. For example,
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head and neck epithelial tumors have received relatively few new FDA-
approved therapies in recent years compared to other cancers [4].

Therefore, efforts are being made to continuously improve surgical
techniques, chemotherapy, and radiotherapy strategies [5]. The com-
bination of these methods can significantly improve patients’ chances of
survival because recurrence remains a significant factor determining
mortality with rates staying high at approximately 40 % over the past
decades in certain tumor entities [6,7]. Consequently, the 5-year sur-
vival rate has also remained constant for a long time [7].

Adjuvant radiotherapy is commonly applied to eliminate residual
tumor cells following surgical resection in epithelial cancers [8].
Advanced techniques such as 3D conformal or intensity-modulated
radiotherapy are widely used in both definitive and adjuvant settings,
ideally within six weeks after surgery [9]. For example, national
guidelines in Belgium emphasize conventional fractionation (60-66 Gy
over 6-6.5 weeks) and stress avoiding treatment interruptions to ensure
efficacy in OSCC treatment [10]. More and more, relapse is also asso-
ciated with tumor cells entering a dormant state called senescence
[11,12]. As a result tumor cells not only lose their ability to divide but
also undergo changes in their appearance and metabolism [13]. Senes-
cence was previously considered irreversible and potentially desirable
for cancer therapy [14]. However, recent research shows that re-
proliferation can occur after a period of dormancy, leading to clinical
recurrence [15,16]. Wang and colleagues demonstrated that patients
whose tumors exhibited high levels of senescence-associated gene
transcripts had reduced survival rates. [17].

Senescent cells modulate their microenvironment by producing a
unique set of cytokines. This pattern of secretion is known as the
senescence-associated secretory phenotype (SASP) [13]. It primarily
consists of proinflammatory signaling molecules but can also vary
depending on the context [18]. This secretory profile can activate key
signaling pathways in surrounding tumor cells, promoting survival and
proliferation. Some researchers consider SASP to be a protective
mechanism that activates the immune response. This allows cells from
the innate and adaptive immune systems to be directed towards cancer
cells or precancerous lesions to eliminate them [19]. However, it also
might have negative effects: Components of the SASP can promote
cancer cell growth, invasion, metastasis, and tumor vascularization,
further contributing to a tumor-supportive microenvironment. [20].

This tumor microenvironment is furthermore shaped by cancer-
associated fibroblasts (CAFs). CAFs can originate from various precur-
sor cells and have a long, spindle-shaped appearance [21]. They are
characterized by ongoing activation and play a role not only as a basis
and support but also by producing growth factors, chemokines, and
cytokines that actively promote tumor cell growth, angiogenesis, and
the invasion of immunosuppressive cells [22]. They are also involved in
tumor invasion through different mechanisms among them the pro-
duction of matrix metalloproteinases [23,24]. It is believed that inter-
rupting the interaction and communication between CAFs and cancer
cells could be a target for modern therapies [25].

However, the role of CAFs in radiation-induced senescence and their
contribution to this process remain poorly understood. Importantly,
within the tumor microenvironment, not only cancer cells but also CAFs
are exposed to irradiation during radiotherapy. Yet, there is limited
understanding of how CAFs themselves respond to radiation, including
their activation status, secretory behavior, and potential to undergo
senescence, or how radiation influences their communication with
tumor cells and other components of the microenvironment. These in-
teractions under irradiation remain poorly explored, representing a
critical gap in our knowledge that is central to the focus of this study.

The aim of this study was to investigate the mutual effects between
irradiated CAFs and tumor cells in vitro, with a particular focus on
senescence. Important questions included whether the proportion of
senescent tumor cells differs when CAFs are present compared to when
they are cultured alone, whether there are differences in the proportion
of necrotic, apoptotic, dead, or viable tumor cells, and ultimately,
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whether changes in the secretion of cytokines may be responsible for
these effects.

A better understanding of how senescence in tumor cells and CAFs
influences cancer cell behavior and intercellular signaling could identify
novel targets to disrupt tumor-promoting communication after
radiotherapy.

2. Materials and methods
2.1. Cell isolation and cell culture of tumor cells and CAFs

The head and neck squamous cell carcinoma (HNSCC) cell line FaDu
was obtained from a collaborating research group and its identity was
verified via short tandem repeat (STR) analysis in 2016. H357 cells were
purchased from Sigma-Aldrich (St. Louis, MO, USA), SCC-9 cells from
the American Type Culture Collection (ATCC, CRL-1629 ™), and
HNSCCUM-04 N cells were isolated in-house in our laboratory [26]. All
tumor cells were maintained in DMEM/Ham’s F12 medium (Sigma-
Aldrich) supplemented with 5 % BCS (VWR Life Science, Radnor, PA,
USA) and 2 % penicillin/streptomycin (Sigma-Aldrich, St. Louis, MO,
USA).

The non-small cell lung carcinoma cell line A549, obtained from the
German Collection of Microorganisms and Cell Cultures, Braunschweig,
Germany, was employed for the experiments due to its well-established
propensity to undergo senescence after exposure to radiation. The de-
cision to use A549 cells was based on the desire to eliminate additional
variables introduced by primary tumor cells, which are inherently
harder to standardize. Although head and neck carcinoma cell lines also
exhibit radiation-induced senescence, as shown by Schotz et al., the
proportion is only around 20 %, making them less suitable for our
specific experimental setup [27]. A549 is a well-established cell line in
senescence research [28-30]. After radiation, almost all cells become
senescent [16,31]. Wiesmann and colleagues also showed that re-
proliferation is possible. Therefore, this cell line is particularly suit-
able for studying the underlying mechanisms of senescence and radia-
tion resistance [16].

Primary human CAFs were isolated from OSCC samples obtained
during tumor resection from patients who underwent surgery at the
Department of Oral and Maxillofacial Surgery, University Medical
Center Mainz, Mainz, Germany. The tissue for the cultivation of CAFs
was taken from the tumor tissue in such a way that the histological
assessment of the tumor margins was not affected. A second tissue
sample was taken from the same patient at the site of tumor resection
from clinically healthy oral mucosa at the greatest possible distance
from the tumor margin. This second tissue sample served as reference
sample. It was used to isolate normal fibroblasts from the same patient
and was utilized as control for the characterization of the CAFs via qPCR.
This study was performed in agreement with the declaration of Helsinki
on the use of human material for research. All patients provided signed
informed consent prior to participating in the study. The Ethics Com-
mittee of the State Medical Association of Rhineland-Palatinate Ethics
Committee approved this study (ethics vote Votum: 2022-16424_3; year
of ethics vote: 2022). The fibroblasts were isolated from the tissue by
out-grow from the sample avoiding enzymatic digestion. To prevent
contamination by fungi, the samples were first swabbed in phosphate-
buffered saline (PBS) with amphomoronal before being fragmented.
The sample was then divided into three to six fragments with a size of
approximately 2-3 mm® and placed in a 6-well plate. To improve the
adhesion of the fragments to the well plate, they were incubated at 37 °C
for seven minutes. Then they were submerged in culture medium
(Dulbecco’s modified Eagle medium with 10 % fetal bovine serum
(Gibco®, Life Technologies™, Paisley, UK), 1 % penicillin-streptomycin-
neomycin, 1 % tr-glutamine (Sigma-Aldrich Chemie GmbH, Steinheim,
Germany)). When a sufficiently large number of cells was grown out of
the tissue fragments, contamination with mycoplasma was ruled out.
The primary fibroblasts were used for the experiments before reaching
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the fourth passage.

For the co-culture experiments all cells were maintained in DMEM/
Ham’s F12 medium (Sigma-Aldrich) supplemented with 5 % BCS (VWR
Life Science, Radnor, PA, USA) and 2 % penicillin/streptomycin (Sigma-
Aldrich, St. Louis, MO, USA). Regular checks for mycoplasma contami-
nation were carried out, and cells were incubated at 37 °C and 5 % CO».

2.2. Characterization of CAFs

In the first-place fibroblast growth was determined phenotypically.
Their identity was then confirmed via qPCR by detecting the mRNA
expression of typical fibroblast markers and by exclusion of the
expression of markers of other cell types using a PrimePCR Custom 96-
well Plate (Bio-Rad Laboratories Inc., Hercules, USA) with the following
predesigned and validated PrimePCR™Assays (see Table 1). To identify
suitable reference genes, the PrimePCR Pathway Plate, Reference Genes
H96, human (Bio-Rad Laboratories Inc., Hercules, USA), was used ac-
cording to the manufacturer’s instructions and TBP and TFRC were
chosen.

The non-expression of EPCAM served to exclude the isolation of
epithelial / tumor cells, the non-expression of CD31 to exclude endo-
thelial cells, and the non-expression of CD45 to exclude lymphocytes.
Fibroblasts furthermore exhibited expression of typical fibroblast
markers such as vimentin, collagen type I, and S100A4. Furthermore,
a-SMA, PDPN, PDGFRA, PDGFRB, and FAP were employed to verify
isolated fibroblasts as CAFs based on their established use in identifying
these cells [32,33]. Since fibroblasts, and especially CAFs, are very
heterogeneous, it was decided to determine the identity of the cells using
several markers [25,32,33].

2.3. Co-culture procedure and irradiation

Fig. 1 provides an overview of the experimental timeline: Beginning
on the day before irradiation (Day —1) A549 cells were detached
through trypsin digestion (Sigma-Aldrich, St. Louis, MO, USA), and
treated with the CellTrace™ Cell Proliferation Kit (Thermo Fisher Sci-
entific (Darmstadt, Hessen, Germany) following the manufacturer’s in-
structions. With approximately 106 cells/ml PBS, a final concentration
of 1 uM was applied for a 20-min incubation period. After deactivation
and removal of the staining solution, cells were manually counted using
a Neubauer counting chamber.

For monoculture experiments, 120,000 CAFs or 40,000 A549 cells
were seeded into one 25 cm? cell culture flask. In co-culture experi-
ments, 20,000 A549 cells were co-cultured with 80,000 CAFs 25 em? cell
culture flasks in direct contact. These cell ratios were selected based on
preliminary validation experiments considering the approximate pro-
liferation rates. Irradiation was administered after 24 h with a dose of
16 Gy using a Cs'®” gamma source (Day 0). This dosage is known to
reliably induce senescence in a substantial proportion of cells without
causing excessive cell death [16]. Additionally, this approach aligns
with contemporary radiation therapy strategies that prioritize delivering
higher dosages over fewer sessions to curb radiation resistance induction
(FLASH radiotherapy) [34]. Cells were cultured until Day 6. Medium
was changed on Day 2 and replaced with serum-free medium on Day 4.
Cells were harvested on Day 6 post-irradiation for further analysis,
encompassing flow cytometry, beta-galactosidase staining, and collec-
tion of the supernatant. Additional culture flasks of irradiated A549 cells
and the co-culture were investigated every two days for 50 days to check
whether reproliferation occurred.

2.4. Senescence-associated beta-galactosidase staining

Senescent cells express increased amounts of lysosomal hydrolase,
which reacts with 5-bromo-4-chloro-3-indolyl-D-galactopyranoside to
generate a perinuclear blue stain detectable by light microscopy. This
staining is one of the standard methods for senescence detection [35].

Cellular Signalling 137 (2026) 112187

The Senescence beta-Galactosidase Staining Kit (#9860 Cell Signaling
Technology®, Danvers, MA, USA) was employed according to the
manufacturer’s instructions as previously described [16]. After medium
removal, cells underwent PBS washing, fixation, and exposure to the
staining solution at an exact pH of 6 overnight. Cells were covered with
glycerin for long-term storage. To quantify the amount of senescence-
associated p-galactosidase activity the integrated density (mean blue
value x area) of the staining was assessed using ImagelJ Fiji, allowing for
integration of the intensity of the signal and the area occupied by it
[36,37]. For this purpose, five representative images were acquired from
each irradiated 25 cm? culture flask and the respective control flasks. A
normalization to cell number was omitted, as the different cell lines
showed substantial differences in both post-irradiation survival and cell
size. To assess the relative increase in staining intensity, values from
irradiated samples were normalized to their respective unirradiated
controls, thereby providing a fold-change in senescence-associated
B-galactosidase activity.

2.5. Flow cytometry

Flow cytometry was employed to measure the proportions of alive,
dead, apoptotic, and necrotic cells within the tumor cell population.
Within the living cell subset, senescent and non-senescent cell fractions
were quantified. In co-cultures, the CAF-to-tumor cell ratio was also
assessed. On Day 6, cells were harvested and washed twice with PBS.
Subsequently, cells were suspended in Annexin V binding buffer. For
apoptosis/necrosis staining, Annexin-FITC (apoptosis marker) and Sytox
Blue (live/dead dye) were utilized. The previously mentioned CellTrace
reagent (Red 660/20) was used to distinguish between A549 and CAFs.
A high intensity of the CellTrace signal indicated arrested proliferation.

Analysis was carried out using a BD FACS Canto II flow cytometer
(Becton Dickinson, Franklin Lakes, NJ, USA), and data interpretation
was conducted using Cytobank (https://community.cytobank.org/cytob
ank/login). Cell identification began with forward scatter (FSC) and
sideward scatter (SSC) analysis to exclude debris. To differentiate be-
tween A549 and CAFs within co-culture, the CellTrace signal (Red 660/
20) was combined with FSC parameters, as only A549 cells were stained
with the CellTracer. Apoptotic, necrotic, and live cells were distin-
guished based on FITC (Annexin-FITC) and Violet 450/50 (Sytox Blue)
signals. Cells stained only with Annexin-FITC were classified as
apoptotic, those stained only with Sytox Blue as necrotic, and cells
positive for both dyes as dead. Viable cells were identified by non-
staining with Sytox Blue.

Considering the anticipated cell cycle arrest observed in senescent
cells, intracellular dye dilution of the CellTrace reagent was negligible in
senescent cells. Accordingly, A549 cells exhibiting pronounced signals
in this channel were classified as senescent. In contrast, the dominant
population in untreated samples was designated non-senescent. For a
detailed visualization of the gating strategy please refer to the supple-
mentary file.

2.6. Cytokine array

To examine the secretion of key cytokines associated with senescence
and potential alterations thereof, the Human Cytokine Array C5 (Ray-
Biotech, Peachtree Corners, GA, USA) was employed, adhering to the
manufacturer’s guidelines. Table 2 shows the array map. Supernatants
from irradiated and non-irradiated cells were collected on Day 6 after
48 h culture in serum-free medium, followed by centrifugation to
remove cellular debris and deceased cells. The supernatant samples
were stored at —80 °C until use. Deceased cells were not discarded but
also included in the flow cytometry analysis. Membranes were blocked
for 30 min and then incubated with supernatants overnight at 4 °C.
Biotin-conjugated soluble antibodies and horseradish peroxidase-
conjugated streptavidin facilitated detection.

Documentation and densitometric analysis were executed using the
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Table 1
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Marker genes used for identification and characterization of CAFs via qPCR.

Gene Gene Name Target Cell Unique Assay ID Amplicon Context Sequence
Symbol Type
alpha smooth
ACTA2 e CAFs, smooth HeaCD0013300  CCOGCAGTGGCCATCTCATTTTCAAAGTCCAGAGCTACATAACACAGTTTCTCCTTGATGT
(a-SMA) muscle cells 4 CCCGGACAATCTCACGCTCAGCAGTAGTAACGAAGGAATAGCCACGC
CTAGACAGAGATGAACTGAGGTCCTTGTTTTGTTTTGTTCATAATACAAAGGTGCTAATTAAT
COL1AZ  collagen type I fibroblasts qHsaCED0003988  AGTATTTCAGATACTTGAAGAATGTTGATGGTGCTAGAAGAATTTGAGAAGAAATACTCCTGT
ATTGAGTTGTATCGTGTGGTGTATTTTTTAAAAAATTTGATTT
enithelial cell enithelial cells TGCACTTCAGAAGGAGATCACAACGCGTTATCAACTGGATCCAAAATTTATCACGAGTATTT
EPCAM aghesion o ecule (glmor cellyy  GHsaCID0023244  TGTATGAGAATAATGTTATCACTATTGATCTGGTTCAAAATTCTTCTCAAAAAACTCAGAA
TGATGTGGACATAGCTGATGTGGCTTATTATTTTGAAAAAGAT
fbroblast GCTTTAGGAAGTGGGTCATGTGGGTGTATAAGTGGTTCGTGGACAGGCCGGATAAGCCGTG
FAP o . CAFs qHsaCID0018575  GTTCTGGTCAGAGTACCACATTGCCTGGAAATCCACTTGTGCATTAAC
P CAGAGCTTTAGCAATCTG
endothelial CGTTAAGCTGGAGCCTCGGTGGCCATGCTTCTTGCCCCTTGGGCCTCCCCCCAGCCCCTCCTC
HBAL D31 cells HsaCEDO020775 (0 11 TGCACCCGTACCCCCGTGGTCTTTGAATAAAGTCTGAGTGGGCGGCAAGGA
platelet-derived
TTCCCATCCGGCGTTCCTGGTCTTAGGCTGTCTTCTCACAGGGCTGAGCCTAATCCTCTGCCAG
PDGFRA  growth factor CAFs HsaCID0007202 111 A TTACCCTCTATCCTTCCAAATGAAAATGAAAAGGTTGTGCAGCTGAATTCATCCTTTTCTCTG
receptor A, CD140A
platelet-derived TGGTAGCTGAAGCCCACGAGGTCCATGTAGCTTAGCACTGGAGACTCGTTGATCAAAGTTGCTCGG
PDGFRB  growth factor CAFs qHsaCID0013272  CAGGTCCTCTCAGGGGCAGAGGGAACGTAGTTATCGTAAGGGGCCATGTAGTTGGAGGACTC
receptor B, CD140B GATGTCTGCATATTTGACG
GTGGCAACAAGTGTCAACAGTGTAACAGGCATTCGCATCGAGGATCTGCCAACTTCAGAAAGCACAGTC
PDPN podoplanin CAFs qHsaCID0009013  CACGCGCAAGAACAAAGTCCAAGCGCCACAGCCTCAAACGTGGCCACCAGTCACTCCACGGAGAAAGT
GGATGGAGACACACAGACAACAGTTGA
AAGGACGCATGCTGTTTCTTAGGGACACGGCTGACTTCCAGATATGACCATGTATTTGTGGCTTAAAC
PTPRC CD45 lymphocytes qHsaCED0038908 TCTTGGCATTTGGCTTTGCCTTTCTGGACAC
100 calci
ii:(ﬁrfa C;E::m M CGATGCAGGACAGGAAGACACAGTACTCTTGGAAGTCCACCTCGTTGTCCCTGTTGCTGTCCAAGT
S100A4 ﬁbmbli i_s e fibroblasts qHsaCID0013749  TGCTCATCAGCTTCTGGAAAGCAGCTTCATCTGTCCTTTTCCCCAAGAAGCTGGGCAGCTCCCGGGT
> astsp CAGCAGCTCCTTTAGTTCTGACTTGTTGAGCTTGAACTTGTCACCCTCTTTGCCC
protein-1 (FSP-1)
TATA box bindin AAATATTGTATCCACAGTGAATCTTGGTTGTAAACTTGACCTAAAGACCATTGCACTTCGTGCCC
TBP ein ®  reference gene  qHsaCID0007122  GAAACGCCGAATATAATCCCAAGCGGTTTGCTGCGGTAATCATGAGGATAAGAGAGCCACGAA
P CCACGGCACTGATTTTCAGTTC
TFRC transferrin reference sen HeaCID0022106  AGCATTCCCGAAATCTGTTGTTAGTCTGGAAGTAGCACGGAAGAAGTCTCCACGAGCAGAATACA
receptor, CD71 clerence gene  qHisa GCCACTGTAAACTCAGGCCCATTTCCTTTATGTCTGCTCTGTATTGGTTCAGATCCCTCACAAATGA
N i ATTGCAGGAGGAGATGCTTCAGAGAGAGGAAGCCGAAAACACCCTGCAATCTTTCAGACAGGA
vim vimentin fibroblasts qHsaCIDO012604 111 A CAATGCGTCTCTGGCACGTCTTGACCTTGAACGCAAAGTGGAA
L L N
Measurements
Microscopic * Microscopic
z images
Cell seeding Irradiation Microscopic Images * beta-Gal staining
« CAF . * Collection of
. . Images Changeto supernatant/
¢+ A549 Microscopic g p
2 serum-free conditioned
* Coculture images Medium change i medium
medium * Flow cytometry
Day -1 Day 0 Day 1 Day 2 Day 3 Day 4 Day 5 Day 6

Fig. 1. Experimental Timeline Cells (CAF, A549, co-culture) were seeded on day —1 and cultured for six days following irradiation, with microscopic monitoring and
medium changes every second day. Key measurements were conducted on day 6.

ChemiDoc XRS+ system (BioRad, Dreieich, Hessen, Germany) in
conjunction with Image Lab software (BioRad, Dreieich, Hessen, Ger-
many). Positive controls were used to standardize results across different
membranes. The results were adjusted based on the occupied cell culture
surface area in each respective culture, as determined using the software
QuPath (Queen’s University, Belfast, Northern Ireland). Representative
microscopic images were analyzed with the software by manually
marking and outlining the proportion of the surface area covered by
cells. If the entire surface was covered by cells, the adjustment factor was
set to 1. However, if, for example, only 80 % of the surface was occupied,
the values were multiplied by 1.25 to normalize the results. This
adjustment ensured that the data accounted for variations in cell

coverage across different samples and provided a more accurate repre-
sentation of the experimental outcomes.

2.7. ELISA

Guided by the results of the membrane-based cytokine array, inter-
leukin 6 (IL-6), interleukin 8 (IL-8), monocyte chemoattractant protein-
1 (MCP-1) (alternative name: C-chemokine ligand 2 (CCL2)), osteopro-
tegerin (OPG) and tissue inhibitor of metalloproteinase-1 (TIMP-1) were
chosen for subsequent analysis via ELISA. For the selection of the cy-
tokines their high relevance for cancer progression and their known
influence on senescence were relevant but also for example the
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Table 2
Human Cytokine Array C5.
A B C D E F G H I J K
ENA-78 GM-CSF a/ GRO alpha
1 POS POS POS POS NEG NEG (CXCL5) G-CSF GM-CSF b/g (CXCL1)
1-309 IL-1 alpha IL-1 beta IL-8
2 (CaLl) (IL-1 F1) (L1 F2) IL-2 IL-3 1L-4 IL-5 IL-6 IL-7 (CXCLS) IL-10
IL-12 IFN- MCP-1 MCP-3 MDC MIG MIP-1 beta
8 p40/p70 113 115 gamma (CCL2) MCP-2 (CCL8) (CCL7) M-CSF (CCL22) (CXCL9) (CCL4)
MIP-1 RANTES SDF-1 TARC TNF beta . .
4 delta (ccLs) SCF alpha (ccL17) TGF beta 1 TNF alpha (TNFSF1B) EGF IGF-1 Angiogenin
. BLC Ck beta 8-1 Eotaxin-1 Eotaxin-2 Eotaxin-3
5 OSM TPO VEGF-A PDGF-BB Leptin BDNF (CXCL13) (CCL23) (CcL1) (CCL24) (CCL26)
FLT-3 Fractalkine GCP-2
6 FGF-4 FGF-6 FGF-7 (KGF) FGF-9 Ligand (CX3CL1) (CXCL6) GDNF HGF IGFBP-1 IGFBP-2
IP-10 LIGHT MCP-4 MIP-3 NAP-2
IGFBP- IGFBP- IL-1 LIF MIF NT-
7 G 8 G 4 6 (CXCL10) (TNFSF14) (CCL13) alpha (CXCL?7) 8
8 NT-4 OPN OPG PARC PLGF TGF beta 2 TGF beta 3 TIMP-1 TIMP-2 POS POS
(SPP1) (TNFRSF11)

extraordinary high signal for MCP-1 in the Cytokine Array. Procedures
adhered closely to manufacturer’s instructions, displaying minor dif-
ferences between distinct kits (R&D Systems Duoset ELISA Kkits: cata-
logue# DY206, DY208, DY279, DY805, DY970). Detection was
performed using a plate reader (Multiskan Ascent®, Thermo Fisher
Scientific GmbH, Rockford, USA). The raw data were analyzed using the
MyAssays Data Analysis Tool (www.myassays.com, MyAssays Ltd.,
USA) with a four-parameter logistic (4-PL) curve fit, yielding a regres-
sion coefficient (R%) of at least 0.9859. The results were adjusted ac-
cording to the occupied cell culture surface area which was determined
using the software QuPath.

2.8. Migration analysis

To investigate the influence of CAF-conditioned medium on the
migration of tumor cells, we utilized the previously generated super-
natants for stimulating scratch assays using A549 and FaDu cells. The
conditioned media were obtained using CAF cultures from five different
patients. The CAFs had been cultured for two days under serum-free
conditions, resulting in conditioned media without FCS. Accordingly,
control experiments were performed using medium without FCS to
ensure consistent conditions. FaDu cells were used because they are
among the most commonly employed cell lines in HNSCC research.

Cellular migratory capacity was assessed using culture inserts
(ibidi® GmbH, Munich, Germany) as previously described [38]. The
scratch assay chambers were placed into a 12-well plate. Twenty-four
hours prior to treatment, 70 pl of a suspension containing 500,000
tumor cells / ml was seeded to each chamber. After 24 h of incubation,
the inserts were removed, and the cells were treated with 1 ml CAF-
conditioned medium. Since irradiation reduced the proliferation ca-
pacity of CAFs, we diluted the conditioned medium based on total cell
count to improve comparability between the effects of the medium from
irradiated and untreated CAFs. Tumor cells maintained in serum free
medium served as control. The cell-free area in the monolayer was
photographed at 8, 16, 24 and 48 h after adding the conditioned media.
Gap closure was then objectively evaluated using the T-Scratch software
(https://www.cselab.ethz.ch/software/, accessed on 21 September
2020) for a computer-assisted analysis.

2.9. Statistical analysis

Statistical significances for this exploratory study were assessed
using a t-test, a one-way, or a two-way ANOVA respectively such as
applicable, followed by post hoc Bonferroni corrections for pairwise
comparisons. All analyses were conducted using GraphPad Prism 10 for
Windows, Version 10.0 (GraphPad Software, La Jolla, CA, USA). Data
are presented as means + SD, unless otherwise indicated. Statistical

significance levels were denoted as follows: * p < 0.05, ** p < 0.01, ***
p < 0.001.

3. Results
3.1. Characteristics of CAFs

Tumor specimens were obtained from seven patients diagnosed with
OSCC. All samples were collected during surgical resection, immediately
preserved under standardized conditions, and subsequently processed
according to established pathological protocols. Each specimen was
classified according to the TNM staging system to ensure accurate
stratification of tumor progression (See Table 3).

To identify the isolated cells as CAFs, and to perform a basic char-
acterization, we analyzed the mRNA expression of key fibroblast and
CAF markers using qPCR. Expression of all examined markers (see
Fig. 2) was detectable in all cell samples; however, expression levels
varied substantially between cells from different patients, as expected.
Furthermore, cells of other cell types could be excluded in all samples by
non-expression of CD45, CD31, and EPCAM. The following figure pre-
sents the mean relative expression of the marker genes, expressed as fold
change relative to healthy fibroblasts derived from the same patient.

3.2. Radiation-induced cellular senescence in HNSCC and A549

To assess the contribution of radiation-induced cellular senescence to
the response of head and neck tumor cells to irradiation, we initially
investigated a panel of tumor cell lines (Fig. 3A). Fractionated irradia-
tion was employed to closely mimic the clinically relevant radiotherapy
regimen used in the treatment of head and neck cancers. Specifically,
cells were irradiated with 2 Gy per fraction, five times per week,

Table 3

TNM classification of the seven CAF-containing tumor samples included in this
study. The classification includes the primary tumor size and extent (T), the
pathological lymph node status (pN), and the presence or absence of distant
metastasis (M), according to the TNM staging system. Additional pathological
parameters are reported: L (lymphatic invasion), V (vascular invasion), Pn
(perineural invasion), and R (resection margin status).

CAF-Sample TNM Classification

CAF_P1 pT2, pNO (0/20), MO, LO, VO, Pn0 RO
CAF_P2 pT2, pNO (0/44), MO, LO, VO, PnO RO
CAF_P3 pT4a, pN1, MO, LO, VO, PnO RO

CAF_P4 pT4a, pN2b (2/38), MO, L1, VO, Pnl RO
CAF_P5 pT4a, pN3b (1/47), MO, L1, VO, Pnl RO
CAF_P6 pT3, pN3b (1/42), MO, LO, VO, Pn0O RO
CAF_P7 pT3, pN3b (2/28), MO, LO, VO, Pnl RO
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Fig. 2. Analysis of mRNA expression of key fibroblast and CAF marker, including a-SMA, Collagen Type I, S100A4, Vimentin, FAP, PDGFRA, PDGFRB, and
Podoplanin in CAF samples relative to matched normal fibroblasts. The figure displays the mean fold change of the mRNA expression of the genes relative to matched
normal fibroblasts and the standard deviation as well as the levels of individual mRNA expression of all primary CAFs from the respective samples, with each dot
representing a single measurement and each color corresponding to a different patient. The data demonstrates that all investigated fibroblast markers were detectable
across all cells, although the expression levels varied considerably between patients.

followed by a two-day break, over a total period of three weeks [8]. This
schedule represented the maximum duration and dose that could be
feasibly administered in vitro, as extending the treatment to the full six-
week clinical protocol was not possible due to the increased radiation
sensitivity of cells under in vitro conditions, which led to excessive cell
death.

Our results demonstrated substantial inter-cell line variability in
response to irradiation, consistent with the known heterogeneity of head
and neck tumors (Fig. 3A). Both the extent of radiation-induced cell
death and the induction of senescence varied among the different tumor
cell lines. Notably, cells that survived fractionated irradiation frequently
exhibited features of cellular senescence, as evidenced by increased
senescence-associated f-galactosidase activity. These findings suggest
that senescence may serve as a survival mechanism in response to ra-
diation exposure in a subset of head and neck tumor cells.

The quantitative analysis of the senescence-associated fB-galactosi-
dase activity underlined this variability among the different tumor cell
lines (Fig. 3B). A549 cells displayed a marked increase in senescence,
with a fold-change of 16 relative to unirradiated controls, whereas the
head and neck cancer cell lines FaDu, H357, SSC9, and HNSCCUM-04 N
showed more moderate increases of 2, 3, 4, and 8, respectively. Manual
cell counting alone did not fully capture these differences, as it fails to
account for cell survival. To provide a more representative assessment,
we quantified senescence using integrated density, which incorporates
staining intensity and cell area and was normalized to unirradiated
controls. This approach highlights that A549 cells exhibit the most
robust senescence response overall, as nearly all cells survive and un-
dergo senescence, while head and neck tumor cells show lower inte-
grated density values. Furthermore, in the A549 model cell line,
radiation-induced senescence was also effectively induced by a single
16 Gy dose, eliminating the need for a fractionated irradiation protocol.

Senescent features emerged within six days after irradiation and per-
sisted up to day 18. These findings support A549 as a suitable model for
studying radiation-induced senescence in vitro.

Therefore, we selected A549 cells as a model system, to facilitate a
more detailed investigation of radiation-induced senescence in the
context of interaction with CAFs. This cell line exhibited minimal
radiation-induced cell death, while the vast majority of cells undergo
senescence following irradiation (Fig. 3A last line). To optimize exper-
imental conditions, we conducted additional preliminary experiments
and determined that a single dose of 16 Gy induces a comparable extent
of senescence as a fractionated regimen of 15 x 2 Gy (Fig. 3). Further-
more, we observed that senescence in A549 cells is fully established by
day 6 post-irradiation and persists for several weeks (Fig. 3B). These
observations were consistent with previous reports characterizing
radiation-induced senescence in A549 cells [16].

Based on these preliminary findings, A549 cells were used for all
subsequent experiments, with analyses performed on day 6 following
irradiation.

3.3. Morphological changes and induction of senescence following
irradiation

To illustrate the morphological changes following irradiation, as well
as to demonstrate the behavior of A549 tumor cells and CAFs in co-
culture, Fig. 4 presents representative microscopic images of the
monolayer cell culture. The cells are shown at day 2, 4, and 6 post-
irradiation with 16 Gy, alongside untreated controls. The last column
features a senescence-associated beta-galactosidase staining to detect
senescence (Fig. 4).

In monolayer culture, non-irradiated A549 cells exhibited an
epithelial-like morphology with tightly packed, polygonal cells. They
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Fig. 3. Senescence-associated beta-galactosidase activity in HNSCC and A549 cells following irradiation. (A) Representative images of senescence-associated beta-
galactosidase activity of FaDu, H357, SCC-9, HNSCCUM-04 N, and A549 cells following fractionated irradiation with 15 x 2 Gy, as well as in the non-irradiated
control condition demonstrate that senescence is a prevalent phenomenon; however, its manifestation varies depending on the cell line. (B) Quantification of
senescence-associated p-galactosidase activity following fractionated irradiation after exposure to 15 fractions of 2 Gy in comparison to untreated control cells is
shown as integrated density values of the indicated cell lines using five representative regions of interest (ROI). Bar charts present mean + SD. The table above the
graph indicates the relative increase in staining intensity between irradiated and untreated samples as fold-change values. (C) In the A549 model cell line, radiation-
induced senescence could also be effectively triggered by a single 16 Gy dose. Senescence became apparent within the first six days post-irradiation and persisted
through to day 18. All microscopic images were acquired at 100 x magnification, and the scale shown in the first subfigure also applies to the remaining images

within the panel.

displayed a relatively uniform shape with well-defined cell borders.
Post-irradiation, A549 cells appeared enlarged with a pronounced nu-
cleus, showing the typical fried-egg-morphology, which is a typical in-
dicator of senescence. The senescence-associated beta-galactosidase
staining in the last column further confirmed senescence, as evidenced
by the prominent blue signal around the nucleus (Fig. 4A).

CAFs displayed a spindle-shaped morphology that changed only
marginally following irradiation. Despite this, a clear positive signal in
the senescence-associated beta-galactosidase staining indicated senes-
cence in these cells as well. Even in the untreated culture, a slight

positive signal was present, likely due to the ubiquitous presence of this
enzyme. However, the difference in staining intensity between treated
and untreated cells was notable (Fig. 4B).

In the untreated co-culture, structures reminiscent of those seen in
histological specimens from tissue sections were formed: tumor cell
nests surrounded by CAFs. These structures did not form when the cells
were irradiated. Furthermore, after irradiation, the distinct identifica-
tion of cell types became difficult. Nonetheless, the senescence-
associated beta-galactosidase staining indicated the induction of senes-
cence in the irradiated co-culture as well (Fig. 4C).
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3.4. Fraction of senescent cancer cells in mono-culture and in co-culture

The fraction of senescent tumor cells in the cell cultures was then
further investigated using flow cytometry. Using gating, only the pro-
portions of senescent cells among viable cells were recorded (Fig. 5). As
expected, very few tumor cells were senescent in the untreated samples.
This was observed in both mono-culture and co-culture with CAFs, with
only 2.35 % (95 % CI: 1.08-3.63 %) and 1.8 % (95 % CI: 0.81-2.8 %)
classified as senescent, respectively. Notably, after irradiation, the
condition was particularly striking: While nearly all tumor cells in
mono-culture became senescent (98.29 % (95 % CI: 97.42-99.17 %)), a
significantly larger proportion of tumor cells in co-culture remained
non-senescent (senescent cells in co-culture after irradiation: 84.24 %
(95 % CI: 77.04-91.45 %)). The difference was statistically significant
(p < 0.001).

3.5. Ratio of CAFs and tumor cells in co-culture

Furthermore, the flow cytometric analysis also allowed us to assess

Day 2

Day 4
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the ratio of CAFs to A549 tumor cells within the co-cultures. It revealed
that the ratio of CAFs to A549 tumor cells in the co-culture changed
depending on whether the culture was irradiated (Fig. 6). The propor-
tion of CAFs in the irradiated co-culture was significantly higher, at
68.96 % (SD: 8.47 %), compared to the untreated co-culture, with 23.63
% (SD: 10.81 %) (p < 0.001). Notably, the variability between individual
patients, as indicated by the standard deviations (SD), was comparable
in both conditions, suggesting a consistent response pattern among the
seven samples.

3.6. Cellular viability and cell death in tumor cells

To quantify the impact of radiation, we measured the proportions of
living, necrotic, apoptotic, and dead A549 tumor cells (Figs. 7 and 8) in
untreated control cultures and following irradiation. Statistically sig-
nificant differences were observed in the proportion of living and dead
cells between irradiated and non-irradiated cultures. The proportion of
viable cells decreased to ~68 % in monoculture and ~ 74 % in co-
culture. Notably, there was no significant difference between co-

Day 6

=

Day 6 beta-Gal

7 o

Fig. 4. Cell Morphology After 16 Gy y-Irradiation. Representative images of A549 cells (A), CAFs (B), and their co-culture (C) are presented at day 2, 4, and 6
following 16 Gy y-irradiation, alongside corresponding untreated samples. A549 cells exhibited a marked increase in cellular size following irradiation, while CAF
morphology displayed minimal alterations. Cells in co-culture demonstrated characteristic formations: tumor cell nests were surrounded by CAFs. The right column
depicts senescence-associated beta-galactosidase staining, which was evidently pronounced in irradiated cells across all types and culture conditions. The scale shown

in the first subfigure also applies to the remaining images within the panel.
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culture and mono-culture but we observed a trend towards a higher
proportion of living cells (p = 0,601) and a lower proportion of dead
cells (p = 0,0575) in co-culture in comparison to the mono-culture.

Only minimal differences were observed with respect to necrotic and
apoptotic cells (Fig. 8). While an increase in the necrosis rate was
observed in the irradiated tumor cells, particularly in the co-culture,
strong fluctuations between individual cultures prevented a clearer
picture from being drawn. A significant increase in apoptosis after
irradiation was not observed in any of the cultures. Therefore, based on
the available data, it is difficult to draw a definitive conclusion regarding
the underlying cell death mechanism.

3.7. Long-term culture after irradiation

To assess whether the tumor cells, which survived irradiation, were
able to reproliferate four samples of tumor cell mono-culture and co-
cultures with CAFs were cultured for up to 50 days (Fig. 9). The sam-
ples were monitored for signs of reproliferation every two days. In all
four mono-culture samples, cells were observed that no longer tested
positive for senescence-associated beta-galactosidase activity and no
longer exhibited the typical morphology of senescent A549 tumor cells.
Reproliferation was inferred based on these observations. This phe-
nomenon was only observed in two of the four co-culture samples.

3.8. Cytokine secretion

To further decipher the influence of the CAFs on the tumor cells and
assess the underlying mechanisms more systematically, an array was
created for a preliminary evaluation of cytokine secretion (Fig. 10). In
total, up to 80 cytokines could have been detected; however, most cy-
tokines were below the detection threshold. Spots with a clear signal
were quantified using densitometry. While a single experiment does not
necessarily provide conclusive or generalizable results, the goal of
demonstrating differences not only between irradiated and non-
irradiated cells but also between culture conditions was achieved.
Additionally, cytokines were identified that warranted further analysis
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using more precise methods, namely ELISA. Since the proliferation of
irradiated cells is restricted, but senescent cells occupy a larger surface
area, the data obtained with the cytokine array was normalized based on
the occupied area in the cell culture to make the groups comparable.

We identified IL-6 as relevant cytokine, because its levels behaved
inversely between A549 tumor cells and CAFs. MCP-1 exhibited a
particularly strong signal across all samples. IL-8, notably, showed
higher levels in untreated co-cultures compared to mono-cultures, while
TIMP-1 exhibited the opposite trend, with lower levels in co-culture.
OPG was the only cytokine to show higher levels in irradiated
compared to non-irradiated CAFs.

Based on the findings from the array, TIMP1, IL-6, IL-8, MCP-1, and
OPG were selected for further quantitative investigation of secretion
using ELISA. Fig. 11 presents the results of the ELISA analysis. When
comparing irradiated and non-irradiated mono-cultures, only IL-8 and
MCP-1 showed significantly higher secretion in A549 tumor cells. In
contrast, CAFs exhibited no significant decreases or increases in secre-
tion regardless of the irradiation status, indicating that the secretion of
the investigated cytokines was maintained following irradiation.
Comparing irradiated and non-irradiated co-culture, only MCP-1 dis-
played significant differences. Comparing non-irradiated cultures, IL-6
secretion was higher in co-culture compared to either tumor cells or
CAFs alone, with this difference being significant only in comparison to
A549 tumor cells. CAFs also exhibited a significantly higher secretion of
IL-6 than A549. Following irradiation, the difference remained signifi-
cant only between A549 and co-culture. IL-8 secretion showed no dif-
ferences among non-irradiated groups but was significantly higher in
irradiated A549 mono-cultures than in irradiated CAFs and co-culture.
MCP-1 secretion was significantly elevated in co-culture compared to
non-irradiated mono-cultures. However, after irradiation, MCP-1
secretion was significantly lower in co-culture and CAF mono-culture
compared to the A549 mono-culture. No significant differences in
TIMP-1 secretion were observed among non-irradiated cultures. How-
ever, irradiated CAFs and co-cultures secreted higher amounts of TIMP-1
compared to irradiated A549 cells. Both irradiated and untreated co-
cultures and CAFs showed significantly higher OPG secretion than

E3 A549 in Mono-Culture
BE& A549 in Co-Culture with CAF

Fig. 5. Fraction of Senescent A549 Tumor Cells. This figure shows the relative proportion of senescent tumor cells under mono-culture and co-culture conditions,
following irradiation in comparison to non-irradiated control samples. Without irradiation very few A549 tumor cells were senescent. While nearly all cells in mono-
culture became senescent after irradiation, a significantly larger proportion of A549 cells in co-culture remained non-senescent. Shown are means + SD. Ordinary
one-way ANOVA was performed comparing between 0 Gy and 16 Gy and between mono-culture and co-culture, correction for multiple comparisons by Bonferroni, n

=7, (*** p < 0.001, ns = not significant).
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Fig. 6. Composition of Co-Cultures After Irradiation. This figure illustrates the relative abundance of A549 tumor cells and CAFs within co-cultures 6 days after
irradiation. The proportion of CAFs in the irradiated co-culture was significantly higher compared to the untreated co-culture. Shown are means + SD. An unpaired t-
test was performed comparing between 0 Gy and 16 Gy, n = 7, (*** p < 0.001).
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E3 A549 in Mono-Culture
E& A549 in Co-Culture with CAF

Fig. 7. Cell Viability Following Irradiation. Irradiation significantly reduced the viable tumor cell population (p < 0.001) in mono-culture as well as in co-culture
with CAFs (A). The percentage of living cells in the cell population decreased to approximately 68 % and approximately 74 % in mono-culture and co-culture,
respectively (n = 7). Accordingly, the proportion of dead cells was significantly increased after irradiation (B). The differences between mono-culture and co-
culture narrowly missed statistical significance with a trend towards a higher proportion of living cells and a lower proportion of dead cells in co-culture. Shown
are means + SD. Ordinary one-way ANOVA was performed comparing between 0 Gy and 16 Gy and between mono-culture and co-culture, correction for multiple
comparisons by Bonferroni, (** p < 0.01, *** p < 0.001, ns = not significant).

A549 mono-cultures. adjusted according to the respective cell count prior to use. Migration
was assessed by scratch assay and expressed as relative migration
normalized to the control (medium without FCS).

Both A549 and FaDu cells showed enhanced migration when stim-
ulated with CAF-conditioned media compared to the control. The in-
crease in migration was more pronounced in cells treated with
conditioned medium from irradiated CAFs than with medium from non-

3.9. Paracrine effects of CAF-conditioned media on tumor cell migration
The effects of conditioned media from irradiated and non-irradiated
CAFs on the migration of A549 and FaDu cells were examined (Fig. 12).

To account for differences in cell numbers, conditioned media were
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Fig. 8. Cell Death Following Irradiation. Irradiation led to an increase in the relative proportion of necrotic tumor cells (A) which was more pronounced in the co-
culture. An increase in apoptotic cell death (B) could not be observed. Shown are means + SD. Ordinary one-way ANOVA was performed comparing between 0 Gy
and 16 Gy and between mono-culture and co-culture, correction for multiple comparisons by Bonferroni, n = 7, (** p < 0.01, ns = not significant).

Sample 1

Sample 2

Cocu |

Sample 3

Sample 4

Fig. 9. Long-Term Culture Following Irradiation. Reproliferation was observed in all A549 tumor cell mono-culture samples (Samples 1-4), while only two out of
four co-culture samples (Samples 1 and 3) exhibited this phenomenon after a maximum cultivation period of 50 days. The proliferating cells no longer tested positive
for senescence-associated beta-galactosidase activity and did not display the characteristic morphology of senescent A549 tumor cells, suggesting a recovery of
proliferative capacity. Representative images of the cells stained for senescence-associated beta-galactosidase activity are shown. The scale shown in the first

subfigure also applies to the remaining images within the panel.

irradiated CAFs. For A549 cells, this difference was significant at 24 h (p
< 0.05). In FaDu cells, an even stronger response was observed, with a
significantly stronger migration at 16 h and 24 h of FaDu cells stimulated
with conditioned medium from irradiated CAFs compared to medium of
non-irradiated CAFs (p < 0.001).

4. Discussion

This study aimed to elucidate the effects of CAFs on the senescence
and the behavior of A549 tumor cells following irradiation. We found
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that the presence of CAFs can reduce induction of tumor cell senescence
by irradiation, they might facilitate survival of tumor cells and promote
tumor cell migration.

4.1. Senescence of tumor cells and CAFs

In our study, we could verify the A549 cell line as a well-established
model to study senescence, as a high percentage of senescent A549 cells
can be induced through irradiation [16,39]. We observed typical
morphological changes of A549 cells following irradiation [40] and also
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Fig. 10. Cytokine Secretion Profiles in A549 Tumor Cells, CAFs, and Co-Cultures After Irradiation. (A) Images of cytokine array membranes following antibody
incubation and labeling show the secretion profile of 80 cytokines in A549 tumor cells, CAFs, and their co-culture after six days of culture with either 0 Gy or 16 Gy
irradiation. (B) Signal intensity graphs display the secretion levels of key cytokines, normalized to the occupied cell culture surface area.

demonstrated altered lysosomal enzyme activity through senescence-
associated beta-galactosidase staining — which are the most commonly
used markers for senescence [41]. Our analysis furthermore demon-
strated that radiation-induced senescence is a prominent phenomenon
across different cell lines; however, A549 cells were characterized by
particularly high post-irradiation survival and a very pronounced se-
nescent response. The absence of dilution of the CellTracer dye clearly
indicated a growth arrest following irradiation, or at least a significant
slowing of tumor cell proliferation. Thus, our study model met the
criteria for the investigation of senescence [42-44]. Whenever possible,
senescence should be defined through multiple markers, and in this
publication, we took care to consider various parameters: morphology,
beta-galactosidase staining, and cell cycle arrest (via CellTracer) [40].
CAFs showed a less pronounced morphological response to
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irradiation. Affolter et al. also demonstrated that, compared to other cell
types, CAFs exhibit a weaker response to radiation with high amounts of
cell survival [45] and Liu et al. reported a clear dose-dependent re-
striction of their migration and proliferation [46]. Findings from studies
on lung cancer suggest that even high doses of ionizing radiation fail to
eliminate lung CAFs, instead pushing them into a senescent state [47].
CAFs are, nevertheless, a heterogeneous group of cells, and differences
are to be expected [48]. CAF proliferation appeared to decline less
sharply compared to A549 in our study, as indicated by the varying
ratios of A549 cells and CAFs in co-culture. This suggests that while both
cell types exhibited reduced proliferation, the more pronounced drop in
A549 proliferation may be due to their initially higher proliferative
capacity in the untreated state.
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Fig. 11. ELISA Results of Cytokine Secretion of A549 Tumor Cells, CAFs, and Their Co-Culture With and Without Radiation Treatment. The cytokines measured
included IL-6, IL-8, MCP-1, TIMP-1, and OPG. IL-8 and MCP-1 secretion were significantly increased in irradiated A549 mono-cultures, while CAFs showed no
significant changes upon irradiation. In co-culture, MCP-1 secretion differed depending on irradiation status. IL-6 secretion was higher in co-culture compared to
A549 mono-cultures. TIMP-1 secretion levels were elevated in irradiated CAFs and co-cultures compared to irradiated A549 cells. OPG secretion was consistently
higher in CAFs and co-cultures than in A549 mono-cultures, independent of irradiation. Shown are means + SD, presented as pg/ml and normalized to the occupied
cell culture surface area. Two-way ANOVA was performed comparing between 0 Gy and 16 Gy and between mono-culture of tumor cells and CAFs and co-culture of

both, correction for multiple comparisons by Bonferroni, n = 5, (* p < 0.05, ** p < 0.01,

4.2. Co-culture of CAFs and tumor cells

After observing the two cell types individually, we aimed to inves-
tigate their direct interaction, initially in a non-irradiated co-culture:
Morphologically, we were pleased to observe that the two-dimensional
appearance in the monolayer closely resembled histological images of
tumor tissue. In our experimental setup, tumor cell nests were sur-
rounded by CAFs. Dissanayaka et al. describe various invasion types in
their publication, including the so-called “pushing islands,” which show
a notable resemblance to our setup [49]. Although a two-dimensional
structure cannot fully replicate a three-dimensional in vivo environ-
ment, this aspect still supports, the closeness of our experimental setup
to the tissue environment in vivo [50]. Undoubtedly, three-dimensional
in-vitro systems as well as in-vivo experiments can capture additional
aspects of the complex situation of an irradiated multicellular tumor in
the patient [51]. At the same time, these complex models involve a
multitude of interacting factors, making it necessary to first investigate
fundamental mechanistic relationships in a more simplified model sys-
tem, as we have done in this pilot study. Future studies can then build on
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* p < 0.001). Only significant differences are shown for reasons of clarity.

this foundation by incorporating further aspects of this complexity. After
irradiation, the cell nest structure failed to form. It is possible that the
increased migratory capacity of A549 cells and reduced proliferation is
responsible for that. It has been shown in melanomas that proliferation
is particularly crucial for the formation of cell nests [52].

4.3. Senescence of tumor cells in co-culture

The next logical step was the detailed observation of the irradiated
co-culture. CAFs represent a crucial element within the complex and
varied landscape of the tumor microenvironment, influencing both
tumor growth and the effectiveness of cancer treatments [48,53]. Given
that CAFs are exposed to radiation alongside cancer cells during radio-
therapy, it becomes essential to investigate how radiation affects their
behavior and how such changes might influence the progression of tu-
mors. Most current studies focus solely on the role of senescent fibro-
blasts in interaction with non-senescent cancer cells [54]. In our co-
culture approach, both CAFs and tumor cells were irradiated together
with direct physical contact. Although we did not specifically address
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the question of which observed effects arise with or without direct
physical contact, our contact-based model certainly provided a close
approximation to the in-vivo situation.

Our investigations revealed that fewer A549 tumor cells underwent
senescence in co-culture with CAFs than in monoculture. Since senes-
cence is associated with a growth arrest, we hypothesized that fewer
senescent cells would result in an increase in long-term tumor cell re-
proliferation. [11,19]. However, what also became clear from our re-
sults is that although fewer cells became senescent in co-culture, re-
proliferation was more prevalent in monoculture. One could argue that
the non-senescent cells were already entering cell death, but this could
be ruled out by specifically analyzing only living cells. It is therefore
conceivable that senescent CAFs may potentially contribute to main-
taining tumor cells in a senescent state in co-culture, thereby reducing
their re-proliferation. Other studies examining the effect of senescent
CAFs on non-senescent tumor cells have found that CAFs can promote
proliferation [46,54]. Further research has shown that in colorectal
cancer, certain levels of radiation-activated CAFs can actually aid in
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cancer cell survival by stimulating the insulin-like growth factor 1 /
insulin-like growth factor 1 receptor pathway [55]. As previously noted,
senescent cells can reinforce their own senescence via autocrine mech-
anisms [20,56]. This mechanism might be more effective in mono-
culture — at least in the first days — and might ensure the long term
survival of the tumor cells, which evidently can reproliferate from their
senescent state [16]. From these previous studies together with our re-
sults, it can be concluded that CAFs may initially protect tumor cells
from or delay senescence induction, but in the long term they appear to
stabilize the senescent state and thereby limit re-proliferation. In
contrast, autocrine mechanisms in A549 monocultures may accelerate
the onset of senescence, yet this senescence seems more prone to
eventual re-proliferation. For the experiments within the scope of this
study, we deliberately selected a cell line that undergoes pronounced
radiation-induced senescence in monoculture. In subsequent studies, it
will be interesting to investigate cell lines which share with CAFs a
matched tissue origin and that display less prominent senescence in
monoculture to determine whether co-culture with CAFs in these tumor
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Fig. 12. Effects of CAF-conditioned media on A549 and FaDu tumor cell migration. (A, B) Migration of A549 lung carcinoma cells and FaDu HNSCC cells stimulated
with conditioned media from non-irradiated and irradiated CAFs from 5 different patients, assessed by scratch assay and normalized to the control (medium without
FCS, n = 1). A noticeable increase in migration was observed in both groups stimulated with CAF-medium compared to the control, indicating that CAF-conditioned
media promoted tumor cell migration. At 24 h, A549 cells stimulated with medium from irradiated CAFs showed a significant increase in migration in comparison to
those stimulated with medium from untreated CAFs (p < 0.05). In the FaDu cell line, this effect was even more pronounced, with a highly significant increase of
migration in the tumor cells stimulated with medium from irradiated CAFs in comparison to medium from non-irradiated CAFs at 16 h and 24 h. (C, D) Repre-
sentative microscopic images of the cell-free area at 24 h for A549 and FaDu cells, respectively. (left: stimulation with conditioned medium from non-irradiated CAFs,
right: stimulation with conditioned medium from irradiated CAFs) Statistical analysis was performed using two-way ANOVA with Bonferroni correction across all
time points comparing between irradiated and non-irradiated CAF-conditioned media for each respective time point, and significant differences, where present, were
indicated in the figure: * p < 0.05, ** p < 0.01, *** p < 0.001.
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cells similarly reduces senescence or, conversely, enhances it.

4.4. SASP as a potential driver of observed changes in senescence
development and reproliferation

To explain the observed cell behavior in our study, we hypothesized
that the SASP could be responsible for the underlying mechanism.
Several authors have already shown that the SASP of tumor cells can
enhance the proliferation of premalignant cells [57-60]. However, the
definition of SASP varies considerably among different authors,
encompassing a broad spectrum of factors. This variability complicates
the assessment of whether SASP is predominantly pro- or anti-
tumorigenic [13]. Current therapy strategies aimed at inducing or
blocking senescence may intervene at the wrong point in the process,
because not the cancer cell is the target but the tme. CAFs and their
signaling pathways could be the key [56,61,62]. Our study may be one
of the first to uncover CAF-related mechanisms that prevent the onset of
senescence in direct co-culture, which could represent a potential
therapeutic target for more effective cancer treatment.

Our initial analysis using the cytokine array confirmed differences
between cell types and treatment conditions. But CAFs are a heteroge-
neous group of cells, and radiation likely affects their metabolism in
critical ways. This high variability might explain why the results of our
array (n = 1) differed from the findings of the ELISA (n = 5). However,
choosing primary CAFs that were used in our experiments immediately
after isolation from the patients, we sought to establish an in vitro model
that closely reflects the patient-specific situation also representing the
inter-patient variability. Previous research by Desai et al. demonstrated
that the secretion profile of cytokines and growth factors in various
tumor cell lines, including A549 cells, changed post-irradiation [63].
Although the radiation dose in their experiments (2 Gy and 6 Gy) was
lower than ours, both qualitative and quantitative differences were
found, which were also dose-dependent [63]. In our ELISA analysis,
however, only MCP-1 and IL-8 showed a significant difference between
irradiated and non-irradiated cells. The reasons for this might lie in the
specific cytokines we examined, the timing of analysis, or the radiation
dose. It also must be noted that our results cannot specify which cells in
the co-culture were responsible for the changes measured. Further
research will be necessary to evaluate, for example whether CAFs pro-
duce these cytokines themselves of if they stimulate the neighboring
tumor cells to do so and which mechanisms are involved.

We found that the IL-6 secretion was significantly higher in co-
culture than in mono-culture. IL-8 was more strongly expressed in
non-irradiated co-cultures compared to mono-cultures, however, this
difference was not significant. Both IL-6 and IL-8 play important roles in
tumor invasion, which aligns with the increased expression observed in
the presence of CAFs. In breast cancer research, these cytokines have
been used as prognostic serum markers, underscoring their significance
[64-66]. For pancreatic cancer, Wang et al. suggested that IL-8 might
mediate the pro-invasive effects of senescent CAFs [67]. In our experi-
ments, the marked decrease in IL-8 secretion in the co-culture after
irradiation could be attributed to changes in the ratio between CAFs and
A549 cells. Interestingly, both IL-6 and IL-8 are thought to induce
senescence [68,69]. In our co-culture model, this would suggest that
post-irradiation, lower levels of IL-6 and IL-8 should be observed, which
was at least somewhat true for IL-8. Taken together, the reduced levels
of IL-6 and IL-8 in the co-culture after irradiation may explain the lower
frequency of senescent tumor cells, as both cytokines promote senes-
cence. At the same time, since IL-6 and IL-8 are linked to tumor invasion,
their presence in the co-culture may contribute to the CAF-conditioned
medium’s ability to enhance migration, particularly after irradiation.

TIMP-1 was consistently secreted across all culture conditions.
Despite the lower proportion of CAFs in non-irradiated co-cultures, no
differences were observed between irradiated and non-irradiated con-
ditions. Hellevik similarly found no alterations in TIMP secretion in
irradiated lung CAFs [47]. Guccini et al. identified TIMP-1 as a
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gatekeeper that limits the metastasis-promoting potential of senescent
tumor cells. A loss of TIMP-1 reprograms the SASP to promote cell in-
vasion and migration [70]. If CAFs indeed increase TIMP-1 secretion,
this may suggest a protective role against tumor progression. In a pub-
lication by Pitiyage et al. TIMP levels correlated with the replicative
lifespan of the cultures but not with the presence of senescent cells, as
depleting senescent cells in oral submucous fibrosis fibroblast cultures
did not reduce TIMP-1 or TIMP-2 secretion [71]. The influence on
senescence seems minimal, but the stable presence of signaling mole-
cules could be just as important, allowing intervention in both pre- and
post-irradiation stages, as well as in senescent and non-senescent states.
Thus, the stable TIMP-1 secretion across all conditions suggests that it
does not directly contribute to the reduced senescence or reproliferation
observed in co-culture after irradiation. Its inhibitory role in invasion
and migration could counteract, but not fully suppress, the pro-
migratory effects of CAF-conditioned medium.

MCP-1 is a pro-inflammatory chemokine involved in the recruitment
of monocytes and lymphocytes [72]. We focused on this cytokine
because of its strong secretion in our initial array. Its elevated secretion
following A549 irradiation suggested a role in self-inducing and rein-
forcing senescence. Previous in vitro experiments have shown that MCP-
1 can induce senescence in normal human keratinocytes [73]. MCP-1
can promote senescence by increasing p53 and p21 protein levels via
ROS or p38 MAPK signaling [74,75]. It is also involved in the migration
and invasion of various cancer cell types, including breast, prostate,
glioblastoma, ovarian, bladder, and chondrosarcoma [76-78]. Since
CAFs secreted less MCP-1 than A549 cells, it is likely that tumor cells,
particularly in their senescent state, drive the increased MCP-1 secre-
tion, potentially leading to enhanced invasiveness. MCP-1 secretion was
significantly lower in co-culture and CAF mono-culture compared to the
A549 mono-culture, but this might only reflect the composition of the
co-culture rather than an interaction between cell types. Overall, the
lower MCP-1 levels in co-culture may help explain the reduced senes-
cence after irradiation, while its role in promoting invasion suggests a
link to the increased migration observed in response to CAF-conditioned
medium.

As the name suggests, OPG is involved in bone remodeling but also
plays roles in vascular biology and immunology. It can influence cell
survival, proliferation, and migration [79-81]. Specifically, OPG can
enhance endothelial cell survival and migration and has been associated
with metastasis. Evidence suggests that OPG secreted by irradiation-
induced senescent cancer cells promotes the migration of neighboring
cancer cells and may serve as a therapeutic target to counteract the
negative effects of senescent cancer cells generated by radiotherapy
[82]. We found that only CAFs produced OPG, A549 cells did not, sug-
gesting that it may drive the effects observed in our migration experi-
ments with conditioned CAF medium.

Our study underlines the complexity of the interactions in the tumor
microenvironment. A finely tuned interaction between these mecha-
nisms cannot be ruled out, and contradictory effects are also possible.
For example, IL-6 can have different effects in the tumor microenvi-
ronment depending on the context, and these effects may oppose each
other [83]. It is likely that the SASP also exhibits similar opposing in-
fluences. In addition, the literature shows that CAFs and tumor cells can
communicate not only through secreted SASP cytokines, but also via
other mechanisms such as metabolites or exosomes [84,85]. To more
precisely delineate the contributions of individual factors, genetic or
pharmacological perturbations can be employed to guide targeted in-
hibition of signaling pathways and thus ultimately find ways to improve
the radiotherapy outcome in patients.

4.5. Paracrine effects of the conditioned medium from CAFs on tumor
cells

Given the observed cytokine changes, we next examined whether
these translate into functional effects on tumor cell migration. The
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results of these experiments complement our earlier findings,
completing the overall picture presented in this work. It is now clear
how essential it is to examine the migration capacity of tumor cells,
given that many of the substances mentioned are known to promote
metastasis and that this applies to multiple tumor types, including lung
carcinoma and HNSCC.

The increased migration ability of A549 and FaDu cells mediated by
CAF-conditioned medium is a significant finding confirming that this
pro-migratory effect is not limited to lung carcinoma cells but also oc-
curs in HNSCC cells. Even more important, however, is the observation
that CAFs appear to have a stronger effect on migration after irradiation
than without. This could represent a key mechanism, since we found
reproliferation more frequently in mono-cultures, but migration was
more pronounced when A549 and FaDu cells were stimulated with
conditioned medium indicating that both epithelial tumor types respond
similarly to CAF-derived signals. It could be especially important since
in OSCC, the presence of regional lymph node metastasis, especially
with extracapsular spread, is the most important prognostic factor [86].

It is well-known that even non-irradiated CAFs influence both pro-
liferation and migration. For example, Kim et al. demonstrated that in
co-cultures of A549 cells and CAFs, there was a greater expression of
a-SMA (alpha-smooth muscle actin) and increased migration, alongside
reduced proliferation — especially compared to co-cultures with normal
fibroblasts [61]. We were able to show that these effects could be
induced by the conditioned medium in both A549 and FaDu cells. Coppe
et al. supported these findings, suggesting that the collective factors
secreted by senescent cells can affect the invasiveness of two breast
cancer cell lines [18].

An in vitro study on the influence of senescent CAFs on oral carci-
noma cells (Cal-27) found that co-cultured senescent CAFs significantly
promoted Cal-27 cell proliferation, although this effect was reduced
compared to non-irradiated CAFs. In terms of promoting Cal-27 cell
invasion, senescent CAFs showed a positive but less pronounced effect
compared to non-irradiated CAFs. Regarding migration, co-cultured
senescent CAFs significantly promoted Cal-27 cell migration compared
to single DMEM culturing, though the effect was not significantly
different from that of non-irradiated CAFs [46]. Our results show that
conditioned medium from irradiated CAFs enhanced migration of both
A549 and FaDu tumor cells more prominently than medium from un-
treated CAFs could. A study from Suzuki et al. showed that fibroblast cell
lines promoted HNSCC cell migration in coculture, which was further
enhanced after irradiation. In our study, conditioned medium from
primary CAFs likewise stimulated cancer cell migration, also with a
stronger effect observed with medium from irradiated CAFs [87].

5. Conclusion

In conclusion, it is becoming increasingly evident that not only tar-
geted cancer therapy is necessary but also targeted therapy against
CAFs, since our study showed that CAFs modulate tumor cell senescence
and enhance tumor cell migration following irradiation. A deeper un-
derstanding of the tumor microenvironment and the interplay of its
individual components will improve our grasp of the mechanisms
leading to treatment failure. Our study adds an important piece to this
puzzle, helping to complete the overall picture.
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3. AbschlieBende Diskussion

Die nun folgende abschlielende Diskussion soll die Arbeit unter verschiedenen
Gesichtspunkten in den gesamtwissenschaftlichen Kontext einordnen und die klinische
Relevanz verdeutlichen.

3.1. Aktuelle leitliniengerechte Therapie des OSCC

Das initiale Tumorwachstum des OSCC erfolgt meist schmerzlos und es sind keine validierten
Screeningtests verfugbar, sodass Patienten haufig mit bereits fortgeschrittenen Befunden
einen Arzt aufsuchen®3'. Einer Frilherkennung durch Zahn- und Hals-Nasen-Ohren-Arzte
sowie Mund-, Kiefer und Gesichts-Chirurgen kommt deshalb zwar eine besondere Bedeutung
zu, jedoch ist auch die Therapie der schweren Falle von essenzieller Wichtigkeit®2.

Sie basiert auf einer multimodalen, interdisziplindren Strategie, die chirurgische
Tumorresektion, Chemotherapie und Strahlentherapie kombiniert®*. Trotz signifikanter
Fortschritte der Therapieverfahren bleibt jedoch die hohe Rezidivrate, insbesondere bei
fortgeschrittenen Tumoren und nach adjuvanter Strahlentherapie, eine zentrale klinische
Herausforderung?3 34 3%,

Der HPV-Status spielt beim Mundhdhlenkarzinom - im Gegensatz zum Oropharynxkarzinom -
als prognostischer Faktor nach derzeitiger Studienlage keine Rolle %637, Daher sollen HPV-
positive Mundhohlenkarzinome nicht anders als Alkohol- und Nikotin-assoziierte Karzinome
behandelt werden®. In Bezug auf diese Dissertation ist dies insofern relevant, da sowohl HPV
als auch therapieinduzierte Seneszenz mit der Beeinflussung des p16 Signalweges assoziiert
sind®8:3°,

Eindeutig nachgewiesen ist auch, dass eine Verlangerung der Behandlungszeit, etwa durch
Unterbrechung der Bestrahlung aufgrund von Komplikationen im Krankheitsverlauf, zu einer
Verschlechterung der lokalen Tumorkontrolle fluhrt**4'. Dies ist bedeutsam, da eine
zwischenzeitliche Seneszenzinduktion — wie in dieser Arbeit gezeigt — das Therapieergebnis
beeinflussen kann.

Trotz der bisher erzielen Fortschritte bleibt die Rezidivrate mit etwa 40% hoch, was die
Dringlichkeit unterstreicht, neue therapeutische Ansatze zu entwickeln*°. Eine
vielversprechende Richtung besteht in der Untersuchung von Mechanismen wie der
strahleninduzierten Seneszenz und der Interaktion von Tumorzellen mit dem
Tumormikromilieu (TME), wie in dieser Dissertation geschehen*243,

3.2. Definition und Mechanismen der strahleninduzierten Seneszenz

Seneszenz wurde allgemeinhin als Zustand des dauerhaften Zellzyklusarrests beschrieben,
der auf =zellularen Stress wie DNA-Schaden zurtckzufihren ist'. Chemo- und
Strahlentherapie kdnnen durch die Induktion von Doppelstrangbrichen in der DNA diesen
Zustand hervorrufen**. Es konnten bereits charakteristische Merkmale seneszenter Zellen
identifiziert werden, darunter eine vergréRerte und flache Zellmorphologie, eine erhéhte
perinukleare B-Galaktosidase-Aktivitat und Veranderungen im Zellstoffwechsel**. Obwohl
bestimmte Merkmale unter anderem von Lee et al. als ,Goldstandard der Seneszenzdetektion®
bezeichnet werden, ist die definitive Identifikation diffizil und sollte immer anhand mehrerer
Faktoren erfolgen“®.

Noch nicht eindeutig geklart ist ebenso, in welchem Umfang Triggerfaktoren Seneszenz
induzieren und ob diese tatsachlich einen Endpunkt des Zellzyklus darstellt®. Aktuellere
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Studien sprechen eher dafiir, dass es sich um dynamische Prozesse handelt*’. Seneszente
Zellen konnen in diesem Rahmen sogar transdifferenzieren oder Charakteristika von
Stammzellen annehmen*. Man ist sich inzwischen weitgehend einig, dass dieser Zustand
nicht endgliltig stabil ist und sich auch mit der Zeit verandern kann*’. Weiterhin stellt
Seneszenz ein Kontinuum gradueller Auspragungen dar und ist somit keine absolute
Bezeichnung: Beausejour et al. werten die p16'N**2 Level der Zellen als Marker, ob es sich um
eine ,leichte” oder ,tiefe“ Seneszenz handelt*. Dies ist bislang vor allem hypothetisch und
bedarf einer genaueren Charakterisierung der jeweiligen Stadien.

Die in dieser Arbeit beobachtete reduzierte Seneszenzrate in Co-Kultur mit CAFs legt nahe,
dass bestimmte Komponenten des TME die Strahlenwirkung abmildern und damit
maoglicherweise zu einer selektiven Therapie-Resistenz beitragen oder eben nur zu einer
Zwischenstufe der Seneszenz flhren.

Es gibt jedoch auch eine breite Zustimmung fur die These, dass Seneszenz eine sofortige
Méglichkeit der Tumorkontrolle bietet und mdglicherweise ein erwlinschtes Therapieergebnis
darstellt*”*°. Ein entscheidender Mechanismus, der bei dieser Abwagung beriicksichtigt
werden muss, ist die Freisetzung von Faktoren im Rahmen des Seneszenz-assoziierten
sekretorischen Phanotyps (SASP). Dieser hat sowohl fordernde als auch hemmende Effekte
auf die Tumorentwicklung und steht daher im Zentrum aktueller Forschungsbemuihungen.
Unsere Ergebnisse deuten darauf hin, dass insbesondere IL-8, IL-6, TIMP-1, OPG und MCP-
1 als Teil des SASP eine zentrale Rolle in der Modulation der Tumorzellantwort spielen
kénnten — sowohl im Hinblick auf Seneszenz als auch auf Migration. Zudem kdénnte die
zentrale Aufgabe des SASP auch sein, Immunzellen zu rekrutieren, um seneszente Zellen zu
entfernen, jedoch ist aktuell auch beim SASP von einer ambivalenten, vorteilhaften und
schadlichen Rolle auszugehen®'. Sie spiegelt sich auch in unseren Befunden wider, in denen
eine gleichzeitige Reduktion der Seneszenz und eine Zunahme der Migration beobachtet
wurden — vermutlich vermittelt durch CAF-sezernierte Faktoren wie OPG oder IL-6.

Zelluldre Seneszenz hat sich wahrscheinlich im Kontext von Geweberemodelling und als
Antwort auf Gewebeschadigung entwickelt und ist somit wie gesagt nicht per se schlecht®2,
Einige vorteilhafte Beispiele im Bereich von malignen Erkrankungen sind bereits bekannt. So
wurden durch das SASP in hepatischen Tumoren Makrophagen in den tumorinhibierenden
M1-Status versetzt®. Mehrere Chemokine darunter CCL2 (MCP-1) kénnen die Seneszenz
auch bei benachbarten Zellen induzieren, was als parakrine Seneszenz bezeichnet wird?.
Aber auch in die Wundheilung sind seneszente Fibroblasten involviert*. So kann das SASP
benachbarte Zellen dahingehend beeinflussen, dass eine hdhere Plastizitat moglich wird und
stammzellahnliche Eigenschaften verstarkt werden®5-%,

Die dunkle Seite des SASP &ufert sich hingegen unter anderem dadurch, dass die
Tumorentwicklung in prakanzerdsen Lasionen durch seneszente Fibroblasten gefordert wird®.
Die Entwicklung hin zu erhdhter Plastizitat kann bei der Wundheilung zwar foérderlich sein,
hingegen ist die Transition von epithelialen zu mesenchymalen Eigenschaften als negativ im
Kontext von Tumoren zu betrachten. Auch eine verstarkte Vaskularisation scheint durch das
SASP induziert zu werden®®. In unserer Studie wurde ein moglicher Einfluss des SASP auf die
Tumorbiologie sichtbar, insbesondere durch die gesteigerte Migrationsfahigkeit der
Tumorzellen nach Kontakt mit CAF-sezernierten Faktoren — ein Hinweis auf proinvasive
Effekte.

Die Wirkung hangt sehr wahrscheinlich sowohl vom zellularen Umfeld, dem betroffenen Zelltyp
als auch von der Kombination der ausgeschutteten Botenstoffe ab. Inzwischen weil® man, dass
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das SASP nicht nur aus einer Reihe verschiedenster Botenstoffe wie IL-6, IL-8 oder MCP-1
besteht, sondern auch aus vielen Proteinen und Signalstoffen darunter beispielsweise
Proteasen, Komponenten der extrazellularen Matrix oder auch Ceramiden und
Bradykininen?®5°8_ Die in dieser Arbeit untersuchten Mediatoren wie IL-6, IL-8, TIMP-1, OPG
und MCP-1 sind Teil dieses komplexen SASP-Netzwerks, wobei unsere Daten nahelegen,
dass insbesondere deren Zusammenspiel mit CAFs entscheidend flr das Ausmal} der
Seneszenz und Zellmigration ist.

Diese widerspruchlichen Eigenschaften machen die strahleninduzierte Seneszenz zu einem
.Zweischneidigen Schwert“: Sie kann Tumorzellwachstum stoppen, aber gleichzeitig die Basis
flr spatere Tumorprogression legen''. Unsere Ergebnisse verdeutlichen exemplarisch dieses
ambivalente Potenzial: Wahrend eine Reduktion der Seneszenzrate in Co-Kultur auf eine
mogliche Schutzwirkung der CAFs schlieRen lasst, kdnnte der begleitende Anstieg der
Migration eine spatere Progression beginstigen. Dies unterstreicht die Notwendigkeit,
Seneszenz im Kontext des Tumormikromilieus differenziert zu betrachten.

3.3. Funktion von CAFs in der Tumormikroumgebung

CAFs zahlen zu den zentralen Komponenten des Tumorstromas und beeinflussen
entscheidend die Mikroumgebung der Tumorzellen'. Ihren Ursprung haben sie aus
verschiedenen Zelltypen, darunter lokale Fibroblasten, mesenchymale Stammzellen und
epitheliale Zellen, die durch EMT in CAFs umgewandelt werden®'. Im Vergleich zu normalen
Fibroblasten unterscheiden sich CAFs nicht nur morphologisch sondern auch hinsichtlich ihrer
biologischen Eigenschaften®. Sie produzieren Zytokine wie TGF-B, die die EMT von
Tumorzellen férdern und deren Metastasierungsfahigkeit erhéhen kénnen®®. CAFs sind auch
an der Rekrutierung immunsuppressiver Zellen beteiligt, was die Immunevasion und die
Resistenz gegeniber Therapien beglnstigt'?. Sie spielen eine aktive Rolle in der
Tumorprogression, indem sie die Struktur und Zusammensetzung der ECM modifizieren,
Tumorzellen bei der Durchdringung der Basalmembran unterstitzen und Zytokine freisetzen,
die das Wachstum und die Invasion von Tumorzellen fordern##3,

Wie in unserem experimentellen Aufbau sind auch in der klinischen Realitat sowohl CAFs als
auch Tumorzellen einer Bestrahlung ausgesetzt. Deshalb ist es essenziell, zu untersuchen,
wie die Bestrahlung das Verhalten der jeweiligen Zellen und damit die Tumorprogression
beeinflussen kdnnte. In anderen aktuellen Studien werden beispielsweise nur seneszente
Fibroblasten zusammen mit nicht seneszenten Tumorzellen verwendet'®.

Unsere Ergebnisse zeigten, dass in Co-Kultur mit CAFs weniger A549 Zellen seneszent
wurden als in Mono-Kultur. Uber einen langeren Zeitraum ergab sich in Co-Kultur jedoch keine
verstarkte Proliferation. Dies konnte zwar unter anderem an der geringeren Anzahl an A549-
Zellen in der Co-Kultur liegen, die Proliferations- und Migrationsexperimente konnten jedoch
ebenfalls keine verstarkte Proliferation von Tumorzellen nach Stimulation mit konditioniertem
CAF-Medium zeigen. Moglich ware gewesen, dass sich einige der A549 Zellen bereits in
Apoptose befanden. Dieses Argument lasst sich insofern entkraften, als nur lebende
Tumorzellen in die Analyse einbezogen wurden. Es gilt jedoch zu bemerken, dass andere
Autoren durchaus einen positiven Einfluss von seneszenten CAFs auf die Proliferation von
Tumorzellen fanden 1819, Auch hier konnte die Heterogenitat der CAFs eine Rolle spielen. In
zukunftigen CAF-fokussierten Versuchsreihen, sollte der Einfluss von verschiedenen
biologischen und klinischen Eigenschaften der CAFs berucksichtigt werden.

Ein Beispiel aus dem kolorektalen Karzinom zeigt, dass bestrahlte CAFs in der Tat das
Uberleben von Tumorzellen durch Aktivierung des IGF1/IGF1R Signalwegs ermdglichen
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konnen'’. Weiterer moglicher Mechanismus, der in der Mono-Kultur in unserer Studie in der
ersten Zeit moglicherweise starker zum Tragen kommt, ist, dass seneszente Zellen Uber
autokrine Signale ihre eigene Seneszenz verstarken konnen'20,

Die Aktivierung von CAFs erfolgt durch Signale aus dem Tumor, darunter Wachstumsfaktoren
wie PDGF und TGF-B, sowie durch oxidativen Stress. Dies flhrt zu einer anhaltenden
Aktivierung. Es ist allerdings zu beachten, dass die Aktivierung dynamisch ist und es sich um
eine enorm heterogene Zellentitat handelt was Morphologie und Funktion betrifft, was in Bezug
auf die Auspragung von Seneszenz sogar noch verstarkt wird. Umso wichtiger sind
realititsnahere Studien, die die Interaktion der Zelltypen beriicksichtigt und allgemeine
Mechanismen in Betracht zieht®*. Der in unserer Arbeit gewahlte Co-Kultur-Ansatz bildet diese
komplexe Dynamik ab, indem sowohl CAFs als auch Tumorzellen gleichzeitig bestrahlt und
untersucht wurden.

3.4. Aktuelle therapeutische Ansitze

Unsere Arbeit unterstreicht die Bedeutung von CAFs, SASP und Seneszenz in der
Tumortherapie. In diesen Bereichen wurden bereits erste Ansatze zur Tumortherapie
gefunden, auf die nun kurz eingegangen werden soll.

Senolytika

Ein mdglicher Ansatz in diesem Zusammenhang ist der Einsatz sogenannter Senolytika. Sie
sind eine Gruppe von Substanzen, die insbesondere auf die Eliminierung von seneszenten
Zellen abzielen. Diese sind aktuell noch nicht klinisch etabliert und werden bislang vor allem
in Studien erprobt. In ersten Ansatzen werden zunachst seneszenzinduzierende Medikamente
verabreicht, um anschlieRend die seneszenten Zellen zu entfernen. Senolytika kdénnten zu
einer fur eine nachhaltigeren Krebstherapie beitragen, indem Tumorprogression und Rezidiv
langfristiger verhindert werden. Dasatinib und Quercetin sind erste Beispiele fur diese
Medikamentengruppe. Es handelt sich um einen Multityrosinkinaseinhibitor bzw. um ein
Flavonol®. In Versuchen mit alten und bestrahlten Mausen konnte eine Kombination dieser
Substanzen die gesunde Lebensspanne verlangern®®,

Ein weiterer Ansatz der Senolytika betrifft Inhibitoren der BCL-2 Familie wie Navitocalx. Sie
konnten bereits bei einer Reihe von Pathologien eingesetzt werden und zeigten in
praklinischen Studien vielversprechende Erfolge®”®. Erste Arbeiten in der Krebstherapie
zeigten  allerdings  schwerwiegende  Nebenwirkungen  darunter  Neutro-  und
Thrombozytopenie®®.

Die Bandbreite der Senolytika ist aber noch weitaus gréRer und umfasst verschiedenste
Stoffgruppen darunter Heat-Shock-Protein-Inhibitoren, Herzglycoside oder auch p53-MDM2
Interaktionsinhibitoren, aber auch das von uns zur Detektion genutzte Enzym (3-Galactosidase
wird als ein Angriffspunkt diskutiert: Nanopartikel, die mit Galactoseoligosacchariden
ummantelt sind, kénnten zytotoxische Substanzen enthalten und diese zielgerichtet in
seneszenten Zellen freisetzen’®. Aber auch Vorstufen von diesen Substanzen, die mit
Galactose verknipft sind, konnten am Zielort aktiviert werden’"2, Diese Strategie erscheint
auch im Hinblick auf CAFs vielversprechend, da wir zeigen konnten, dass auch diese
seneszent werden und eine erhdhte B-Galactosidase-Aktivitat zeigen.

Amor et al. haben kurzlich auch spezifische chimeric antigen receptor T-Zellen (CAR T-Zellen)
gegen UPAR, ein Protein auf der Oberflaiche von seneszenten Zellen, eingesetzt, um
ebendiese zu erkennen und zu entfernen’®. Die Identifikation seneszenzspezifischer
Oberflachenmarker kénnte damit noch viele Mdglichkeiten eroffnet, um neue, zielgerichtete
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und nebenwirkungsarmere Ansatze der Heilung zu finden. Nicht zu unterschatzen sind
mdgliche Nebenwirkungen der Elimination seneszenter Zellen. In Mausmodellen konnten
Wundheilungsstérungen nachgewiesen werden*"4,

Einige Therapieoptionen, darunter teilweise auch die Strahlentherapie, die konventionelle
Chemotherapie oder auch zielgerichtete Optionen, akzeptieren neben dem Zelltod auch
Seneszenz als therapeutischen Endpunkt fir die Tumorzellen™. Das langfristige
Vorhandensein von seneszenten Zellen kann jedoch Iokale und systemische
Entziindungsreaktionen triggern und wie bereits mehrfach erwahnt zum Tumorrezidiv flihren’®.
Auch kénnten die Tumorzellen vermehrt Eigenschaften von Stammzellen annehmen und ihre
Regenerationsfahigkeit kdnnte geférdert werden, was die Aggressivitat und erneute Initiation
des Tumors bewirkt’.

Letztlich ist aber noch nicht final zu beantworten, ob Seneszenz ein wiinschenswertes
Phanomen der Tumortherapie ist. Je nach angestrebten Therapieziel und Tumorentitat werden
in Zukunft die méglichen Optionen so individuell wie méglich auf den jeweiligen Patienten
abgestimmt werden miissen’®.

Unsere Studienergebnisse bestatigen, dass Seneszenz ein langfristig relevanter
therapeutischer Ansatzpunkt bleiben sollte. Dabei ist auch wichtig zu untersuchen, welche
seneszenten Zellen attackiert werden. Durch entweder Seneszenzstabilisierung oder
Elimination seneszenter Zellen konnten so Tumorrezidive verhindert werden.

SASP

Denkbar ist neben dem direkten Angriff der seneszenten Zellen auch die Modifikation oder
Inhibition des SASP. Ein Beispiel hierfir ist der JAK2/STAT3 Signalweg, der in
Prostatakarzinomen zur Ausschittung von immunsuppressiven SASP-Faktoren fuhrt. JAK-
Inhibitoren kénnten das SASP entsprechend dahingehend verandern, dass es zu einer
Immunreaktion gegen den Tumor kommt’®.

Die Komplexitat therapeutischer Optimierung in diesem Bereich wird beim Histondeacetylase-
Inhibitor Trichostatin deutlich. In niedrigen Konzentrationen unterdruckt dieser vollstdndig den
SASP, im millimolaren Bereich hingegen fordert Trichostatin die Seneszenz und die
Ausbildung des SASP®8', Bei diesen epigenetischen Modifikationen wird allerdings nie ganz
klar sein, wie viel der beobachteten Effekte wirklich der Modifikation des SASP zuzuschreiben
sind.

Auch weithin bekannte Substanzen, wie etwa Glucocorticoide oder Metformin, beeinflussen
das SASP. Glucocorticoide verringern die Ausschittung proinflammatorischer SASP-Faktoren
wie IL-6 durch Blockade von NF-kB®2. Auf demselben Weg wirkt auch das Antidiabetikum
Metformin®. Diese beiden Beispiele verdeutlichen aber auch, dass die primare Wirkung dieser
Medikamente eine andere sein kann und Nebenwirkungen somit ebenfalls ein breites
Spektrum aufweisen werden. Eine weitere Substanz, FK866, ist in der Lage den
proinflammatorischen Anteil des SASP zu unterdriicken und flihrte in Versuchen zu einer
geringeren Progression des Pankreaskarzinoms®. Unsere Arbeit betonte ebenso die
Relevanz proinflammatorischer Zytokine.

Denkbar ist auch, dass SASP und damit die Immunantwort gegen seneszente Zellen gezielt
zu starken. In diesem Zusammenhand waren mehrteilige Therapieregime denkbar®. Ruscetti
et al. fuhrten Versuche in Organkulturen und Mausen durch und konnten zeigen, dass
Palbociclib bei Lungentumoren zur Ausbildung von Seneszenz fiihrt, eine Kombination mit
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dem MEK-Inhibitor Trametinib aber zusatzlich den Wachstumsarrest verstarkt und zu einer
erhdhten Sekretion von SASP-Faktoren fuhrt, wodurch wiederum natirliche Killerzellen besser
wirken kénnen und auRerdem eine Tumorregression und verlangertes Uberleben beobachtet
werden konnten®®. Am Beispiel des Pankreaskarzinoms zeigt sich, dass das der Einfluss von
SASP in hohem Male kontextabhangig ist. Bei der Behandlung mit Palbociclib und Trametinib
kam es SASP-vermittelt zum Remodelling der TME Insbesondere fiel eine erhéhte
BlutgefaRdichte auf, aber auch IL-6 vermittelt eine hohere GefaBpermeabilitat®,

Unsere Ergebnisse bestatigen, dass das SASP auch bei epithelialen Tumoren wie zum
Beispiel im Kopf-Hals-Bereich funktionell hochrelevant ist — insbesondere durch die
Beteiligung von CAFs an der Modulation inflammatorischer Signalwege. Die kontextabhangige
Wirkung des SASP, wie sie auch in der Literatur beschrieben wird, kénnte erklaren, warum in
unserem Modell eine verstarkte Migration, aber keine gesteigerte Proliferation der Tumorzellen
beobachtet wurde.

CAFs

Unsere Ergebnisse haben erneut unterstrichen, wie wichtig es in Zukunft sein wird, neben den
eigentlichen Tumorzellen auch die CAFs als Ziel der Therapie ins Visier zu nehmen®’. Hierbei
spielt die oben genannte Identifizierung von Markern zur zweifelsfreien Charakterisierung von
CAFs eine wichtige Rolle und wird zukilnftig ein wichtiger Bestandteil der Forschung sein.
Auch das ware ein Schritt hin zu einer personalisierten Tumortherapie und spiegelte sich in
unseren Ergebnissen wider, die zeigten, dass CAFs eine heterogene Gruppe sind, die auch
abhangig vom Patienten verschiedene Eigenschaften aufweist, sowohl was die Sekretion von
SASP-Faktoren als auch den Einfluss auf Seneszenz und Migration betrifft. Andere Autoren
zeigten bereits in einem Mausmodell, dass die unselektive Eliminierung von CAFs zur
Exazerbation der Krebserkrankung fiihrt®®. Es zeichnet sich ab, dass je nach CAF-Subtyp
unterschiedliche Therapiepfade sinnvoll erscheinen — etwa Elimination, Normalisierung oder
funktionelle Inhibition®®.

Ein Beispiel fur erste Therapieansatze soll hier trotzdem gegeben werden: Im Kontext des
HNSCC scheint NADPH Oxidase 4 (NOX4) ein wichtiges Enzym zu sein, das die Funktion von
myofibroblastenahnlichen CAFs steuert®®. Das Medikament, Setanaxib, dass eigentlich der
Therapie der Organfibrose zugedacht war, inhibiert NOX4. Dies unterbindet die Aktivierung
von CAFs und kann auch die Inaktivierung bereits etablierter CAFs verursachen.
Myofibroblastische CAFs zeigten sich aulRerdem daflr verantwortlich T-Zellen aus dem Tumor
fernzuhalten und so eine effektive Immunantwort zu verhindern. Setanaxib unterbindet auch
diesen Effekt, wodurch zum Beispiel Immuntherapien mit Anti-PD-1 effektiver werden®'.

Im Gesamtkontext betrachtet unterstreicht unsere Arbeit die Komplexitat des Zusammenspiels
von Seneszenz und Tumormikroumgebung. Vor dem Hintergrund, dass auch nur ein geringer
Teil der Tierversuche Ubertragbare Ergebnisse flr die Klinik liefert, ist die Erforschung der
Mechanismen essenziell. Der initial tumorsuppressive Effekt der Seneszenz kann sich in eine
potenzielle Bedrohung umkehren.®®  Zukinftig konnten insbesondere multifaktorielle
Strategien erfolgversprechend sein — etwa solche, die Tumorzellen und Tumormikromilieu
gleichermalden adressieren, oder mehrstufige Therapien, die zunachst Seneszenz auslésen
und anschlielend seneszente Zellen gezielt eliminieren.

3.5. Offene Fragen und nachste Schritte
Diese einzelne Studie kann selbstverstandlich noch nicht alle offenen Fragen beantworten,
eroffnet aber bereits neue Wege fiur die weitere Erforschung der Thematik. Die Verwendung
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eines dreidimensionalen Kultursystems, koénnte andere Aspekte der komplexen
Wechselwirkungen in der Tumormikroumgebung in vivo gegebenenfalls besser nachbilden
und ware in einer zuklnftigen Arbeit mit starkerem Fokus auf strukturelle Faktoren eine
sinnvolle Erganzung. In lebendem Gewebe finden Zell-Zell- und Zell-Matrix-Interaktionen
ebenfalls in drei Dimensionen statt, was in unserer experimentellen Anordnung nicht
vollstandig erfasst wird®2. AuBerdem wird zu priifen sein, wie sich die Ergebnisse auf andere
Tumorentitaten - insbesondere Kopf-Hals-Karzinome - Ubertragen lassen.

Die von uns gewahlte Beobachtungsdauer von sechs Tagen ist mit friheren Untersuchungen,
etwa von Schoétz et al., vergleichbar ist und fuRt auf eigenen Vorarbeiten der Arbeitsgruppe®.
Unsere zusatzliche 50-tdgige Beobachtungsperiode verleiht der Studie allerdings eine gréRRere
Aussagekraft. Der zeitliche Aspekt der klinischen Realitat, in der Rezidive auch noch nach
Jahren auftreten, wird in vitro nur schwer nachzubilden sein. Hier sind gegebenenfalls
Tierversuche und letztlich auch klinische Studien und Untersuchungen an Patientenmaterial
unabdingbar.

Sollte sich ein Zytokin auch in weiteren Untersuchungen — beispielsweise mit anderen
Zelltypen der TME — als besonders relevant herausstellen, ware eine selektive Stimulation der
Zellen ein weiterer Schritt, um einzelne Mechanismen zu entschlisseln. Eine solche Analyse
auch unter Zuhilfenahme von Inhibitoren kdnnte helfen, deren spezifischen Einfluss auf die
Interaktion zwischen Tumorzellen und CAFs besser zu verstehen und sollte daher zukunftig
berlcksichtigt werden.

Die biologische Variabilitdt der primaren CAFs, die in dieser Studie verwendet wurden, gibt
ebenso AnstoR daflr diesen Zelltyp genauer zu charakterisieren®®. Man konnte sowohl
Unterscheidungen nach biologischen Eigenschaften wie Sekretom, Oberflachenmarkern oder
genetischen Charakteristika vornehmen, aber auch klinische Faktoren wie das Tumorstadium,
den HPV-Status oder das Patientenalter berlcksichtigen. Eine genauere Kontrolle dieser
Variabilitdt konnte die Reproduzierbarkeit und Aussagekraft zuklnftiger Studien erhdhen.
Daruber hinaus kdnnte der Einfluss anderer Zelltypen der Tumormikroumgebung, wie Immun-
oder Endothelzellen, untersucht werden, da diese eine wesentliche Rolle bei der Seneszenz
und Tumorprogression spielen kdnnten'2.

Schliellich konzentrierte sich die Studie auf zentrale Faktoren des SASP. Da jedoch eine
Vielzahl unterschiedlicher Proteine und Signalmolekile an diesen Prozessen beteiligt ist,
kdénnte eine umfassendere Analyse weiterer SASP-Komponenten in zuklnftigen Studien neue
Erkenntnisse liefern. AuRerdem ware interessant welche Zelle genau welches Zytokin
ausschuttet. Dies koénnte mittels Enzyme-Linked ImmunoSpot Assay, intrazellularer
Zytokinfarbung oder nach Separation mit Einzelzell-RNA-Sequenzierung erfolgen.

3.6. Schlussfolgerung

Diese Studie ist die erste, die den Einfluss von primaren CAFs des OSCC in Co-kultur mit
Tumorzellen und deren Auswirkungen auf die Seneszenz untersucht. Obwohl nach sechs
Tagen insgesamt weniger Zellen seneszent waren, konnte ein von CAFs geférderter
Mechanismus existieren, der die Migration von Tumorzellen beglnstigt. Dies kdnnte eine
mogliche Erklarung fur die Entstehung spaterer Lokalrezidive und Fernmetastasen liefern. Die
Wahrscheinlichkeit, dass Zytokine dabei eine zentrale Rolle spielen, ist hoch. Es erscheint
plausibel, dass mehrere Faktoren gemeinsam zu diesem Effekt beitragen. Der Seneszenz-
assoziierte sekretorische Phanotyp stellt in diesem Zusammenhang einen vielversprechenden
Ansatzpunkt fur zukunftige Untersuchungen dar.
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Insgesamt wird zunehmend deutlich, dass nicht nur eine gezielte Tumortherapie erforderlich
ist, sondern auch eine spezifische Beeinflussung der CAFs. Ein tiefergehendes Verstandnis
der Tumormikroumgebung und der komplexen Wechselwirkungen ihrer Bestandteile konnte
dazu beitragen, die Mechanismen hinter dem Versagen bestimmter Therapien besser zu
verstehen. Unsere Studie liefert hierzu einen wichtigen Beitrag und hilft, das Gesamtbild weiter
zu vervollstandigen.

Vorlaufige und mit dieser Arbeit in Zusammenhang stehende Ergebnisse wurden zweimal auf
dem Kongress der Deutschen Gesellschaft fur Mund-, Kiefer- und Gesichtschirurgie, und
jeweils einmal auf dem Kongress der Osterreichischen Gesellschaft fiir Mund Kiefer
Gesichtschirurgie und dem Deutschen Krebskongress vom Erstautor vorgestellt. Dass die
Abstracts immer akzeptiert wurden und grof3es Interesse bestand, unterstreicht, dass dieses
Forschungsgebiet auch in Zukunft von héchster Relevanz sein wird.
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