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Irradiation-induced cellular senescence is linked to
pro-survival signaling and checkpoint regulation in
a 2D and 3D model for head and neck cancer
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Abstract. Fractionated irradiation causes premature senes-
cence of tumor cells. Interactions between senescence, the
immune system and survival signaling are poorly understood
to date. As MAP kinases are implicated in immune resistance,
the present study addressed the detection of senescence-associ-
ated modulation of postradiogenic programmed death-ligand 1
(PD-L1) and MAP kinase ERK1/2 expression in an in vitro
and ex vivo model for head and neck squamous cell carcinoma
(HNSCC). Established HNSCC cell lines (UM-SCC-11B,
UM-SCC-14C and UM-SCC-22B) were employed to study
the expression levels of p21, histone H2AX (YH2AX), PD-L1
and phosphorylated (p)ERK1/2 via immunohistochemistry
following application of 4x2 Gy. Using senescence-associated
[-galactosidase (SA-B-Gal) staining, postradiogenic induction
of senescence was additionally assessed. Results were vali-
dated in a 3D ex vivo HNSCC model with vital explants. Upon
ionizing radiation (IR), senescence-like subpopulations were
observed in all cell lines, showing upregulation of PD-L1 and
pERK1/2 as well as of established senescence markers p21 and
vH2AX. SA-B-Gal-positive cells were found in all lines. These
results were supported in a 3D tumor model. Fractionated IR
can generate a subpopulation of HNSCC cells characterized
by senescence-typical cellular changes and marked expression
of PD-L1 and pERK1/2. Postradiogenic senescence in both
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2D and 3D cancer models was possibly related to survival
signaling and immune checkpoint regulation, crucial elements
in tumor development and progress.

Introduction

Senescent cells are characterized by a permanent cell cycle
arrest, resistance to apoptosis and the bioactive secretion pheno-
type known as the senescence-associated secretory phenotype
(SASP) (1-4). While cellular senescence has beneficial effects
in early carcinogenesis and tumor therapy, studies have
shown that the accumulation of senescent cells in age-related
diseases, including cancer, has detrimental consequences.
The persistence of these cells promotes cancer cell growth,
aggressiveness and metastasis while contributing to an immu-
nosuppressive tumor microenvironment (TME) (5,6). Previous
research has highlighted the potential prognostic importance
of senescent cells in HNSCC patients (7). The expression of
SASP components has been linked to certain clinicopatholog-
ical features, suggesting that senescence-related mechanisms
may impact tumor progression and patient outcomes (8).
Specific senescence-related genes hold prognostic value in
HNSCC. For instance, a prognostic risk model incorporating
these genes has been developed, offering potential as a
biomarker for patient stratification and personalized treatment
approaches (9). Cellular senescence can be effected by DNA
damage caused by radiation therapy, which is one of the main
treatment pillars in HNSCC. This therapy-induced senescence
(TIS) contributes to tumor control by arresting the growth of
cancer cells. However, the accumulation of senescent cells
post-irradiation can also promote radioresistance. Early onset
of senescence and the subsequent production of SASP factors
have been identified as key determinants of this resistance in
HNSCC (9).

The expression of radiation-induced senescence-associated
genes has been suggested to have prognostic implications in
HNSCC (10). Exposure to IR causes compensatory activa-
tion of intracellular signaling cascades securing tumor cell
survival (11-13) such as signaling pathways MEK/ERK and
PI3K/AKT in HNSCC (14,15). Our own previous studies
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verify the IR-dependent induction of these cascades in vitro as
well as in a 3D HNSCC ex vivo model most likely as a mecha-
nism of resistance against radiotherapy (16-19). The response
to therapeutic strategies in HNSCC is generally determined by
a pronounced intratumorigenic heterogeneity (20) followed by
a high variety in treatment response.

Immunotherapy has revolutionized treatment for a number
of cancers including HNSCC over the past decade. In recur-
rent or metastatic HNSCC PD-1 inhibitors play an essential
role (21,22). However, the majority of patients do not exhibit
stable responses, suggesting the presence of mechanisms
underlying de novo or acquired resistance to checkpoint
inhibitors (CPI). Despite advances in the field, there remains
a lack of robust biomarkers to predict clinical response and/or
resistance to CPI (23).

Senescent cells have been shown to heterogeneously express
the immune checkpoint molecule PD-L1 and that PD-L1+
senescent cells accumulate with age in vivo. In the context of
potential anti-ageing therapy, the elimination of PD-L1+ senes-
cent cells by immune checkpoint blockade has been described
as a promising approach (24). Senescent cells upregulate PD-L1,
the ligand for PD-1 on immune cells, leading to immune cell
inactivation. Consequently, targeting PD-L1 has been proposed
as a novel strategy for addressing senescence (25). Additionally,
PD-L1 plays a role in the senescence of malignant cells via
interferon-dependent cell cycle regulatory cascades or through
its destabilization by cyclin D-CDK4 kinase (26-28). Notably,
silencing PD-L1 in cancer cells has been shown to induce
senescence (29). A potential link between checkpoint regula-
tion and senescence is further supported by an investigation
by Moreira et al (30), which investigated whether senescence
markers could predict response to CPI in melanoma patients.
Additionally, aging-related genes have been associated with
chemotherapy resistance and linked to CPI response in
HNSCC (7). Early senescence and the production of senes-
cence-associated cytokines have also been identified as major
determinants of radioresistance in HNSCC (9). Moreover,
there is a notable connection between mitogen-activated
protein kinase (MAPK) pathway activation and senescence.
This relationship is exemplified by the association between
MAPK ERK1/2 and p21, a key marker of senescence activa-
tion (31). Recently, we demonstrated a potential co-regulation
of pERK1/2 and PD-L1 expression as a response to standard
HNSCC treatment revealing a direct link between oncogenic
drivers and PD-L1 expression (32).

Building on these findings, the present study used a 2D
in vitro and a 3D ex vivo HNSCC model to map the effect of
fractionated IR on the induction of senescence as well as its
influence on checkpoint expression and survival signaling as
part of a potential tumoral bailout mechanism.

Materials and methods

Cell culture. The cell lines UM-SCC-11B, UM-SCC-14C and
UM-SCC-22B were obtained from Dr TE Carey (University
of Michigan, Ann Arbor, MI, USA). Origins of the cell lines
were larynx, oral cavity and hypopharynx, respectively
(Table I) (33). Original tumors were not human papilloma
virus-driven. The cells were cultivated in Dulbecco’s modi-
fied Eagle’s medium (DMEM; Thermo Fisher Scientific Inc.)

supplemented with 10% fetal calf serum (FCS) and 1% peni-
cillin/streptomycin (Gibco; Thermo Fisher Scientific Inc.). The
authentication of all cell lines was confirmed by a recent Short
Tandem Repeat (STR) profiling which is a DNA-based method
used for authenticating and identifying cell lines (CLS Cell
Lines Service GmbH; latest update Nov 2022).

Irradiation experiments. For each cell line, 200,000 cells/well
were seeded in six-well plates and irradiated day 4 post-seeding
on four consecutive days with a daily dose of 2 Gy using a
linear accelerator (a device used in radiation therapy to deliver
high-energy X-rays or electrons to tumors) with 6 megavolts
(MV) photon energy (Elekta Synergy AB) and polymethyl-
methacrylate (PMMA) plates as water and tissue equivalents,
respectively. Cells were left to recover again on days 8 and 9
and were harvested on day 10. Controls were mock-treated.
Each experiment was performed three times (n=3).

Senescence-associated f3-galactosidase (SA-f-Gal) staining.
The cells were cultured in 9-well plates. After 48 h in
culture, cells were irradiated with 2 Gy on four consecutive
as aforementioned. Mock-treated samples served as controls.
At 4 h after the last irradiation session, SA-B-Gal staining
was performed according to the manufacturer's instructions
(Senescence (-galactosidase Staining Kit; cat. no. 9860; Cell
Signaling Technology, Inc.). First, the growth medium was
removed and the cells were washed once with 1X PBS. Then,
1 ml of 1X fixative solution was added to each 35 mm well and
the cells were fixed for 10-15 min at room temperature (RT).
After rinsing off the fixative solution with 1X PBS, 1 ml of the
prepared -galactosidase staining solution (comprising 930 ul
of 1X Staining Solution, 10 ul of 100X Solution A, 10 pl of
100X Solution B and 50 pl of 20 mg/ml X-Gal) was added to
each 35 mm well. The plate was sealed to prevent evaporation
and incubated overnight at 37°C in a dry incubator. The cells
were then examined under the microscope (magnification,
x200) for the development of blue staining. For long-term
storage, the P-galactosidase staining solution was removed
and the cells were overlaid with 70% glycerol. The plates were
stored at 4°C. The experiment was repeated three times.
Senescence induction was quantified by ImagelJ software
(National Institutes of Health, version 1.54p) and is given as
relative amount of positive cells. Due to the small sample size
normal distribution could not be assumed hence statistical
assessment was performed using Mann Whitney U Test.

Immunohistochemical (IHC) staining. Cells were treated as
described for SA 3-galactosidase staining and fixed by ice-cold
ethanol/acetone (2:1) for 15 min on ice followed by treatment
with antigen retrieval with Tris-EDTA buffer or Citrate buffer
for antigen retrieval and subsequently endogenous peroxidase
blockage with DAKO Peroxidase blocking solution (Agilent
Technologies, Inc.). After preincubation with sheep normal
serum 1:10 (BIOZOL Diagnostica Vertrieb GmbH) for
30 min at RT to avoid unspecific binding, primary antibodies
[phosphorylated-p44/42 MAPK (Erk1/2; Thr202/Tyr204);
cat. no. 9101 Cell Signaling Technology, Inc.; 1:400; PD-L1;
cat. no. 13684, Cell Signaling Technology, Inc.; 1:400; p21
Waf1/Cipl (12DI) Rabbit mAb cat. no. 2947, Cell Signaling
Technology, Inc.; 1:500, Phospho-Histone H2A.X (Ser139;
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Table I. Characteristics of the head and neck squamous cell carcinoma cell lines (33).

Characteristic UM-SCC-11B UM-SCC-14C UM-SCC-22B
Specimen Primary Local recurrence Lymph node metastasis
Tumor site Larynx Floor of mouth Hypopharynx

TNM status T2N2a T2NO T2N1

Previous therapy CT SU + CRT None

CT, Chemotherapy; SU, Surgery; CRT, Chemoradiotherapy; TNM, Tumor, Node, Metastasis classification.

Table II. Characteristics of ex vivo specimens.

Fresh tissue sample Patient 1 Patient 2 Patient 3 Patient 4
Patient age, sex 59, male 56, male 56, male 55, male

Tumor site Oropharynx (Left Tonsil)  Oral cavity (Lower lip) Larynx Hypopharynx
TNM status pT1 NO MO pT3 pNO MO rcT4acNO MO  pT4a pN2b MO
Histological risk factors VO LO Pn0O RO G2 VO LO Pnl RO G2 LOVOPn0 G2 L1VOPnlROG3
Date (month/year) of sample  02/2024 05/2024 05/2024 06/2024

collection

TNM, tumor, node, metastasis; V, Vascular invasion; L, Lymphatic invasion; Pn, Perineural invasion; R, Resection status; G, Grading.

20E3) Rabbit mAb cat. no. 9718, Cell Signaling Technology,
Inc.; 1:1,000)] were incubated overnight. A biotinylated
secondary antibody, diluted 1:200 in streptavidin biotinyl-
ated horseradish peroxidase for 45 min at RT (Cytiva), was
added. Afterwards, 3-amino-9-ethylcarbazole (AEC; ScyTek
Laboratories, Inc.) was used as a substrate. All washing proce-
dures were performed in PBS. Slides were counterstained with
hematoxylin for 5 min at RT. Sections incubated without the
primary antibody served as negative controls and additional
controls were performed with the secondary antibody only
(data not shown). Samples were imaged using Zeiss Axio
Observer Z1 with AxioCam 505 color and analysed with
Zen-software version 2.3 (Carl Zeiss AG).

Ex vivo treatment of HNSCC vital tissue cultures. Fresh tissue
HNSCC samples (n=4; 1 from the oropharynx, 1 from the
oral cavity, 1 from the hypopharynx and 1 from the larynx;
Table II) were procured immediately after surgical resection
at the Department of Otorhinolaryngology, Head and Neck
Surgery, Mannheim University Hospital, Germany. All four
donors were male. The mean age was 56.5 years (+1.73 years).
Recruitment took place between February 2025 and June 2025.
Informed consent was obtained from all subjects involved in
the study after the review of the local ethics board (ethic vote
2020-558N). The consent forms provided clear information on
the study's purpose, procedures, risks, benefits and the right
to withdraw at any time and were presented tailored to the
participants' comprehension level. Patients were informed by
the principal investigator of the study and consented orally and
in written after having the opportunity to ask questions and
address concerns. Patients were to be included in the study if
they had been diagnosed with HNSCC and have undergone

treatment at the Department of Otorhinolaryngology, Head
and Neck Surgery, University Hospital Mannheim. Sufficient
formalin-fixed paraffin-embedded (FFPE) tumor material had
to be available for the planned analyses. Patients were to be
excluded from the study if they have a pre-existing mental
illness that might interfere with study participation, a history
of a previous HNSCC diagnosis, or another active malignant
disease at the time of inclusion. Patients with medical condi-
tions associated with an increased risk of bleeding or impaired
wound healing were also excluded. Further exclusion criteria
include being under the age of 18, not being fully capable of
giving informed consent, or testing positive for HIV, HBV, or
HCV. Table II gives characteristics of ex vivo specimens.
Specimens were transported to the laboratory in transport
media (Dulbecco's modified Eagle's medium, supplemented
with Primocin) within 30 min after resection. Fresh tissue was
sectioned with a scalpel to fragments of 2-3 mm? under sterile
conditions. For ex vivo analysis of tumor response to fraction-
ated IR, tumor sections were maintained in twelve-well plates
with inserts (ThinCert; Greiner Bio One Ltd.) in Dulbecco's
modified Eagle's medium, supplemented with 10% fetal
bovine serum and antibiotics (penicillin 100 U/ml and strep-
tomycin 100 ug/ml). After five days in culture, samples were
irradiated on three consecutive days with a daily dose of 2 Gy.
Mock-treated samples served as controls. According to the
cell line experiments, a linear accelerator with 6 megavolts
(MYV) photon energy (Elekta Synergy AB) and PMMA plates
as water and tissue equivalents, respectively, were employed.
Previously, the total dose and time scheme of 3x2 Gy
applied on days 6-8 had been evaluated by dose and time row
experiments to achieve an optimal IR effect without over-
dosing the tissue samples. Fractionated IR instead of a single
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dose was chosen to adapt the experimental setting to the norm
fractionation scheme applied in HNSCC patients as closely
as possible (32,34). The medium was changed every second
day. The samples were harvested on day 10 to be evaluated for
histopathological and immunohistochemical features (34,35).

Morphological and immunohistochemical evaluation of
ex vivo HNSCC cultures. Ex vivo cultivated tissue was
FFPE. From these FFPE tissue blocks, 0.5 M sections were
cut and deparaffinized. Hematoxylin and eosin staining, a
routine histological technique to visualize tissue morphology
was performed (Eosin 10 min, hematoxylin 5 min, at RT).
According to the immunohistochemistry protocol used in cell
lines, staining was performed analogously with adaptation of
the concentrations of antibodies as follows: [Phospho-p44/42
MAPK (Erk1/2; Thr202/Tyr204); cat. no. 9101; Cell Signaling
Technology, Inc.; 1:100; t(total) ERK1/2 p44/42 MAPK
(ERK1/2); cat. no. 9102; Cell Signaling Technology, Inc.;
1:100; PD-L1I; cat. no. 13684; Cell Signaling Technology, Inc.;
1:200, p21 Waf1/Cipl (12D1) Rabbit mAb cat. no. 2947 Cell
Signaling Technology, Inc.; 1:100, phospho-Histone H2A.X
(Ser139; 20E3) Rabbit mAb cat. no. 9718, Cell Signaling
Technology, Inc.; 1:200]. Incubation with the primary anti-
bodies was at 4°C overnight.

Quantification of IHC results in cell and tissue cultures. The
intensity of IHC staining was determined using the immuno-
reactive score (IRS) proposed by Remmele and Stegner (36)
with slight modifications as follows.

Staining intensity x percentage of positive cells=IRS.

The percentage of immunoreactive tumor cells was rated
as follows: No staining=0; less than 10% positive cells=1;
10-50% positive cells=2; 51-80% positive cells=3; greater than
80% positive cells=4. The intensity of staining was evaluated
as follows: no color reaction=0; weak/mild color reaction=1;
moderate =2; strong/intense color reaction=3. The expression
score was obtained by multiplying the percentage of immu-
noreactive tumor cells by the staining intensity. The score
was determined by three independent observers and the mean
value was calculated. Shapiro-Wilk-Test was performed with
the null hypothesis of normal distribution of the data. Since
most p-values were significant a Gaussian distribution was
not presumed and statistical significance was calculated using
Mann Whitney U test.

Statistical analysis. Results were graphed and analyzed using
GraphPad Prism software (version 9.4.1; Dotmatics). Data are
presented as means (bars) with standard error of the mean
(whiskers) from three independent experiments.

A Shapiro-Wilk test was conducted to assess the normality
of the data. Since most P-values were significant, the present
study did not assume a Gaussian distribution.

For SA-B-Gal staining, a Mann-Whitney U test was
performed. The null hypothesis stated that there was no differ-
ence in positive SA-B-Gal staining between IR cells and controls.

The results of both ex vivo and in vitro experiments were
also analyzed statistically. Immunoreactivity scores assigned
by three independent observers were compared using the
Mann-Whitney U test. The null hypothesis stated that there
was no difference in scoring between treated cells and

mock-treated controls. P<0.05 was considered to indicate a
statistically significant difference.

Results

Morphologic alterations of the nuclei. Multiple publications
describe morphologic alterations, such as enlarged cell volume
and nuclei, irregularly shaped nuclei and cytoplasmic vacuoles as
characteristic features of senescent cells (37-39). After fraction-
ated IR, the present study found a subpopulation of tumor cells
with enlarged nuclei in all three HNSCC cell lines (Fig. 1A).
Other morphologic alterations, such as enlarged cell volume,
irregularly shaped nuclei and cytoplasmic vacuoles as charac-
teristic features of senescence, were also visible. The altered
morphology was clearly recognizable across all cell lines. There
was a small number of cells with this phenotype in untreated
cells, which distinctly increased in response to fractionated IR.

Evidence for senescence induction by SA-f3-Gal staining. To
confirm a potential induction of senescence by fractionated
IR, SA-B-Gal staining was performed.

SA-B-Gal staining is a widely used histochemical assay
to detect cellular senescence. It identifies senescent cells by
measuring f3-galactosidase enzyme activity at pH 6.0, a charac-
teristic feature of senescent cells. The assay involves staining
cells or tissue samples with X-gal, a substrate that produces a
blue color when cleaved by SA-B-Gal.

An increase in SA-8-Gal was observed after irradiation in
all cell lines, which was most distinct in UMSCC-14C cells.
In UM-SCC 22B the changes where statistically significant
(P=0.0286; Fig. 1A; for quantification see Fig. 1B).

Effect of fractioned IR on proliferation of senescence marker
p21.To further confirm senescence induction, IHC staining of the
senescence marker p21 was performed. As seen in Fig. 2, there
was a slight increase in p21 protein expression in UM-SCC-11B
and UM-SCC-22B as well as a marked increase in UM-SCC-14C
compared with mock-treated controls (Fig. 2A and B).

Effect of fractioned IR on proliferation of yH2AX. There was a
visible increase in positive staining of YH2A X indicating post-
radiogenic DNA double strand breaks in all three cell lines,
but due to the small sample size the results of the statistical
evaluation were non-significant (11B P=0.059; 14C P=0.48;
22B P=0.3; Fig. 2A and B).

Fractionated IR modulates PD-LI1 surface expression. Unlike
in previous studies where cells and tissue samples were treated
with a single irradiation dose and immediately analyzed
post IR, the present study was interested in examining also
mid- and long-term adjustment mechanisms to a fractionated
protocol (4x2 Gy) according to the norm fractionation scheme
applied to HNSCC patients. All three cell lines displayed a
strong induction of PD-L1 which was most distinct in cells
from the UM-SCC-22B cell line (Fig. 2A and B).

Effect of fractionated IR on MAPK ERK signaling.
UM-SCC-22B cells showed a strong induction of activated
ERK1/2, similar to the PD-L1 expression pattern. There was
a minor induction in pERK1/2 in UM-SCC-14C, while no
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Figure 1. Irradiation-induced senescence in HNSCC cell lines detected by SA-f3-Gal staining. (A) Irradiation-induced senescence in HNSCC cell lines
UM-SCC-11B, UM-SCC-14C and UM-SCC-22B. Left panel: Mock-treated controls; middle panel: irradiated cells (4x2 Gy); right panel: section enlargement
of irradiated batch. SA-B-Gal staining reveals senescent cells (green-blue signal). Arrows (right panel) indicate morphologic cellular features typical for senes-
cence (enlarged and flattened cells) (scale bar, 100 ym). (B) Quantification of postradiogenic senescence induction in HNSCC cell lines. The y-axis displays
SA-B-Gal positive cells as a percentage of the total number of cells (median + SEM). Experiments were performed in triplicates. For significance calculation,
Mann Whitney U test was applied. "P=0.0286. HNSCC, head and neck squamous cell carcinoma; SA-f3-Gal, senescence-associated 3-galactosidase.

modifications in pERK1/2 protein expression were detected
in UM-SCC-11B compared with mock-treated controls
(Fig. 2A and B).

Validation of senescence-associated markers in a 3D ex vivo
HNSCC tissue culture model. In order to verify the findings of

cellular response to fractionated IR observed in the cell lines,
the expression of senescence-associated markers was validated
in human HNSCC tumor tissue. This explant model offers the
advantage of taking the composition of the individual patient's
tumor and a potential impact of the TME into account, which
is not depicted in 2D cell culture model.
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Figure 2. Differential expression and quantification of p21, pERK1/2, PD-L1 and YH2AX in HNSCC cell lines following fractionated IR. (A) Expression of
p21, pERK1/2, PD-L1 and yH2AX in HNSCC cell lines UM-SCC-11B, UM-SCC-14C and UM-SCC-22B post IR. IHC staining of p21, yYH2AX, PD-L1 and
pERK1/2 after fractionated IR (4x2 Gy) compared with mock-treated controls displayed differential modulations of target proteins (representative images
shown). (B) Quantification of IHC results. The IRS was obtained by visual examination. Results were quantified using the IRS modified according to Remmele
and Stegner (36). The mean + SD value was calculated. Statistical significance ("P<0.05) was assessed using Mann Whitney U test. p, phosphorylated; PD-L1,
programmed death-ligand 1; YH2AX, histone H2AX; HNSCC, head and neck squamous cell carcinoma; IR, ionizing radiation; IHC, immunohistochemistry;

IRS, immunoreactive score. Scale bar=100 pm.

One specimen each from the typical anatomical HNSCC sites A statistically significant increase in p21 expression
(oral cavity, oropharynx, hypopharynx, larynx) was included. post IR was observed in all four specimens indicating that
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100 pm). (B) Quantification of IHC results. The IRS was obtained by visual examination. Results were quantified using the IRS modified according to
Remmele and Stegner (36) as performed for the in vitro data. The mean = SD was calculated. Statistical significance ('P<0.05) was assessed using Mann
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radiotherapy affects senescence regulation (EV1 P=0.0001,
EV2 P=0.003, EV 3 P=0.004, EV 4 P=0.0005). Accordingly,
there was a parallel raise in YH2AX as additional senescence
marker in all samples. The difference reached significance in
oral cavity, larynx and hypopharynx samples (EV2 P=0.0002,
EV3 P=0.0137, EV 4 P=0.0004).

As expected, the 3D model enabled confirmation of the
2D results regarding a postradiogenic upregulation of PD-L1
and pERK1/2. Except the oropharyngeal specimen, which did
not express any PD-L1 at baseline and after treatment, PD-L1
levels were significantly enhanced after IR in the hypopha-
ryngeal tissue (P=0.0066) while there was a minor increase in
ex vivo specimens derived from the larynx and the oral cavity.
pERK1/2 was activated in all four ex vivo samples reaching
significance in all cases (EV1: P=0.011; EV2: 0.0039; EV3:
0.0052; EV4: 0,0004). tERK1/2 expression appeared stable
after fractionated IR in all specimens (Fig. 3A and B).

Discussion

The present study described the expression of senescence-
associated molecules YH2AX, SA-B-Gal and p21, alongside
morphological criteria for detecting senescence in HNSCC
cell lines and viable HNSCC human tissue samples. The
findings demonstrated that these features are associated with
irradiation-induced induction of PD-L1 along with activation
of the MAPK ERK survival pathway.

In HNSCC patients, norm-fractionated radiotherapy
alone is most commonly administered at a dose of 1.6-2.0 Gy
per fraction per day, five days a week, over a period of
6-7 weeks (40). Therefore, the present study established an
experimental regimen using single daily fractions of 2 Gy,
based on our previous demonstration that these doses are
sufficient to produce an effect (32,34). It is well established
that standard oncological treatments, such as radiochemo-
therapy (RCT), induce senescence in solid tumors (40-42).
Additionally, senescent cells are known to contribute to certain
chemotherapy-related side effects (43,44). The senescent
phenotype is characterized by irreversible growth arrest while
maintaining viability and metabolic activity. Key features of
this phenotype include distinct cellular morphology (enlarged
and flattened cells), increased expression of p53 and p21,
markers of DNA double-strand breaks (DSBs) and the pres-
ence of SA-B-Gal, along with an elevated number of YH2AX
foci, one of the most sensitive markers of DSBs (45-48).

Standard oncological treatment such as RCT induces
senescence in solid tumors (41-43) Additionally, senescent
cells are known to cause certain chemotherapy-related side
effects (38,44). The senescent phenotype is featured by
irreversible growth arrest while maintaining viability and
metabolic activity. This phenotype includes a distinct cellular
morphology (enlarged and flattened cells), increased expres-
sion of p53, p21, markers of DNA DSBs and the presence of
SA-B-Gal as well as an increased number of YH2AX foci,
the most sensitive marker of DSBs (39,45-47). Senescence
has been described as a double-edged sword exhibiting both
tumor suppressive and promoting properties (48-51). While
therapy-induced senescence can contribute to metastasis,
recurrence and adverse reactions to cancer treatment (52),
current anti-cancer strategies provide an ideal foundation for

TME-associated damage responses, which result in the promo-
tion of senescence as a resistance mechanism (53): It is well
documented that senescent cells within the TME contribute
to tumor progression, metastasis and therapy resistance (54).
Cellular senescence is increasingly recognized as a patients'
response to various anticancer therapies (55) and is probably
associated with poor treatment response in different cancer
entities (56-59).

As one of the most prominent markers of senescence, p21
has been described to harbor either tumor suppressor activity
or tumor-promoting properties (60). In the p21 analyses, the
present study detected an increased postradiogenic nuclear
p21 expression in HNSCC tumor cell lines and ex vivo
cultures, accompanied by an increase in B Gal positive cells
and YH2AX protein levels, compared with control, indicating
that IR might trigger senescence in HNSCC cells which could
induce resistance to this fundamental treatment pillar.

In parallel, the MAPK signaling pathway plays an
important role in oncogene-induced senescence (61,62).
MEK and subsequently ERK1/2, so-called gerogens, are
capable of arresting the cell cycle via p53, p21 and p16 (63).
Patel et al (64) recently showed that continued MAPK/ERK
activation in oncogene-induced senescent cells offers a poten-
tial escape route after ~1 month leading to c-MYC dependent
reactivation of telomerase. This reinforces the role of MAPK/
ERK in the formation of resistance based on senescent cells.
While there are various 3D models of ERK-induced senes-
cence, so far none have been detected specifically for head
and neck cancer (65).

Woo et al (66) describe that that inhibition of MEK and
PI3K signaling pathways increases the sensitivity of HNSCC
cells toradiotherapy by enhancing therapy-induced senescence.
However, this study was only conducted in a 2D cell culture
approach, which does not reflect tumor-TME interactions.
Indeed, a rationale for including the tumor-TME-interrelations
when investigating senescence is provided by studies showing
that the epithelial to mesenchymal transition phenotype is
resistant to radiochemotherapy (67) and that interactions with
the TME can influence the tumor's sensitivity against treat-
ment (68). A improved understanding of this mechanism is of
great interest as there is evidence for radioresistance already
in quiescent cells in HNSCC cell lines (69). This aggressive
phenotype could be further promoted by coexisting senescent
cells (70,71) leading to an undesirable outcome that must not
be underestimated.

Similarly, the immune checkpoint molecule PD-L1, the
ligand for PD-1 on immune cells, which drives immune
cell inactivation, is associated with cellular senescence.
In line with the present data, Onorati et al (25) report that
senescent cells upregulate PD-L1. This induction of PD-L1
in senescence is shown to depend on the proinflammatory
program. The clinical benefit of PD-1 inhibitors is restricted
by immunosuppressive properties of the TME (72-74) and
the insufficient reactivation of antitumor immunity by
the drug alone (75). There have been considerations as to
whether responses to CPI are linked to cellular senescence
as CPI treatment has been observed to increase the presence
of senescent T cells (76). These findings on a potential link
between senescence and CPI response justify the employ-
ment of 2D and 3D HNSCC models as performed in the
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present study as only <20% of HNSCC patients respond
to CPI monotherapy (77). So more elucidation of factors
contributing to CPI sensitivity are clearly needed. For other
tumor entities such as breast cancer this issue has already
been addressed. Si et al (4) observed that blockade of
PD-L1 and STAT3 could prevent tumor-associated regula-
tory T cell-induced senescence in dendritic cells. Although
that study focuses on breast cancer, the results may also be
relevant for head and neck cancer, as similar mechanisms of
immunomodulation may be involved.

The present study included cell lines and tissue samples
from different localities in the head and neck region to
illustrate diversity in tumoral behavior, which is known to
be associated with varying response to cancer treatment and
found comparable results. This observation is particularly
notable because it has variously been shown that differences
in survival and molecular biology exist between HNSCC
anatomical sites and TME of these sites may guide immune
and radiation therapies (78). However, this observation is
provisional, as the present sample size was small, which must
be considered as a limitation of the study. The results can be
considered more of a pilot project but are worth testing in a
larger cohort. In terms of clinical applicability, it could be
of relevance that recent data show senolytic agents such as
B-cell lymphoma-x large inhibitor ABT-263 (Navitoclax) in
combination with cisplatin probably being useful for elimi-
nating residual senescent tumor cells after chemotherapy and
thereby potentially delay disease recurrence in head and neck
cancer patients (79).

Hence, it is expected, based on these and previous data,
that the ex vivo model is a useful tool to provide a platform
for sensitivity testing of novel combination therapies, such as
cisplatin and senolytics, as part of a personalized treatment
approach.

The prognostic effect of therapy-induced senescence
remains incomplete. Previously we demonstrated tumor
cell-mediated regulation of PD-L1 upon platinum-based CRT
in HNSCC and their exosomes (32). The present study aimed
to define whether there is a correlation between postradio-
genic induction of senescence, ERK1/2 signaling and PD-L1
expression. The data provided evidence that fractionated IR
generated a subpopulation of HNSCC tumor cells exhibiting
senescence-associated cellular changes and increased expres-
sion of pERK1/2 and PD-L1. The results suggested a link
between survival signaling, radiation-induced checkpoint
activation and the emergence of senescence in HNSCC.
Additionally, the ex vivo 3D tissue model has proved to be a
valuable tool for validation and complementing in vitro data,
offering insights into tumor-TME correlations. In the future,
further analyses, particularly in larger cohorts, are required
to better elucidate the clinical relevance and significance of
therapy-induced senescence in the treatment of cancer patients.
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