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Background: The treatment of head and neck tumors remains a challenge due to
their reduced radiosensitivity. Small molecule kinase inhibitors (smKiI) that inhibit
the DNA damage response, may increase the radiosensitivity of tumor cells.
However, little is known about how the immunophenotype of the tumor cells is
modulated thereby. Therefore, we investigated whether the combination of ATM
or ATR inhibitors with hypo-fractionated radiotherapy (RT) has a different impact
on the expression of immune checkpoint markers (extrinsic), the release of
cytokines or the transcriptome (intrinsic) of head and neck squamous cell
carcinoma (HNSCC) cells.

Methods: The toxic and immunogenic effects of the smKI AZD0156 (ATMi) and
VE-822 (ATRi) in combination with a hypo-fractionated scheme of 2x5Gy RT on
HPV-negative (HSC4, Cal-33) and HPV-positive (UM-SCC-47, UD-SCC-2)
HNSCC cell lines were analyzed as follows: cell death (necrosis, apoptosis;
detected by AnxV/PI), expression of immunostimulatory (ICOS-L, OX40-L,
TNFSFR9, CD70) and immunosuppressive (PD-L1, PD-L2, HVEM) checkpoint
marker using flow cytometry; the release of cytokines using multiplex ELISA and
the gene expression of Cal-33 on mRNA level 48 h post-RT.

Results: Cell death was mainly induced by the combination of RT with both
inhibitors, but stronger with ATRI. Further, the immune phenotype of cancer cells,
not dying from combination therapy itself, is altered predominantly by RT+ATRi in
an immune-stimulatory manner by the up-regulation of ICOS-L. However, the
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analysis of secreted cytokines after treatment of HNSCC cell lines revealed an
ambivalent influence of both inhibitors, as we observed the intensified secretion of
IL-6 and IL-8 after RT+ATRI. These findings were confirmed by RNAseq analysis
and further the stronger immune-suppressive character of RT+ATMi was
enlightened. We detected the down-regulation of a central protein of
cytoplasmatic sensing pathways of nucleic acids, RIG-1, and found one
immune-suppressive target, EDIL3, strongly up-regulated by RT+ATMi.

Conclusion: Independent of a restrictive toxicity, the combination of RT + either
ATMi or ATRI leads to comprehensive and immune-modulating alterations in
HNSCC. This includes pro-inflammatory signaling induced by RT + ATRi but also
anti-inflammatory signals. These findings were confirmed by RNAseq analysis,
which further highlighted the immune-suppressive nature of RT + ATMi.

HNSCC, DNA damage repair, kinase inhibitors, immunomodulation, ATM inhibition,

ATR inhibition

1 Introduction

Head and neck squamous cell carcinoma (HNSCC) represent a
heterogenous group of malignancies that originate from the
epithelium in the larynx, pharynx and the oral cavity. Tobacco
and alcohol consumption are the main risk factors for the
development of HNSCC in the oral cavity and the larynx.
Infection with human papillomavirus (HPV), particularly HPV-
16, is increasingly associated with pharyngeal occurrences (1, 2).
Notably, HPV-positive and HPV-negative cancers differ not only in
terms of etiology and risk factors but also exhibit genetic
distinctions and divergent survival rates (3, 4). Conventional
treatment of HNSCC involves a multimodal concept
incorporating surgical resection, radiotherapy (RT) and
chemotherapy, often leading to impairment in speech and
swallowing together with a range of other harmful side effects (5-
7). Interestingly, HPV-positive HNSCC demonstrates superior
overall survival and progression-free survival rates (3), partly due
to heightened intrinsic sensitivity to radiation (4, 8). This intrinsic
radiosensitivity in this case is promoted by the viral proteins E6 and
E7. These proteins do not promote tumorigenesis by inducing cell
immortality or migration solely, but interfere with the cell cycle and
more important with p53-signaling (9). The p53 protein is degraded
by E6, leading to the loss of cell cycle control meaning the tumor is
in fact not able to stop the cell cycle adequality. However, a
sufficient cell cycle stop is necessary for DNA damage repair, a
consequence of radiotherapy-induced DNA damage. This results in
a higher radiosensitivity of HPV-associated tumors compared to
HPV-independent HNSCC. As a result, current efforts are directed
towards identifying agents that can improve the compatibility and
effectiveness of HNSCC treatment, with a focus on enhancing HPV-
negative cancer treatment. One emerging approach in cancer
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treatment including HNSCC involves the use of small molecule
kinase inhibitors (smKI) targeting Ataxia telangiectasia mutated
(ATM) or Ataxia telangiectasia mutated and Rad3-related (ATR)
kinases (10, 11). Both proteins belong to the phosphoinositide 3-
kinase (PI3K) family and play a critical role in DNA double-strand
break (DSB) repair (12).

Cancer cells are characterized by genomic instability, attributed
in part to the inactivation of proteins involved in DNA damage
repair (DDR) (12). The same mechanism is evident in the case of
HPYV infection, where the expression of oncogenes E6 and E7 results
in the avoidance of apoptosis and inhibition of growth suppressor
activities through the degradation of p53 and the retinoblastoma
protein, respectively (13, 14). Cancer cells use this ability to
circumvent cell cycle checkpoints while concurrently becoming
dependent on crucial proteins for cell survival. As a result, cancer
therapies that cause DNA damage often encounter relapse due to
elevated levels of DDR proteins. Subsequently, targeting proteins
crucial for DSB repair represents an opportunity to sensitize cancer
cells to DNA-damaging treatments such as irradiation (12).

Two promising drugs in this context are AZD0156 and VE-822.
AZDO0156 is a highly potent and selective inhibitor of ATM that has
been already shown to work as a radiosensitizer in vitro and in vivo
and is currently being examined in phase I studies (NCT02588105)
(15-17). VE 822, an ATR inhibitor also known as Berzosertib,
significantly enhances radiosensitivity in several cancers such as
esophageal cancer, colorectal cancer and melanoma and is
currently being evaluated in phase I and II studies (18-20). We
recently already showed that both AZDO0156 and VE-822
synergistically inhibit tumor growth in HNSCC when combined
with irradiation (21, 22).

However, only little is currently known how combined
treatments of ATM or ATR inhibition in combination with RT
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affect the immunogenicity of HNSCC tumor cells. Recent findings
indicate that HPV-positive HNSCC exhibits heightened
immunogenicity compared to HPV-negative cancer, with a
greater activation of immune signaling pathways and a higher
number of tumor-infiltrating lymphocytes (23). In alignment with
this observation, we recently found that RT induces an upregulation
of the immunostimulatory ICOS-L only on HPV-positive HNSCC
(24). The interaction between ICOS and ICOS-L is known to
promote T cell activation and differentiation, underscoring its
potential in the development of cancer immunotherapies (25).

We hypothesized that the combination of smKI with RT, in
addition to enhancing the effects of irradiation, influences the
immunogenicity of HNSCC in dependence of the HPV status.
We expected the combined treatment to alter the expression of
surface immune checkpoints molecules on the HNSCC cells as well
as the secretion of pro- and anti-inflammatory cytokines by the
cancer cells. This might result in the activation of CD8+ T cells and
NK cells, thereby accelerating the anti-tumor response. To test our
hypothesis, we treated two HPV-positive and two HPV-negative
cells lines with RT, smKI or a combination of both. Subsequently,
we analyzed tumor cell death forms, surface expression of immune
checkpoint molecules, cytokine secretion and mRNA expression
profiles of the treated HNSCC cells.

2 Materials and methods
2.1 Cell lines and cell culture

Two HPV-negative HSC4 (RRID: CVCL_1289), Cal-33 (RRID:
CVCL_1108) and two HPV-positive UM-SCC-47 (RRID:
CVCL_7759), UD-SCC-2 (RRID: CVCL_E325) HNSCC cell lines
were generously provided by Dr. Thorsten Rieckmann at the
University Medical Center Hamburg-Eppendorf. The cell lines
were cultured in basic cell culture medium (DMEM, Pan-Biotech
GmbH, Aidenbach, Germany) supplemented with 10% fetal bovine

Seeding of HNSCC cell lines Treatment with smKI

HPV +: UM-SCC-47, UD-SCC-2
HPV - : HSC4, Cal33

1 uM AZD0156 or
0,1 uM VE-822

d1 d2
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serum (FBS, Sigma-Aldrich, St. Louis, MO, USA) and 1% Penicillin-
Streptomycin (PenStrep, Gibco, Waltham, MA, USA). Passage of
the cell lines was performed twice a week using 0.5% Trypsin
solution (Gibco Life Technologies, Carlsbad, CA, USA).

2.2 Treatments and irradiation scheme

Cells were exposed to the ATM inhibitor AZD0156
(Selleckchem, Houston, TX, USA) and the ATR inhibitor VE-822
(Selleckchem, Houston, TX, USA), both dissolved in dimethyl
sulfoxide (DMSO, Roth, Karlsruhe, Germany) and stored at -80°
C. Subsequently, cells were treated with either 1 uM AZDO0156 or
0.1 uM VE-822 24 hours after seeding according to previously
published data of Faulhaber et al. (20). Control cells were treated
with DMSO alone (vehicle control). Irradiation was performed
according to a hypo-fractioned scheme with a dose of 1 x 5 Gray
(Gy) 3 hours after treatment with smKI followed by a second dose
of 1 x 5 Gy 24 hours later using an ISOVOLT Titan X-ray generator
(GE, Ahrensburg, Germany). Cells and supernatant were collected
for analysis 48 hours post-RT. The treatment scheme is displayed
in Figure 1.

2.3 Cell death analysis

Cells were seeded in cell culture flasks (T25) in DMEM (10%
FBS, 1% Pen/Strep). Cell number was adjusted to reach confluence
of 50 - 80% during experiment. After 24 hours post-seeding, cells
were treated according to our standard setting in this study
(Figure 1). After 48 hours post-RT, supernatant and cells were
harvested and stained with 0.75 pL/mL of AnnexinV-FITC (1 mg/
mL; GeneArt, Regensburg, Germany), and 1.0 pL/mL of Propidium
iodide (Pi) (1 mg/mL; Sigma-Aldrich, Munich, Germany) in
Ringer’s solution (Fresenius, Bad Homburg, Germany) and
incubated for 30 min at + 4°C. Subsequently the staining agent

Harvest and
analysis

Irradiation

5 Gy

d3

db

Treatment scheme of HNSCC cell lines. HPV-negative (HSC4, Cal-33) and HPV-positive (UM-SCC-47, UD-SCC-2) HNSCC cells were seeded on day
1 and treated with 1uM AZDO0156 or 0,1 uM VE-822 24 hours later. Irradiation with 5 Gy was performed 3 hours after treatment with smKI and
repeated 24 hours later. Cells were harvested and analyzed 24 hours after the last treatment.
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was removed, and the cells were centrifuged and resuspended in
PBS + 2% FBS for flow cytometry measurement at Cytoflex flow
cytometer (Cytoflex, Beckman Coulter, Brea, CA, USA). The Kaluza
analysis software (Beckman Coulter, Brea, CA, USA) was used for
gating and data analysis.

2.4 Immune checkpoint marker
expression analysis

Cells were seeded in T25 flasks at densities of 200 000 cells or
300 000 cells. Higher densities were chosen for conditions that
included irradiation. Cells and supernatant were collected for
analysis 48 hours after the last treatment. Cells were either left
unstained in FACS buffer without antibodies or stained with FACS
buffer (PBS, Sigma-Aldrich, Munich, Germany; 2% FBS; 2mM
EDTA (Carl Roth, Karlsruhe, Germany) containing the following
antibodies: PD-L1-BV605 (BioLegend, Cat#329724), PD-L2-APC
(BioLegend, Cat# 345508), ICOS-L-BV421(BD Bioscience,
Cat#564276), OX40-L-PE (BioLegend, Cat#326308), HVEM-APC
(BioLegend, Cat#318808), CD70-FITC (BioLegend, Cat#355106),
CD137L-BV421 (BioLegend, Cat#311508). Staining was performed
for 30 minutes at +4°C in the dark. Following staining, cells were
washed once with FACS buffer and resuspended in FACS buffer for
analysis using a CytoFLEX S flow cytometer (Beckman Coulter,
Brea, CA, USA). Data was analyzed using Kaluza Analysis software
(Beckman Coulter, Brea, CA, USA).

2.5 Cytokine analysis with Enzyme linked
immunosorbent assay

Cytokine secretion was quantified 48 hours after the last
treatment using the Multiplex ELISA Kit V-Plex Proinflammatory
Panel 1 (human; K15049D) from Meso Scale Discovery (MSD)
targeting the following cytokines: IFN-y, IL-1b, IL-2, IL-4, IL-6, IL-
8,IL-10, IL-12p70, IL-13 and TNF-alpha. Samples were diluted (1:50)
and the assay was done as per the manufacturer’s manual 18094-v5-
2020Jan. The plate was read using MESO QuickPlex SQ 120 (MSD,
Rockville, MD, USA) and analyzed using Discovery Workbench
Software the plotted into graphs using GraphPrism. Samples were
collected in four independent experiments (n = 4) and the mean
values + standard deviation (SD) were used for statistical analysis.

2.6 RNA isolation and sequencing of
HNSCC cell line Cal-33

Cells were seeded in 6-well plates at densities of 35 000 and 70
000 cells. Higher densities were chosen for conditions that included
irradiation. Supernatant was discarded 48 hours after the last
irradiation and HNSCC cells were harvested using 1 mL Trizol
(TRIzol Reagenz, Invitrogen, Waltham, Massachusetts, USA) per
well followed by RNA isolation via chloroform-phenol extraction.
Subsequently, RNA purification as well as DNAse digestion was
performed using a RNeasy mini Kit from Qiagen.
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Sequencing libraries were prepared with SMARTer stranded
RNA (poly A selection) and sequenced on an Illumina NovaSeq
6000 (2 x 150 bp) by Macrogen. Raw reads were pseudo-aligned to
the human reference transcriptome (Ensembl; Homo sapiens
version 100) using Kallisto (version 0.46.0), and MultiQC (v.18;
including the tools of FastQC, Samtools, Picard, GATK, RSeQC,
SnpEff and DRAGEN) were be used to check the quality of the
alignment. All subsequent analyses were conducted using the
statistical computing environment R (version 4.1.0), RStudio
(version 1.4.1717) and Bioconductor (version 3.13). Differential
gene expression was assessed with edgeR after removal of low-
expressed genes. Genes with a log2foldchange > 1 and false
discovery rate of < 0.05 were determined as differentially expressed.

3 Results

3.1 RT combined with ATRi shows the
highest toxicity in HNSCC cells, regardless
of the HPV status

We started to investigate the toxicity of the examined smKI
AZDO0156 (ATMi) and VE-822 (ATRi) by treating all four cell lines
with either smKI or RT alone, as well as their combination.
Subsequently, we analyzed cell survival and cell death forms by
quantifying the percentages of viable, apoptotic and necrotic
HNSCC cells following the different treatment approaches (Figure 2).

In two of the four cell lines, treatment with smKI alone showed
no enhanced toxicity (Figures 2A, D). However, for Cal-33,
inhibition of ATM or ATR alone resulted in a slight, but
significantly increased percentage of apoptotic or necrotic cells,
respectively (Figure 2B). In three of the four cell lines, hypo-
fractionated RT (2x5Gy) primarily induced cell death, and its
effects were tendentially further augmented with combined
treatment (Figures 2B-D). For HSC4 and UD-SCC-2 cells, the
combined treatment with RT and ATRIi resulted in the highest
number of dead cells with a higher prevalence of necrotic as
opposed to apoptotic cells (Figures 2A, D). Taken together, the
impact of the treatment approaches showed cell line-specificity,
regardless of HPV status. Notably, the combined treatment of RT
and ATRi showed the highest induction of cell death, with the
majority of cells undergoing necrotic cell death.

3.2 Upregulation of immunostimulatory
ICOS-L and CD137-L on HNSCC cells by
combining RT with ATRi

Anti-tumor response is triggered or suppressed by the expression
of immunostimulatory or -suppressive surface checkpoint molecules
(ICMs) on tumor cells. We recently showed that combining RT with
chemotherapy leads to increased expression of immunostimulatory
ICMs ICOS-L and CD137-L on HNSCC cells (26). Subsequently, we
now aimed to assess the immunomodulatory effects of combing RT
with smKI via the expression of immunostimulatory and -suppressive
ICMs on HNSCC cells. Therefore, we treated all four cell lines with
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Cell death analysis of HNSCC treated with ATMi or ATRi w/o 2x5Gy RT. RT combined with ATRi shows the highest toxicity in HNSCC cells, regardless
of the HPV status. 48 hours post-RT, HPV-negative HSC4 (A) and Cal-33 (B) cells as well as HPV-positive UM-SCC-47 (C) and UD-SCC-2 (D) cells
were identified as viable (AnnexinV-, Pl-), apoptotic (AnnexinV+, PI-) or necrotic (AnnexinV+, PI+). Percentages of viable, apoptotic, and necrotic
cells are shown as stacked bars representing the mean + SD. A one-tailed Mann-Whitney U test was performed to compare the different treatment

approaches within one cell line: *p < 0.05, n=4.

either smKI or RT alone or their combination and examined the
expression of ICMs on the cell surface of the HNSCC cells 48 hours
post-RT (Figure 3). The gating strategy is exemplarily shown for
CD137-L in Figure 3A. The combined treatment of RT and ATRi
increased ICOS-L expression in all four cell lines compared to ATRi
or RT alone, as well as in comparison to RT combined with ATMi.
Conversely, dual treatment with RT and ATMi tended to even
decrease ICOS-L surface expression compared to RT or RT with
ATRi (Figure 3B). Additionally, RT and ATRi led to enhanced
expression of immunostimulatory CD137-L in HPV-negative HSC4
cells compared to ATRi or RT alone, or the combined treatment of
RT and ATMi. In HPV-positive UM-SCC-47 and UD-SCC-2 cells,
the combination of RT and ATRi also demonstrated higher surface
expression of CD137-L compared to RT alone or treatment with RT
and ATMi, respectively (Figure 3C).

We further checked the expression of immunosuppressive
ICMs PD-L1, PD-L2, HVEM, and immunostimulatory ICMs
OX40-L and CD70. Here, combined treatment with RT and ATRi
had no significant impact on the expression of PD-L1 compared to
RT alone, except for the Cal-33 cell line, where it resulted in
upregulation. Dual treatment with RT and ATMi, however,
resulted in decreased PD-L1 expression in three out of four cell
lines in comparison to RT alone (Figure 4A). Interestingly, we
found decreased expression of PD-L2 in both HPV-positive cell
lines and decreased levels of HVEM expression in one HPV-
positive cell line following treatment with RT and ATRi in
comparison to RT (Figures 4B, C). The impact of the treatment
approaches on the expression of OX40-L and CD70 showed cell
line-specific patterns, regardless of HPV status (Figures 4D, E).
Taken together, combining RT and ATRi resulted in the
upregulation of immunostimulatory surface molecules ICOS-L
and CD137-L while simultaneously leading to the downregulation
of the immunosuppressive PD-L2.

Frontiers in Oncology

3.3 Enhanced secretion of proinflammatory
cytokines IL-8, IL-6, TNF-o, IL-13, IL-12, IL-
1B and IL-10 by combining RT with ATRIi

Having observed that dual treatment with RT and smKI alters
the expression of immune-related surface markers on the HNSCC
cells, we next examined whether cytokine secretion is influenced by
the combination of RT and smKI. Therefore, we treated the two
HPV-negative and two HPV-positive HNSCC cell lines with either
RT or smKI alone or their combination and measured cytokine
levels 48 hours post-RT. We here assessed a panel of pro- and anti-
inflammatory cytokines known to play a role in either pro- or anti-
tumoral responses, including IL-8, IL-6, TNF-a, IL-13, IL-12p70,
IL-10, IL-4, IL-2, IL-1P and IFN-y (Figure 5). We did not detect any
significant differences in the secretion of IL-4, IL-2, IFN-y in
between the different treatment approaches (data not shown).

Notably, the combined treatment of RT and ATRi led to an
increased secretion of the cytokines IL-8, IL-6, TNF-0., and IL-13
compared to the combination of RT and ATMi in all four cell lines,
along with increased levels of IL-12p70 and IL-1f in two or three
out of four cell lines, respectively. Dual treatment with RT and
ATMi, however, demonstrated a decrease in the levels of respective
cytokines (Figures 5A-F). Additionally, combining RT and ATRi
increased the secretion of proinflammatory cytokines IL-8, IL-6 and
IL-12p70 compared to RT alone (Figures 5A, B, E). Regarding key
anti-inflammatory cytokines, we checked for the secretion of IL-10,
IL-4, and IL-2. Here, combined treatment with RT and ATMi led to
decreased levels of IL-10 in three of the four cell lines whereas RT +
ATRi increased IL-10 levels (Figure 5G). Overall, these data indicate
that dual treatment of RT and ATRi induces an upregulation of
cytokines IL-8, IL-6, TNF-a, IL-13, IL-12p70, IL-1B and IL-10,
independent of the HPV status, whereas combining RT and ATMi
is more likely to reduce the expression of respective cytokines.
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FIGURE 3

Flow cytometric analysis of immune checkpoint surface marker on HNSCC after ATMi or ATRi w/o 2x5Gy RT. Combining RT with ATRi leads to the
upregulation of immunostimulatory ICOS-L and CD137-L on HNSCC cells, irrespective of the HPV status. 48 hours after the last treatment, the
HNSCC cells were harvested and the expression of immunostimulatory ICMs ICOS-L and CD137-L was examined by flow cytometry. The gating
strategy is presented in (A) ICM expression is presented as AMFI (delta of mean fluorescence intensity of stained samples — background
fluorescence) (B, C). The combined treatment of RT and ATRi increased ICOS-L expression in all four cell lines compared to ATRi or RT alone, as
well as in comparison to RT combined with ATMi (B). Dual treatment with RT and ATMi tended to even decrease ICOS-L surface expression
compared to RT or RT with ATRi (B). RT and ATRi led to enhanced expression of immunostimulatory CD137-L in HPV-negative HSC4 cells
compared to ATRi or RT alone, or the combined treatment of RT and ATMi (C). In HPV-positive UM-SCC-47 and UD-SCC-2 cells, the combination
of RT and ATRi also demonstrated higher surface expression of CD137-L compared to RT alone or treatment with RT and ATMi, respectively (C). A
one-tailed Mann-Whitney U test was performed to compare the different treatment approaches within one cell line: *p < 0.05, n=4.

Particularly HPV-independent Cal-33 cells showed mainly RT-
induced toxicity and limited influence by the combination of ATMi
or ATRi. The analysis of the expression of immune-modulating
surface markers on the HNSCC also shows for Cal-33 that on the
one hand RT mainly contributes to the regulation of these markers,
but on the other hand the expression level of PD-L1 and PD-L2 on
the cell surface contributes to a significant reduction of these
markers by the additional administration of ATMi to RT. We
decided to carry out an RNAseq analysis for Cal-33 to mainly
elucidate whether differences between RT plus ATMi versus RT
plus ATRi occur on the transcriptome level.

3.4 Strong down-regulation of immune
checkpoint molecules and cytokines on
transcript level after RT + ATMi treatment
of Cal-33

It was hypothesized that concomitant treatment of hypo-
fractionated RT and either ATM inhibitor or ATR inhibitor will
lead to radiosensitization and immune-modulation preferably in
HPV-negative cancer cells. However, at the protein level, we did not
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observe the significant influence of smKI that we had anticipated in
HPV-negative Cal-33 cells. Therefore, we performed RNAseq
analyses to reveal possible differences on the mRNA level.
Initially, we examined the mRNA expression of previously tested
immune checkpoint markers, as well as modulators of the immune
system such as interleukins (Figure 6). To understand the
mechanisms that might contribute to the effectiveness of ATRi or
ATMi as radiosensitizers, we focused on comparing cells treated
with radiation therapy (RT) alone to those treated with a
combination of RT and either ATMi or ATRI.

The mRNA analysis revealed that combinatory treatment of RT
and ATM inhibitor leads to a significant down-regulation of several
mRNAs of central immune modulating proteins. CD70 and
CD137-L were significantly down-regulated after RT + ATMi
treatment of Cal-33 compared to RT and RT + ATRi, but no
significant difference was detected between RT and RT + ATRi. This
pattern was also observed for immune modulators CD30 and
Galectin-9. Besides these surface markers, our RNAseq analysis
showed also a down-regulation of Indoleamine 2,3-Dioxygenase 1
(IDO-1) and interleukin 24, IL-1b, IL-1a and IL-6. The combination
of ATM inhibitor with RT consistently led to down-regulation
compared to RT alone and the combination of RT with ATR
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FIGURE 4
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Flow cytometric analysis of immune checkpoint surface marker on HNSCC after ATMi or ATRi w/o 2x5Gy RT. Combining RT with ATRi leads to
decreased expression of PD-L2 in HPV-positive cell lines UM-SCC-47 and UD-SCC-2. 48 hours after the last treatment, the HNSCC cells were
harvested and the expression of the immunosuppressive ICMs PD-L1 (A), PD-L2 (B), HVEM (C), OX40-L (D) and CD70 (E) was examined by flow
cytometry. ICM expression is presented as AMFI (delta of mean fluorescence intensity of stained samples — background fluorescence) (A—E).
Combined treatment with RT and ATRi had no significant impact on the expression of PD-L1 compared to RT alone, except for the Cal-33 cell line,
where it resulted in upregulation. However, it led to decreased expression of PD-L2 (B) in both HPV-positive cell lines and decreased expression of
HVEM (C) in one HPV-positive cell line. The impact of the treatment approaches on the expression of OX40-L (D) and CD70 (E) showed cell line-
specificity, regardless of the HPV status. A one-tailed Mann-Whitney U test was performed to compare the different treatment approaches within

one cell line: *p < 0.05, n=4.

inhibition, except for IL-1b. For IL-1b, no difference was observed
between the RT + ATMi and RT + ATRIi treatments.

These immune-specific nRNAs demonstrate a strong immune-
inhibitory influence of ATM inhibitor AZD0156 on the
transcriptome. In general, the analysis of all shared differential
expressed genes (DEGs) showed that there is a big subset of down-
regulated genes in RT + ATMi treated Cal-33 (Figure 7).

In total 982 shared DEGs were detected in Cal-33 after
treatment with RT, RT + ATMi and RT + ATRi (Figure 7). The
biggest group (Figure 7-subset 1) of DEGs was down-regulated only
by the treatment of RT + ATMi in Cal-33. Furthermore, we
identified subsets of genes that were specifically down-regulated
only after RT (Figure 7-subset 2) or down-regulated by RT + ATRi
(Figure 7-subset 4) alone. There was also a group of genes down-
regulated by the combination of RT + ATMi and RT + ATRi
(Figure 7-subset 5) and, in contrast to the first subset, we also could
identify 188 genes shared in all conditions but solely up-regulated
by RT + ATMi (Figure 7-subset 3).

In our analysis of mRNA expression influenced by RT or the
combination with smKI targeting the DDR we were able to detect
another interesting target. Our analysis revealed that, in addition to
the previously mentioned immune checkpoint markers and
modulating cytokines, the combination of RT + ATMi also leads
to a significant down-regulation of the antiviral innate immune
response receptor retinoic acid-inducible gene I (RIG-I), a central
nucleic acid sensor playing a role in nucleic acid sensing pathways
(27). According to this finding, we identified EGF-like repeat and
discoidin I-like domain-containing protein 3 (EDIL3), a protein
which is associated with immune exclusion leading to nonresponse
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to immune checkpoint blockage and therefore correlated with poor
prognosis in several malignancies (28). EDIL3 was significantly up-
regulated via combination of ATM inhibitor AZD0156 and hypo-
fractionated RT (Figure 8).

The mRNA analysis of Cal-33 demonstrated that immune-
related surface markers were significantly down-regulated after
treatment with both RT + ATMi but not after RT alone or RT +
ATRI, respectively. Furthermore, we identified a decrease in
immune-modulating cytokines and, interestingly, the down-
regulation of a central protein of the nucleic acid sensing pathway
RIG-I. Additionally, we detected the up-regulation of EDIL3 in Cal-
33 treated with RT + ATMi. So far, there is just limited knowledge
of the function of EDIL3 in HNSCC.

4 Discussion

HNSCC has been shown to compromise immunosuppressive
characteristics such as low absolute lymphocyte numbers,
diminished NK cell activation and low antigen-presenting
function (28), highlighting the requirement of enhanced immune-
related anti-tumor response.

We hypothesized that combining RT with smKI not only
amplifies the effects of irradiation, previously shown by Faulhaber
and colleagues (21), but also alters the immunogenetic
characteristics of HNSCC in dependence of the HPV status.
Additionally, we expected that inhibiting two distinct key kinases
involved in DDR, namely ATM or ATR, would result in differing
impacts on the immunogenicity of the HNSCC cells. This might

frontiersin.org


https://doi.org/10.3389/fonc.2024.1460150
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Meidenbauer et al.

a IL-8
* * * *
* * *
80004 X ¥ x ¥ X x x X edli- Xt
_ 6000
2 i i
G 4000
s
3
2000 E l
!- - gee. & ii
e~
S T S T T S T S i S T S
EEEEEE EEEEEE EiEEEE EEEE;E
Fe<fce fc<fz<c §2<fa< §:<fax
o o o =3 o =3 o o
2 2 2 2 2 2 2 2
0Gy 266Gy 0Gy 266Gy 0Gy 265Gy 0Gy 250Gy
c TNF-alpha
* * *
* *
b I * *x * *x *
wl— — e s —
E 10+
2 ge = .
g 3 T
o
S 2_' ' Q
CEEYEE YEEgYIp YTEIEYEE YEEYEE
Fiefks fhkefc Fhafx<s §2<fkxs
2 2 2 2 2 2 2 2
0Gy 266Gy 006y 266Gy 0Gy 256Gy 0Gy 266y
IL-12p70
e
* *
207 5 * *
154 —m— —— —
I x  x % *
= — ..
1 se B _ @
§ 1.0
0.5 ﬂ l.
0.0
E_EE_E E_EE_E E_EE_E !_EE_E
SELEEL FEEGEE SEEGEER BEEREE
o o o o o o o o
< < < < < < < c
0Gy 265Gy 0Gy 256Gy 0Gy 256y 0Gy 2506y
g IL-10
* *
50 * —
* * * * * %
40 = 2 =, 2

Conc. pg/mi
Noow
s 3
[ g

L

L

rTrrirTtT L L
¥EEXEER EEEEEE ¥XIEXEE Eig:‘:ii
(== = =
Eiefzc Frefze feefze ficike
° ° ° ° ° ° o
< c < c c < c <
0Gy 256Gy 0Gy  2x5Gy 06y  26Gy, 0Gy  2x5Gy

FIGURE 5

b

1

Conc. pg/ml

Conc. pg/ml

Conc. pg/ml

10.3389/fonc.2024.1460150

IL-6
* * * *
o000y X _* —_— T 2
LLUTS RV A A s 2 A
1000 e - g =]
1009 [~ _ 5] g =}
109 =
-
1 8 2
y 1:: H ﬂ - Ltl‘l—
0.01 | DR W R Bl G ! . Qi S qES gl S | | S O A N T L)

ATM
ATRI
no smKl

50

40

*
—_—
*
30
20 i l

*
= .- =
8 a%%g . 8 _
s 13313 131333y 3133333 38333l
X = X = X 3 X = X = X = X = X =
ECEERE ECEERE ECEESE ECEECE
2 2 2 2 2 2 2 2
0Gy 255Gy 0Gy 255Gy 0Gy 265Gy 0Gy 256y
IL-1beta
*
40 * * *
* *
30 —— —
20 * * * X * % i.
10 i‘ - -
25 -
2.0 E
1.5
1.0 . a
054 m [a]
0.0
¥EEXXSE XSEXSE XSEXSE XSEX=¢g
EREERE ECEERE ESEERE ECEECE
o o o o o o o o
c c c c c c c c
0Gy 2x5 Gy 0Gy 2x5 Gy 0Gy 2x5 Gy 0Gy 2x5 Gy
mEm HSC4
=3 Cal33
mm UM-SCC-47
=31 UD-SCC-2

Multiplex ELISA analysis (MSD) of seven cytokines released by HNSCC after ATMi or ATRi w/o 2x5Gy RT. Combining RT with ATRi enhances the
secretion of proinflammatory cytokines IL-8, IL-6, TNF-a, IL-13, IL-12, IL-1B, IL-10 by HNSCC cells, independent of their HPV status. Cytokine
secretion was quantified 48 hours after the last treatment. Samples were collected in four independent experiments (n = 4) and the mean values +
standard deviation (SD) were used for statistical analysis. The combined treatment of RT and ATRi led to an increased secretion of
immunostimulatory cytokines IL-8 (A), IL-6 (B), TNF-a. (C), IL-13 (D) compared to the combination of RT and ATMi in all four cell lines, along with
increased levels of IL-12p70 (E) and IL-1p (F) in two or three out of four cell lines, respectively. Regarding immunoinhibitory cytokines, combined
treatment with RT and ATRI led to increased levels of IL-10 in three of the four cell lines (G). A one-tailed Mann-Whitney U test was performed to
compare the different treatment approaches within one cell line: *p < 0.05, n=4.
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RNAseq analysis of treated Cal-33. Modulation of specific transcripts based on a RNAseq analysis of treated HPV-negative Cal-33 cells (RT vs. RT
+ATMi vs. RT+ATRI). Cells were treated according to the standard scheme in this study (see Figure 1). Immune-modulating cell surface marker such
as CD70 (A), TNFRSF9 known as CD137-L (B), TNFRSF8 known as CD30 (C) and LGALS9 known as Galectin-9 (D) were significantly downregulated
by the combination of RT and ATMi AZD0156. Further, soluble factors such as IDO1 (E) and immune-related cytokines such as IL-24 (F), IL-1b (G),
IL-1a (H) and IL-6 () were also downregulated by the combination of RT + ATMi. Data representing 4 independent replicates. All transcripts were
declared as significant when log-(foldchange) > + 1 was determined and the adjusted p-value was < 0.050. All transcripts were declared as
significant (*) when log-(foldchange) > +1 was determined and the adjusted p-value was <0.050.

also hold as an explanation for the frequent use of ATR inhibitors in
currant clinical trials in contrast to ATM inhibitors. While
numerous studies have already examined the effectiveness of
ATM and ATR inhibition alone or in combination with RT for
different cancer types, there remains a notable gap in directly
comparing their impact on the immunogenicity of HNSCC cells
(16-19). Additionally, existing literature primarily focuses on single
doses typical of daily RT, such as 2 Gy, or single high doses like 10
Gy. Building upon prior research, we employed a hypo-fractionated
RT regimen of 2x5 Gy, known for its clinically relevant immune-
modulating properties after RT (29) and despite improvements in
HPV-positive HNSCC outcomes, HPV-negative HNSCC outcomes
have stagnated for decades, leading to interest in hypofractionation
as a potential treatment, with ongoing clinical trials exploring its
feasibility and safety. Consequently, we directly compared the
influence of combined treatment involving ATMi + hypo-
fractionated RT or ATRi + hypo-fractionated RT on both protein
and mRNA levels.

4.1 The cytotoxic effect of RT is improved
by combining RT with ATMi or ATRi

We first showed that single treatment of HNSCC cells with
smKI alone resulted in either no or only slight toxicity in all cell
lines. Interestingly, even if not yet significant, treatment with ATRi
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induced necrosis to a great extent in HSC4 then in Cal-33.
A mutation in the PTEN gene of HSC4 and findings of a strong
expression of TIPE3, an apoptosis-regulating protein, could be the
reasons for an intensified induction of necrosis (30, 31). Overall,
hypo-fractioned RT (2x5 Gy) had the most significant impact on
inducing apoptotic or necrotic cell death in HNSCC cells, regardless
of their HPV status. Our results indicate that both radiosensitivity
and sensitivity to combined treatments of HNSCC cells regarding
cell death induction are rather associated with specific cell line
characteristics than correlated with HPV status.

In three out of four cell lines, the effects of RT were
tendentially further augmented by combining RT with ATMi or
ATRI. Specifically, ATMi + RT primarily led to apoptotic cell
death. Interestingly, inhibition of ATR + RT tendentially resulted
in a higher percentage of necrotic cell death compared to ATMi +
RT. Apoptosis, also known as programmed cell death, is part of
physiological tissue homeostasis within an organism. Apoptotic
cells are typically eliminated through an anti-inflammatory
pathway (32, 33). On the other hand, necrotic cells are
characterized by the loss of cell membrane integrity, resulting in
the secretion of DAMPs that trigger inflammation and immune
response. Thus, the immunogenicity of cancer cells undergoing
necrotic cell death is augmented (34). An immunogenic form of
cell death is the favorable event in cancer treatment as it induces
anti-tumor immune response in support of treatment
efficacy (35).
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show comparison of RT vs. RT+ATMi treated Cal-33 mRNA expression.

In three out of four cell lines, combined treatment of RT + ATRi
not only resulted in the highest induction of cell death but also the
highest percentage of cells undergoing necrosis compared to RT
alone or RT + ATMi. These findings align with previous studies
demonstrating the radiosensitizing effects of ATR inhibitor VE-822
in vitro for HNSCC (21, 36). We assume that these cell line-specific
differences are based in the different potential of all cell lines for
adequate DNA repair. There is new data published showing that
HSC4, Cal-33, UM-SCC-47 and UD-SCC-2 express different
amounts of RAD51, a central protein of the HR system. This
might also explain the ambivalent effects of CHK1/2 inhibitors on
both, HPV-positive as well as HPV-negative, cell lines (4). This
indicates that augmentation of RT with ATRi might be beneficial to
enhance the immunogenicity in HNSCC treatment, potentially
stimulating immune-related anti-tumor response. However, cell
death is a multifactorial process that can be further divided into
several subtypes that differ from each other in terms of stimuli,
pathways and biological properties such as immunogenicity (32, 35,
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37, 38). Hence, future vaccination assays in immunocompetent
mice are required to validate the immunogenicity of cell death
forms following combined treatments with RT + ATMi and RT +
ATRi (39).

4.2 Addition of ATRi to RT reduces the
expression of immunosuppressive
checkpoint molecules triggered by RT

Dying cells, as well as cells treated without undergoing cell death,
can significantly impact the immune system by altering their
characteristics (35, 40). This may lead to changes in the expression
of cell-surface proteins, or the secretion of cytokines related to
immunity. Furthermore, HNSCC has been shown to have a rather
high tumor mutational burden (TMB) that is associated with a better
response to immune checkpoint inhibitors (41). Hence, we
next examined the impact of combined treatment on the
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expression of both immunosuppressive (e.g. PD-L1, PD-L2) and
immunostimulatory (e.g. ICOS-L, CD137-L) cell surface proteins in
HNSCC cells.

In alignment with our observations regarding cell death
induction, the impact of the combined treatment on the
expression and secretion of immune-related proteins is more
influenced by the specific characteristics of the cell line rather
than being correlated with HPV status.

To date, the most prominent approach in immunotherapy of
HNSCC focuses on targeting the PD-1/PD-L1 axis. PD-1 is
expressed on T cells where its interaction with its ligands PD-L1
and PD-L2 initiates T cell inhibition, contributing to cancer
immune evasion. The introduction of PD-1 blockades through
Pembrolizumab and Nivolumab has established new treatment
standards for recurrent or metastatic HNSCC (42-44).

Therefore, we investigated the expression of immunosuppressive
markers PD-L1 and PD-L2, along with HVEM, following treatment
in HNSCC cells. Notably, hypo-fractioned RT led to an upregulation
of all these markers. For HVEM, combining RT with smKI showed
cell line-specific effects that precluded definitive conclusions
regarding potential new treatment strategies. Combining RT with
ATMi tendentially decreased the expression of PD-L1 and PD-12
compared to RT treatment alone, though these effects did not reach
statistical significance.

Interestingly, RT + ATRIi significantly reduced PD-L2
expression in HPV-positive HNSCC cell lines compared to single
RT treatment, while having no significant impact on PD-L2
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expression in HPV-negative HNSCC cells. Additionally, RT +
ATRi did not significantly alter PD-L1 expression compared to
RT treatment alone, except for the Cal-33 cell line, where it resulted
in upregulation. These findings indicate that the addition of ATRi to
RT tends to reduce the expression of ICMs triggered by RT,
potentially contributing to immune-related tumor response.
However, the possibility of upregulating immunosuppressive PD-
L1 in the cells should be considered, including prevention by
established PD-1 blockers such as Pembrolizumab or Nivolumab.

We next examined the expression of immunostimulatory ICMs on
the HNSCC following combined treatment. For CD70 and OX40-L,
hypo-fractioned RT mainly led to an upregulation of the expression.
Interestingly, RT induced a greater upregulation of both ICMs in HPV-
negative HNSCC cell lines compared to HPV-positive cell lines. Since
treating HPV-negative HNSCC remains a challenge, the heightened
immune response observed here may contribute to improved treatment
outcomes. However, the effect of adding smKI to RT on the expression
of CD70 and OX40-L exhibited strong cell line-specificity, making it
difficult to predict an overall anti-tumor immune response.
Consequently, we turned our attention to two additional
immunostimulatory ICMs we examined: CD137-L and ICOS-L.

The growing interest in endogenous tumor-infiltrating
lymphocytes (TILs) as prognostic biomarkers in different cancer
types, such as HNSCC, reveals new treatment approaches (45, 46).
Naturally occurring or generated T cells targeting cancer antigens
showed success in controlling disease progression in HPV-
associated cancers (47) (47, 48). While the blockade of the
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inhibitory checkpoint PD-1/PD-L1 has become a well-established
treatment strategy for several cancer entities, including recurrent/
metastatic HNSCC, relevant relapse rates post-treatment require
the exploration of additional immune checkpoints and cytokines
involved in stimulating TILs (43, 49, 50). One promising candidate
here is CD137-L, whose expression on immune cells not only
initiates T cell proliferation, activation and survival but also
induces NK cell activation (51, 52). To date, the findings about
using CD137/CD137-L interaction in immunotherapy are
inconsistent: Some studies have not detected any additional
benefits from combining the CD137 agonist Urelumab with
monotherapies using cetuximab or nivolumab (53). However,
Srivastava et al. have demonstrated that Urelumab enhances the
immune response activated by cetuximab in HNSCC (54).
Additionally, Lucido et al. showed that tumor cell expression of
CD137-L enhances tumor clearance in HPV-positive HNSCC (55).
Additionally, we previously demonstrated that not only CD137-L is
upregulated after RT but also the release of HMGBI, a marker for
immunogenic cell death (26). In our experiments, combined
treatment of RT + ATRi resulted in increased expression of
CD137-L compared to single RT treatment in two of four cell
lines. Further, this combination treatment tendentially induced the
highest levels of CD137-L expression across all four cell lines,
revealing its potential to enhance immune-related anti-
tumor response.

Besides CD137, preclinical and early-clinical studies revealed
effectiveness of the stimulation of the inducible T cell co-stimulator
(ICOS). These effects were even shown to lead to a positive
synergism following anti-PD-1 treatment (50, 56, 57). ICOS
belongs to the CD28 family of co-stimulatory immunoreceptors
and is mainly present on the T cell surface where its interaction with
ICOS-L induces T cell activation and differentiation (25, 58).
Therefore, signaling through ICOS is essential for the initiation of
an adaptive immune response via T cell dependent B cell response.
However, Montes-Casado et al. recently showed that ICOS
deficiency diminishes NK cell homeostasis, function and
development, indicating its additional role in the induction of
innate immunity (59). The expression of ICOS may therefore be
correlated with clinical outcomes and prognosis, highlighting the
importance of ICOS-L upregulation on tumor cells as a possible
treatment approach. In our experiments, combined treatment of RT
+ ATMi tendentially decreased ICOS-L expression on the HNSCC
cells compared to single RT. In contrast, RT + ATRi significantly
increased ICOS-L expression in all four cell lines compared to RT
alone, indicating to enhance immune-related anti-tumor response
regarding both innate and adaptive immunity.

Taken together, the combined treatment of ATRi + RT led to
increased levels of both CD137-L and ICOS-L on HNSCC cells,
suggesting its potential to induce T cell activation. These findings
suggest that triple treatment approaches incorporating RT, anti-
PD-1 therapy and ATRi might further enhance anti-tumor
response, particularly in patients exhibiting limited responsiveness
to single anti-PD-1 approaches. These observations align with
early-phase clinical trial data proposing that combining various
immune checkpoint inhibitors with RT could amplify the
effectiveness of HNSCC treatment (60). It is important to note

Frontiers in Oncology

12

10.3389/fonc.2024.1460150

that our findings are confined to in vitro experiments that need to be
validated in vivo. However, Liu et al. recently showed that
combining ATRi with RT not only enhanced T cell infiltration
but also improved the efficacy of anti-PD-L1 therapy in colorectal
cancer in mouse models with different microsatellite models (19).

4.3 Cytokine-release profile of RT + ATRi
shows pro- and anti-inflammatory features

As previously noted, the altered immunogenicity of treated
HNSCC cells may not only be indicated by changes in ICM
expression but also through cytokine secretion. HNSCC is known
to circumvent the growth-inhibiting effects of anti-tumor cytokines
through a network of regulatory factors. For instance,
HNSCC not only secretes cytokines to impact on the tumor
microenvironment (TME) but also recruits immune-suppressive
cells that, in turn, secrete additional pro-tumoral cytokines (61).
This immunosuppressive TME is known to contribute to
ineffectiveness of immunotherapy (62, 63). The constellation of
the cytokinome in the TME might thereby be useful as biomarkers
to predict prognoses and influence therapeutic choices (64).
Therefore, we investigated the secretion of pro- and anti-
inflammatory cytokines known to influence either pro- or anti-
tumoral responses, including IL-8, IL-6, TNF-o,, IL-13, IL-12p70,
IL-10, IL-4, IL-2, IL-1B, and IEN-y.

Consistent with our findings on cell death induction and surface
expression of ICMs, the combination of RT + ATMi exhibited
predominantly anti-inflammatory patterns, whereas RT + ATRi
resulted in increased pro-inflammatory immune responses.
Specifically, RT + ATMi led to a reduction in the secretion of IL-
8, 1L-6, TNF-a, IL-13, IL-1f3, and IL-10 in two or more HNSCC cell
lines compared to RT alone. In contrast, the combined treatment of
RT and ATRi increased the levels of secreted IL-8, IL-6, TNE-a, IL-
13, IL-12p70, IL-1PB and IL-10 in two or more cell lines compared to
RT alone or RT + ATMi. Our analysis did not reveal significant
changes in the secretion of IL-2, IL-4, and IFN-y between the
different treatment approaches.

The role of these cytokines in immune-related pro- and anti-
tumor response remains ambivalent, as described by Jou et al. (65).
Type 1 immunity cytokines like IL-12 and TNF-o have been shown
to initiate anti-tumor immune response exhibited by NK cells,
CD8" T cells and T helper 1 (Th1) cells. Contrary, type 2 immunity
related cytokines such as IL-4 and IL-13 were believed to
predominantly mediate pro-tumoral effects. However, the notion
that type 1 and type 2 cytokines act as tumor inhibitors and
promoters respectively was found inadequate for describing the
TME, as these cytokines were observed to exert varying functions
depending on the context (65). Additionally, it is crucial to
differentiate the direct effects of the studied cytokines on tumor
cells from their role in triggering an immune response.

IL-8 is a pro-inflammatory cytokine that plays a role in
recruiting leukocytes during injury and inflammation. However,
in the context of several cancer entities, IL-8 was shown to exhibit
pro-tumoral characteristics by affecting cancer cells themselves and
altering the tumor microenvironment (66, 67). Overall, elevated
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levels of IL-8 in cancer patients typically align with advanced tumor
stage, higher grading, and increased tumor burden, and seem to be
predictive for resistance to immune checkpoint inhibitors (68, 69).
Specifically, IL-8 is implicated in the progression of HNSCC
through the CXCRI1/2-mediated NODI/RIP2 signaling pathway
(70). Additionally, Chen et al. recently found that IL-8 enhances the
invasion of HNSCC cells through the activation of STAT3 signaling
pathway (71).

Similarly, IL-6 secreted by HNSCC cells initiates the STAT3
signaling pathway, thereby reducing NK cell activity and function,
and enhancing HNSCC malignancy in conjunction with IL-8 (72).
Additionally, it has been shown that IL-6 promotes carcinogenesis,
progression and metastasis in HNSCC (73). Overall, IL-6 is
associated with cancer development and progression by
suppressing T cell activity against tumors and inhibition of
dendritic cell maturation, among other mechanism (74).

We found that combined treatment of RT + ATMi significantly
reduced IL-8 levels in all four cell lines and IL-6 levels in both HPV-
negative cell lines compared to RT treatment alone. In contrast, RT
+ ATRi increased IL-8 levels in two of four cell lines, independent of
the HPV status, and IL-6 levels in all four cell lines compared to
single RT treatment. Considering the tumor-promoting properties
of these cytokines, the combination therapy of RT + ATMi seems to
outperform RT + ATRI in this scenario, contrary to our previous
findings. However, similar to the application of PD-1 blockade,
strategies aimed at decreasing IL-6 secretion could complement the
combined treatment of RT + ATRi. In this regard, Yang et al.
recently demonstrated that the simultaneous blockade of IL-6 and
C-C motif chemokine receptor 2 (CCR2) enhanced the anti-tumor
activity of NK cells in HNSCC (75).

Similar trends were observed in the secretion of IL-1f by the
HNSCC cells in our experiments. Combining RT + ATMi reduced
IL-1P levels compared to RT alone in three of the four cell lines,
whereas RT + ATRIi increased IL-1f secretion compared to RT +
ATMi in corresponding cell lines. IL-1f is an inflammatory
cytokine known to upregulate various molecules involved in
disease pathology, including cytokines, chemokines, adhesion
molecules, acute phase proteins, and tissue remodeling enzymes
(76). Additionally, it is known to play a role in the vascularization
and metastasis of malignant tumors (77). In the context of HNSCC,
IL-1P was shown to be involved in several oncogenic mechanisms,
such as the differentiation of tumor-associated macrophages which
are associated with a poor prognosis (76, 78). Considering the
tumor-promoting nature of IL-1f3, lower IL-1 levels induced by the
combination therapy of RT + ATMi are preferable. However, the
dual treatment of RT + ATRIi resulted in comparable levels of IL-13
compared to RT alone, suggesting that the addition of ATRi to RT
may not exacerbate the effects of IL-1P secretion.

Regarding cancer, the role of TNF-o. is a double-edged sword.
The pro-inflammatory cytokine that is mainly produced by
macrophages but also other immune cells and non-immune cells
such as endothelial cells exhibits both tumor-promoting and tumor-
suppressing roles in the TME (79). On the one hand, research has
demonstrated that TNF-o. promotes tumor growth by enhancing
proliferation, survival, and angiogenesis in cancer cells that are
resistant to its cytotoxic effects (80). Specifically, Zhang et al.
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recently showed that TNF-o promotes tumor lymph angiogenesis
in HNSCC (81). On the other hand, TNF-o is known to diminish
tumor cell proliferation and initiate tumor regression, mainly by the
induction of cancer cell death (79, 80). For instance, TNF-ot induces
both apoptotic and necrotic cell death in a variety of cell types (77),
potentially promoting immune-related anti-tumor response.
Additionally, Calcinotti et al. found that a TNF-o fusion protein
enhanced the effectiveness of immunotherapy through the
upregulation of leukocyte-endothelial cell adhesion molecules, the
secretion of proinflammatory cytokines and the infiltration of
tumor-specific effector CD8" T cells in tumor-bearing mice (82).
In various animal cancer models, TNF-o exhibits broad anti-tumor
effects by stimulating the immune system, yet it also presents
significant toxicity at the same time (83). In our experiments, RT
+ ATRI led to enhanced levels of secreted TNF-o. compared to
single RT treatment or RT + ATMIi. Further in vivo experiments are
needed to examine whether this could exhibit pro- or anti-
tumoral effects.

Like TNF-o, IL-13 prohibits both pro- and anti-tumoral
effector functions. The cytokine has been shown to directly
promote tumor growth, metastasis, and escape from apoptosis for
certain tumor entities through several mechanisms (84). However,
elevated levels of IL-13 are associated with better overall survival
compared to low IL-13 levels in colorectal cancer (85), and further
studies revealed anti-tumor effects of IL-13 in vivo. Ma et al. found
that IL-13 diminishes tumorigenicity, presumably through the
recruitment of neutrophils and macrophages and the
enhancement of innate antitumor immunity (86). Overall, IL-13
is heavily involved in the initiation of a type-2 immunity (84),
whose role in anti-tumor immunity is currently being examined
(65). In our experiments, combining RT + ATMi reduced IL-13
levels in both HPV-negative HNSCC cells lines compared to RT
alone. In contrast, RT + ATRi tendentially increased the secretion of
IL-13, potentially inducing an immune response.

Some of the cytokines we studied clearly display anti-tumor
properties. IL-12 has been shown to act as potent anti-tumor
mediator in a variety of preclinical models (87). It is an effector
cytokine involved in the polarization of CD4" T cells towards a Th1
response (88) that is crucial for the activation of both cytotoxic T
and NK cells and tumor clearance. However, IL-12 has not only
shown to actively induce anti-tumor immunity, but also to inhibit
immune suppression by altering processes involved in the survival
and proliferation of Treg cells (89, 90). Although the systemic
administration of IL-12 can be toxic (89), McMichael et al. recently
showed in a phase I/II trial that administrating patients with
unresectable HNSCC with cetuximab and IL-12 was well-
tolerated, with several individuals showing extended periods of
progression-free survival (91). In our study, combining RT with
ATRI led to increased levels of secreted IL-12p70 compared to RT
alone or RT + ATMi in two of the four cell lines, potentially
contributing to enhanced anti-tumor response by activation of both
innate and adaptive immunity.

In contrast to previously discussed cytokines, IL-10 has
traditionally been viewed as an anti-inflammatory cytokine (92,
93), leading to the presumption that it attenuates the immune
response against cancer. However, recent research has revealed that
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IL-10 possesses both pro- and anti-tumor properties, increasing
interest in its potential for cytokine-based cancer immunotherapies.
Studies have shown that overexpression of IL-10 in human cancer
models promotes tumor rejection, induces durable immunity, and
enhances the cytotoxicity of CD8" T cells (94). Interestingly, Guo
et al. recently showed that an IL-10-Fc fusion protein led to
increased expansion and effector function of terminally exhausted
CD8" TILs, thereby enhancing immune-related anti-tumor
response (95). These findings suggest that elevated IL-10 levels
may play a role in enhancing T cell-mediated anti-tumor responses.
In our experiments, combining RT with ATMi resulted in decreased
IL-10 levels in three of four cell lines compared to single RT
treatment, while RT + ATRi tendentially increased IL-10
secretion. This suggests once more that RT + ATRi might
augment anti-tumor immunity.

The role of the cytokinome in HNSCC remains ambiguous, as
described by Denaro et al. (61). Within the HNSCC TME, immune
and cancer cells interact in a complex network, and the composition
of both immune and non-immune cells undergo changes as the
disease progresses. Consequently, the cytokinome is a subject to
constant change, with both pro- and anti-tumoral effects of cytokines
potentially co-existing at various stages of cancer progression (58).
However, certain cytokines within the TME might be associated with
the prognosis of HNSCC patients. For instance, it has been shown
that the TME of HPV-negative HNSCC compromises higher levels of
IL-6 compared to HPV-positive HNSCC and that enhanced IL-6
expression predicts a poor prognosis (96). Since HPV-positive
HNSCC exhibits better treatment response, altered composition of
the cytokinome in HPV negative HNSCC might impact treatment
effectiveness. Considering the increased significance of the TME in
tumor biology research is nowadays not focusing on the cancer cell
solely but on involving the TME as a possible target for combinatory
regimes. Nonetheless, advanced preclinical models, such as 3D
models using spheroids and organoids will be necessary to
investigate the TME deeper and ultimately adequate immune-
competent animal models will be unavoidable to get more insides
on the consequences of any therapy setting on the TME.

Whereas both ATMi and ATRi have already been shown to work
as radiosensitizer in vitro and in vivo for several cancer entities, we here
showed that combining RT with smKI also alters the immunogenicity
of HNSCC cells (97). In our study, we demonstrated that the
combination of RT with ATRi or ATMi had distinct impacts on the
expression of ICM expression and the cytokine secretion from treated
HNSCC cells, suggesting a potential enhancement of immune-
mediated anti-tumor responses. Particularly, the synergy between RT
and ATRi may augment this response by upregulating
immunostimulatory ICMs and increasing the release of anti-tumor
mediating cytokines. Contrary, combining ATMi with RT might even
suppress immune-stimulatory effects triggered by RT. Further in vivo
experiments are needed to validate potential pro- and anti-
inflammatory effects of the altered ICM expression and cytokine
secretion after RT treatment combined with smKI.
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4.4 |dentification of different gene subsets
according to inhibitor treatment of Cal-33

Particularly, the treatment of HPV-negative HNSCC remains a
challenge. Hence, accelerating immune-related anti-tumor response
may be one promising approach to improve clinical outcome and
survival rates. Although we already have knowledge of many of the
correlations that cause changes in tumor cells after RT and after
treatment with ATMi or ATRi, we still lack a detailed
understanding of many molecular processes. To better
understand the effects and consequences of inhibiting ATM or
ATR concomitant to RT we analyzed the HNSCC cell line Cal-33 on
mRNA level (RNAseq). Previous findings based on our multiplex
ELISA analysis of the secretome were confirmed on mRNA level,
such as a significant down-regulation of IL-6 in RT + ATMIi treated
Cal-33 cells. Further, a down-regulation of several immune
modulators such as CD137-L, Galectin-9, IL-1p and IL-l1o was
observed after RT + ATMi treatment. Interestingly, we also found a
down-regulation of CD70 in RT + ATMi treated cells. This
contrasts with our findings of ICM surface expression, which
showed no differences of CD70 expression in Cal-33 after RT nor
a combination with ATMi or ATRIi.

In principle, however, a more immunosuppressive phenotype
can be determined by the therapy of HNSCC cells with RT + ATMi.
It is possible that crucial targets that are necessary for a sufficient
anti-tumor immune response in patients are inhibited here. This
could be an indication of the expanding application of ATR
inhibitors in clinical trials. However, the analysis of DEGs does
not only identify a gene set that shows down-regulation by RT +
ATMi. A gene set could also be identified in which genes are only
down- or up-regulated by RT. Most interesting is a sub-group in
which we observe down-regulation by the combination of RT +
ATRi. Whether these tumor-specific changes also have a functional
influence on the immune system must be clarified by further
investigations. Co-cultures with cells of the adaptive or innate
immune response would offer the possibility to investigate the
interaction between tumor cells and immune cells.

The RNAseq analysis provided further indications of the possible
superiority of a combination therapy with ATRi. In addition to the
immunomodulatory targets that we found to be significantly
regulated in our data set, we also identified a mechanistically
decisive target. The central protein of the RNA-sensing pathway
RIG-1 is also down-regulated by the combination of RT with ATMi.
In parallel to the cGAS/STING-regulated DNA-sensing signaling
pathway, RIG-1 is able to detect free cytoplasmic RNA and trigger a
corresponding immune response (27). Further mechanisms are
discussed in the literature that also implicate RIG-1 as an
important part of DNA detection (98) and consequently a trigger
of immune responses. If the sensors for cytoplasmic nucleic acids,
induced by irradiation and DDR inhibition, are downregulated by
ATM, this could explain the inhibited immune response observed
with this combination. Conclusively, it is possible that ATMi inhibits
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essential signaling pathways that are not affected by ATRi, which
avoids an adequate anti-tumor response.

Finally, we detected a promising target, that may play a role in
the limited effectiveness of treatment with ATMi. Our RNAseq
analysis showed that the combination of RT + ATMi leads to the
significant up-regulation of the protein EGF like repeats and
discoidin domains 3 (EDIL3), also known as Developmental
Endothelial Locus 1 (Del-1). EDIL3 acts as an anti-inflammatory
factor and immune modulator triggering ,,immune execution” (99).
Tabasum and colleagues recently deciphered the supportive role of
EDIL3 leading to immune evasion through CD8+ T-cell exclusion
in melanoma (28). Interestingly, EDIL3 expression was found to be
present in different tumor types, such as breast cancer. Here, it has
been recognized as a biomarker for early disease detection (100,
101). However, there is still no comprehensive data on the function
of EDIL3 in HNSCC. The role of EDIL3 in HNSCC should be
further deciphered in the future.

5 Conclusion

In conclusion, our data indicate that monotherapy with either
ATR or ATM inhibitor alone does not lead to extensive cell death, but
this effect is increased when combined with hypo-fractionated RT.
Further, the immune phenotype of cancer cells, not dying from
combination therapy itself, is altered predominantly by RT + ATRi in
an immune-stimulatory manner by the up-regulation of ICOS-L.
This might be advantageous for HPV-negative patients, since the
combination of RT + DDRi shows promising effects to re-sensitize
tumor cells to RT and further induce an immune-stimulatory
phenotype triggering an anti-tumor response. However, the
analysis of secreted cytokines after treatment of HNSCC cell lines
revealed an ambivalent influence of both inhibitors, as we observed
the intensified secretion of IL-6 and IL-8 after RT + ATRi. These
findings were confirmed by RNAseq analysis, which further
highlighted the immune-suppressive nature of RT + ATMi. We
detected the down-regulation of a central protein of cytoplasmatic
sensing pathways of nucleic acids, RIG-1, and found one immune-
suppressive target, EDIL3, strongly up-regulated by RT + ATMi. It
needs to be further investigated (in vitro, ex vivo and in vivo) whether
the addition of ATM inhibitors or ATR inhibitors to RT leads to a
comprehensive immune-response, which might help to explain the
different efficiency of DDR inhibitors in clinical trials. Optimized and
newly established models such 3-dimentional spheroid or organoid
models, as well as co-culture setting, including tumor but also
immune cells, are needed to overcome these challenges.
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