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Abstract: While the treatment of squamous cell carcinoma of the head and neck (HNSCC) with
radiotherapy (RT) is complemented more and more by immunotherapy in clinical trials, little is
known about the impact of the human papillomavirus (HPV) status or the applied RT scheme on
the immune phenotype of the tumor cells. Therefore, we aimed to examine the impact of the HPV
status of four human HNSCC cell lines on cell death and the expression of immune checkpoint
molecules (ICMs) after RT with either hypofractionation irradiation (5x3.0Gy) or a high single dose
(1x19.3Gy) via multicolor flow cytometry and quantitative PCR at an early time point after therapy.
In our study, 5x3.0Gy RT induced high numbers of early and late apoptotic cells independent of
the HPV status, but necrosis was only increased in the HPV-positive UM-Scc-47 cells. Generally,
the immune stimulatory ICMs (CD70, CD137-L, ICOS-L) were less affected by RT compared to the
immune suppressive ones (PD-L1, PD-L2, and the herpesvirus entry mediator (HVEM)). A significant
higher surface expression of the analyzed ICMs was found after hypofractionated RT compared
to a single high dose; however, regardless of the HPV status, with the exception of ICOS-L. Here,
HPV-positive HNSCC tumor cells showed a stronger response to 5x3.0Gy than HPV-negative ones.
On the RNA level, only minor alterations of ICMs were observed following RT, with the exception
of the HPV negative cell line CAL33 treated with 5x3.0Gy, where PD-L2, HVEM and CD70 were
significantly increased. We conclude that the HPV status may not distinctly predict immunological
responses following RT, and thus cannot be used as a single predictive marker for therapy responses
in HNSCC. In contrast, the patient-specific individual expression of ICMs following RT is preferable
for the targeted patient selection for immune therapy directed against distinct ICM.

Keywords: radiotherapy; immunotherapy; HPV status; HNSCC; immune checkpoint molecules

1. Introduction

Squamous cell carcinomas of the head and neck (HNSCCs) are characterized as the
sixth most common cancer worldwide [1]. In Germany, they account for a total of 3.8%
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of all male and 1.8% of all female new cancer cases according to a 2016 survey, while the
5-year survival rate of these tumors is only 47% in men and 63% in women [2]. In addition,
patients with locoregional tumor recurrence suffer from severe tumor symptom burden [3].
HNSCCs can be divided into two broad subgroups based on their human papillomavirus
(HPV) infection status. HPV-negative HNSCCs are associated with risk factors such as the
consumption of carcinogenic substances, i.e., alcohol and tobacco. This also explains the
gender-specific prevalence of these tumors, as men have a higher average consumption of
these stimulants compared to women [4–6]. HPV-positive HNSCCs, on the other hand, are
associated with an infection with a high-risk HPV subtype. This latter patient population
is characterized by a better survival prognosis compared to the total number of patients
and now represents the largest proportion of oropharyngeal carcinomas in many Western
countries [6–8].

HPV-positive tumors have been shown to be more radiosensitive regarding the clono-
genic survival compared to HPV-negative tumors [9]. One of the common features of
HNSCCs is the occurrence of tumor hypoxia. This impairs the efficacy of radiotherapy
(RT), and it is suggested that the increased radiosensitivity of HPV-positive tumors is
partly due to a radiation-induced decrease in the hypoxic fraction [10]. Nevertheless,
the improvement of precision RT presumably results in a reduction in side effects rather
than in better tumor control in HNSCC. The latter can potentially be optimized by the
improvement of simultaneously administered immune checkpoint inhibitors (ICIs) as
system therapy [11]. In recent years, clinical studies have been initiated to gain knowledge
about immune modulatory properties of the classical therapies for HNSCC, namely RT and
chemotherapy (CT) in addition to surgery, and to optimize patient selection for additional
immune therapy with ICIs [12–14]. For this, knowledge about radiation-induced immune
alterations is particularly important, in addition to that on how radiation interacts with the
tumor cell DNA.

The immune system plays an important role in both, the development of cancer and
the eradication of tumors. In a healthy system, it protects the human body from cancer
cells, as these express other proteins due to their altered genome, which are recognized as
tumor antigens and trigger an immune response [15]. In order to prevent this recognition
and combat by the immune system, tumor cells have developed various mechanisms to
evade the immune system [16,17]. An immunosuppressive microenvironment inhibits the
invasion and action of immune cells, for example through hypoxia, nutrient deprivation,
or immunosuppressive metabolites. Furthermore, tumor cells express inhibitory molecules
on their surface, for example the programmed cell death-1 ligand (PD-L1), the ligand for
the inhibitory PD-1 receptor on T cells and thus evading a T cell response [18].

It has been demonstrated that RT increases the expression of PD-L1 on tumor cells
and thereby inhibits T cell-mediated anti-tumor responses. RT has immune suppressive
properties, but also immune stimulatory ones, as, e.g., the induction of the release of
danger signals [19]. The latter are predominantly released by necrotic tumor cells, while
apoptotic tumor cells have a more immune-suppressive property when being cleared by
macrophages [20]. By making use of the immune stimulatory effects of RT with concomi-
tantly inhibiting PD-L1, the efficacy of RT to induce anti-tumor immune responses can
efficiently be restored [21].

In a clinical context, the two anti-PD-1 monoclonal antibodies nivolumab and pem-
brolizumab are approved for the treatment of recurrent HNSCC in the USA since 2016
and in the European Union since 2017 [22]. These drugs can also be used as monotherapy
for metastatic or non-resectable HNSCC. Even though a small proportion of the HNSCC
patients do respond very well to inhibition of the PD-1/PD-L1/-L2 axis alone and in
multimodal settings, still the vast amount does not.

In order to identify/select patients who are likely to respond positively to therapy
with immune checkpoint inhibitors, research has moved specifically towards prognostic
biomarkers in recent years [23]. We just recently identified a liquid immune profile-based
signature to predict response of patients with recurrent/metastatic solid cancer to immune
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checkpoint inhibitors [24]. Furthermore, the limited response could be partly due to
additional upregulation of other immune-suppressive immune checkpoint molecules on
HNSCCs, as has already been demonstrated for the herpesvirus entry mediator (HVEM) in
breast cancer [25]. However, the overall knowledge about the expression of key immune
checkpoint molecules in addition to PD-L1 in HNSCCs following RT is scarce [26], and
thus is in the focus of our here presented examinations. Additionally, agonists targeting
the inducible T cell co-stimulator (ICOS, CD278) are currently under clinical investigation
also for HNSCC, with the aim to, synergistically with anti-PD-1, inhibit the suppressive
activity of regulatory T cells and to potentiate the anti-tumor activity of effector T cells [27].
Further, stimulation of T cells by binding of CD137-L to CD-137 on activated T cells is
another approach to boost anti-tumor immune responses. It has already been demonstrated
that HPV-positive HNSCC tumor clearance is increased by a combination of RT with CT
and CD137 ligation [28]. As CAR T cells are currently under investigation to target CD70
on HNSCC [29], we also investigated the expression of CD70 on HNSCCs following
radiation exposure.

One characteristic biomarker that often applies to a large proportion of HNSCC pa-
tients is an HPV infection. HPV infections, the most common sexually transmitted disease
in the United States, heal successfully in the vast majority of infected individuals [30]. In
the event of failure of the immune response or infection with one of the fifteen high-risk
HPV types, HPV may persist in the body, which in turn increases the risk of tumor for-
mation. Especially high-risk HPV types that persist for years increase the likelihood of
incorporation of parts of the viral genome into the genetic material of the epithelial cell [31].
The integration of the viral genome can lead to overexpression of the oncoproteins E6 and
E7, which can ultimately lead to malignant degeneration of the infected epithelial cells,
since these two oncoproteins influence growth-regulating intracellular signaling pathways
and inactivate tumor suppressor proteins, among others [32,33]. HPV-positive HNSCCs
are discussed to have a higher immunogenicity [34]. They are characterized by a higher
CD8+ T cell infiltration [12,35]. However, whether differences in the expression of immune
checkpoint molecules do exist between HPV-positive and HPV-negative HNSCC is still not
known, and is therefore in the focus of our here presented work.

Regarding the influence of the HPV status, accelerated RT fractionation schemes, aim-
ing towards achieving a reduced proliferation capability of tumor cells, and thus reducing
the likelihood of a relapse, have also been under investigation for several years [36,37].
In recent years, as more and more inhabitants of middle- to low-income countries have
been shown to suffer from tumors of the head and neck area, calculations predict that 50%
of patients will not be able to gain timely access to therapies while additional resource
constraints apply, and thus altered fractionation schemes have been moved even more
into the focus of researchers and clinicians. Therefore, an increasing number of studies
evaluate hypofractionated-accelerated fractionation schemes also for HNSCC patients [38].
However, as these forms of treatment stretch the tolerance of normal tissue responses, it
is important to closely look into these limitations. In this matter, there are an increasing
number of studies, e.g., the multicentric trial of hypo-vs normo-fractionated RT in HNSCC,
HYPNO (NCT0765503) study, applying 55Gy in 20 fractions and 4 weeks, addressing these
questions. So far, no significant disadvantages in terms of local control, overall survival and
quality of life have been found [38,39], and there is evidence that intensifying the treatment
by either altering RT fractions or adding concurrent therapies might even improve the
outcome in patients [38]. The optimal radiation dose and fractionation for combination
of RT with ICM still has to be identified [40]. In order to do so, knowledge about early
alterations of the immune phenotype of HNSCC tumor cells following RT with a distinct
fractionation approach is mandatory.

To sum up, HPV-associated HNSCC tumors generally respond better to anticancer
treatments. It is assumed that this is due to a better response to RT, but data about the role
of the immune phenotype of the tumor cells in this setting are scarce [16]. We therefore
hypothesize that the immune phenotype of head and neck cancer tumor cells is changed by
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the treatment with RT depending of the fractionation approach and differs in HPV-positive
compared to HPV-negative tumors. Therefore, we analyzed the response of HPV-negative
and HPV-positive HNSCC cell lines to different RT regimens (hypofractionated and high
single dose) with regard to cell death induction as well as the expression of immune
checkpoint molecules. Since concurrent application of RT with ICIs seems to be the most
beneficial, we here focused on early changes following radiation exposure [41].

2. Results
2.1. 5x3.0Gy Induces High Numbers of Early and Late Apoptotic Cells Independent of the HPV
Status, While Necrosis Is Only Induced in UM-Scc-47 Cells

A significant increase in (early and late) apoptosis independently of the HPV status,
but dependent on the fractionation scheme, was observed. In all examined cell lines,
hypofractionated RT(5x3.0Gy) resulted in a significant increase in apoptotic cells in com-
parison to untreated and 1x19.3Gy irradiated cells. The HPV-positive cell line UD-Scc-2
however, not only showed the highest rate of apoptotic cells, but also a significant increase
in apoptotic cells after 1x19.3 in comparison to untreated controls. Primary necrosis () re-
mained stable across all treatments, with the exception of HPV-positive UM-Scc-47, where
a significant increase in necrotic cell numbers was found after 5x3.0Gy in comparison to
untreated controls and 1x19.3Gy single dose RT (Figure 1b).
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Figure 1. Cell death forms on day 7 for the two HPV-negative cell lines (HSC-4 and CAL33; grey dots) and the two HPV-
positive cell lines (UD-Scc-2 and UM-Scc-47; white dots). The graphs show the percentage of early and late apoptotic (a) and
necrotic cells (b) in the total cell count for all three treatment conditions, untreated (w/o), 5x3.0Gy and 1x19.3Gy nhpv− = 5;
nhpv+ = 6 biological independent experiments. Graphs show median + min to max, and a two-sided Mann–Whitney U test
was performed for comparisons of treatments within one cell line: * p < 0.05, ** p < 0.01.

2.2. The Applied RT Fractionation Scheme Rather Than the HPV Status Affects the Surface
Expression of Immune Checkpoint Molecules on HNSCC Tumor Cells, with the Exception
of ICOS-L

We then investigated the expression of various immune suppressive (PD-L1, PD-L2,
HVEM) checkpoint molecules on the cell surface:

As shown in Figure 2, regulation of immune suppressive checkpoint molecules was
independent of the HPV status of the respective cell lines, but rather dependent on the
applied fractionation scheme. The expression of PD-L1 was significantly increased in HSC-
4, UD-Scc-2, and UM-Scc-47 cells after 5x3.0Gy, while UM-Scc-47 additionally showed a
significant increase after 1x19.3Gy. PD-L2 was found to be significantly increased in HSC-4,
Cal-33, and UD-Scc-2 cells, while UM-Scc-47 showed a slight increase after 5x3.0Gy and
1x19.3Gy (Figure 2b). HVEM was also found to be increased after 5x3.0Gy, with statistical
significance found in HSC-4, Cal-33, and UM-Scc-47 cells (Figure 2c).
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the cell surface of HPV-negative (grey dots) and HPV-positive (white dots) HNSCC cell lines with nhpv− = 5; nhpv+ = 6
biological independent experiments. Cells were subjected to either a hypofractionated irradiation regimen (5x3.0Gy) or a
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The immune stimulatory ICMs were less affected by RT compared to the immune
suppressive ones (Figure 2). CD70 was significantly increased in HSC-4 cells after 5x3Gy,
while Cal33 and UD-Scc-2 only showed a tendency of increased expression following RT
with 5x3.0Gy. In UM-Scc-47, CD70 expression remained stable throughout all treatment
regimens (Figure 3a). No significant impact of RT was found for the expression of CD137-L;
however, similar to CD70, HSC-4, Cal33, and UD-Scc-2 showed a slight upregulation
after 5x3.0Gy. Again, in UM-Scc-47 cells, no clear alteration of CD137-L expression on
the cell surface was found, independently of the fractionation scheme (Figure 3b). While
no significant ICOS-L alterations were found in HPV cell lines, HPV+ UD-Scc-2 and UM-
Scc-47 showed a significant upregulation of ICOS-L on their cell surface after 5x3Gy, in
comparison to untreated controls (Figure 3c).
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2.3. A Dose of 5x3.0Gy Slightly Alters the Gene Expression of ICMs in Cal33 and UD-Scc-2 Cells

Figure 4 shows gene expression analysis of ICMs carried out via qPCR. In general,
the expression of genes of interest was found to be rather heterogenic and was dependent
rather on the cell line itself as well as the fractionation scheme than on HPV status. HSC-4
and UM-Scc-47 cells had a generally higher gene expression level of ICMs than Cal33 and
UD-Scc-2, but radiation-dependent significant modulations of ICMs were only observed
in Cal33 and UD-Scc-2. Similar to surface expression, UD-Scc-2 cells showed a significant
increase in PD-L1 levels at 5x3.0Gy in comparison to untreated controls, while the other
cell lines did not. PD-L2 levels were found to be significantly elevated at 5x3.0Gy in Cal33
and UD-Scc-2 cells, while the same was only seen in Cal33 cells for HVEM and CD70 gene
expression, where again, 5x3.0Gy resulted in significantly elevated expression levels.
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3. Discussion
3.1. Hypofractionated RT Has a Bigger Influence on Cell Death than HPV Status in the Examined
Four HNSCC Tumor Cell Lines

In the clinic, HPV-positive HNSCC tumors are generally associated with a better
prognosis, and thus improved therapy outcome [42]. They often show a better response to
RT and are therefore considered more radiosensitive than HPV-negative HNSCCs [10,43,44].
While numerous studies have demonstrated a higher radiosensitivity for HPV-positive
tumors [45], Rieckmann et al. found HPV-positive tumors to be a very heterogeneous
group, that, depending on the examined cell line, often show overlapping results with
HPV-negative tumors [46].

Our studies regarding the cell death of HNSCC cells after hypofractionated (5x3.0Gy)
or single high dose (1x19.3Gy) RT showed that the applied RT scheme has a bigger impact
on cell death than the HPV status in the four cell lines we have looked at (Figure 1). Hy-
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pofractionated RT treatment significantly induced apoptosis in all four cell lines, while
1x19.3 showed only minimal impact on cell death, with the exception of UD-Scc-2 cells,
where a significant increase also after 1x19.3Gy was observed. When taking a closer look,
the HPV-positive UD-Scc-2 had the overall highest rate of apoptotic cells in comparison to
all examined cell lines, while HPV-positive UM-Scc-47 had the lowest rates of apoptotic
cells. However, in contrast to all other examined cell lines, UM-Scc-47 alone showed a sig-
nificant increase in necrotic cell numbers, also at 5x3.0Gy, while 1x19.3Gy had no significant
impact on necrosis at the examined early time point following radiation exposure.

As apoptosis is generally considered to be a rather immunosuppressive and necrosis is
considered to be an immune-activating form of cell death, necrosis is therefore the preferred
outcome in cancer therapy, as it is expected to induce a better anti-tumor response in treated
patients [16,47]. When looking at cell death forms in our experimental setting, UM-Scc-47
therefore seems to possess the most immunogenic potential. We thus conclude that, while
RT itself had the biggest impact on cell death, HPV-positive cell lines showed slightly
better responses to RT than HPV-negative ones. This finding complies with the general
understanding of HPV-positive HNSCC tumors being more susceptible to RT than HPV-
negative ones [48]. Recent data further indicate that HPV-positive tumors have a better
response to immune therapies [49]. This suggests that HPV-positive and HPV-negative
tumor cells have different immune phenotypes. HPV-positive oropharyngeal tumors
are characterized by a beneficial immune micro-environment with high levels of tumor-
infiltrating lymphocytes [50]. Increased levels of both circulating and tumor infiltrating
CD8+ T cells are related to better survival in HPV-positive HNSCC [51]. However, these
cytotoxic T cells could be suppressed by immune checkpoint molecules that might change
their expression following RT.

3.2. A Dose of 5x3.0Gy Mainly Increases the Expression of Immune Suppressive ICMs
Independently of the HPV Status

As mentioned above, ICMs are key regulators of T cell-mediated anti-tumor immune
responses. However, a large number of patients do not respond properly to immune
therapies targeting such ICMs. Therefore, improving existing immunotherapies with
optimized RT schemes and identifying other RT-regulated ICMs besides PD-L1 is an
important step to increase response rates to radio-immunotherapies [52,53].

The integration of the HPV genome into the cellular genome of the host can lead to
an increased expression of the two oncoproteins E6 and E7 [7] and these mutations can
then lead to a change in the immunological microenvironment [54,55]. However, whether
this affects the expression of ICMs in cancer cells and thereby the immune phenotype as
well as the impact of various forms of RT on it is not known. Consequently, we treated
HPV-negative and -positive HNSCC cell lines with two clinically relevant RT schemes and
subsequently checked for surface and gene expression of several ICMs being of potential
importance in HNSCC as outlined in the introduction.

We found that, in general, irradiation with 5x3.0Gy led to an increase in the surface
expression of the immune inhibitory checkpoint molecules PD-L1, PD-L2 and HVEM
(Figure 2). A significant increase was found on the surface of HSC-4 cells for all of the
mentioned ICMs after 5x3.0Gy, while 1x19.3Gy remained stable and comparable to un-
treated levels. Likewise, no effect was observed on mRNA level at the same timepoint for
either treatment (Figure 4), suggesting that the upregulation of inhibitory ICIs seems to
be regulated on a protein level (Figures 2 and 3). For HPV-negative Cal33 tumor cells, an
upregulation on the cell surface of PD-L2 and HVEM after 5x3.0Gy was found (Figure 2b,c).
qPCR analysis showed that PD-L2 and HVEM gene expression is still significantly up-
regulated at the same time, possibly suggesting a long-lasting response on the surface
(Figure 4b). These data suggest that targeting PD-L2 and HVEM should be taken into con-
sideration in individual HNSCC patients that receive RT. While PD-L2 is already targeted
when the receptor PD-1 is inhibited, novel immune checkpoint inhibitors against HVEM
should be tested in the future also for HNSCC, as in melanoma it was found that HVEM
has a broader expression than even PD-L1 and serves as a negative prognostic marker [56].
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Irradiation of HPV-positive UD-Scc-2 with 5x3Gy resulted in a significant upregulation
of PD-L1 and PD-L2 (Figure 2a,b), while mRNA levels of PD-L1 and PD-L2 (Figure 4a,b)
were significantly enhanced at the same timepoint, again suggesting a long-lasting upregu-
lation of these ICMs on the surface. UM-Scc-47 showed a significant increase in the surface
expression of PD-L1 and HVEM 24 h after the last RT (Figure 2a,c), mRNA levels from sam-
ples taken at the same timepoint, however, showed no differences between RT treatments
and control (Figure 4). Interestingly, gene expression levels of HPV-negative HSC-4 and
HPV-positive UM-Scc-47 were similar and much higher for all examined molecules than
the gene expression levels of Cal33 (HPV-negative) and UD-Scc-2 (HPV-positive), which
were also found to be expressed on a similar level (Figure 4a–c).

We thus conclude that while individual tumor cell lines show individual responses
in terms of intensity and duration of ICM expression, RT with 5x3.0Gy has an overall
stimulatory effect regarding the expression of suppressive ICMs, independent of cell
line and HPV status. While PD-L1 expression is generally enhanced in HPV-positive
HNSCCs [57], it is not HPV-specifically regulated following radiation exposure. These
results will have to be confirmed with more HNSCC cell lines, which need, however, to
first be generated, since the amount of available HNSCC cell lines for research is still
limited. Furthermore, the dynamics of the responses is of importance [58]. We, and others,
have previously shown that the expression of immune checkpoint molecules and other
immune modulations in tumor cells following radiation exposure start as early as 12 h
after RT and peak at 24–48 h [59,60]. Afterwards, the expression either remains stable
or is normalized. Since concurrent application of RT with immune checkpoint inhibitors
seems to be the most beneficial [41] and since immune cells infiltrate into tumors as early as
1 day following radiation exposure [61], we here also focused on early changes following
radiation exposure. Combining RT with IT with distinct antibodies targeting ICMs in
a multimodal setting at the right time and in combination with the optimal dose thus
might not only aide in achieving a local but also systemic tumor control by overcoming
tumor-induced immunosuppression [62,63].

3.3. ICOS-L Shows Significantly Enhanced Surface Expression after 5x3.0Gy Only in
HPV-Positive HNSCC Cell Lines

When looking specifically at immune stimulatory checkpoint molecules, 5x3.0Gy
again had the overall highest impact on regulation of checkpoint molecules while 1x19.3Gy
resulted in expression levels that were close to those of controls (Figure 3). Similar to
immune suppressive checkpoint molecules, HSC4 and UM-Scc-47 again showed higher
gene expression levels than Cal33 and UD-Scc-2 in qPCR analysis (Figure 4).

For CD70 surface expression (Figure 3a), we found a significant increase after 5x3.0Gy
in HSC-4 tumor cells; however, this effect was not visible on mRNA level (Figure 4d).
Furthermore, Cal33 and UD-Scc-2 showed a tendency of increased surface expression of
CD70. A similar tendency was visible in gene expression levels, whereas CD70 expression
in Cal33 was significantly enhanced after 5x3.0Gy (Figure 4d), again suggesting a possible
surface upregulation at a later timepoint. UM-Scc-47 showed no influence of RT on
expression levels, either on the surface or on mRNA level at the observed time point. For
CD137-L (Figures 3b and 4e), similar tendencies were observed after 5x3.0Gy, but without
any significant alterations. In both checkpoint molecules, UM-Scc-47 reacted differently
than the other three cell lines, as no impact of RT on either the surface or mRNA level could
be observed. This suggests the observed effects to be rather due to the individual cell lines
rather than an influence of the HPV status.

However, when looking at ICOS-L, only the HPV-positive cell lines were character-
ized by a significantly increased ICOS-L surface expression after RT with 5x3.0Gy levels
(Figure 3). As ICOS-L is a co-stimulatory ligand that is involved in optimizing T cell func-
tion, one could speculate that RT-induced increased expression might contribute to a better
prognosis and responsiveness to RT of HPV-positive HNSCCs [27,48].

The cumulative work of the last few years suggests that HPV-positive HNSCC tumors
have a better prognosis and responsiveness to radiotherapy treatment. In addition, HPV-
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positive HNSCCs are also often described to be more homogenous in their behavior than
HPV-negative ones [32,43,45,48]. We here found the individual responses of the HNSCC
cell lines as well as the influence of RT schemes to be more pronounced than HPV status
in most of the markers for the immunogenic properties of the tumor cells we looked into
in the four cell lines our study was limited to. Nevertheless, a patient-specific approach
concerning HPV status might be the most promising approach in the clinic.

Notably, a hypofractionated RT scheme of 5x3.0Gy was very effective in terms of
inducing cell death and modulating immune checkpoint molecules on the surface of
HNSCC cells, and partly also on a mRNA level. This should be considered when designing
new multimodal tumor therapies with adapted RT protocols [40]. However, as current
studies are carried out with rather small patient cohorts and little is known about long-term
effects, especially with regard to normal tissue tolerance [38], additional preclinical research
in this area is needed.

Taken together, our findings suggest a holistic approach to be the most promising
one for optimizing multimodal treatments for HNSCC instead of particularly focusing
on HPV status, one RT fractionation scheme, or single ICM inhibition. For a large cohort
of patients, examining immune matrices in individual tumors depending on distinct RT
protocols might add additional value in the future.

4. Materials and Methods
4.1. Cell Lines and Cultivation

Four different human cancer cell lines from head and neck tumors (HSC-4: tongue
squamous cell carcinoma; epithelioid; Cal33: tongue squamous cell carcinoma; UM-Scc-4:
tongue squamous cell carcinoma; UD-Scc-2: hypopharyngeal squamous cell carcinoma)
were used, each kindly provided by Dr. T. Rieckmann (Hamburg, Germany). The two cell
lines UM-Scc-47 and UD-Scc-2 are HPV-positive, whereas the cell lines HSC-4 and CAL33
are HPV-negative ones. All cell lines were cultured in modified D10 medium (DMEM;
PAN-Biotech GmbH, Aidenbach, Germany) supplemented with 10% fetal bovine serum
(Biochrome AG, Berlin, Germany) and 100 U/mL of Pen/Strep (Gibco, Carlsbad, CA, USA)
under standard culture conditions (37 ◦C, 5% CO2 and 95% humidity).

4.2. Treatments and Sampling

For the experiments, the cell lines were seeded and cultivated under standard condi-
tions (37 ◦C, 5% CO2 and 95% humidity). After they had grown for 24 h, the respective cell
culture flasks were exposed to irradiation using a hypofractionated scheme with a single
dose per fraction of 3.0Gy of X-rays (120 kV, 12.2 mA for 0.5 min) for 5 days and a scheme
with a single dose of 19.3Gy (120 kV, 12.2 mA for 0.5 min) on d6, using a Isovolt Titan
series-GE Technologies (Hürth; Germany) X-ray machine. Non-irradiated controls were
seeded in parallel for each scheme. On experimental day 7, an evaluation of all conditions,
i.e., treatment and control, was performed using a CytoFLEX S flow cytometer (Beckman
Coulter, Brea, CA, USA) and samples were collected for subsequent RNA analyses. The
complete procedure of the experimental set-up is shown in Figure 5.

4.3. Cell Death Measurement Using AnnexinV/Propidium Iodide Staining Solution

On day 7 of the experiment, multicolor flow cytometry was used to analyse the
different forms of cell death. For this purpose, tumor cells were harvested with trypsin
and 1 × 105 cells per 96-well were incubated with AnnexinV (AxV)/propidium iodide
(PI) staining solution (1.0 µg/mL of PI and 0.5 µg/mL of FITC-labeled AxV). Subsequent
analysis was performed using a CytoFLEX S flow cytometer. The gating strategy is shown
in Appendix A Figure A1. Cells being positive for both AxV and PI were defined as necrotic
ones, with those being positive for AxV and negative for PI being defined as early and late
apoptotic ones.
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Figure 5. Irradiation schedule of the HNSCC cell lines with 5x3.0Gy (hypofractionated) and 1x19.3Gy
(high single dose). Seeding of the cells was carried out on day 1, irradiation with 5x3.0Gy on day 2–6
and 1x19.9Gy on day 6, respectively. On day 7, analysis of the cells via flow cytometry or collection
of cell pellets in TriFast was performed. In the above scheme, each vertical line represents one day of
the experiment.

4.4. Detection of Immune Checkpoint Molecule Expression by Multicolor Flow Cytometry

The expression of immune checkpoint molecules on the surface of the tumor cells
was analyzed on day 7. For this purpose, the harvested tumor cells were incubated with
the antibodies listed in Table 1. Subsequent analysis was performed using a CytoFLEX
S flow cytometer and two staining panels for checkpoint expression analysis. The mean
fluorescence intensity (MFI) of the respective immune checkpoint ligands in the sample
stained with the antibody mix is corrected to the MFI of the control, which was stained with
Zombie NIR only, for its background and presented as ∆MFI in the graphs. The Zombie
NIR stain was used to assess live vs. dead status of the HNSCC cells in the measurements
of the expression of immune checkpoint molecules. This dye is non-permeant in live cells,
but permeant in the cells with disturbed membranes. The gating strategy can be found in
Appendix B Figure A2.

Table 1. List of antibodies used to analyse the surface expression of the immune checkpoint molecules
by multicolor flow cytometry.

Marker Fluorochrome Manufacturer Cat. Nr.

PD-L1 (CD 274) BV 605 BioLegend 329,724
PD-L2 (CD 273) APC BioLegend 345,508
ICOS-L (CD 275) BV 421 BD Bioscience 564,276
HVEM (CD 270) APC BioLegend 318,808

TNFRSF9 (CD13L) BV 421 BioLegend 311,508
CD27-L (CD70) FITC BioLegend 355,106

Zombie NIR APC-A750 BioLegend 423,105

4.5. Quantitative PCR Analyses

Isolation of RNA was done via phenol/chloroform extraction in TriFast (peqlab,
Darmstadt, Germany) according to the manufacturer’s protocol and purity of RNA was
determined using a P330 nanophotometer (Implen, Munich, Germany). Pre-made Prime
PCR primers from Bio-Rad (Hercules, CA, USA; see Table 2) were used to perform the qPCR
reactions. qPCR analysis was performed using the DyNAmo ColorFlash SYBR Green qPCR
Kit (Thermo Fisher, Waltham, MA, USA). In addition, a separate non-reverse transcription
control was carried out for each sample and a non-template control was carried along for
each primer. Results were analyzed using Bio-Rad CFX Manager software. For each cell
line, multiple housekeeping genes were used for normalization (HPV-negative cell lines:
ACTB, RPL27, RPL30, RPS18; HPV-positive cell lines: ACTB, RPL27, RPL30, RPS18, and
UBC). Data are shown as normalized data as calculated by the Bio-Rad CFX manager 3.1.
The used primers are listed in Table 2.
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Table 2. List of primers of genes of interest and reference genes used for qPCR analysis.

Gene Symbol Gene Name Bio-Rad Unique
Assay ID

Genes of Interest

CD274 CD274 molecule (PD-L1) qHsaCID0036468
Pdcd1lg2 programmed cell death 1 ligand 2 (PD-L2) qHsaCID0015625

CD70 CD70 molecule (CD70) qHsaCID0038688
TNFRSF14 tumor necrosis factor receptor superfamily, member 14 (HVEM) qHsaCID0013930

TNFSF9 tumor necrosis factor (ligand) superfamily, member 9 (CD137-L) qHsaCED0003427
ICOS-L inducible T-cell co-stimulator ligand qHsaCED004588

Reference Genes

RPS18 ribosomal protein S18 qHsaCED0037454
RPL30 ribosomal protein L30 qHsaCED0038096
RPL27 ribosomal protein L27 qHsaCED0044386
ACTB actin, beta qHsaCED0036269
UCB ubiquitin C qHsaCED0023867

4.6. Statistical Analysis

Data are shown as median + min to max. Statistical analysis was performed using
GraphPad Prism V8.3.0 software (Graph Pad Software, LLC; San Diego, CA, USA). For
all data, a two-sided Mann–Whitney U test was performed for comparisons of treatments
within one cell line. Significances were considered as follows: * p < 0.05, ** p < 0.01, and
*** p < 0.001.
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Figure A1. Gating strategy for cell death measurement with AnnexinV/Propidium iodide staining. Left: Forward-side-
scatter to separate single cells from cell clusters. Middle: Separation of cells from cell debris. Right: Separation of the 
different cell death forms with AnnexinV-FITC and Propidium iodide. Primary necrotic cells: Ax+/Pi++, early apoptotic 
cells: Ax+/Pi-, late apoptotic cells: Ax+/Pi+. Shown is the gating strategy using an exemplary staining for HSC-4 cells that 
were evaluated on day 7 of the experiment. 
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Figure A2. Exemplary gating strategy for analyses of cell surface expression of immune checkpoint molecules via 
multicolor flow cytometry. Pre-gating: identification of single cells (“singlets”), differentiation of cells from debris (“cells”) 
and vital cells via Zombie live/dead stain (“vital”). X-Med of various antibodies for immune checkpoint molecules was 
taken and X-Med values of Zombie only stained samples was subtracted for ΔMFI calculation. 
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X-Med values of Zombie only stained samples was subtracted for ∆MFI calculation.

References
1. Ali, J.; Sabiha, B.; Jan, H.U.; Haider, S.A.; Khan, A.A.; Ali, S.S. Genetic etiology of oral cancer. Oral Oncol. 2017, 70, 23–28.

[CrossRef]
2. Robert Koch-Institut. Gesellschaft der epidemiologischen Krebsregister in Deutschland e.V. In Krebs in Deutschland 2015/2016;

Robert-Koch-Institut: Berlin, Germany, 2019. [CrossRef]
3. Hecht, M.; Hahn, D.; Wolber, P.; Hautmann, M.G.; Reichert, D.; Weniger, S.; Belka, C.; Bergmann, T.; Göhler, T.; Welslau, M.; et al.

Treatment response lowers tumor symptom burden in recurrent and/or metastatic head and neck cancer. BMC Cancer 2020,
20, 933. [CrossRef]

4. Sawabe, M.; Ito, H.; Oze, I.; Hosono, S.; Kawakita, D.; Tanaka, H.; Hasegawa, Y.; Murakami, S.; Matsuo, K. Heterogeneous impact
of alcohol consumption according to treatment method on survival in head and neck cancer: A prospective study. Cancer Sci.
2017, 108, 91–100. [CrossRef]

5. Sheedy, T.; Heaton, C. HPV-associated oropharyngeal cancer. J. Am. Acad. PAs 2019, 32, 26–31. [CrossRef]
6. Jakob, M.; Sharaf, K.; Schirmer, M.; Leu, M.; Küffer, S.; Bertlich, M.; Ihler, F.; Haubner, F.; Canis, M.; Kitz, J. Role of cancer stem

cell markers ALDH1, BCL11B, BMI-1, and CD44 in the prognosis of advanced HNSCC. Strahlenther. Onkol. 2021, 197, 231–245.
[CrossRef] [PubMed]

7. Wagner, S.; Böckmann, H.; Gattenlöhner, S.; Klussmann, J.P.; Wittekindt, C. Das angeborene immunsystem beim oropharynxkarzi-
nom. HNO 2018, 66, 301–307. [CrossRef] [PubMed]

http://doi.org/10.1016/j.oraloncology.2017.05.004
http://doi.org/10.25646/5977
http://doi.org/10.1186/s12885-020-07440-w
http://doi.org/10.1111/cas.13115
http://doi.org/10.1097/01.JAA.0000578756.52642.cb
http://doi.org/10.1007/s00066-020-01653-5
http://www.ncbi.nlm.nih.gov/pubmed/32588101
http://doi.org/10.1007/s00106-018-0480-y
http://www.ncbi.nlm.nih.gov/pubmed/29468275


Int. J. Mol. Sci. 2021, 22, 9114 14 of 16

8. Fietkau, R.; Hecht, M.; Hofner, B.; Lubgan, D.; Iro, H.; Gefeller, O.; Rödel, C.; Hautmann, M.G.; Kölbl, O.; Salay, A.; et al.
Randomized phase-III-trial of concurrent chemoradiation for locally advanced head and neck cancer comparing dose reduced
radiotherapy with paclitaxel/cisplatin to standard radiotherapy with fluorouracil/cisplatin: The PacCis-trial. Radiother. Oncol.
2020, 144, 209–217. [CrossRef] [PubMed]

9. Zhou, C.; Parsons, J.L. The radiobiology of HPV-positive and HPV-negative head and neck squamous cell carcinoma. Expert Rev.
Mol. Med. 2020, 22, e3. [CrossRef] [PubMed]

10. Göttgens, E.L.; Ostheimer, C.; Span, P.N.; Bussink, J.; Hammond, E.M. HPV, hypoxia and radiation response in head and neck
cancer. Br. J. Radiol. 2019, 92, 20180047. [CrossRef] [PubMed]

11. Qian, J.M.; Schoenfeld, J.D. Radiotherapy and immunotherapy for head and neck cancer: Current evidence and challenges. Front.
Oncol. 2020, 10, 608772. [CrossRef]

12. Hecht, M.; Gostian, A.O.; Eckstein, M.; Rutzner, S.; von der Grün, J.; Illmer, T.; Hautmann, M.G.; Klautke, G.; Laban, S.;
Brunner, T.; et al. Safety and efficacy of single cycle induction treatment with cisplatin/docetaxel/durvalumab/tremelimumab in
locally advanced HNSCC: First results of CheckRad-CD8. J. Immunother. Cancer 2020, 8, e001378. [CrossRef] [PubMed]

13. Semrau, S.; Gostian, A.O.; Traxdorf, M.; Eckstein, M.; Rutzner, S.; von der Grün, J.; Illmer, T.; Hautmann, M.; Klautke, G.;
Laban, S.; et al. Implementation of double immune checkpoint blockade increases response rate to induction chemotherapy in
head and neck cancer. Cancers 2021, 13, 1959. [CrossRef]

14. Shu, C.A.; Cascone, T. What is neo? Chemoimmunotherapy in the neoadjuvant setting for resectable non-small-cell lung cancer. J.
Clin. Oncol. 2021, Jco2101446. [CrossRef]

15. Li, B.; Chan, H.L.; Chen, P. Immune Checkpoint Inhibitors: Basics and Challenges. Curr. Med. Chem. 2019, 26, 3009–3025.
[CrossRef]

16. Frey, B.; Rückert, M.; Deloch, L.; Rühle, P.F.; Derer, A.; Fietkau, R.; Gaipl, U.S. Immunomodulation by ionizing radiation-impact
for design of radio-immunotherapies and for treatment of inflammatory diseases. Immunol. Rev. 2017, 280, 231–248. [CrossRef]

17. Jhunjhunwala, S.; Hammer, C.; Delamarre, L. Antigen presentation in cancer: Insights into tumour immunogenicity and immune
evasion. Nat. Rev. Cancer 2021, 21, 298–312. [CrossRef]

18. Chen, S.; Crabill, G.A.; Pritchard, T.S.; McMiller, T.L.; Wei, P.; Pardoll, D.M.; Pan, F.; Topalian, S.L. Mechanisms regulating PD-L1
expression on tumor and immune cells. J. Immunother. Cancer 2019, 7, 305. [CrossRef]

19. Rückert, M.; Flohr, A.S.; Hecht, M.; Gaipl, U.S. Radiotherapy and the immune system: More than just immune suppression. Stem
Cells 2021. [CrossRef]

20. Voll, R.E.; Herrmann, M.; Roth, E.A.; Stach, C.; Kalden, J.R.; Girkontaite, I. Immunosuppressive effects of apoptotic cells. Nature
1997, 390, 350–351. [CrossRef]

21. Deng, L.; Liang, H.; Burnette, B.; Beckett, M.; Darga, T.; Weichselbaum, R.R.; Fu, Y.X. Irradiation and anti-PD-L1 treatment
synergistically promote antitumor immunity in mice. J. Clin. Investig. 2014, 124, 687–695. [CrossRef]

22. Cohen, E.E.W.; Bell, R.B.; Bifulco, C.B.; Burtness, B.; Gillison, M.L.; Harrington, K.J.; Le, Q.T.; Lee, N.Y.; Leidner, R.;
Lewis, R.L.; et al. The Society for Immunotherapy of Cancer consensus statement on immunotherapy for the treatment of
squamous cell carcinoma of the head and neck (HNSCC). J. Immunother. Cancer 2019, 7, 184. [CrossRef]

23. Gavrielatou, N.; Doumas, S.; Economopoulou, P.; Foukas, P.G.; Psyrri, A. Biomarkers for immunotherapy response in head and
neck cancer. Cancer Treat. Rev. 2020, 84, 101977. [CrossRef]

24. Zhou, J.G.; Donaubauer, A.J.; Frey, B.; Becker, I.; Rutzner, S.; Eckstein, M.; Sun, R.; Ma, H.; Schubert, P.; Schweizer, C.; et al.
Prospective development and validation of a liquid immune profile-based signature (LIPS) to predict response of patients with
recurrent/metastatic cancer to immune checkpoint inhibitors. J. Immunother. Cancer 2021, 9, e001845. [CrossRef]

25. Tsang, J.Y.S.; Chan, K.-W.; Ni, Y.-B.; Hlaing, T.; Hu, J.; Chan, S.-K.; Cheung, S.-Y.; Tse, G.M. Expression and clinical significance of
Herpes Virus Entry Mediator (HVEM) in Breast Cancer. Ann. Surg. Oncol. 2017, 24, 4042–4050. [CrossRef]

26. Song, D.; Lyu, H.; Feng, Q.; Luo, J.; Li, L.; Wang, X. Subtyping of head and neck squamous cell cancers based on immune
signatures. Int. Immunopharmacol. 2021, 99, 108007. [CrossRef]

27. Solinas, C.; Gu-Trantien, C.; Willard-Gallo, K. The rationale behind targeting the ICOS-ICOS ligand costimulatory pathway in
cancer immunotherapy. ESMO Open 2020, 5, e000544. [CrossRef] [PubMed]

28. Lucido, C.T.; Vermeer, P.D.; Wieking, B.G.; Vermeer, D.W.; Lee, J.H. CD137 enhancement of HPV positive head and neck squamous
cell carcinoma tumor clearance. Vaccines 2014, 2, 841–853. [CrossRef]

29. Park, Y.P.; Jin, L.; Bennett, K.B.; Wang, D.; Fredenburg, K.M.; Tseng, J.E.; Chang, L.J.; Huang, J.; Chan, E.K.L. CD70 as a target for
chimeric antigen receptor T cells in head and neck squamous cell carcinoma. Oral Oncol. 2018, 78, 145–150. [CrossRef]

30. de Martel, C.; Ferlay, J.; Franceschi, S.; Vignat, J.; Bray, F.; Forman, D.; Plummer, M. Global burden of cancers attributable to
infections in 2008: A review and synthetic analysis. Lancet Oncol. 2012, 13, 607–615. [CrossRef]

31. Tinhofer, I.; Jöhrens, K.; Keilholz, U.; Kaufmann, A.; Lehmann, A.; Weichert, W.; Stenzinger, A.; Stromberger, C.; Klinghammer, K.;
Becker, E.T.; et al. Contribution of human papilloma virus to the incidence of squamous cell carcinoma of the head and neck in a
European population with high smoking prevalence. Eur. J. Cancer 2015, 51, 514–521. [CrossRef]

32. Pardoll, D.M. The blockade of immune checkpoints in cancer immunotherapy. Nat. Rev. Cancer 2012, 12, 252–264. [CrossRef]
33. Reuschenbach, M.; Wagner, S.; Würdemann, N.; Sharma, S.J.; Prigge, E.S.; Sauer, M.; Wittig, A.; Wittekindt, C.; von Knebel

Doeberitz, M.; Klussmann, J.P. Humane papillomviren bei plattenepithelkarzinomen der kopf-und halsregion. HNO 2016,
64, 450–459. [CrossRef]

http://doi.org/10.1016/j.radonc.2020.01.016
http://www.ncbi.nlm.nih.gov/pubmed/32044419
http://doi.org/10.1017/erm.2020.4
http://www.ncbi.nlm.nih.gov/pubmed/32611474
http://doi.org/10.1259/bjr.20180047
http://www.ncbi.nlm.nih.gov/pubmed/29493265
http://doi.org/10.3389/fonc.2020.608772
http://doi.org/10.1136/jitc-2020-001378
http://www.ncbi.nlm.nih.gov/pubmed/33023982
http://doi.org/10.3390/cancers13081959
http://doi.org/10.1200/JCO.21.01446
http://doi.org/10.2174/0929867324666170804143706
http://doi.org/10.1111/imr.12572
http://doi.org/10.1038/s41568-021-00339-z
http://doi.org/10.1186/s40425-019-0770-2
http://doi.org/10.1002/stem.3391
http://doi.org/10.1038/37022
http://doi.org/10.1172/JCI67313
http://doi.org/10.1186/s40425-019-0662-5
http://doi.org/10.1016/j.ctrv.2020.101977
http://doi.org/10.1136/jitc-2020-001845
http://doi.org/10.1245/s10434-017-5924-1
http://doi.org/10.1016/j.intimp.2021.108007
http://doi.org/10.1136/esmoopen-2019-000544
http://www.ncbi.nlm.nih.gov/pubmed/32516116
http://doi.org/10.3390/vaccines2040841
http://doi.org/10.1016/j.oraloncology.2018.01.024
http://doi.org/10.1016/S1470-2045(12)70137-7
http://doi.org/10.1016/j.ejca.2014.12.018
http://doi.org/10.1038/nrc3239
http://doi.org/10.1007/s00106-016-0123-0


Int. J. Mol. Sci. 2021, 22, 9114 15 of 16

34. Spanos, W.C.; Nowicki, P.; Lee, D.W.; Hoover, A.; Hostager, B.; Gupta, A.; Anderson, M.E.; Lee, J.H. Immune response during
therapy with cisplatin or radiation for human papillomavirus-related head and neck cancer. Arch. Otolaryngol. Head Neck Surg.
2009, 135, 1137–1146. [CrossRef]

35. Wuerdemann, N.; Gültekin, S.E.; Pütz, K.; Wittekindt, C.; Huebbers, C.U.; Sharma, S.J.; Eckel, H.; Schubotz, A.B.; Gattenlöhner,
S.; Büttner, R.; et al. PD-L1 expression and a high tumor infiltrate of CD8+ lymphocytes predict outcome in patients with
oropharyngeal squamous cells carcinoma. Int. J. Mol. Sci. 2020, 21, 5228. [CrossRef] [PubMed]

36. Nguyen, L.N.; Ang, K.K. Radiotherapy for cancer of the head and neck: Altered fractionation regimens. Lancet Oncol. 2002,
3, 693–701. [CrossRef]

37. Bernier, J.; Bentzen, S.M. Altered fractionation and combined radio-chemotherapy approaches: Pioneering new opportunities in
head and neck oncology. Eur. J. Cancer 2003, 39, 560–571. [CrossRef]

38. Gupta, T.; Ghosh-Laskar, S.; Agarwal, J.P. Resource-sparing curative-intent hypofractionated-accelerated radiotherapy in head
and neck cancer: More relevant than ever before in the COVID era. Oral Oncol. 2020, 111, 105045. [CrossRef]

39. Vreugdenhil, M.; Fong, C.; Sanghera, P.; Hartley, A.; Dunn, J.; Mehanna, H. Hypofractionated chemoradiation for head and
cancer: Data from the PET NECK trial. Oral Oncol. 2021, 113, 105112. [CrossRef]

40. Demaria, S.; Guha, C.; Schoenfeld, J.; Morris, Z.; Monjazeb, A.; Sikora, A.; Crittenden, M.; Shiao, S.; Khleif, S.; Gupta, S.; et al.
Radiation dose and fraction in immunotherapy: One-size regimen does not fit all settings, so how does one choose? J. Immunother.
Cancer 2021, 9, e002038. [CrossRef]

41. Dovedi, S.J.; Adlard, A.L.; Lipowska-Bhalla, G.; McKenna, C.; Jones, S.; Cheadle, E.J.; Stratford, I.J.; Poon, E.; Morrow, M.;
Stewart, R.; et al. Acquired resistance to fractionated radiotherapy can be overcome by concurrent PD-L1 blockade. Cancer Res.
2014, 74, 5458–5468. [CrossRef] [PubMed]

42. Rühle, A.; Nicolay, N.H. Aggressive Deeskalation der Strahlentherapie bei HPV-assoziierten Oropharynxkarzinomen auf der
Basis der Hypoxiedynamik. Strahlenther. und Onkol. 2021, 197, 505–519. [CrossRef]

43. Dok, R.; Bamps, M.; Glorieux, M.; Zhao, P.; Sablina, A.; Nuyts, S. Radiosensitization approaches for HPV-positive and HPV-
negative head and neck squamous carcinomas. Int. J. Cancer 2020, 146, 1075–1085. [CrossRef]

44. Arenz, A.; Ziemann, F.; Mayer, C.; Wittig, A.; Dreffke, K.; Preising, S.; Wagner, S.; Klussmann, J.-P.; Engenhart-Cabillic, R.;
Wittekindt, C. Increased radiosensitivity of HPV-positive head and neck cancer cell lines due to cell cycle dysregulation and
induction of apoptosis. Strahlenther. und Onkol. 2014, 190, 839–846. [CrossRef]

45. Kimple, R.J.; Smith, M.A.; Blitzer, G.C.; Torres, A.D.; Martin, J.A.; Yang, R.Z.; Peet, C.R.; Lorenz, L.D.; Nickel, K.P.; Klingelhutz,
A.J.; et al. Enhanced radiation sensitivity in HPV-positive head and neck cancer. Cancer Res. 2013, 73, 4791–4800. [CrossRef]

46. Rieckmann, T.; Tribius, S.; Grob, T.J.; Meyer, F.; Busch, C.J.; Petersen, C.; Dikomey, E.; Kriegs, M. HNSCC cell lines positive for
HPV and p16 possess higher cellular radiosensitivity due to an impaired DSB repair capacity. Radiother. Oncol. 2013, 107, 242–246.
[CrossRef]

47. Jonathan, E.C.; Bernhard, E.J.; McKenna, W.G. How does radiation kill cells? Curr. Opin. Chem. Biol. 1999, 3, 77–83. [CrossRef]
48. Kobayashi, K.; Hisamatsu, K.; Suzui, N.; Hara, A.; Tomita, H.; Miyazaki, T. A review of HPV-related head and neck cancer. J. Clin.

Med. 2018, 7, 241. [CrossRef] [PubMed]
49. Galvis, M.M.; Borges, G.A.; Oliveira, T.B.; Toledo, I.P.; Castilho, R.M.; Guerra, E.N.S.; Kowalski, L.P.; Squarize, C.H. Immunother-

apy improves efficacy and safety of patients with HPV positive and negative head and neck cancer: A systematic review and
meta-analysis. Crit. Rev. Oncol. Hematol. 2020, 150, 102966. [CrossRef]

50. Fialová, A.; Koucký, V.; Hajdušková, M.; Hladíková, K.; Špíšek, R. immunological network in head and neck squamous cell
carcinoma-a prognostic tool beyond HPV status. Front. Oncol. 2020, 10, 1701. [CrossRef]

51. Wansom, D.; Light, E.; Worden, F.; Prince, M.; Urba, S.; Chepeha, D.B.; Cordell, K.; Eisbruch, A.; Taylor, J.; D’Silva, N.; et al.
Correlation of cellular immunity with human papillomavirus 16 status and outcome in patients with advanced oropharyngeal
cancer. Arch. Otolaryngol. Head Neck Surg. 2010, 136, 1267–1273. [CrossRef]

52. Hader, M.; Frey, B.; Fietkau, R.; Hecht, M.; Gaipl, U.S. Immune biological rationales for the design of combined radio- and
immunotherapies. Cancer Immunol. Immunother. 2020, 69, 293–306. [CrossRef]

53. Rückert, M.; Deloch, L.; Frey, B.; Schlücker, E.; Fietkau, R.; Gaipl, U.S. Combinations of radiotherapy with vaccination and
immune checkpoint inhibition differently affect primary and abscopal tumor growth and the tumor microenvironment. Cancers
2021, 13, 714. [CrossRef]

54. Leemans, C.R.; Snijders, P.J.F.; Brakenhoff, R.H. The molecular landscape of head and neck cancer. Nat. Rev. Cancer 2018,
18, 269–282. [CrossRef]

55. Shewale, J.B.; Gillison, M.L. Dynamic factors affecting HPV-attributable fraction for head and neck cancers. Curr. Opin. Virol.
2019, 39, 33–40. [CrossRef] [PubMed]

56. Malissen, N.; Macagno, N.; Granjeaud, S.; Granier, C.; Moutardier, V.; Gaudy-Marqueste, C.; Habel, N.; Mandavit, M.; Guillot,
B.; Pasero, C.; et al. HVEM has a broader expression than PD-L1 and constitutes a negative prognostic marker and potential
treatment target for melanoma. Oncoimmunology 2019, 8, e1665976. [CrossRef] [PubMed]

57. Outh-Gauer, S.; Morini, A.; Tartour, E.; Lépine, C.; Jung, A.C.; Badoual, C. The microenvironment of head and neck cancers:
Papillomavirus involvement and potential impact of immunomodulatory treatments. Head Neck Pathol. 2020, 14, 330–340.
[CrossRef] [PubMed]

http://doi.org/10.1001/archoto.2009.159
http://doi.org/10.3390/ijms21155228
http://www.ncbi.nlm.nih.gov/pubmed/32718057
http://doi.org/10.1016/S1470-2045(02)00906-3
http://doi.org/10.1016/S0959-8049(02)00838-9
http://doi.org/10.1016/j.oraloncology.2020.105045
http://doi.org/10.1016/j.oraloncology.2020.105112
http://doi.org/10.1136/jitc-2020-002038
http://doi.org/10.1158/0008-5472.CAN-14-1258
http://www.ncbi.nlm.nih.gov/pubmed/25274032
http://doi.org/10.1007/s00066-021-01765-6
http://doi.org/10.1002/ijc.32558
http://doi.org/10.1007/s00066-014-0605-5
http://doi.org/10.1158/0008-5472.CAN-13-0587
http://doi.org/10.1016/j.radonc.2013.03.013
http://doi.org/10.1016/S1367-5931(99)80014-3
http://doi.org/10.3390/jcm7090241
http://www.ncbi.nlm.nih.gov/pubmed/30150513
http://doi.org/10.1016/j.critrevonc.2020.102966
http://doi.org/10.3389/fonc.2020.01701
http://doi.org/10.1001/archoto.2010.211
http://doi.org/10.1007/s00262-019-02460-3
http://doi.org/10.3390/cancers13040714
http://doi.org/10.1038/nrc.2018.11
http://doi.org/10.1016/j.coviro.2019.07.008
http://www.ncbi.nlm.nih.gov/pubmed/31465959
http://doi.org/10.1080/2162402X.2019.1665976
http://www.ncbi.nlm.nih.gov/pubmed/31741766
http://doi.org/10.1007/s12105-020-01147-x
http://www.ncbi.nlm.nih.gov/pubmed/32124416


Int. J. Mol. Sci. 2021, 22, 9114 16 of 16

58. Reid, P.; Staudacher, A.H.; Marcu, L.G.; Olver, I.; Moghaddasi, L.; Brown, M.P.; Bezak, E. Influence of the human papillomavirus
on the radio-responsiveness of cancer stem cells in head and neck cancers. Sci. Rep. 2020, 10, 2716. [CrossRef]

59. Derer, A.; Spiljar, M.; Bäumler, M.; Hecht, M.; Fietkau, R.; Frey, B.; Gaipl, U.S. Chemoradiation increases PD-L1 expression in
certain melanoma and glioblastoma cells. Front. Immunol. 2016, 7, 610. [CrossRef]

60. Kim, K.J.; Kim, J.H.; Lee, S.J.; Lee, E.J.; Shin, E.C.; Seong, J. Radiation improves antitumor effect of immune checkpoint inhibitor
in murine hepatocellular carcinoma model. Oncotarget 2017, 8, 41242–41255. [CrossRef]

61. Frey, B.; Rückert, M.; Weber, J.; Mayr, X.; Derer, A.; Lotter, M.; Bert, C.; Rödel, F.; Fietkau, R.; Gaipl, U.S. Hypofractionated
irradiation has immune stimulatory potential and induces a timely restricted infiltration of immune cells in colon cancer tumors.
Front. Immunol. 2017, 8, 231. [CrossRef]

62. Buchwald, Z.S.; Wynne, J.; Nasti, T.H.; Zhu, S.; Mourad, W.F.; Yan, W.; Gupta, S.; Khleif, S.N.; Khan, M.K. Radiation, immune
checkpoint blockade and the abscopal effect: A critical review on timing, dose and fractionation. Front. Oncol. 2018, 8, 612.
[CrossRef] [PubMed]

63. Rückert, M.; Deloch, L.; Fietkau, R.; Frey, B.; Hecht, M.; Gaipl, U.S. Immune modulatory effects of radiotherapy as basis for
well-reasoned radioimmunotherapies. Strahlenther. Onkol. 2018, 194, 509–519. [CrossRef] [PubMed]

http://doi.org/10.1038/s41598-020-59654-4
http://doi.org/10.3389/fimmu.2016.00610
http://doi.org/10.18632/oncotarget.17168
http://doi.org/10.3389/fimmu.2017.00231
http://doi.org/10.3389/fonc.2018.00612
http://www.ncbi.nlm.nih.gov/pubmed/30619752
http://doi.org/10.1007/s00066-018-1287-1
http://www.ncbi.nlm.nih.gov/pubmed/29500551

	Introduction 
	Results 
	5x3.0Gy Induces High Numbers of Early and Late Apoptotic Cells Independent of the HPV Status, While Necrosis Is Only Induced in UM-Scc-47 Cells 
	The Applied RT Fractionation Scheme Rather Than the HPV Status Affects the Surface Expression of Immune Checkpoint Molecules on HNSCC Tumor Cells, with the Exception of ICOS-L 
	A Dose of 5x3.0Gy Slightly Alters the Gene Expression of ICMs in Cal33 and UD-Scc-2 Cells 

	Discussion 
	Hypofractionated RT Has a Bigger Influence on Cell Death than HPV Status in the Examined Four HNSCC Tumor Cell Lines 
	A Dose of 5x3.0Gy Mainly Increases the Expression of Immune Suppressive ICMs Independently of the HPV Status 
	ICOS-L Shows Significantly Enhanced Surface Expression after 5x3.0Gy Only in HPV-Positive HNSCC Cell Lines 

	Materials and Methods 
	Cell Lines and Cultivation 
	Treatments and Sampling 
	Cell Death Measurement Using AnnexinV/Propidium Iodide Staining Solution 
	Detection of Immune Checkpoint Molecule Expression by Multicolor Flow Cytometry 
	Quantitative PCR Analyses 
	Statistical Analysis 

	
	
	References

