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Background and purpose: Predictive biomarkers can be instrumental to treatment individualisation of
cancer patients and improve therapy outcome. Residual cH2AX foci represent a promising biomarker
to predict tumour radiosensitivity. In this pre-clinical study, the slope of the dose–response curve was
evaluated for its predictive relevance in head and neck squamous cell carcinoma xenografts (HNSCC).
Additionally, the feasibility of the translated assay was tested in a clinical setting in patient derived
HNSCC samples, and associations between residual cH2AX foci and clinical parameters were analysed.
Materials and methods: Seven HNSCC xenografts models (FaDu, SAS, SKX, UT-SCC-5, UT-SCC-14, UT-SCC-
45, XF354) were used. Tumour bearing NMRI nude mice were randomly distributed to five treatment
arms (0–8 Gy). Residual cH2AX foci (24 h post irradiation) were counted by visual scoring in a microm-
ilieu dependent manner (assessed with BrdU and pimonidazole). The local tumour control values mea-
sured as TCD50 (tumour control dose 50%) have previously been published. Patient derived HNSCC
biopsies were cultivated ex vivo for 24 h including 4 h of pimonidazole and BrdU treatment, subsequently
irradiated with 0–8 Gy and fixed after 24 h.
Results: In the pre-clinical study, the dose–response curve slopes negatively correlated with the tumour
control dose after fractionated irradiation (TCD50,fx, R

2 = 0.63, p = 0.032) and after single dose irradiation
under homogeneous hypoxia (TCD50,SD,clamp, R2 = 0.66, p = 0.027). The cH2AX assay in clinical HNSCC
samples showed a dose–response relationship, with the values of the slopes ranging from 0.099 Gy�1

to 0.920 Gy�1 (coefficient of variation = 52.8%). Slopes derived from patients were in the same ranges
as the sensitive, moderate and resistant models of the pre-clinical study. Statistical analysis revealed a
significant negative correlation between the slope and the patients’ age (R2 = 0.65, p = 0.001).
Conclusion: These results further support the promise of the slope of the residual cH2AX foci dose–
response as a biomarker for radiosensitivity. In the clinical samples, the variation in the slopes reveals
patients’ specific repair capacities, which could hold potential value for treatment individualisation.

� 2019 Elsevier B.V. All rights reserved. Radiotherapy and Oncology 137 (2019) 24–31
It is estimated that 50% of patients newly diagnosed with cancer
will need to undergo radiotherapy [1]. Tumour response to radio-
therapy varies between patients [2,3] and influences the success
rate of radiotherapy. Treatment individualisation based on patient
characteristics should therefore increase cure rates and reduce
normal tissue complications [4]. For that matter, predictive
biomarkers are of paramount importance to foresee tumour
response ahead of treatment and optimise care for the patient [5].

Head and neck cancers are the 7th most common cancers in
Europe [6], and approximately 91% of them are squamous cell car-
cinomas [7]. Standard of care for HNSCC substantially relies on
radiotherapy [3]. Consequently, the establishment of a predictive
biomarker for radiosensitivity in HNSCC is of high clinical rele-
vance to optimise treatment.

Following irradiation, the phosphorylation of histone H2AX
on serine 139 (called cH2AX) surrounding the DNA damage is
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considered a bona fide marker for DNA double strand breaks (DSB)
[8–11]. Since its discovery [8,9], cH2AX has therefore emerged as a
powerful biomarker of radiosensitivity. Several studies demon-
strated that residual cH2AX foci, which persist 24 h post-
irradiation, will likely lead to cell death [12,13] and can be used
to predict radiosensitivity in well oxygenated tumour regions
[14–20]. Recently, the cH2AX foci assay was transferred to an
ex vivo setting to test its clinical feasibility on tumour biopsies
and evaluate inter and intra-tumoral heterogeneity in the same
tumour type [19,21,22].

In the present study, the slope of the cH2AX foci dose–response
curve was investigated with regard to its predictive value for
radiosensitivity in a micromilieu dependent manner in seven well
established in vivo HNSCC models with known radiosensitivity
(radioresistant, intermediate, radiosensitive). The slopes of the
cH2AX foci dose–response curves of surgically removed and
ex vivo irradiated clinical HNSCC specimens were then used to
group samples into radioresistant, intermediate, and radiosensitive
tumours according to the in vivo results.
Material and methods

Tumour models and in vivo cH2AX foci assay

Seven well established and previously described squamous cell
carcinoma cell lines (FaDu, SAS, SKX, UT-SCC-5, UT-SCC-14, UT-
SCC-45, XF354) were used for this study [18,23–25]. Biological
constancy of the tumour models was verified by microsatellite
analyses at the last passage before transplantation. Seven to
fourteen-week-old male and female NMRI (nu/nu) mice were used
as tumour hosts. The mice were maintained in a pathogen-free ani-
mal breeding facility (OncoRay, Dresden) with a cycle of 12 h of
light and 12 h of dark and were fed ad libitum. The animal facilities
and the experiments were approved according to institutional
guidelines and the German animal welfare regulations. For further
immunosuppression, the animals received a 4 Gy whole body irra-
diation 2–4 days before tumour transplantations. All irradiations
were performed with 200 kV X-rays (Isovolt 320/13, Seifert,
Ahrensdorf, Germany; 20 mA; 0.5 mm Cu filter; dose rate 1 Gy/
min), and antibiotics were added to the drinking water for 10 days
to prevent infection. For each tumour model, tumour pieces were
transplanted subcutaneously to the hindleg of 50 anaesthetised
mice (120 mg/ kg ketamine [intraperitoneal, i.p.], Rompun, Bayer
Health Care, GmbH, Germany and 16 mg/kg xylazine i.p., ketamine
500, Curamed, Curamed Pharma, Germany). Tumour growth was
monitored weekly with a caliper. When the tumour reached a size
of 7 � 7 mm, BrdU (proliferation/viability marker, 3.75 mg, SERVA
electrophoresis, Heidelberg, Germany) and pimonidazole (hypoxia
marker, 0.1 mg/g body weight, HPI, Inc, Burlington, MA, USA) were
injected intraperitoneally.

One hour after injection, the mice were randomly assigned to
the five treatment arms: unirradiated control, irradiation with 2,
4, 6, or 8 Gy under ambient blood flow.

Tumours were excised 24 h post irradiation and fixed in 4% for-
malin before embedding in paraffin.
Patient material

Head and neck cancer samples were obtained with patient con-
sent from the Department of Otorhinolaryngology, Faculty of Med-
icine and University Hospital Carl Gustav Carus, Technische
Universität Dresden, Germany between 2014 and 2017. For this
study, 15 patients’ samples were processed for the evaluation of
cH2AX foci. Inclusion criteria were sufficient tumour material
(approximately 1 cm3) to perform the assay and no other treat-
ment intervention, e.g. chemo- or radiotherapy, prior to surgery.
Patients were included independently of gender, age, comorbidi-
ties, tumour stage, grade, or tumour location in head and
neck region. The only female patient was re-classified as a
malignant melanoma of the nasal cavity, this sample was omitted
in the analyses of the correlations with the clinical parameters.
Human Papillomavirus (HPV) status was systematically assessed
with an LCD-Array HPV kit [26]. A pseudonym was attributed for
each patient and information relative to their diagnosis and
treatment were compiled in the RadPlanBio platform [27]. The
patient study was approved by the local ethics committee
(EK152052013).

Upon receipt in DMEM medium (Biochrom GmbH, Berlin,
Germany), the material was processed within 1 h. The tissue was
rinsed in sodium chloride solution (NaCl, Fresenius Kabi, Germany)
and one piece was fixed in 4% formalin for embedding.

The cH2AX ex vivo foci assay has previously been described
[21]. In brief, depending on the quantity of provided sample, 4 to
8 specimens of �4–12 mm3 were reoxygenated at 37 �C in DMEM
medium supplemented with antibiotics in an agarose-coated petri
dish for 24 h. During the last 4 h of incubation, the medium was
supplemented with BrdU and pimonidazole to assess the microm-
ilieu. Subsequently, the specimens were irradiated with 0, 2, 4, or
8 Gy with 200 kV X-rays (Isovolt 320/13, Seifert, Ahrensdorf, Ger-
many; 20 mA; 0.5 mm Cu filter; dose rate 1 Gy/min). The medium
was exchanged after irradiation, and the specimens were incu-
bated for 24 h. Finally, the samples were fixed in 4% formalin and
processed for histological analysis.
cH2AX and micromilieu markers (BrdU; pimonidazole) staining and
evaluation

The staining protocols have previously been described [18].
Briefly, two consecutive 3 mm sections from the tumour were
stained for cH2AX, 40, 6-diamidino-2-phenylindole (DAPI, 1 mM)
and BrdU/pimonidazole.

The AxioImagerM1 (Carl Zeiss, Jena, Germany) was used for
evaluation of the stainings. The immunohistochemistry sections
were scanned with a colour camera (AxiocamMRc, Carl Zeiss, Jena,
Germany, 100X) and 10–15 regions of interest were marked rela-
tive to the micromilieu parameter. For each region of interest
(ROI), immunofluorescence images were acquired on 17 focal
planes being 0.25 mm apart (Z-stacks) with a monochrome camera
(Axiocam MRm, Carl Zeiss, Jena, Germany; motorized scanning
stage, Maerzhaeuser, Wetzlar, Germany, 400X). The Z-stacks
images were fused to a single image for analysis. For the in vivo
protocol, cH2AX foci were evaluated in viable cell nuclei located
in oxygenated areas with a maximal distance of 45 mm to the clos-
est perfused vessel [18]. For each tumour, 50 randomly selected
nuclei distributed over 10 ROI were analysed (cH2AX foci, nucleus
area, distance to the vessel) by a blinded observer. For the ex vivo
protocol, viable areas were assessed in the immunohistochemistry
sections by an absence of pimonidazole, a presence of BrdU posi-
tive cell nuclei and by morphology of the cells. When minimal
BrdU was present in the tissue sections, due to e.g. slow prolifera-
tion, the tumour was considered viable when the tissue was homo-
geneous, and no histological sign of necrosis could be observed.
Oxic areas were typically present at the rim of the sample, whereas
the tissue core appeared to be positive to pimonidazole. Depending
on the tumour content and the size of the clinical sample, 3–20
ROI/specimens could be evaluated. The corresponding fields were
identified in the immunofluorescence stained consecutive section.
Hypoxic areas were marked by superimposing immunofluores-
cence and immunohistochemistry images with Adobe Photoshop
(Adobe Systems, San Jose, California). In each ROI, 2–20 randomly
selected nuclei were analysed for cH2AX foci and the nucleus area.
All annotations were performed with AxioVision software (Zeiss).
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Statistical analysis

As the residual foci are evaluated on paraffin section, where
only a portion of cell nucleus is present, calculations were made
in relation to the nucleus areas.

normalised foci (nfoci) were calculated according to the formula
modified from [19]:

1) cfocidose ¼ Am=Ai � focidose
2) nfocidose ¼ cfocidose � cfoci0

where the number of counted foci (focidose) was divided by the area
of the individual nucleus (Ai) and multiplied by an overall area
(Am) of the tumour model or patient specimen to account for dif-
ference in the cell cycle, general DNA content and packing density,
and allow comparison between the different models 1). The overall
area (Am) was calculated for each dose group to account for the
increase in mean area that was observed in irradiated tumours
compared to unirradiated tumours (Supp. Figs. 1, 2). The mean cfoci
value from the control tumours (no irradiation) was subtracted
from each value to account for basal foci which are not attributed
to irradiation 2). Negative nfoci values after subtraction were set to
zero assuming that irradiation causes DNA damages �zero. Analy-
ses were performed with Excel, SPSS 25 (Statistical Package for the
Social Sciences – IBM, Armonk, New York) and R (R Foundation for
Statistical Computing, Vienna, Austria, version 3.3.2). The coeffi-
cient of variation (CV) was calculated as:

CV ¼ SD=mean � 100
where SD is the standard deviation of the foci values.

The TCD50 values used for correlation were previously pub-
lished [18].

Results

Fig. 1A shows the workflow of the pre-clinical in vivo study, in
which seven HNSCC xenografts models (Table 1) were irradiated
with 2, 4, 6, or 8 Gy and cH2AX foci were evaluated in a microm-
ilieu dependent manner (Fig. 1B). There was no pronounced satu-
ration of the cH2AX signal at high doses, and discrete foci could
be evaluated at 6 and 8 Gy in every tumour model. The character-
istics of the HNSCC models are given in Table 1.

Statistical analyses revealed a significant increase in cell
nucleus areas size with increasing irradiation dose in all the mod-
els (except for UT-SCC-5 and SAS at 2 Gy, Supp. Figs. 1 and 2). Con-
sequently, the nucleus areas of each dose group were used for
normalisation. Linear regression analysis showed that the distance
to the vessel had no major influence on cH2AX foci distribution
within a distance of 45 mm from the vessel [18, 23, Supp. Fig. 3].
Further, no significant correlation was observed between the dis-
tance to the vessel and the nuclear size in most cases within this
distance (Supp. Fig. 4).

Fig. 1C shows representative images of the increasing residual
cH2AX signal following irradiation. The cH2AX foci in unirradiated
tumours (endogenous or basal foci) showed distinct differences in
the models (Fig. 1D). The HPV positive and radiation sensitive
model UT-SCC-45 had the highest amount of basal foci
(12.3 ± 1.3 cfoci/nucleus) whereas the intermediate resistant
model FaDu had the lowest background foci number
(1.4 ± 0.3 cfoci/nucleus). However, no significant correlation could
be identified between the basal cfoci value and the TCD50,fx

(p = 0.30) or with the TCD50,SDclamp (p = 0.79).
Linear regression analyses showed that the number of nfoci

increases significantly in a dose dependent manner in every model
(p < 0.05, Fig. 1E, Table 1). A significant correlation (Pearson’s)
between nfoci values at 6 Gy and the TCD50,fx (p = 0.03), as well
as nfoci at 8 Gy and both the TCD50,fx (p = 0.04) and the
TCD50,SD,clamp (p = 0.02) could be found. Lower individual doses
did not present any significant correlation with the TCD50 values
(data not shown). The slopes of the residual nfoci dose–response
curves ranged from 0.329 Gy�1 (UT-SCC-5) to 1.320 Gy�1 (SKX)
and negatively correlated with the TCD50,fx (R2 = 0.63, p = 0.032)
and with the TCD50,SD,clamp (R2 = 0.66, p = 0.027) (Fig. 1F and G).

The workflow for the clinical ex vivo cH2AX assay [19] and rep-
resentative images are shown in Fig. 2A, B and C. The exclusively
male HNSCC patient cohort had a mean age of 65.4 years (Table 2).
Sample #4 tested positive for HPV (subtype 33). Inter-patient vari-
ability was detected for BrdU incorporation and hypoxia (data not
shown), and endogenous cfoci (Fig. 2D); the latter range from
0.5 ± 0.1 cfoci/nucleus in sample #11 to 5.1 ± 0.3 cfoci/nucleus in
sample #2 (CV = 51.5%, variation of 10-fold in the samples). The
nucleus areas were investigated and neither a systematic increase
with the dose nor a correlation of the nucleus areas with the clin-
ical parameters could be observed in the patients’ samples (data
not shown). Concerning the cH2AX assay, the nfoci value
increased linearly with the dose (p < 0.05), except in samples #7
and #5 (p-value = 0.06). The slopes of the nfoci dose–response
curve ranged from 0.1 ± 0.03 Gy�1 in #7 to 0.9 ± 0.08 Gy�1 in #9
(CV 52.8%, 9-fold difference, Fig. 2E, Table 2). Significant correla-
tions between patient’s age and slope of the residual nfoci dose–
response curves (p < 0.001) as well as nfoci at 8 Gy (p < 0.001)
were found (Fig. 2 F and G). Tumour grade, T stage and N stage
were not associated with slope or nfoci except for T stage and nfoci
at 4 Gy (p = 0.026) with smaller tumours (T1, T2) presenting more
foci than more advanced tumours (T3, T4, Tx) (Fig. 2H). Two sam-
ples presenting a low BrdU level (samples #6 and #10) were
included in the analysis. Statistical testing revealed minimal
changes in the analyses when these samples were removed from
the analysis, and the same conclusion could be drawn (Supp.
Fig. 5).

The in vivo pre-clinical study showed that residual nfoci after
8 Gy and the slope of the dose–response curve were good predic-
tors for radiosensitivity. Therefore, the slopes of the residual nfoci
dose–response curves of the patients’ samples were grouped
according to the slopes of the xenografts’ dose–response curves.
The three groups consisted in a radiosensitive (slope >0.7 Gy�1;
four patients SKX, UT-SCC-45), intermediate resistant (slope 0.4–
0.7 Gy�1; five patients, FaDu, UT-SCC-14, XF354) and radioresistant
(slope <0.4 Gy�1; five patients, SAS, UT-SCC-5) group (Fig. 3) which
were statistically significantly different (p <= 0.001). The values of
nfoci (8 Gy) significantly correlated with the slopes (R2 = 0.98,
p < 10�10) and grouping of patient’s samples according to nfoci at
8 Gy leads to similar group assignment.
Discussion

This study evaluated the slope of the dose–response curve (0–
8 Gy) measured with cH2AX nfoci as a predictor for local tumour
control in seven well established HNSCC models with differences
in intrinsic radiosensitivity. The micromilieu was considered, as
it is well known that the oxygen status influences DNA damage,
and consequently, cH2AX foci [23,28]. In every pre-clinical tumour
model, an increase in nucleus area size was detected with increas-
ing irradiation dose. Equivalent results have been gathered in other
models, and this increase was attributed to changes in cell cycle
repartition and a blockage of the cells in G2 [29]. Following 2 Gy
irradiation, the cell nucleus area was unaffected in the most
radioresistant models SAS and UT-SCC-5. In the clinical samples
however, no systematic areas increase could be detected. This
might be attributed to the assay setting of in vivo and ex vivo
exposure.



Fig. 1. The pre-clinical in vivo cH2AX assay in seven HNSCC models. (A) Workflow of the experiment. Tumour pieces were transplanted to the hindleg of NMRI nude mice and
monitored weekly until they reached 7 � 7 mm. Biological markers (BrdU for cell proliferation/viability; pimonidazole for hypoxia) were injected 1 h prior to irradiation.
Tumours were irradiated with 0, 2, 4, 6, or 8 Gy respectively and excised 24 h post irradiation. (B) Representative images of immunohistochemistry (IHC) and
immunofluorescence (IF) in FaDu. 10–15 fields were randomly selected based on the cell viability, hypoxia and presence of a perfused vessel. Respective fields were searched
for in the corresponding IF picture (cH2AX foci (green) and DNA (DAPI, blue)). Scale bar 50 mm (C) Exemplary images of fluorescence stained tumour sections of the models
UT-SCC-5, UT-SCC-14 and SKX irradiated with 0, 2, 4, 6, or 8 Gy showing a dose dependent increase in residual cH2AX foci. (D) Basal foci ± SEM in the 7 HNSCCmodels (white:
radiosensitive models; grey: intermediate models; dark grey: radioresistant). (E) Dose–response curve of the residual nfoci ± SEM. (F,G) The slopes of the dose–response
curve ± SEM of the established HNSCC models correlate with the TCD50 (F) following fractioned irradiation over 6 weeks (TCD50,fx) and (G) following single dose exposure
(TCD50,SD). The results of the linear regression are presented on the graphics (coefficient of determination R2 and the p-value).
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In the pre-clinical study, we observed that the HNSCC models
present different amount of basal and residual cH2AX foci. Resid-
ual cH2AX foci were found to increase linearly with the dose,
and the slopes values ranged from 0.329 Gy�1 to 1.320 Gy�1. The
slopes of the residual cH2AX nfoci as well as the individual nfoci
after 6 and 8 Gy negatively correlated with the TCD50,fx and the
TCD50,SD,clamp, while lower doses (2 and 4 Gy) showed no correla-
tion. A similar observation was made in lymphocytes from breast
cancer patients [30]. The correlation between acute risk effect
and radiosensitivity was observed after 6 Gy, but not after 3 Gy
irradiation. In contrast, in a previous report, a correlation of nfoci
after 4 Gy irradiation with the TCD50 was found [18] which might
be attributed to the lower number of analysed models in the cur-
rent study. Higher doses might be more appropriate to distinguish



Table 1
Characteristics of the HNSCC xenograft models.

Tumour
model

Anatomical site Grade TCD50,SD,clamp (Gy) TCD50,Fx (Gy) Slope dose–
response
curve (Gy�1)

SEM R2 p-Value Radiosensitivity
based on TCD50+/� Variance +/� Variance

SAS Tongue G4 86.4 ± 39.81 129.8 ± 19.25 0.386 0.056 0.92 0.002 Resistant
UT-SCC-5 Tongue G3 63.3 ± 21.72 122.3 ± 73.91 0.329 0.040 0.94 0.012
FaDu Hypopharynx G4 49.0 ± 3.53 88.3 ± 15.19 0.505 0.048 0.96 0.005 Intermediate
UT-SCC-14 Tongue G3 42.7 ± 3.28 55.2 ± 10.97 0.697 0.090 0.94 0.002
XF354 Floor of the mouth G3 47.7 ± 202.21 50.4 ± 11.99 0.368 0.043 0.95 0.001
UT-SCC-45* Floor of the mouth G4 46.5 ± 16.50 49.3 ± 11.99 0.781 0.055 1.00 <10�6 Sensitive
SKX§ Floor of the mouth and alveolar bone G2 16.9 ± 12.03 11.76 ± 0.17 1.320 0.026 0.98 <10�4

The models were grouped as resistant, intermediate and sensitive according to the TCD50. *HPV positive, §repair deficient, G grade, SEM standard error of the mean, R2

coefficient of determination, TCD50 tumour control dose 50%, radiation dose to locally control 50% of the tumours, SD single dose. The TCD50 were published in [18]. The
features of the HNSCC models were previously presented in [18], 23–25.

Fig. 2. The ex vivo cH2AX assay with the patients’ samples. (A) Workflow of the clinical ex vivo cH2AX foci assay. (B) Overlay of the IHC and the IF images. Fields were
analysed at the rim of the tumour sample in oxic (pimonidazole negative) and viable areas (BrdU positive). (C) Exemplary IF images of a HNSCC patient’s sample irradiated
with 0, 2, 4, or 8 Gy showing residual foci in the patient materials. (D) Patient specific basal foci in the clinical samples. (E) Dose–response curves of patients’ specimens
following ex vivo irradiation. (F) The slope of the dose–response curve ± SE is influenced by the age of the patient. (G) nfoci (8 Gy) ± SE is influenced by the age of the patient.
The results of the linear regression are presented on the graphics (coefficient of determination R2 and the p-value). (H) Samples grouped by T stage and nfoci (4 Gy), *p < 0.05
(Mann–Whitney test).

28 gammaH2AX foci for (pre)-clinical radiosensitivity
intrinsic radiosensitivity. Nevertheless, additional analyses includ-
ing more models and counts are required to draw a solid
conclusion.

The ex vivo cH2AX assay was previously described for tumour
samples originating from HNSCC xenografts and for non-HNSCC
patients’ specimens [19,21,22,31]. The present study demonstrates
that the assay is feasible in clinical specimens originating from
head and neck cancers. Residual foci were analysed in 1–2
biopsies/dose depending on the amount of available material.
Intra-tumoural heterogeneity is beyond the scope of this study;
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however, recent studies support the hypothesis that one biopsy is
sufficient to accurately estimate the foci number and infer
radiosensitivity [22,32].

A linear dose–response relationship was detected with residual
foci, with slopes ranging from 0.099 Gy�1 to 0.920 Gy�1. A high
inter-patient variability was observed for the endogenous cH2AX
cfoci, residual cH2AX nfoci as well as the slopes of the residual
cH2AX nfoci dose–response curve (Fig. 2.D, E, table 2). Inter-
individual variability has also been described by others [33,34]
and suggests different DNA repair mechanism capacities and a
potential for treatment individualisation.

Endogenous or basal foci represent DNA damage in untreated
cells [35] and have been associated with genomic instability; a
common feature of cancer [36]. Linear regression analysis did not
reveal any correlation between basal nfoci and the TCD50 which
is consistent with other studies [15,18,36].

The development of HNSCC may be caused by HPV infection
[37]. Patients with HPV positive oropharyngeal tumours typically
respond better to radiotherapy [38], which is discussed to be
attributed to impaired DNA damage repair and immune response
[39,40]. Data on HPV infection status and presence of cH2AX are
contradictory. While some studies showed that the presence of
HPV (subtype 16) led to a higher proportion of cells with basal
cH2AX foci [15,41], other studies report a low amount of cH2AX
foci in a subset of HPV positive cell lines [36]. Among the seven
pre-clinical HNSCC models, only UT-SCC-45 is HPV positive (sub-
type 33). This model showed a high amount of basal cH2AX as well
as an increased radiosensitivity indicated by a slope of 0.78 Gy�1.
In the current patients’ cohort, only one sample is HPV positive
(#4, subtype 33). Neither the basal foci nor the slope of the
dose–response curve was increased for this sample. Further study
is required to draw a solid conclusion as to the interplay between
cH2AX foci, HPV infection status and radiosensitivity.

In the pre-clinical study, it was shown that the slope of the
dose–response curve was a good predictor of radiosensitivity.
The patient derived HNSCC samples were hence grouped according
to the slopes of the dose–response curves. Based on the in vivo
results, it can be speculated that the group 1 [slope s < 0.40] corre-
Fig. 3. Classification of the patients’ samples based on the slopes of the dose–
response curve. Filled circles represent patients’ samples, open squares represent
the pre-clinical HNSCC models. The groups were compared with the Mann–
Whitney test, ***p < 0.001; **p < 0.01, *p < 0.05.
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sponds to radioresistant tumours, the samples with a slope [0.40–
0.70] are intermediate, and the samples with s >0.70 are radiosen-
sitive. Currently, relevant clinical parameters such as the local
tumour control or overall survival at 5 years are not available for
all analysed patients, which prevents the verification of patient
grouping. However, a significant negative correlation was found
for the slope of the nfoci dose–response curve and the patients’
age at diagnosis [51–79 y.o.; Fig. 2F]. A similar negative correlation
between residual cH2AX foci measured with the RABiT (Rapid
Automated Biodosimetry Tool) and 4 Gy-irradiated lymphocytes
of 94 healthy donors at the age of 21 to 50 was shown [42]. As can-
cer risk increases with age, patients diagnosed with cancer at a
younger age might be prone to cancer due to defects in repair
mechanisms or mutations in oncogenes. Further investigation is
required to uncover the relationship between the age of the
patients and the damage repair capacity and radiosensitivity. This
observation might be relevant for treatment optimisation,
although previous studies report a lack of association between
the age of the patient and the outcome after radiotherapy treat-
ment in head and neck cancers [43].

This study further supports the validity of residual cH2AX foci
to assess radiosensitivity in head and neck cancers. The slope of
the dose–response curve was found to be a good predictor for
radiosensitivity in pre-clinical tumour models. As it considers dif-
ferent samples irradiated at different doses, it might be more
robust than single values. Nonetheless, the nfoci at 8 Gy, which
was also found to predict the local tumour control, could be used
in case of low amount of material. The transfer to clinical samples
in an ex vivo setting showed that the assay is feasible in head and
neck cancers and revealed inter-patient variability. Provided that
this inter-patient variability is associated with different responses
to radiation, residual cH2AX foci could be evaluated prior to treat-
ment to optimise the dose delivered and treat the patients based
on their individual features.
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