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Abstract

Background Tumor hypoxia is associated with resistance to radiotherapy and chemotherapy. In head and neck squa-
mous cell carcinoma (HNSCC), nimorazole, an oxygen mimic, combined with radiotherapy (RT) enabled to improve
loco-regional control (LRC) in some patients with hypoxic tumors but it is unknown whether this holds also for radio-
chemotherapy (RCTx). Here, we investigated the impact of nimorazole combined with RCTx in HNSCC xenografts

and explored molecular biomarkers for its targeted use.

Methods Irradiations were performed with 30 fractions in 6 weeks combined with weekly cisplatin. Nimorazole

was applied before each fraction, beginning with the first or after ten fractions. Effect of RCTx with or without addi-
tion of nimorazole was quantified as permanent local control after irradiation. For histological evaluation and targeted
gene expression analysis, tumors were excised untreated or after ten fractions. Using quantitative image analysis,
micromilieu parameters were determined.

Results Nimorazole combined with RCTx significantly improved permanent local control in two tumor models,

and showed a potential improvement in two additional models. In these four models, pimonidazole hypoxic volume
(pHV) was significantly reduced after ten fractions of RCTx alone. Our results suggest that nimorazole combined

with RCTx might improve TCR compared to RCTx alone if hypoxia is decreased during the course of RCTx but further
experiments are warranted to verify this association. Differential gene expression analysis revealed 12 genes as poten-
tial for RCTx response. When evaluated in patients with HNSCC who were treated with primary RCTx, these genes
were predictive for LRC.

Conclusions Nimorazole combined with RCTx improved local tumor control in some but not in all HNSCC xeno-
grafts. We identified prognostic biomarkers with the potential for translation to patients with HNSCC.

Keywords HNSCC, Hypoxia, Radioresistance, Radiotherapy, Radiochemotherapy, Radiosensitizer, Nimorazole,
Biomarker
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Background

It is known for a long time that well oxygenated tumor
cells exhibit a higher sensitivity to X-rays compared to
hypoxic cells, quantified by the oxygen enhancement ratio
which ranges between 2.7 and 3.0 [1]. In pre-clinical and
clinical studies, local tumor control rates after radiother-
apy (RT) are lower in hypoxic head and neck squamous
cell carcinoma (HNSCC) tumors compared to better oxy-
genated tumors [2—6], highlighting the need for hypoxia-
related biomarkers. Yet, no gold standard to assess
tumor hypoxia has evolved from the proposed ones, like
hypoxia gene signatures, positron emission tomography
(PET) imaging parameters or pimonidazole binding lev-
els. Hypoxia gene signatures group patients into having
either more or less hypoxic tumors based on expression
levels of hypoxia-associated genes. For HNSCC, several
hypoxia gene signatures with prognostic value for ther-
apy outcome on various endpoints have been proposed
[7-10]. Also, hypoxia estimation through pimonidazole
binding in untreated tumor biopsies, measured as pimo-
nidazole hypoxic fraction, has proven prognostic for
loco-regional control (LRC) in patients with HNSCC [3].
In our previous experiments on HNSCC xenografts, we
investigated additional micromilieu parameters besides
pimonidazole hypoxic fraction before and during frac-
tionated irradiation [5, 6, 11]. In these experiments, espe-
cially pimonidazole hypoxic volume and the fraction of
perfused vessels after 10 fractions of RT have emerged
as promising prognostic factors for tumor control [6].
Other strategies to obtain the hypoxic volume of a tumor
include PET imaging approaches using either ®F-Fluo-
romisonidazole (FMISO), or '®F-Fluoroazomycin-arab-
inoside (FAZA) tracers [12—-14], with further promising
hypoxia tracers like *F-Flortanidazole ([18F]-HX4) being
under investigation [15]. For FMISO PET scans, residual
hypoxia measured after two weeks during fractionated
radiochemotherapy was prognostic for LRC [13, 14, 16],
later complemented by further prognostic pre-treatment
parameters for FMISO and FAZA [17]. On the inter-
ventional side, diverse strategies to overcome hypoxia-
associated radioresistance have been investigated in
clinical trials, such as oxygen breathing, mimicking of
oxygen by means of nitroimidazoles and the selective
killing of hypoxic cells, e.g. using tirapazamine [1]. Stud-
ies on 5-nitroimidazoles demonstrated that especially
nimorazole (1-(N-B-ethylmorpholine)-5-nitro-imidazole)
allows for clinical relevant radiosensitization of hypoxic
cells, while being less toxic than 2-nitroimidazoles, e.g.,
misonidazole [18]. In Denmark, the addition of nimora-
zole to RT was studied in patients with HNSCC already
in the 1990s (Danish Head and Neck Cancer Group
[DAHANCA] 5 [19]), leading to significant enhancement
of LRC compared to RT alone. Retrospectively, Toustrup
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et al. demonstrated that predominately patients with
more hypoxic tumors, assessed via the hypoxia 15 gene
signature, benefited from the addition of nimorazole [9].
Also, the human papilloma virus (HPV) infection status
of patients was associated with the response to nimora-
zole, i.e., only patients with HPV-negative tumors showed
an improved LRC. Later, accelerated fractionation [20]
and additional chemotherapy [21] have been added to
the combination of radiotherapy with nimorazole as
next steps of treatment intensification. This has resulted
in today’s unique standard of care for patients with non-
operable HNSCC in Denmark which combines acceler-
ated radiotherapy with nimorazole and weekly cisplatin
[22], while in other countries radiotherapy with cispl-
atin has evolved as clinical standard. In a retrospective
comparison of the two standards, involving DAHANCA
patients from Denmark and Princess Margaret Hospital
Cancer Centre (PMH) patients from Canada, comparable
treatment outcomes were observed [23]. In that study,
they also reasserted results from meta-analyses [24], con-
firming that concomitant chemotherapy to radiotherapy
is an independent prognostic factor for LRC and over-
all survival. However, currently missing remains a study
assessing the effectiveness of nimorazole to improve LRC
when given in addition to radiotherapy combined with
chemotherapy, i.e., radiochemotherapy (RCTx). Recently,
the DAHANCA 29-EORTC 1219 (NCT01880359) trial
aimed to evaluate the effect of nimorazole during accel-
erated RCTx but was closed early due to a weaker treat-
ment effect as hypothesized [25]. Thus, the question
if nimorazole is able to further improve LRC in RCTx
regimes remains open. In this pre-clinical trial, we inves-
tigated if nimorazole combined with fractionated RCTx
improves tumor control rate in HNSCC xenografts com-
pared to RCTx alone and whether the effect of nimora-
zole is uniform in different tumor models. Additionally,
we examined whether micromilieu parameters or gene
expression profiles can be identified pre-treatment or
during treatment that may serve as prognostic or predic-
tive biomarker for treatment outcome. Promising can-
didate genes were tested for clinical relevance in human
HNSCC.

Methods

Local tumor control was evaluated in seven different
HNSCC xenograft models and three treatment groups
each, receiving 30 fractions of either RCTx (RCTx+ car-
rier) or RCTx combined with nimorazole, starting nimor-
azole addition after ten fractions (RCTx+ nimorazole
after 10fx) or with the first fraction (RCTx + nimorazole).
Biomarker discovery was carried out on xenograft mod-
els which remained untreated (Untreated) or received 10
fractions of either RCTx (10fx RCTx+ carrier) or RCTx
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combined with nimorazole (10fx RCTx+ nimorazole).
The experimental setup is summarized in Fig. 1.

Animals and tumor models

The animal facility and the experiments followed the
ARRIVE guidelines and were approved according to the
institutional guidelines and the German animal welfare
regulations. The experiments were performed using
7—-14 week-old male and female NMRI (nu/nu) mice
obtained from the pathogen-free animal breeding facil-
ity (OncoRay—National Center for Radiation Research
in Oncology, Faculty of Medicine and University Hospi-
tal Carl Gustav Carus, Technische Universitat Dresden,
Helmholtz-Zentrum Dresden—Rossendorf, Dresden,
Germany). The experiments were performed using the
HNSCC cell lines FaDu, SAS, UT-SCC-5 (UT5), UT-
SCC-8 (UT8), CAL33, UT-SCC-45 (UT45) and SAT
(Table 1 [26]), which have been previously described
in detail [5, 27-29]. To immunosuppress the nude mice
further, they received total body irradiation with 4 Gy
(200 kV X-rays, 0.5 mm Cu-filter, ~ 1 Gy/min) two to
five days before tumor transplantation. Small pieces of

15t to 10 fx
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Table 1 Characteristics of all head and neck squamous
carcinoma (HNSCC) cell lines used in this pre-clinical study

Name Sex Age Anatomical site HPV status
FaDu Male 56 Hypopharynx HPV-negative
SAS Female 69  Oral cavity (tongue) HPV-negative
UT-SCC-5  Male 58  Oral cavity (tongue) HPV-negative
UT-SCC-8  Male 42 Larynx HPV-negative
CAL33 Male 69  Oral cavity (tongue) HPV-negative
UT-SCC-45 Male 76 Oral cavity (floor of mouth) HPV33-positive
SAT Male nd  Oral cavity HPV-negative

tumors generated from a cryostock were transplanted
subcutaneously into the right hind leg of anesthetized
mice (120 mg/kg body weight [b.w.] ketamine intraperi-
toneal [i.p.] and 16 mg/kg xylazine i.p.). Histological
examinations, DNA-microsatellite profile and volume
doubling time confirmed the identity of all transplanted
tumor xenografts. All inclusion and exclusion criteria
were defined before the experiment and are stated in
the following subsections.
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Fig. 1 Experimental setup: For local tumor control we investigated radiochemotherapy (RCTx) plus weekly cislatin (cis) with and without
nimorazole (nimo) using the following three treatment arms: RCTx+ nimorazole after 10 fractions (fx), RCTx+ nimorazole and RCTx + carrier.
For histological evaluation and RNA-profiling we investigated RCTx + carrier and RCTx+ nimorazole treatment after 10fx as well as untreated tumors.

Abbreviations in graphic: nimo: nimorazole, cis: cisplatin
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Nimorazole and cisplatin administration

Nimorazole, in the context of this research cooperation,
was supplied by Department of Experimental Clinical
Oncology, Aarhus University Hospital, Denmark (Prof.
Jens Overgaard). In the experimental group, nimora-
zole was dissolved immediately before administration in
sodium chloride (0.9%) to a concentration of 0.3 mg/g
b.w. and was injected i.p. 30 min before each irradia-
tion fraction at a volume of 0.01 ml/g b.w. [30]. Control
animals were injected with the same volume of sodium
chloride as carrier. Cisplatin (Calbiochem, Germany,
3 mg/kg b.w.) dissolved in sodium chloride (0.9%) was
administrated i.p. at the first day of treatment and then
once weekly directly before irradiation. The administered
dose of nimorazole was chosen to be clinically relevant.
The effectiveness of the same dose (0.3 mg/g) was verified
in C3H mammary carcinoma mouse models previously
[18], in which nimorazole in combination with fraction-
ated RT produced a significantly enhanced radiation
response compared to irradiation alone (enhancement
ratio of 1.26).

Local tumor irradiation and experimental design

Local irradiations were given with 200 kV X-rays (0.5 mm
Cu-filter) at a dose rate of ~ 1 Gy/min; specially designed
jigs were able to hold up to five animals at the same time.
Based on previous results with RT alone [6, 27-29],
radiation doses were defined individually for each tumor
model to reach an estimated permanent local tumor con-
trol rate between 30-50% in the RCTx group. Therefore,
total doses between 30 and 93 Gy in 30 fractions within
6 weeks were given. During each fraction, the animals
were immobilized using plastic tubes fixed on a lucite
plate with the tumor-bearing leg held in position by a
foot holder distal to the tumor. Irradiations under nor-
mal blood flow conditions were given to unanesthetized
air-breathing animals. When tumors reached a volume
of at least 113.1 mm?® (corresponding to diameters of
6X6 mm), animals were randomly allocated into three
different treatment groups. Measurements of tumor vol-
umes before the first treatment intervention are summa-
rized in Additional file 1: Table S1. In the control group,
animals received RCTx and saline as vehicle. In the two
intervention groups, nimorazole was applied with the
first or after tenth fraction. At weekends, no treatment
(irradiation, nimorazole or cisplatin) was administered.
Furthermore, from each treatment group, 6—18 tumors
were excised 24 h after the tenth fraction for immuno-
histochemistry. As control, 10-14 untreated tumors
were excised per tumor model. For local tumor control
and histological analysis, animals were excluded from
the analysis if 10% of the scheduled fractions (3 out of 30
fractions and 1 out of 10 fractions respectively) or more
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were missed, i.e., because the leg was retracted during
irradiation. The body weight of animals was determined
once per week.

Follow up

Tumor diameters were measured twice per week using a
caliper for the first 90 days after irradiation and thereaf-
ter once per week. The tumor volume was calculated for
each time point as ., .,% where , is the longest and
» is the perpendicular shorter tumor diameter. The ani-
mals were sacrificed when the recurrent tumor reached
the diameter of 15 mm or when the animal appeared to
suffer.

Local tumor control

Local tumor control was evaluated until day 120-180
after the end of irradiation dependent on the tumor
model, which is sufficient to detect virtually all tumor
recurrences (Additional file 1: Table S2). Local failures
were scored when the tumor volume increased mono-
tonically within five measurements or strictly monotoni-
cally within three measurements after shrinkage, or when
the tumor continued to grow without shrinkage. Increase
(decrease) was defined as a relative change of at least 7%
between two measurements, taking measurement inac-
curacies into account. Censored animals were included
in the analysis, when they had a follow-up for at least
20 days after the last fraction. Recurrences after 90 days
were confirmed through histological evaluation. Kaplan—
Meier estimates of tumor control rates from the different
treatment groups are reported. Sample size to compare
tumor control rates was estimated before the experiment
using the method described in Machin et al. [31], which
assumes a proportional hazard over time. Power analy-
sis indicated that a minimum of 45 individual per arm
would be needed to identify a difference of 30% in TCR,
e.g., from 30 to 60%, assuming a power of 80% and a two-
sided significance level (alpha) of 0.05. Supposing that
tumor transplantation may fail in some cases, the experi-
ment was conducted up to a maximum of 56 animals per
group. The estimated samples size of 45 individuals was
achieved in all tumor models expect for FaDu and UTS5,
where the dropout due to transplantation failure was
higher (Additional file 1: Table S2).

Histological study

A total of 32—44 tumors per model were used for histo-
logical analysis. Animals were injected with the hypoxia
marker pimonidazole (Natural Pharmacia Interna-
tional, Inc., Research Triangle Park, NC, USA; 0.1 mg/g
b.w., dissolved at 10 mg/ml in 0.9% NaCl, i.p.) one hour
before excision and with the perfusion marker Hoechst
33342 (Sigma Aldrich, Deisenhofen, Germany; 0.75 mg
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in PBS, intravenously [i.v.]) one minute before exci-
sion. The tumor was immediately snap frozen in liquid
nitrogen and stored at -80 °C. Up to three 10 pm frozen
cross-sections from the center of the tumor with a dis-
tance of 70 pm were stained for pimonidazole (rabbit
antipimonidazole antisera, Burlington, USA) and CD31
(rat anti-mouse CD31, clone MEC 13.3, PharMingen/BD
Biosciences, Heidelberg, Germany), scanned and blindly
analyzed as described previously [5]. After scanning, the
same tumor sections were stained with haematoxylin and
eosin for identification of viable and necrotic tumor sub-
areas. To avoid bias, the threshold values were defined by
the same person (L.K.). The pimonidazole hypoxic frac-
tion and the relative vascular area were calculated as the
percentage of the viable tumor area stained for pimoni-
dazole or CD31, respectively. The pimonidazole hypoxic
volume, as a surrogate of the number of hypoxic cells,
was calculated as a product of the pimonidazole positive
area relative to the total tumor area and tumor volume at
time of excision. The fraction of perfused vessels was cal-
culated as the percentage of the vascular area overlapping
with Hoechst 33342 signal in the viable tumor subarea.
Necrotic fraction was determined as the necrotic tumor
area divided by the total tumor area. For statistical analy-
sis, mean values of up to three sections from each tumor
were determined to calculate all histological parameters.
Each experimental or control group included 9 to 16
tumors.

RNA-profiling

For RNA-profiling, 10 pum frozen cross-sections of
untreated tumors and tumors after 10fx RCTx with and
without nimorazole were used. Per tumor model and
treatment, five individual tumors were used and total
RNA (80 ng) were extracted according to the manufac-
turer’s instructions (Qiagen, RNeasy Mini Kit). Quality
and purity were determined using the Qubit fluorom-
eter (Life Technologies GmbH). Gene expression analy-
ses were performed using nanoString technologies as
described previously [32, 33]. Briefly, the nanoString
panel comprised 209 genes, including two hypoxia gene
signatures (Toustrup et al. [9], Eustace et al. [10]), as well
as potential stem cell markers MET, SLC3A2, and CD44.

Validation in patient cohort

Differentially expressed genes in xenograft models were
validated in an independent patient cohort investigated
and provided by the German Cancer Consortium—Radi-
ation Oncology Group (DKTK-ROG) [33]. Briefly, 158
patients with locally advanced HNSCC received primary
RCTx based on cisplatin (81.6%) or mitomycinC (18.4%)
between 2005 and 2011 (details described in [33]). For
137 out of 158 patients, gene expression profiling has
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been performed before treatment using the Affymetrix
HTA2.0 platform. Kaplan—Meier estimates and multi-
variable Cox proportional hazards models are reported.

Statistical analysis

All analyses were conducted using R (4.3.1) and the fol-
lowing packages: DGE analysis was performed using
limma (3.56.1) [34]. Preprocessing of the microarray data
was performed using oligo (1.56.0) and biomaRt (2.48.3).
For log-rank tests, Cox regression and corresponding
plots, the survival (3.5-5), multcomp (1.4-23), and sur-
vminer (0.4.9) packages were utilized. Plots were created
either using ggplot2 (3.4.2) or ComplexHeatmap (2.16.0).
Two data scientists (V.B., S.L.), as part of our team, per-
formed the statistical analysis.

Local tumor control

The evaluation of tumor control rates were conducted
via an automated script and reviewed afterwards (V.B.,
L.K.). To compare hazards among treatment groups,
univariable Cox proportional hazards models were fit,
after testing model assumptions. P values were corrected
for multiple comparisons, (i.e., RCTx+nimorazole vs
RCTx+carrier and RCTx+nimorazole after 10fx vs
RCTx + carrier) by applying a Closed Dunnett procedure
[35]. Adjusted values of p<0.05 were considered statisti-
cally significant.

Histological evaluation

We used classical closed testing for all histological
parameters [35], with the primary null hypothesis that
the median measurements of all treatment groups are
equal within one tumor model using the Kruskal-Wallis
test. If the primary null hypothesis was rejected, pairwise
Wilcoxon rank sum tests were conducted (Untreated vs
10fx RCTx+ nimorazole, Untreated vs 10fx RCTx+ car-
rier). Adjusted values of p<0.05 were considered statis-
tically significant. Comparisons were visualized using
box plots following the standard Tukey representations.
Boxes represent the interquartile range (IQR), with the
horizontal line indicating the median value. Whiskers
indicate the largest (respectively smallest) value within
1.5 times the IQR above the 75th (respectively below the
25th) percentile.

RNA-profiling

Raw counts of nanoString data were normalized by posi-
tive controls counts and housekeeping genes ACTR3,
B2M, GNB2LI1, NDFIP1, POLR2A, RPL11, RPL37A,
as described by the manufacturer (nanoString, MAN-
C0011-04, Gene Expression Data Analysis Guidelines),
and logarithmized. For differential gene expression
analysis, the mean expressions of individual tumor
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models were compared against each other (e.g., mean of
RCTx+ nimorazole-treated FaDu samples against mean
of RCTx+nimorazole-treated SAT samples) instead of
summarizing multiple tumor models (e.g., mean of all
RCTx+ nimorazole-treated responding models against
mean of all RCTx+nimorazole-treated non-responding
models). This prevents to bring up genes where only the
mean of the summarized tumor models is significantly
different to another group, but not the individual means
of all tumor models. False discovery rate at 10% across
all genes and group comparisons were controlled using
the Benjamini and Hochberg method [36]. Comparisons
were visualized using box plots as described in Histologi-
cal evaluation.

Validation in patient cohort

Raw data was normalized using the Robust Multichip
Average (RMA) method. For those genes containing mul-
tiple probes in the array, their median expression was
used for further analysis. Patients were split into one of
two groups according to DEG using k-means clustering
based on the Euclidean distance. To compare LRC among
these groups, Kaplan—Meier estimates and multivariable
Cox proportional hazards models (after testing model
assumptions) were fit. Reported p values of<0.05 were
considered statistically significant.

Results

Both, RCTx and application of nimorazole were well tol-
erated by the animals. Only at the beginning of nimora-
zole treatment, a temporary elevated blood circulation
of the skin, visible as slight redness, was observed. This
effect was not detectable after later applications, which
might be an adaption to the treatment. Overall, no rel-
evant differences in body weight between treatment
groups or tumor models were observed (Additional file 1:
Fig. S1).

The effect of nimorazole on tumor control rate (TCR)
showed pronounced heterogeneity among the seven
tumor models (Fig. 2A, Table 2a and b). Two models
(FaDu and SAS) showed a significantly higher TCR in

(See figure on next page.)
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both nimorazole arms compared to RCTx alone. For
two further models (UT8, UT5), the results indicated
an increase in local tumor control when nimorazole was
added starting with the first fraction of RCTx but differ-
ences in TCR are statistically non-significant after cor-
recting for multiple testing. This suggests that both, UT5
and UT8, may benefit from adding nimorazole to radio-
chemotherapy but to a lower extent than FaDu or SAS.
For CAL33, UT45 and SAT, no improvement of local
tumor control for combined RCTx with nimorazole com-
pared to RCTx alone was observed. Radiation doses in
this study were prescribed individually per tumor model
to reach, based on previous experiments [6, 27-29], an
estimated local tumor control rate between 30-50% in
the RCTx+ carrier arm. Figure 2B highlights that the
estimated and actual control rate match for most tumor
models, except for UT8 and UT45, showing a more sen-
sitive response to RCTx than expected. In general, more
radioresistant tumors according to TCDy, values showed
a more pronounced effect to the addition of nimora-
zole than less radioresistant ones. However, also radio-
sensitive (according to TCD;, values) UT8 showed the
potential for an increase in TCR with nimorazole when
administered with the first fraction.

Several histological parameters were investigated as
putative biomarkers for the effect of nimorazole in addi-
tion to RCTx, i.e., pimonidazole hypoxic volume (pHV),
pimonidazole hypoxic fraction (pHF), perfused fraction
(PF), relative vascular area (RVA) and necrotic fraction
(NF). Overall, the histological parameters of untreated
tumors did not support the assumption of pre-treatment
differences in hypoxia between models which show
higher TCR when nimorazole is added to RCTx and the
remaining models. With the exception of the pHV of
UT45 (4.5 mm?), all pHV values ranged between 14.9 and
19.2 mm?® before treatment. Four models (FaDu, SAS,
UTS8, UT5) showed a statistically significant lower pHV
after ten fractions of RCTx than their untreated counter-
parts (Fig. 2C). According to the Kaplan—Meier estimates
(Fig. 2A), these models are also the most responsive
to nimorazole addition to RCTx: The lower pHV was

Fig. 2 A Kaplan—-Meier estimates of the seven tumor models after radiochemotherapy (RCTx) with 30 fractions in 6 weeks, weekly cisplatin

and nimorazole or carrier. Curves significantly different from the RCTx + carrier curve are marked with an asterisk *. Responder models showed
improved tumor control rate (TCR) in both nimorazole-treated arms, low-responder models showed a positive trend in TCR only when nimorazole
was administered with the first fraction [marked with (*)], non-responder models showed no positive effect in neither nimorazole-treated arm.

B Summarized tumor control probability (TCP) for every tumor model irradiated with 30 fractions in 6 weeks with radiotherapy only (green line)
performed in previous experiments [6, 27-29]. Estimated radiation doses for tumor control rate of 30-50% for RCTx are shown as gray, bold

line. Black lines visualize the actual tumor control rate with RCTx from Kaplan—Meier estimates (dot=estimate, line =95% confidence interval).
FaDu, SAS, UT5 were classified as more radioresistant, UT8, CAL33, UT45, SAT as less radioresistant based on TCDs, cutoff of 60 Gy. C Histological
evaluation of the pimonidazole hypoxic volume (pHV) for the seven tumor models untreated (leftmost bars) and after RCTx with 10 fractions

in 2 weeks combined with carrier (middle bars) or nimorazole (rightmost bars). The box plots displayed adhere to the Tukey style (see Methods). P
value cutpoints: **** < 1e-04, ***<0.001, ** <0.01, * < 0.05. D Summary of the tumor models’ characteristics from (A-C), radioresistant abbreviated
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Table 2 Local tumor control of tumor models. a) Tumor control rate (TCR) until day 120-180 after RCTx with 30 fractions in 6 weeks,
weekly cisplatin and nimorazole or carrier. b) Hazard ratios (HR) and corresponding 95% confidence intervals of RCTx+ nimorazole vs
RCTx+ carrier and RCTx + nimorazole (after 10fx) vs RCTx + carrier, p values after (p adj) correcting for multiple testing

Tumor model

Cumultative dose

RCTx + nimorazole

RCTx + nimorazole (after 10fx)

RCTx + carrier

eyl TCR [%] [95% Cl] TCR [%] [95% Cl] TCR [%] [95% Cl]
FaDu 54 85.0 [70.7,100.0] 854 [71.4,100.0] 528 [35.7,77.9]
SAS 90 62.3 [50.2,77.3] 48.0 [35.5, 64.8] 324 [21.4,49.1]
uTs 93 54.2 [37.5,783] 385 [23.7,62.5] 29.0 [15.0,55.9]
uTs 42 89.0 [80.2,98.9] 814 [71.6,92.5] 726 [61.3,86.0]
CAL33 36 60.2 [48.3,75.0] 50.8 [39.0, 66.3] 520 [39.8,68.0]
uT45 39 76.5 [63.4,92.4] 755 (62.2,91.5] 80.2 (69.3,92.8]
SAT 30 17.5 [9.4,32.6] 310 [19.3,50.0] 323 [19.9,524]
Tumor model RCTx+ nimorazole RCTx+ nimorazole (after 10fx)

HR [95% Cl] p adj HR [95% Cl] p adj

FaDu 0.24 [0.07,0.88] *0.043 022 [0.06,0.81] *0.043
SAS 037 [0.21, 0.66] *0.002 0.54 [0.32,091] *0.022
uTs 044 [0.20, 0.96] 0.074 0.69 [0.34,1.41] 0311
uTs 032 [0.11,0.88] 0.052 0.63 [0.28,1.43] 0.270
CAL33 0.69 [0.38, 1.26] 0.376 091 [0.52,1.60] 0.752
UT4s 122 [047, 3. 16} 0.872 1.23 [0.49,3.10] 0872
SAT 1.58 [0.97,2.59] 0.119 117 [0.69, 1.98] 0.565

Significantly different HR compared to RCTx + carrier are marked with an asterisk *

apparent in both RCTx arms, with and without nimora-
zole, indicating that the reduction of pHV is driven by
the response to RCTx and not nimorazole. For CAL33,
UT45 and SAT, in which the addition of nimorazole did
not increase TCR compared to RCTx alone, no signifi-
cant change of the pHV after 10 fractions was observed.
Here, pHV remained on a similar level during treatment
as in untreated samples (see also Additional file 1: Fig.
S2). A reduction in the pHV can result from a reduc-
tion of the proportion of hypoxic cells within a tumor, a
reduction of the overall tumor volume or both. After 10
fractions of RCTx (with and without nimorazole) none
of the tumor models showed a significant lower tumor
volume compared to untreated volumes (Additional
file 1: Fig. S3A). Thus, our data indicate that the propor-
tion of hypoxic cells was decreased by RCTx in FaDu,
SAS, UTS, UT5, but not in CAL33, UT45 and SAT. The
pimonidazole hypoxic fraction (pHF, Additional file 1:
Fig. S3B) was smaller in FaDu and UT8 in both treat-
ment arms, and for SAS in the 10fx RCTx+ carrier arm
compared to untreated samples. Only some small alter-
ations were observed in PF (Additional file 1: Fig. S3C)
and RVA (Additional file 1: Fig. S3D) in treated compared
to untreated samples. Irradiation of the tumors led to
a significantly higher NF in SAS (both treatment arms)
and SAT (carrier arm) (Additional file 1: Fig. S3E). Taken
together, out of the histological parameters studied, only

the change in pHYV after ten fractions of RCTx was asso-
ciated with in an increase of TCR when nimorazole was
added to RCTx (Fig. 2D).

For RNA-profiling, nimorazole-responding (FaDu,
SAS) and non-responding models (UT45, CAL33,
SAT) according to Fig. 2A were investigated. UT5 and
UTS, representing a third, low-responding group, were
excluded from the following analyses to avoid mitigating
biological signals from clearly responding models. First,
to identify genes that are influenced solely by the addi-
tion of nimorazole treatment, differential gene expres-
sion (DGE) analysis between 10fx RCTx+ nimorazole
and 10fx RCTx + carrier samples were conducted. While
some differentially expressed genes (DEG) within individ-
ual models were found, none of them were shared among
multiple models. Next, we investigated expression pat-
terns between nimorazole-responding and non-respond-
ing models. Given the different degree of radioresistance
(according to TCDy, values) of these tumor models, we
first compared treated samples, in which the effects of
radioresistance are mitigated by the individualized radia-
tion doses. This enables to identify genes, which may be
associated with the pronounced response to RCTx also
on hypoxic cells in FaDu and SAS, as indicated by the sig-
nificant lower pHV compared to untreated samples. DGE
analysis revealed 16 genes being significantly upregu-
lated in non-responders compared to responders (Fig. 3A
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Fig. 3 Results of RNA-Profiling. A Results of differential gene expression (DGE) analysis of responding (FaDu, SAS) and non-responding (UT45,
CAL33, SAT) models to nimorazole in RCTx + nimorazole treated samples. The box plots displayed adhere to the Tukey style (see Methods). See
also Additional file 1: Table S3. B Comparisons considered in DGE (e.g., FaDu vs SAT, FaDu vs CAL33, et cetera). UT5 and UT8, showing only low
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samples. UT5 and UT8, not part of DEG analysis (left, grayed), illustrate a different pattern compared to responders and non-responders

to nimorazole for the genes shown. Data is z-transformed, yellow: high expression, grey: low expression

and B, Additional file 1: Table S3) in RCTx+ nimora-
zole treated samples. We then compared pre-treatment
samples to test whether the observed differences were
induced by the effect of radiochemotherapy. From 16
genes, 12 genes (ALDH3A1, TP53, FAMS83B, Sox2,
YAPI, SDCI, SEN, FAM162A, MMP10, SLC5A1, PGK1,
HILPDA) expressed a distinct pattern also in pre-treat-
ment samples, while the remaining four genes (GLRX,
ADM, EHHADH, EGLN3) were different only in treated
samples (Fig. 3C). Because we found no differences that

can be ascribed to the addition of nimorazole alone, we
presumed that the 12 genes may play a more general role
in radiochemotherapy outcome and potentially predict
tumor control. From the 12 genes, one gene (FAM162A)
belongs to the hypoxia 15 gene signature by Toustrup
et al. [9], while four more genes (FAM83B, SDC1, PGK1,
HILPDA) are part of the hypoxia 26 gene signature by
Eustace et al. [10]. According to these hypoxia gene sig-
natures, more hypoxic tumors might be expected to
express on average higher levels of those genes. However,
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in the tumor models investigated here, no clear pattern
between responders and non-responders emerged for the
previously published signatures (Additional file 1: Fig.
S4A, B), neither before nor during treatment. Only UTS,
a low-responding tumor model according to Fig. 2A,
depicted a clear downregulation of hypoxia-related genes
for both treatment arms. However, for the nimorazole-
responding models FaDu and SAS, no difference was
found.

We investigated whether the genes from DGE analy-
sis from HSNCC xenografts are predictive for RCTx
response in patients. In the retrospective DKTK-ROG
cohort that received primary RCTXx, patients received a
comparable treatment protocol as the examined tumor
models (without nimorazole) with LRC as primary end-
point and biopsies taken before treatment. We assumed
that if the found genes are predictive for RCTx outcome,
patients with an overall lower expression would show
a superior LRC compared to patients with an overall
higher expression profile. Derived from the results in our
xenograft models, lower gene expression values might
indicate also in patients the potential of RCTx to effec-
tively diminish hypoxic volume. In total, 68 patients were
assigned to the”low” and 69 patients to the”high” group
(Fig. 4A). In line with our hypotheses, Kaplan—Meier
estimates of LRC and distant metastases show a signifi-
cantly increased risk for patients with higher expression
profiles (Fig. 4B, C). Notably, individual genes were not
able to split patients into two risk groups for LRC (Addi-
tional file 1: Fig. S5). Other patients’ characteristics were
balanced among groups (Table 3), despite p16 status, a
surrogate marker for HPV infection, i.e., significantly
more pl6 positive patients depicted only low expres-
sions of the 12 genes. Correlation analysis between p16
status and our gene grouping revealed only weak asso-
ciations (phi coefficient 0.2). As p16 positivity has shown
to be associated with beneficial treatment outcome,
multivariable Cox regression (included N stage, pl6,
log-transformed tumor volume and DEG grouping) was
performed (Table 4). In multivariable analysis, patients
with pl6-negative tumors and high expressions for the 12
DEG were associated with higher risk for loco-regional
failure (HR 3.44 [1.06, 11.24]) and HR 1.81 [1.00, 3.26]
respectively). Taken together, the DEG found were able to
split patients with HNSCC into two risk groups for RCTx
response with LRC as endpoint.

Discussion

Our pre-clinical trial on HNSCC xenografts investigated
the effect of the hypoxic cell radiosensitizer nimora-
zole on local tumor control after fractionated RCTx
and potential prognostic biomarkers for the efficacy of
nimorazole. The seven tumor models used here have
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been chosen to account for heterogeneity of the treat-
ment response of HNSCC. Differences in response to
fractionated RT are corroborated by the TCDg, values
of the models, which were derived from previous experi-
ments (Fig. 2B). Tumor hypoxia is one of the factors
influencing radiation response to fractionated radiother-
apy [37] and has previously been shown by our group to
impact differences in TCD;, between different HNSCC
xenografts including models investigated here [5, 6, 11,
27]. In our present study, we observed differences in effi-
cacy of nimorazole when added to fractionated RCTx
in the different tumor models. Heterogeneity in tumor
hypoxia might contribute to this observation. In a clini-
cal trial, predominantly patients having more hypoxic
tumors showed improved LRC from the addition of
nimorazole to RT compared to RT only [9]. For patients
with less hypoxic tumors, treatment de-escalation using
RT or RCTx alone (without nimorazole) is under inves-
tigation (DAHANCA 30, NCT02661152). In our study,
with the exception of UT45, pre-treatment differences
in hypoxia measured as pHV between tumor models
were minor, and thus cannot explain for differences in
nimorazole response. However, differences in residual
pHV among tumor models became clearly apparent dur-
ing RCTx with and without nimorazole (Fig. 2C). Inter-
estingly, those four tumor models in which the pHV
decreased after 10 fractions, showed an increase of TCR
when nimorazole was added to RCTx (Fig. 2A). From
this observation it may be hypothesized that nimorazole
is effective to increase tumor control compared to RCTx
alone preferentially in those tumors in which hypoxia is
decreased already early during the course of RCTx.

In our experiments, different doses of fractionated irra-
diation were used to account for the differences in radi-
oresistance between the tumor models and to achieve
comparable local tumor control rates of approximately
30-50%. Those four tumor models, which were irri-
tated with higher doses (1.4 Gy to 3.1 Gy per fraction)
compared to the other three models (1.0 Gy to 1.3 Gy
per fraction), are also those which showed a significant
decrease in pHV. Therefore, it cannot be excluded that
the reduction in pHV observed in the four tumor mod-
els, does not reflect differences in tumor biology but
rather that higher doses of radiation were more effec-
tive at reducing pHV. Such an effect might be mediated
by more pronounced tumor regression after higher doses
leading to a more pronounced decrease in pHV. How-
ever, this was not observed in our study as none of the
tumor models showed a significant lower tumor volume
after 10 fractions compared to untreated volumes. Also,
residual hypoxia measured as pHV after 10 fractions with
a uniform dose of 2 Gy in six HNSCC xenografts models
was associated with TCDy after local tumor control in a
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Table 3 Validation on retrospective HNSCC cohort of the DKTK-ROG that received primary RCTx. Group characteristics when patients
are split according to differentially expressed genes (DEG) into low and high expression groups

Level Low High p
n 68 69
Gender (%) f 15(22.1) 10 (14.5) 0.355
m 53(77.9) 59 (85.5)
Age (mean [SD]) 58.90 (9.44) 58.64 (9.51) 0.873
Chemotherapy (%) Cisplatin 58 (85.3) 56(81.2) 0.675
Mitomycin C 10(14.7) 13(18.8)
p16 (%) Positive 15(22.1) 6(8.7) *0.040
Negative 47 (69.1) 60 (87.0)
(Missing) 6 (8.8) 3(4.3)
HPV16 (%) Positive 12(17.6) 4(5.8) 0.054
Negative 55 (80.9) 65 (94.2)
(Missing) 1(1.5) 0(0.0)
T stage (%) 12 12(17.6) 5(7.2) 0.161
T3 19 (27.9) 19 (27.5)
T4 37 (54.4) 45 (65.2)
N stage (%) NO 9(13.2) 12(17.4) 0.296
N1 2(2.9) 3(4.3)
N2 8(11.8) 6(87)
N2a 4(5.9) 10 (14.5)
N2b 21 (30.9) 14 (20.3)
N2c 18 (26.5) 22(31.9)
N3 6(8.8) 2(2.9)
UICC stage (%) Il 6(8.8) 6(8.7) 1.000
% 62 (91.2) 63 (91.3)
Tumor localization (%) Oral cavity 8(11.8) 14 (20.3) 0.507
Oropharynx 35(51.5) 29 (42.0)
Hypopharynx 20 (29.4) 18 (26.1)
Oral cavity / Oropharynx 229 101.4)
Oropharynx / Hypopharynx 2(29) 4 (5.8)
Oral cavity / Oropharynx / Hypopharynx 1(1.5) 3(43)
IN(GTV) (mean [SDJ) 3.11(0.78) 3.34(0.85) 0.098
DEG (%) Low 68 (100.0) 0(0.0) <0.001
High 0(0.0) 69 (100.0)

Characteristics significantly different are marked with an asterisk *

For all categorical variables a Pearson’s Chi-squared test was performed, for all continuous variables [Age and In(GTV)] an unpaired two-sample t-test (expecting equal

variance) was performed

previous study [6]. A prognostic association of pHV and
LRC has also been found in a clinical trial assessing resid-
ual hypoxia in patients with HNSCC undergoing RCTx
using FMISO-PET [14, 16]. Taken together, determina-
tion of hypoxia early during treatment may have poten-
tial as a predictor for both, outcome of radio (chemo)
therapy alone (as indicated by previous studies) and the
effectiveness of addition of nimorazole. Nevertheless,
further experiments are warranted to discriminate the
relative impact of radiation dose versus biological deter-
minants on the decrease of tumor hypoxia and to verify

whether the pHV during RCTx qualifies as biomarker for
an additional effect of nimorazole.

Comparing our two pimonidazole metrics, we see
higher statistical evidence in using the pHV over the
pHF as prognostic marker. Also, the pHV is arguably a
more direct surrogate of the total number of hypoxic and
thus radioresistant cells that need to be inactivated by
radio(chemo)therapy for obtaining local tumor control
than the pHF. This is supported by previous studies where
the pHV was determined using different techniques, i.e.,
the Eppendorf histograph to assess the oxygen status of

638
639
640
641
642
643
644
645
646
647
648



649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686

Koi et al. Journal of Translational Medicine (2023) 21:576

Table 4 Validation on retrospective HNSCC cohort of the DKTK-
ROG that received primary RCTx. Multivariable Cox regression for
loco-regional control

Loco-regional control

Parameter HR [95% Cl] p

p16 [negative vs positive] 344 [1.06, 11.24] *0.0405
IN(GTV) 1.31 [0.94,1.83] 01116
N stage [ordinal NO to N3] 1.12 [0.95,1.33] 0.1732
DEG [high vs low] 1.81 [1.00, 3.26] *0.0499

HR hazard ratio, 95% Cl95% confidence interval

N stage ranging from NO to N3, p values considered as statistically significant are
marked with an asterisk *

tumors together with computer tomography to estimate
tumor volumes [38].

Besides measurements of hypoxia proportions, esti-
mations of the vascular supply may explain treatment
effects. It is known that the accumulation of anticancer
drugs in solid tumors depends on vascularization, vessel
permeability and the interstitial pressure [39]. Depend-
ent on the distance of hypoxic cells to perfused areas, the
capacity of agents like cisplatin or monoclonal antibodies
to target hypoxic cells may be limited [40]. In our experi-
ment, treatment effects on vascularization were negli-
gible, i.e., differences in PF and RVA between untreated
and treated samples were minor.

UT45, being the only HPV33 positive tumor model
among our xenografts, represents a special case. It has
been shown that HPV positive cells possess a higher
intrinsic radiation sensitivity than HPV negative cells
[41]. Contrary to patients with HPV-negative tumors,
patients with HPV-positive tumors did not benefit from
the addition of nimorazole to RT in the DAHANCA 5
trial [42], though HPV-positivity represents an inde-
pendent, positive prognostic factor for LRC [33, 43]. In
general, the overall higher intrinsic radiation sensitivity
in HPV-positive tumors is not directly linked to a lower
proportion of hypoxic cells [43, 44]. Hence, we decided
for this study to investigate also the effects of nimorazole
combined with RCTx on a HPV positive tumor model.
In line with the clinical observations on RT alone, addi-
tion of nimorazole did not increase the effect of RCTx
in UT45 tumors. However, it may also be hypothesized,
that the sensitivity of this tumor model was already high
at doses of 1.3 Gy/fx (TCR of 76.5% [63.4%—92.4%] at day
150 after RCTx) and its pre-treatment pHV (4.5 mm?)
sufficiently low that no further sensitization through
nimorazole was feasible. This is also supported by the
median pHV during treatment (Fig. 2C), which is lower
compared to untreated UT45 samples but failed to reach
statistical significance.
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Independent of tumor micromilieu parameters, also
hypoxia gene signatures have proven to be prognostic in
HNSCC on different endpoints [7-10]. Yet, in some inde-
pendent HNSCC patient cohorts, where patients were
treated with primary RCTx rather than RT alone, evi-
dence for prognostic potential is lacking. For example, in
the retrospective cohort of the DKTK-ROG that received
primary RCTx, patients could not be stratified for LRC
[33] by means of the gene signatures introduced by Lend-
hal et al. [45], Toustrup et al. [9], and Eustace et al. [10].
Further evaluations in an independent validation cohort
yielded to similar, non-significant results, potentially lim-
ited by the small cohort size [46]. The prognostic value
of the hypoxia 15 gene signature was also not confirmed
for patients with oropharyngeal cancer treated with
accelerated RCTx [47] and for patients recruited for the
early closed trial on RCTx with nimorazole versus RCTx
with placebo (DAHANCA 29-EORTC 1219 [25]). Over-
all, these findings suggest that existing hypoxia gene sig-
natures may miss clinically relevant aspects of hypoxia
in RCTx regimes. These results may also emphasize the
need for reconsidering the time of hypoxia assessment,
i.e. estimating hypoxia repeatedly during treatment
instead of a single pre-treatment estimation. In our study,
the gene signatures of Toustrup et al. and Eustace et al.
did not support a difference in hypoxia among respond-
ers and non-responders to nimorazole (according to
Fig. 2A), neither before treatment nor after 10 fractions.
According to our analyses, these surrogate markers for
hypoxia were not able to identify xenograft models eligi-
ble for nimorazole addition to RCTx in order to improve
LRC. Therefore, we analyzed which genes differed in
responding models to nimorazole (FaDu, SAS) and non-
responding ones (CAL33, UT45, SAT). Notably, we found
no DEG among multiple tumor models that could be
ascribed to the addition of nimorazole only. However, we
found several genes that discriminated responding and
non-responding models to nimorazole in RCTx + nimor-
azole treated and pre-treatment samples. Five DEG, i.e.,
FAM162A, FAMS83B, SDCI, PGK1, HILPDA, were associ-
ated with hypoxia already previously [9, 10]. The remain-
ing genes ALDH3A1, TP53, Sox2, YAPI, SFN, MMPIO0,
SLC5A1, are not known to be directly linked to tumor
hypoxia. Instead, we hypothesize that they may indicate
a relevant interplay of hypoxia and RCTx response. For
example, Lee et al. demonstrated that patients with a high
SOX2 protein expression were at significantly higher risk
for recurrence than patients with a low expression [48].
In contrast, Chung et al. highlighted that high expres-
sions of their derived Sox2 signature were significantly
associated with favorable prognosis for overall survival
and disease-free survival in patients with HNSCC [49].
Deraz et al. found that MMP-10 expression in patients
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with HNSCC, examined using immunohistochemistry,
was significantly correlated with tumor invasiveness and
metastasis [50]. Akervall et al. found increased YAP1
expression in pre-treatment biopsies of patients with
HNSCC prognostic for short recurrence-free survival,
short cause-specific survival and low RCTx response [51].
Because the DEG were upregulated already in untreated
non-responder samples and we did not find evidence for
genes that where differentially expressed solely due to the
addition of nimorazole itself, we assumed that the identi-
fied genes rather indicate RCTx resistance per se than an
effect of nimorazole. This is in line with our results, con-
firming that this gene expression profile is also relevant
in humans by demonstrating a significant association
with LRC in patients with HNSCC treated with RCTx.
Expression levels of individual genes were not prognostic
for LRC, suggesting a complex interplay of gene regula-
tions and treatment response. In our experiments with
xenografts, those models which expressed low degrees of
the 12 genes were also those which showed a pronounced
increase of TCR with the addition of nimorazole com-
pared to RCTx alone. Based on these pre-clinical results,
we hypothesize that patients with low expression pro-
files of the 12 genes qualify as candidates for nimorazole
addition to RCTx. This question would be of interest to
be further addressed on clinical materials of patients
treated with RCTx and nimorazole. Other known mark-
ers that are associated with radioresistance, e.g., cancer
stem cell (CSC) markers like CD44 or SLC3A1, did not
show up during DGE analysis. While hypoxia gene sig-
natures and CSC marker expressions showed only week
correlations in the past [33], hypoxia is known to contrib-
ute to CSC evolution [52]. Also, CSC markers were found
to be an independent prognostic factor for LRC in the
DKTK-ROG cohort (that received primary RCTx) previ-
ously [33] as well as in an independent validation cohort
[46]. Therefore, differences in CSC might also explain dif-
ferences in radioresistance. However, in our pre-clinical
study, differences in CSC markers between responding
and non-responding models to nimorazole (according to
Fig. 2A) were not apparent.

There are several limitations of the present study. First,
micromilieu parameters and the response to fractionated
RCTx could not be determined in the same individual
tumor, but parameters for a group of tumors were com-
pared. These tumors originated from the same cryostock
with the same genetic background. Second, radiation
doses vary among tumor models to adjust for their dif-
ference in radiosensitivity. We aimed for comparable
TCRs of about 30-50% in all tumor models after RCTx
alone to be able to address the question of an additional
nimorazole effect with comparable statistical rigor. For
comparison, applying a high dose per fraction (e.g.,
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3.0 Gy) to all tumor models, might lead to very high
tumor control rates in the RCTx arm in less radioresist-
ant models (according to TCD;, values), such that no
further improvement with the addition of nimorazole
would be statistically verifiable despite the already com-
prehensive sample size. Applying a low dose per frac-
tion (e.g., 1.0 Gy) to all tumor models would drop tumor
control of more radioresistant models close to zero, such
that the tumor volume would continue to increase even
during treatment. In addition, we aimed for a constant
overall treatment time in all models, to exclude the con-
founding heterogeneous impact of the so-called time
factor of fractionated irradiation on tumor control [53].
Therefore, we changed the doses per fraction accord-
ing to the expected tumor control probabilities. This
impedes direct comparability of Kaplan—Meier estimates
between the tumor models. As it was hypothesized in
the past that lower radiation doses per fraction decrease
the enhancement ratio (ER) of radiosensitizers [54], the
effect of nimorazole in models treated with low doses per
fraction could have been hampered by our experimen-
tal approach. However, that hypoxic cell radiosensitizers
can be effective also at low doses was demonstrated by
a study involving isometronidazole combined with frac-
tionated irradiation (30 fractions in 6 weeks at doses of
1.1-1.2 Gy), which improved tumor control significantly
in FaDu xenografts compared to irradiation only [55].
This is in line with an in vitro study on chinese hamster
ovary fibroblasts cells, showing that also nimorazole can
be an effective sensitizer at low radiation doses (0—4 Gy)
with a stable ER at various drug concentrations and inde-
pendent of radiation doses [56]. Furthermore, in our pre-
sent study, UT8 (irradiated with 1.4 Gy/fx) suggested an
improved tumor control when nimorazole application
started concomitantly with RCTx. Another limitation is
that the number of genes for DGE analysis was limited
by the targeted panel to a total of 209 genes. Thus, we
intend to do a more exhaustive comparison between gene
expression profiles of RCTx treatments with and with-
out nimorazole in the future. Also, we plan to refine and
validate the DEG on further cohorts to identify which
genes contribute most to tumor control. For example, for
the DKTK cohort investigated here, differences in Sox2
expression between patients clustered into the”high”
and”low” group were negligible (Fig. 4A). However, in
order to prevent overfitting and conclusions being drawn
from one specific cohort, we plan to examine the genes
on larger cohorts and study their molecular pathways
further, before discarding specific gene candidates. In
particular, we want to analyze if higher expressed gene
profiles are associated with an impaired effect of RCTx
on hypoxic cells by comparing (residual) hypoxic vol-
umes in patient cohorts.
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Conclusions

To the best of our knowledge, our pre-clinical study is the
first that provides insights into the effectiveness of nimor-
azole combined with primary RCTx and not just RT. Our
results indicate that nimorazole can improve local tumor
control in hypoxic tumors, with pronounced heterogene-
ity between different tumor models. More specifically, we
identified three response groups to nimorazole combined
with RCTx (i.e., responders, low-responders and non-
responders). The change in pHV during RCTx showed
promise as potential biomarker for an additional effect
of nimorazole, but requires further investigations. Addi-
tionally, genes derived from HNSCC xenograft models
were highlighted that were predictive for LRC in patients
with HNSCC treated with RCTx. These genes may poten-
tially contribute to identify patients eligible for a combi-
national treatment of nimorazole and RCTx to further
improve LRC. On a more general scale, we were able to
demonstrate that gene expression profiles of xenograft
models can be translated to clinically relevant findings in
cancer patients.
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Additional file 1: Figure S1. Rolling mean relative body weight of all
tumor models over time of experiment, starting from the first treat-
ment (day =0). Vertical line represents approximate time point at which
treatments were finished and follow-up measurements were carried
out. Figure S2. Pseudo-colored images of representative sections from
SAS (responder to nimorazole addition) and CAL33 (non-responder to
nimorazole addition) tumors untreated and after 10fx RCTx treated with
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nimorazole. Green: hypoxia, pimonidazole; blue: perfusion, Hoechst 33342;
red: vascular endothelium, CD31; grey necrotic area. Nimorazole abbrevi-
ated as nimo. Figure S3. Histological evaluation of (A) tumor volume (B)
pimonidazole hypoxic fraction (pHF), (C) perfused fraction (PF), (D) relative
vascular area (RVA) and (E) necrotic fraction (NF) and for seven different
tumor models, untreated (leftmost bars) and after RCTx with 10 fractions
in 2 weeks and cisplatin in combination with carrier (middle bars) or
nimorazole (rightmost bars). The box plots displayed adhere to the Tukey
style (see Methods). P value cutpoints: **** < 1e-04, ***<0.001, **<0.01,
*<0.05. Figure S4. Hypoxia estimation using previously published gene
signatures. (A) Expression values of hypoxia 15-gene signature. Only two
genes (ADM, FAM162A) emerged in differential gene expression (DGE)
analysis to be significantly different between responding (FaDu, SAS)

and non-responding (UT45, CAL33, SAT) models to nimorazole. Of note,
Lox is expressed inversely to other genes among responders and non-
responders to nimorazole addition. Shown are only RCTx +nimorazole
samples. The box plots displayed adhere to the Tukey style (see Methods).
(B) Heatmap analysis of hypoxia 15 and hypoxia 26 gene signature on all
treatment arms for individual tumor models. No clear expression pattern
among responding, low-responding and non-responding models to
nimorazole addition emerged for hypoxia-related genes. Only UT8 (low-
responder to nimorazole addition) expressed a clear downregulation of
genes from the two hypoxia gene signatures for both, RCTx + nimorazole
and RCTx+ carrier arm. Data is z-transformed, yellow: high expression,
grey: low expression. Figure S5. Kaplan-Meier estimates of loco-regional
control on retrospective HNSCC cohort of the DKTK-ROG that received
primary RCTx. Patients are split according to their gene expression into
one of two groups. Patients with gene expression higher than gene's
mean expression are categorized into"high', patients with gene expres-
sion lower or equal to gene’s mean expression are categorized into"low”.
Individual genes belong to differentially expressed genes (DEG), p values
corresponds to log-rank test and were not adjusted for multiple testing.
Table S1. Start mean tumor volume and corresponding 95% confi-
dence intervals for the seven different tumor models and their assigned
treatment group. Mean tumor volumes were calculated before animals
received the first treatment. Table S2. Follow-up information for the seven
different tumor models irradiated with fractionated irradiation within

6 weeks in combination with cisplatin and nimorazole or carrier. Table S3.
Results of differential gene expression (DGE) analysis between nimorazole-
responding and non-responding tumor models to nimorazole addition in
RCTx+ nimorazole treated samples. Shown are estimates of the log2-fold-
changes per contrast. Genes are ranked in descending order according to
their adjusted p value (all p. adj. <0.001).

Acknowledgements

The authors gratefully acknowledge the excellent technical assistance by Katja
Schumann, Elisabeth Jung, Sigrid Ermscher, Dorothee Pfitzmann and Daniela
Pollack. The authors thank Dr. Wolfgang Eicheler for verification of tumor
model constancy over transplantation cohorts and Cristina Conde Lopez for
the xenograft illustration in Fig. 1. The authors also wish to thank the DKTK-
ROG for providing the respective gene expression data from patients.

Author contributions

Conceptualization: AY, DZ, MB. Formal Analysis: VB, SL, MB. Methodology: LK,
DZ, MB. Funding acquisition: AY, DZ, MB. Investigation: LK, CW, LM. Project
administration: LK, MK, MB. Resources: JO, MP. Supervision: IK, LK, MK, MB.
Validation: VB. Writing — original draft: LK, VB. Writing — review & editing: AL, SL,
AY, MJB, CV, IK, MK, MB All authors read and approved the final manuscript.

Funding

Open Access funding enabled and organized by Projekt DEAL. The study
was supported by a Grant of the Deutsche Forschungsgemeinschaft (DFG
PAK-124).

Availability of data and materials

The data generated and analyzed from xenograft models during the current
study are available via Open Science Framework, including a documentation
for data pre-processing and downstream analysis to ensure reproducibility
of results. Access permissions will be granted to the scientific community by

905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947

948
949
950
951
952
953
954

955
956
957
958
959
960

961
962
963
964

965
966
967
968
969


https://doi.org/10.1186/s12967-023-04439-2
https://doi.org/10.1186/s12967-023-04439-2

970
971
972

973

974
975
976
977
978
979
980
981
982

983
984

985
986
987
988
989
990
991
992
993
994
995
996
997
998
999

1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023

1024
1025

1026
1027
1028

Koi et al. Journal of Translational Medicine (2023) 21:576

contacting the corresponding author and completing of a material transfer
agreement. For data from the retrospective cohort of the DKTK-ROG, the
authors kindly ask to contact the corresponding authors of Linge et al. [33].

Declarations

Ethics approval and consent to participate

The experiment on xenograft models and the animal facility followed the
ARRIVE (Animal Research: Reporting of In Vivo Experiments) guidelines and
were approved according to the institutional guidelines and the German
animal welfare regulations (approval agency DD24-5131/207/34). Data from
the retrospective cohort of the DKTK-ROG that received primary RCTx were
first published in Linge et al. [33]. For this patient cohort, ethical approval of
clinical and biological data was obtained from the Ethics Committees of all
DKTK partner sites.

Consent for publication
Not applicable.

Competing interests

Michael Baumann, CEO and Scientific Chair of the German Cancer Research
Center (DKFZ, Heidelberg) is responsible for collaborations with a large num-
ber of companies and institutions worldwide. In this capacity, he has signed
contracts for research funding and/or collaborations, including commercial
transfers, with industry and academia on behalf of his institute(s) and staff.
He is a member of several supervisory boards, advisory boards and boards of
trustees. Michael Baumann confirms that he has no conflict of interest with
respect to this paper. In the past 5 years, Mechthild Krause received funding
for her research projects by Merck KGaA (2018-2020 for clinical study) and a
publicly funded project with the companies Medipan, Attomol GmbH, GA
Generic Assays GmbH, Gesellschaft fir medizinische und wissenschaftliche
genetische Analysen, Lipotype GmbH, and PolyAn GmbH (2019-2022). For the
present study, Mechthild Krause confirms that none of the above mentioned
funding sources were involved.

Author details

'OncoRay - National Center for Radiation Research in Oncology, Faculty

of Medicine, Helmholtz-Zentrum Dresden - Rossendorf, University Hospi-

tal Carl Gustav Carus, Technische Universitdt Dresden, Dresden, Germany.
2Department of Radiotherapy and Radiation Oncology, Faculty of Medicine,
University Hospital Carl Gustav Carus, Technische Universitdt Dresden, Dres-
den, Germany. *Helmholtz-Zentrum Dresden - Rossendorf, Institute of Radi-
ooncology — OncoRay, Dresden, Germany. “Division of Applied Bioinformatics,
German Cancer Research Center (DKFZ), Heidelberg, Germany. *Division

of Radiooncology / Radiobiology, German Cancer Research Center (DKFZ),
Heidelberg, Germany. °HIDSS4Health — Helmholtz Information and Data Sci-
ence School for Health, Karlsruhe/Heidelberg, Germany. ’German Cancer Con-
sortium (DKTK), Partner Site Dresden, and German Cancer Research Center
(DKFZ), Heidelberg, Germany. 8National Center for Tumor Diseases (NCT), Part-
ner Site Dresden, German Cancer Research Center (DKFZ), Heidelberg; Faculty
of Medicine and University Hospital Carl Gustav Carus, Technische Universitdt
Dresden, and Helmholtz-Zentrum Dresden - Rossendorf, Dresden, Germany.
9The M-Lab, Department of Precision Medicine, GROW — School for Oncol-
ogy and Reproduction, Maastricht University, Maastricht, The Netherlands.
1%nstitute of Legal Medicine, Medizinische Fakultat, Technische Universitat
Dresden, Dresden, Germany. ' Department of Radiation Oncology, University
Hospital Aarhus, Aarhus, Denmark. '?Corporate member of Freie Universitat
Berlin and Humboldt Universitat Zu Berlin, Department of Radiation Oncology,
Charité - Universitatsmedizin Berlin, Berlin, Germany.

Received: 11 May 2023 Accepted: 14 August 2023

References
1. Overgaard J. Hypoxic radiosensitization: adored and ignored. J Clin Oncol.
2007;25:4066-74.

Page 16 of 17

Brizel DM, Dodge RK, Clough RW, Dewhirst MW. Oxygenation of head
and neck cancer: changes during radiotherapy and impact on treatment
outcome. Radiother Oncol. 1999;53:113-7.

Kaanders JH, et al. Pimonidazole binding and tumor vascularity and
predict for treatment and outcome in and head and neck and cancer.
Cancer Res. 2002;62:7066-74.

Nordsmark M, Eriksen JG, Gebski V, Alsner J, Horsman MR, Overgaard J.
Differential risk assessments from five hypoxia specific assays: The basis
for biologically adapted individualized radiotherapy in advanced head
and neck cancer patients. Radiother Oncol. 2007;83:389-97.

Yaromina A, Zips D, Thames HD, Eicheler W, Krause M, Rosner A, Haase
M, Petersen C, Raleigh JA, Quennet V, et al. Pimonidazole labelling and
response to fractionated irradiation of five human squamous cell carci-
noma (hSCC) lines in nude mice: the need for a multivariate approach in
biomarker studies. Radiother Oncol. 2006;81:122-9.

Yaromina A, Kroeber T, Meinzer A, Boeke S, Thames H, Baumann M, Zips
D. Exploratory study of the prognostic value of microenvironmental
parameters during fractionated irradiation in human squamous cell
carcinoma xenografts. Int J Radiat Oncol Biol Phys. 2011;80:1205-13.
Winter SC, Buffa FM, Silva P, Miller C, Valentine HR, Turley H, Shah KA, Cox
GJ, Corbridge RJ, Homer JJ, et al. Relation of a hypoxia metagene derived
from head and neck cancer to prognosis of multiple cancers. Cancer Res.
2007,67:3441-9.

Buffa FM, Harris AL, West CM, Miller CJ. Large meta-analysis of multiple
cancers reveals a common, compact and highly prognostic hypoxia
metagene. Br J Cancer. 2010;102:428-35.

Toustrup K, Serensen BS, Nordsmark M, Busk M, Wiuf C, Alsner J,
Overgaard J. Development of a hypoxia gene expression classifier with
predictive impact for hypoxic modification of radiotherapy in head and
neck cancer. Cancer Res. 2011;71:5923-31.

. Eustace A, Mani N, Span PN, Irlam JJ, Taylor J, Betts GN, Denley H, Miller CJ,

Homer JJ, Rojas AM, et al. A 26-gene hypoxia signature predicts benefit
from hypoxia-modifying therapy in laryngeal cancer but not bladder
cancer. Clin Cancer Res. 2013;19:4879-88.

. Yaromina A, Thames H, Zhou X, Hering S, Eicheler W, Dérfler A, Leichtner

T, Zips D, Baumann M. Radiobiological hypoxia, histological parameters
of tumour microenvironment and local tumour control after fractionated
irradiation. Radiother Oncol. 2010;96:116-22.

. Mortensen LS, Johansen J, Kallehauge J, Primdahl H, Busk M, Lassen P,

Alsner J, Serensen BS, Toustrup K, Jakobsen S, et al. FAZA PET/CT hypoxia
imaging in patients with squamous cell carcinoma of the head and neck
treated with radiotherapy: results from the DAHANCA 24 trial. Radiother
Oncol. 2012;105:14-20.

. Zips D, Zophel K, Abolmaali N, Perrin R, Abramyuk A, Haase R, Appold

S, Steinbach J, Kotzerke J, Baumann M. Exploratory prospective trial of
hypoxia-specific PET imaging during radiochemotherapy in patients with
locally advanced head-and-neck cancer. Radiother Oncol. 2012;105:21-8.

. Lock S, Perrin R, Seidlitz A, Bandurska-Luque A, Zschaeck S, Zophel K,

Krause M, Steinbach J, Kotzerke J, Zips D, et al. Residual tumour hypoxia in
head-and-neck cancer patients undergoing primary radiochemotherapy,
final results of a prospective trial on repeat FMISO-PET imaging. Radiother
Oncol. 2017;124:533-40.

. Sanduleanu S, van der Wiel AM, Lieverse RI, Marcus D, lbrahim A,

Primakov S, Wu G, Theys J, Yaromina A, Dubois LJ, et al. Hypoxia PET
imaging with [18F]-HX4—a promising next-generation tracer. Cancers.
2020;12:1322.

. Lock S, Linge A, Seidlitz A, Bandurska-Luque A, Nowak A, Gudziol V, Buch-

holz F, Aust DE, Baretton GB, Zophel K, et al. Repeat FMISO-PET imaging
weakly correlates with hypoxia-associated gene expressions for locally
advanced HNSCC treated by primary radiochemotherapy. Radiother
Oncol. 2019;135:43-50.

. Zschaeck S, Lock S, Hofheinz F, Zips D, Mortensen LS, Zéphel K, Troost EG,

Boeke S, Saksa M, Ménnich D, et al. Individual patient data meta-analysis
of FMISO and FAZA hypoxia PET scans from head and neck cancer
patients undergoing definitive radio-chemotherapy. Radiother Oncol.
2020;149:189-96.

. Overgaard J, Overgaard M, Nielsen OS, Pedersen AK, Timothy AR. A

comparative investigation of nimorazole and misonidazole as hypoxic
radiosensitizers in a C3H mammary carcinoma in vivo. Br J Cancer.
1982;46:904-11.

1029
1030
1031
1032
1033
1034
1035
1036
1037
1038
1039
1040
1041
1042
1043
1044
1045
1046
1047
1048
1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090
1091
1092
1093
1094
1095
1096
1097
1098



1099
1100
1101
1102
1103
1104
1105
1106
1107
1108
1109
1110
11
1112
1113
1114
1115
1116
117
1118
1119
1120
1121
1122
1123
1124
1125
1126
1127
1128
1129
1130
1131
1132
1133
1134
1135
1136
1137
1138
1139
1140
1141
1142
1143
1144
1145
1146
1147
1148
1149
1150
1151
1152
1153
1154
1155
1156
1157
1158
1159
1160
1161
1162
1163
1164
1165
1166
1167
1168

Koi et al. Journal of Translational Medicine

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34

35.

(2023) 21:576

Overgaard J, Hansen HS, Overgaard M, Bastholt L, Berthelsen A, Specht

L, Lindelgv B, Jergensen K. A randomized double-blind phase Il study

of nimorazole as a hypoxic radiosensitizer of primary radiotherapy in
supraglottic larynx and pharynx carcinoma. Results of the Danish Head
and Neck Cancer Study (DAHANCA) Protocol 5-85. Radiother Oncol.
1998;46:135-46.

Overgaard J, Hansen HS, Specht L, Overgaard M, Grau C, Andersen E,
Bentzen J, Bastholt L, Hansen O, Johansen J, et al. Five compared with

six fractions per week of conventional radiotherapy of squamous-cell
carcinoma of head and neck: DAHANCA 6&7 randomised controlled trial.
Lancet. 2003;362:933-40.

Bentzen J, Toustrup K, Eriksen JG, Primdahl H, Andersen LJ, Overgaard J.
Locally advanced head and neck cancer treated with accelerated radio-
therapy, the hypoxic modifier nimorazole and weekly cisplatin. Results
from the DAHANCA 18 phase Il study. Acta Oncol. 2015;54:1001-7.
Baumann M, Krause M, Overgaard J, Debus J, Bentzen SM, Daartz J,
Richter C, Zips D, Bortfeld T. Radiation oncology in the era of precision
medicine. Nat Rev Cancer. 2016;16:234-49.

Lassen P, Huang SH, Su J, Waldron J, Andersen M, Primdahl H, Johansen
J, Kristensen CA, Andersen E, Eriksen JG, et al. Treatment outcomes and
survival following definitive (chemo) radiotherapy in HPVpositive oro-
pharynx cancer: large-scale comparison of DAHANCA vs PMH cohorts. Int
J Cancer. 2021;150:1329-40.

Lacas B, Carmel A, Landais C, Wong SJ, Licitra L, Tobias JS, Burtness B,

Ghi MG, Cohen EE, Grau C, et al. Meta-analysis of chemotherapy in

head and neck cancer (MACH-NC): an update on 107 randomized trials
and 19,805 patients, on behalf of MACH-NC Group. Radiother Oncol.
2021;156:281-93.

Grégoire V, Tao Y, Kaanders J, Machiels J, Vulquin N, Nuyts S, Fortpied

C, Lmalem H, Marreaud S, Overgaard J. OC-0278 Accelerated CH-RT
with/without nimorazole for p16- HNSCC: the randomized DAHANCA
29-EORTC 1219 trial. Radiother Oncol. 2021;161:5187-8.

Bairoch A. Cellosaurus: a knowledge resource on cell lines. CALIPHO
group at the SIB—Swiss Institute of Bioinformatics. 2023 https://web.
expasy.org/cellosaurus/. Accessed 30 Jun 2023.

Yaromina A, Krause M, Thames H, Rosner A, Krause M, Hessel F, Grenman
R, Zips D, Baumann M. Pre-treatment number of clonogenic cells and
their radiosensitivity are major determinants of local tumour control after
fractionated irradiation. Radiother Oncol. 2007,83:304-10.

Gurtner K, Deuse Y, Bitof R, Schaal K, Eicheler W, Oertel R, Grenman R,
Thames H, Yaromina A, Baumann M, et al. Diverse effects of combined
radiotherapy and EGFR inhibition with antibodies or TK inhibitors on local
tumour control and correlation with EGFR gene expression. Radiother
Oncol. 2011;99:323-30.

Koi L, Lock S, Linge A, Thurow C, Hering S, Baumann M, Krause M, Gurtner
K. EGFR-amplification plus gene expression profiling predicts response
to combined radiotherapy with EGFR-inhibition: a preclinical trial in 10
HNSCC-tumour-xenograft models. Radiother Oncol. 2017;124:496-503.
Murata R, Tsujitani M, Horsman MR. Enhanced local tumour control after
single or fractionated radiation treatment using the hypoxic cell radio-
sensitizer doranidazole. Radiother Oncol. 2008;87:331-8.

Machin D, Cheung YB, Parmar MKB. Survival analysis. 2nd ed. Hoboken:
Wiley; 2006.

Linge A, Lock S, Gudziol V, Nowak A, Lohaus F, von Neubeck C, Jiitz

M, Abdollahi A, Debus J, Tinhofer |, et al. Low cancer stem cell marker
expression and low hypoxia identify good prognosis subgroups in HPV(-)
HNSCC after postoperative radiochemotherapy: a multicenter study of
the DKTK-ROG. Clin Cancer Res. 2016;22:2639-49.

Linge A, Lohaus F, Lock S, Nowak A, Gudziol V, Valentini C, von Neubeck
C, Jutz M, Tinhofer I, Budach V, et al. HPV status, cancer stem cell marker
expression, hypoxia gene signatures and tumour volume identify good
prognosis subgroups in patients with HNSCC after primary radio-
chemotherapy: A multicentre retrospective study of the German Cancer
Consortium Radiation Oncology Group (DKTK-ROG). Radiother Oncol.
2016;121:364-73.

Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, Smyth GK. limma pow-
ers differential expression analyses for RNA-sequencing and microarray
studies. Nucleic Acids Res. 2015;43:e47-e47.

Goeman JJ, Solari A. Comparing three groups. Amer Statist.
2021;76:168-76.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

Page 17 of 17

Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practi-

cal and powerful approach to multiple testing. J Roy Stat Soc B Met.
1995;57:289-300.

Horsman MR, Overgaard J. The impact of hypoxia and its modification of
the outcome of radiotherapy. J Radiat Res. 2016;57:190-8.

Stadler P, Becker A, Feldmann HJ, Hansgen G, Dunst J, Wirschmidt F,
Molls M. Influence of the hypoxic subvolume on the survival of patients
with head and neck cancer. Int J Radiat Oncol. 1999;44:749-54.

Jain R. Delivery of molecular medicine to solid tumors: lessons from

in vivo imaging of gene expression and function. J Controlled Release.
2001,74:7-25.

Tredan O, Galmarini CM, Patel K, Tannock IF. Drug resistance and the solid
tumor microenvironment. J Natl Cancer Inst. 2007,99:1441-54.

Kimple RJ, Smith MA, Blitzer GC, Torres AD, Martin JA, Yang RZ, Peet CR,
Lorenz LD, Nickel KP, Klingelhutz AJ, et al. Enhanced radiation sensitivity
in HPV-positive head and neck cancer. Cancer Res. 2013;73:4791-800.
Lassen P, Eriksen JG, Hamilton-Dutoit S, Tramm T, Alsner J, Overgaard J.
HPV-associated p16expression and response to hypoxic modification of
radiotherapy in head and neck cancer. Radiother Oncol. 2010;94:30-5.
Toustrup K, Serensen BS, Lassen P, Wiuf C, Alsner J, Overgaard J. Gene
expression classifier predicts for hypoxic modification of radiotherapy
with nimorazole in squamous cell carcinomas of the head and neck.
Radiother Oncol. 2012;102:122-9.

Serensen BS, Busk M, Olthof N, Speel EJ, Horsman MR, Alsner J, Overgaard
J. Radiosensitivity and effect of hypoxia in HPV positive head and neck
cancer cells. Radiother Oncol. 2013;108:500-5.

Lendahl U, Lee KL, Yang H, Poellinger L. Generating specificity and
diversity in the transcriptional response to hypoxia. Nat Rev Genet.
2009;10:821-32.

Linge A, Schmidt S, Lohaus F, Krenn C, Bandurska-Luque A, Platzek I, von
Neubeck C, Appold S, Nowak A, Gudziol V, et al. Independent validation
of tumour volume, cancer stem cell markers and hypoxiaassociated gene
expressions for HNSCC after primary radiochemotherapy. Clin Trans|
Radiat Oncol. 2019;16:40-7.

Deschuymer S, Serensen BS, Dok R, Laenen A, Hauben E, Overgaard J,
Nuyts S. Prognostic value of a 15-gene hypoxia classifier in oropharyngeal
cancer treated with accelerated chemoradiotherapy. Strahlenther Onkol.
2020;196:552-60

Lee SH, Oh SY, Do S|, Lee HJ, Kang HJ, Rho YS, Bae W, Lim YC. SOX2 regu-
lates self-renewal and tumorigenicity of stem-like cells of head and neck
squamous cell carcinoma. Br J Cancer. 2014;111:2122-30.

Chung JH, Jung HR, Jung AR, Lee YC, Kong M, Lee JS, Eun YG. SOX2 activa-
tion predicts prognosis in patients with head and neck squamous cell
carcinoma. Sci Rep. 2018;8:1677.

Deraz EM, Kudo Y, Yoshida M, Obayashi M, Tsunematsu T, Tani H, Siri-
wardena SBSM, Kiekhaee MR, Qi G, lizuka S, et al. MMP-10/stromelysin-2
promotes invasion of head and neck cancer. PLoS ONE. 2011;6:e25438.
Akervall J, Nandalur S, Zhang J, Qian CN, Goldstein N, Gyllerup P,
Gardinger Y, Alm J, Lorenc K, Nilsson K, et al. A novel panel of biomarkers
predicts radioresistance in patients with squamous cell carcinoma of the
head and neck. Eur J Cancer. 2014;50:570-81.

Peitzsch C, Perrin R, Hill RP, Dubrovska A, Kurth I. Hypoxia as a biomarker
for radioresistant cancer stem cells. Int J Radiat Biol. 2014,90:636-52.
Herrmann T, Baumann M. Die Verldngerung der Wartezeit oder der Gesa-
mtbehandlungszeit durch ungeplante Bestrahlungspausen. Strahlenther
Onkol. 2005;181:65-76.

Palcic B. In vivo and in vitro mechanisms of radiation sensitization, drug
synthesis and screening: can we learn it all from the high dose data? Int J
Radiat Oncol Biol Phys. 1984;10:1185-93.

Schreiber A, Krause M, Zips D, Dorfler A, Richter K, Vettermann S, Petersen
C, Beuthien-Baumann B, Thimmler D, Baumann M. Effect of the hypoxic
cell sensitizer isometronidazole on local control of two human squa-
mous cell carcinomas after fractionated irradiation. Strahlenther Onkol.
2004;180:375-82.

Skov KA, Macphail S. Low concentrations of nitroimidazoles: Effective
radiosensitizers at low doses. Int J Radiat Oncol Biol Phys. 1994;29:87-93.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

1169
1170
171
1172
1173
1174
1175
1176
177
1178
1179
1180
1181
1182
1183
1184
1185
1186
1187
1188
1189
1190
1191
1192
1193
1194
1195
1196
1197
1198
1199
1200
1201
1202
1203
1204
1205
1206
1207
1208
1209
1210
1211
1212
1213
1214
1215
1216
1217
1218
1219
1220
1221
1222
1223
1224
1225
1226
1227
1228
1229
1230
1231
1232
1233
1234

1235
1236
1237


https://web.expasy.org/cellosaurus/
https://web.expasy.org/cellosaurus/

	Prognostic biomarkers for the response to the radiosensitizer nimorazole combined with RCTx: a pre-clinical trial in HNSCC xenografts
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Animals and tumor models
	Nimorazole and cisplatin administration
	Local tumor irradiation and experimental design
	Follow up
	Local tumor control
	Histological study
	RNA-profiling
	Validation in patient cohort
	Statistical analysis
	Local tumor control
	Histological evaluation
	RNA-profiling
	Validation in patient cohort


	Results
	Discussion
	Conclusions
	Anchor 25
	Acknowledgements
	References


