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i Université de Caen Normandie, UMR6252 CIMAP, CEA-CNRS-ENSICAEN, Team Applications in Radiobiology with Accelerated Ions, Caen, France

A R T I C L E  I N F O

Keywords:
Head and neck squamous cell carcinoma
Patient-derived tumor organoids
Carbon ions
X-rays
Hadrontherapy
Organoid forming assay

A B S T R A C T

Background and purpose, Conventional radiotherapy, based on the use of X-rays, remains a standard treatment 
modality for advanced Head and Neck Squamous Cell Carcinoma (HNSCC), either as a standalone approach or in 
combination with surgery and/or chemotherapy. Despite its widespread use, approximately 50% of HNSCC 
patients ultimately experience locoregional recurrence, underscoring the critical need to improve the therapeutic 
efficacy of radiotherapy. Heavy particles such as carbon ions could lead to better efficiency in treating HNSCC 
with less side effects. Patient-Derived Tumor Organoids (PDTO) are new 3D in vitro model close to original 
tumor. However, cancer cell inactivation and/or death induced by carbon ions have not been assessed on PDTO 
so far or even compared to X-ray.

Methods and Materials, Five PDTO lines established from HNSCC patients were exposed to carbon ions and to 
X-rays and their response to treatments were compared using viability assay, cell cycle analysis and a newly 
designed clonogenic assay named Organoid Forming Assay (OFA).

Results, Viability assays showed a better cell killing effect of carbon ions over X-Rays with a relative biological 
effect (RBE) ranging from 1.14 to 1.94. OFA revealed a better efficiency of carbon ions over X-rays in a X-ray- 
resistant PDTO line (RBE at 6.54) compared to a X-ray-sensitive one (RBE at 4.23). These results were confirmed 
using cell cycle analysis and viability assay.

Conclusions, OFA could be a new alternative assay to evaluate different radiotherapy modalities including 
carbon ions on PDTO models. These results suggest that PDTO may be used to study effects of carbon ions and 
carbon ions could overcome radioresistance to photons observed in some patients and lead to improvement in 
management of HNSCC patients.

Abbreviations: 3D, three-dimensional; ATP, adenosine triphosphate; AUC, area under the curve; BME, basement membrane extract; CFA, colony forming assay; 
CSC, cancer stem cells; HNSCC, head and neck squamous cell carcinoma; IMRT, intensity-modulated radiotherapy; LET, linear energy transfer; OAR, organs at risk; 
OBM, organoid basal medium; OCM, organoid culture medium; OFA, organoid forming assay; OTM, organoid treatment medium; PBS, phosphate-buffered saline; 
PDTO, patient-derived tumor organoids; RBE, relative biological effect.
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Introduction

Head and Neck Squamous Cell Carcinoma is an aggressive cancer 
with more than 50 % of patients being diagnosed at an advanced stage 
(stage III and IV − AJCC 8th edition) [1]. Curative therapies used are 
concomitant radiochemotherapy or surgery followed by radiotherapy or 
radiochemotherapy. Conventional therapy uses photons in intensity- 
modulated radiotherapy (IMRT), possibly with cisplatin for its syner
gistic effect. Despite those heavy treatments responsible of major side 
effects, the recurrence rate is high, approximately 60 % [1]. Current 
research focuses on the identification effective radiosensitizers or on 
new modalities of irradiation to improve efficiency of the treatment. No 
radiosensitizer has yet made it through clinical trials [2]. Heavy parti
cles such as carbon ions could be promising according to their physical 
and biological properties. Compared to photons, high Linear Energy 
Transfer (LET) particles allow a better relative biological effect (RBE) 
associated with a higher precision of deposition of energy thanks to the 
Bragg Peak. These characteristics conduct to a better sparing of organs at 
risk (OAR) of hadrontherapy [3]. Those properties could thus lead to 
better efficiency in treating HNSCC with less side effects to healthy 
tissues.

Previous studies on carbon ions and HNSCC have been mostly per
formed on 2D cell lines [4,5]. However, it is widely accepted that most of 
the cancer cell lines available do not accurately mimic the pathology due 
to lack of heterogeneity and genetic drift over time [6] and alternatives 
to animal testing are encouraged at the international level [7]. Three- 
dimensional (3D) in vitro models were introduced in cancer research 
by radiobiologists as an intermediate model between in vitro 2D cancer 
cell lines and in vivo tumors [8]. These models allowed mimicking 
metabolic gradients of oxygen, nutrients, and waste products, which 
could strongly modulate the response of cells to treatments in addition to 
3D cellular interactions [9]. Few studies have used 3D models of normal 
tissue (intestinal tissue, cartilage or oral mucosa) [10–12] or 3D HNSCC 
models to study carbon ions effects, either using ultra-low attachment 
plates [13], extracellular matrix [14] or decellularized biological scaf
folds [15], but always using commercial malignant cell lines. Patient- 
Derived Tumor Organoids (PDTO) represent relevant 3D in vitro 
models that recapitulate tumors of origin [16]. The response of PDTO 
lines derived from HNSCC after exposure to X-rays has been studied 
using viability assay and first evidence of correlation with clinical 
response of the patients was demonstrated [17–19]. Nevertheless, ef
fects of carbon ions have not been assessed on PDTO so far or even 
compared to X-ray.

The aim of this study was first to assess the feasibility of irradiation of 
HNSCC PDTO with carbon ions and to develop new methods to assess 
the PDTO response in a more integrative approach. A second objective 
was to determine the Relative Biological Effectiveness (RBE) of carbon 
ions in the PDTO lines.

Materials and methods

PDTO culture

PDTO were established and cryopreserved as previously described 
[20]. The clinical characteristics of the patients from which PDTO 

models used in this paper were derived are described in Table 1, as well 
as the sensitivity/resistance to X-rays of PDTO selected for this study. 
PDTO culture is described in detail in Supplementary Methods.

Irradiations

Preparation for irradiation
PDTO were collected in cold OBM-BSA (organoid basal medium 

supplemented with 1 % Bovine Serum Albumin (BSA)), pelleted at 200 g 
for 2 min, resuspended in OTM (organoid treatment medium, corre
sponding to organoid culture medium (OCM) lacking Primocin, Y-27632 
and N-acetylcysteine), counted and distributed in 1.5 mL polypropylene 
tube (Eppendorf). For viability assay, tubes contained 4500 PDTO in 
1000 µL, for cell cycle analysis 4000 PDTO in 1000 µL, and for clono
genic assay 300 PDTO in 300 µL.

Irradiations
PDTO were irradiated with X-Rays at the physical dose of 0, 2, 4, 8, 

10 and 20 Gy in a benchtop compact cabinet X-ray cell irradiator, 
Faxitron CellRad (X-Ray source, 130 kV, 5 mA, copper filter, at a dose 
rate of 2 Gy/min).

PDTO were irradiated with carbon ions at 0, 2, 4 and 10 Gy. Carbon 
ion irradiations were performed using the high-energy beam line (IRA
BAT) at the Grand Accélérateur National d’Ions Lourds (GANIL, Caen, 
France). The calibrations and dosimetry were done by by CIMAP (Centre 
de Recherche sur les Ions, les Matériaux et la Photonique) as previously 
described [21]. Carbon Ions (95 MeV/a, < 0.1nA) were used in associ
ation with a 16.9 mm PMMA degrader, in order to reach a LET of 73,2 
keV/µm. With this LET condition, the depth in water of the beam before 
Bragg peak is about 2.4 mm, which guarantees PDTO irradiation. Irra
diations were performed at a dose rate of 2 Gy/min, the mean fluency 
was about 2,85 e+05 ions.cm− 2.s− 1. PDTO were irradiated at the physical 
dose of 0, 2, 4 and 10 Gy.

Evaluation of response to radiotherapy

Viability assay
Following irradiation, PDTO were pelleted (200 g, 2 min), resus

pended in 2 % Cultrex Reduced Growth Factor Basement Membrane 
Extract, Type 2 (BME2)/OTM, and 200 PDTO per well were seeded in 
200 μL in a previously coated (1:1 OTM/BME2) white clear bottom 96- 
well plates (Greiner) in triplicate. Plates were transferred to a humidi
fied 37 ◦C/5% CO2 incubator. PDTO morphology was monitored using 
IncuCyte S3 (Sartorius). Media was changed after 5 days. Ten days later, 
ATP levels were measured by CellTiter-Glo 3D assay (Promega) and 
luminescence was quantified using GloMax (Promega). Viability curves 
were designed using GraphPad Prism software (version 9.2.0). The area 
under the curve (AUC) was computed for each PDTO model.

Cell cycle analysis
After irradiation, PDTO were pelleted (200 g, 2 min), resuspended in 

2 % BME2/OTM, and 4000 PDTO per well were seeded in 2 mL volume 
in previously coated (1:1 OTM/BME2) 6-well plates (Nunc). Plates were 
transferred to a humidified 37 ◦C/5% CO2 incubator. Media was 
changed after 5 days. After 10 days, PDTO were collected with cold 

Table 1 
Clinical characteristics of HNSCC patients from which PDTO models were derived. RT, radiotherapy, CT, chemotherapy.

Previous  

Head and Neck RT

Tumor localization HPVþ Post-operative RT Post-operative  

CT

Clinical status  

at 24 months

Response of PDTO to X-Rays

HN005 No Larynx No Yes No Remission Sensitive
HN032 No Oropharynx Yes Yes Cisplatin Remission Sensitive
HN052 No Oropharynx No No No Progression Resistant
HN065 Yes Hypopharynx No No No Remission Sensitive
HN099 Yes Oropharynx No No No Progression Resistant
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OBM-BSA, centrifuged (200 g, 2 min) and incubated with TrypLE Ex
press for up to 15 min at 37 ◦C. After dissociation, cells were washed 
with PBS (Phosphate-Buffered Saline), fixed with ethanol 70 % and 
stored at − 20 ◦C. Cells were then centrifuged (2700 g, 5 min) and 
incubated for 30 min at 37 ◦C in PBS, to allow the release of low- 
molecular weight DNA. Cell pellets were stained with a solution 
composed by 600 µg/mL of RNAse A (Fisher Scientific) and 50 µg/mL of 
propidium iodide (Fisher Scientific) diluted in PBS. Samples were 
analyzed using a Gallios flow cytometer (Beckman-Coulter) and cell 
cycle distribution and sub-G1 fraction were determined using Kaluza 
software (Beckman-Coulter).

Organoid forming assay (OFA)
Following irradiation, PDTO were pelleted (200 g, 2 min), and 

incubated with TrypLE Express for up to 15 min at 37 ◦C. After disso
ciation, cells were centrifuged (430 g, 5 min), suspended in organoid 
culture medium (OCM), and plated in 50 µl drop of 70 % BME2 in pre- 
warmed 24-well plates. After polymerization (37 ◦C, 5 % CO2, 15 min), 
each drop was immersed with OCM. Plates were transferred to a hu
midified 37 ◦C/5% CO2 incubator. Formation of PDTO was monitored 
using IncuCyte S3 (Sartorius) for 20 days every 24 h. The sequence of 
images acquired was analysed using Fiji software [22]. First, the images 
were adjusted to ensure proper alignment throughout the sequence 
using the Linear Stack Alignment plugin [23]. Next, the images were 
processed with mathematical morphology operators and Fiji’s auto
matic moment thresholding method. The resulting binary images were 
used to measure the area occupied by the PDTO in the drop, allowing for 
the calculation of the percentage of the drop’s surface occupied by the 
PDTO line. Only objects with a minimum surface of 10 µm2 were 
considered as PDTOs and included in the analysis, in order to exclude 
cellular debris and non-specific background signals. The image pro
cessing code is publicly available at the following link, https://git. 
unicaen.fr/nicolas.elie/process_incucyte. Curves were designed using 
GraphPad Prism software (version 9.2.0).

RBE
RBE was calculated as the ratio of X-rays values to carbon ions values 

with AUC of the viability curve measured after 10 days or with the 
percentage of the drop’s surface occupied by the PDTO line after 10 
days.

Results

To assess the best delay before the readout of the end-point viability 
test, we first compared the results 5, 10, 15 and 20 days post-irradiation 
on one PDTO line (Supplementary Fig. 1). After irradiation with X- 
Rays, we observed a higher variability of response between replicates 
after 5 days compared to other times. Following irradiation with carbon 
ions, the viability assay showed similar response after 5, 10, 15 or 20 
days. We then exposed five PDTO lines to increased doses of carbon ions 
and X-rays and analyzed the viability response 10 days post-irradiation 
(Fig. 1). For the X-ray resistant PDTO lines HN052 and HN099 (viability 
at 10 Gy above 50 %), viability dropped below 50 % after exposure to 10 
Gy carbon ions. For HN005 and HN065, the viability was above 50 % at 
4 Gy after X-rays and below 50 % at 4 Gy after carbon ions. For HN032, a 
PDTO line with high sensitivity to X-rays, the viability at 2 Gy was above 
50 % for X-rays but below 50 % for carbon ions. Cell survival after 10 
days was thus decreased with carbon ions compared to X-rays in all 
PDTO lines, showing higher efficiency of carbon ions over X-Rays. We 
evaluated the induction and repair kinetics of DNA damage in HN005 
PDTO following exposure to carbon ions and X-rays (Supplementary 
Fig. 2). Immunofluorescence staining for RAD51 and γH2AX was per
formed to monitor DNA double-strand break formation and homologous 
recombination-mediated repair, respectively. A transient increase in 
RAD51 foci was observed 2 h after X-ray exposure, returning to baseline 
levels by 8 h, in parallel with a reduction in γH2AX foci, indicating 

effective DNA repair. In contrast, carbon ion exposure resulted in a 
pronounced and sustained accumulation of both RAD51 and γH2AX foci 
at 2 h, with only a slight decrease observed at 8 h. These results suggest 
that DNA damage induced by carbon ions may be more extensive and/or 
more difficult to repair than that caused by X-rays. In the X-ray sensitive 
PDTO line HN065, carbon ions displayed a moderately higher effect on 
viability compared to X-rays. Interestingly, in the most radioresistant 
PDTO line HN099, carbon ions induced a stronger decrease of viability 
compared to X-Rays. These data were further supported by the 
morphological appearance of PDTOs at the end of the experiment, while 
PDTOs from line HN099 continued to grow after exposure to 10 Gy of X- 
rays, they showed signs of disintegration at the same dose of carbon ions 
(Supplementary Fig. 3).

As for the three other PDTO lines, more various responses to X-rays 
and to carbon ions were observed but always with a higher cell killing 
effect of carbon ions (Supplementary Fig. 4). We calculated the RBE of 
carbon ions over X-rays for the different PDTO lines using the ratio of 
AUC from the dose–response curve (Fig. 1). The mean of the RBE for the 
5 lines was 1.49, ranging from 1.14 to 1.94. Interestingly, the highest 
RBE (1,94) was calculated for the X-ray most resistant PDTO line HN099 
while the X-ray most sensitive PDTO line HN032 displayed the lowest 
RBE (1,14).

In order to adapt the conventional colony forming assay to PDTO 
culture, we developed the Organoid Forming Assay (OFA) which aimed 
at evaluating the capacity of tumor cell to grow as PDTO following 
irradiation. We also developed a method to monitor the area occupied 
by PDTO over time to be able to quantify effects of treatment in real-time 
(see material and methods, Supplementary Fig. 5). Using this method, 
we observed that PDTO line HN065 maintained a capacity to produce 
PDTO from single cells after irradiation at 2 Gy with X-Rays. The ability 
to generate PDTO from single cells was drastically decreased after 2 Gy 
of carbon ions and almost null after 10 Gy of X-rays and carbon ions 
(Fig. 2A and C). These results confirmed that the HN065 line was sen
sitive to X-rays and even more sensitive to carbon ions. On the other 
hand, the PDTO line HN099 maintained a capacity to produce PDTO 
from single cells following irradiation at 2 Gy and 10 Gy with X-Rays, in 
accordance with its X-ray resistant status. Following exposure to carbon 
ions, the ability to generate PDTO from single cells was lower at 2 Gy 
than without irradiation and almost null at 10 Gy (Fig. 2B and D). These 
results confirmed that the PDTO line HN099 was resistant to X-Rays 
while its exposure to carbon ions induced notable cancer cell inactiva
tion. We calculated the RBE of carbon ions over X-rays using the surface 
of the drop occupied by PDTO at 10 days (Fig. 2). The RBE from OFA for 
the radiosensitive PDTO line HN065 was at 3.72 at 2 Gy and 4.23 at 10 
Gy while it was at 3.15 at 2 Gy and reached 6.54 at 10 Gy for the 
radioresistant PDTO line HN099.

Analysis of cell cycle distribution 10 days post-irradiation revealed 
that the sub-G1 population, including dead and/or apoptotic cells, was 
increased in a dose-dependent manner in HN065 line after exposure to 
X-rays and carbon ions (7.88 % and 10.79 % at 2 Gy, 49.91 % and 40.5 % 
at 10 Gy, respectively) (Fig. 3, Supplementary Fig. 6). We also 
observed a slight increase of G2-M proportion at 10 Gy following X-rays 
and carbon ions (6.83 % and 8.99 % at 2 Gy, 13.44 % and 12 % at 10 Gy, 
respectively) suggesting a partial blockage at G2-M phase for both 
conditions. On the other hand, the irradiation with X-rays at 2 and 10 Gy 
or the irradiation with carbon ions at 2 Gy had no effect on the cell cycle 
distribution in HN099 cells with a sub-G1 population between 3.35 % 
and 4.81 % (Fig. 3, Supplementary Fig. 6). Only a dose of 10 Gy with 
carbon ions induced an increase of the sub-G1 population to 31.4 %.

Discussion

We exposed PDTO lines to carbon ions and X-rays and assessed their 
response to those modalities of radiotherapy using various assays. We 
selected day 10 post-irradiation as the optimal timepoint for readout, 
based on preliminary experiments showing reduced variability between 

M. Perréard et al.                                                                                                                                                                                                                               Radiotherapy and Oncology 210 (2025) 111026 

3 

https://git.unicaen.fr/nicolas.elie/process_incucyte
https://git.unicaen.fr/nicolas.elie/process_incucyte


Fig. 1. Comparison of the response of HNSCC PDTO lines to carbon ions and X-Rays using viability assay. Dose-response curves were plotted using viability 
assay performed 10 days following exposure of 5 PDTO lines to increasing doses of carbon ions or X-rays. Each curve represents the average of two or three ex
periments (respective AUC available in Supplementary Fig. E2). Relative Biological Effect (RBE) were calculated as the ratio of Area Under Curve (AUC) of XR 
experiments to those of CI experiments. CI, Carbon Ions, XR, X-Rays.
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Fig. 2. Comparison of the response of HNSCC PDTO lines to carbon ions and X-Rays using Organoid Forming Assay (OFA). (A-B). Representative images of 
extracellular matrix dome 5, 10, 15 and 20 days post-irradiation with X-rays or carbon ions of X-ray-sensitive PDTO line HN065 (A) and X-ray-resistant PDTO line 
HN099 (B). Scale bar = 1500 µm (whole dome) and 300 µm (zoom). RBE were calculated based on the ratio of surface of the drop occupied by PDTO at 10 days. (C-D) 
Quantification of the proportion of the surface of the drop occupied by PDTO lines HN065 (C) and HN099 (D).
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replicates and better capture of long-term effects of radiation (Supple
mentary Fig. 1). Indeed, evaluation at earlier timepoints may miss key 
consequences of radiation-induced damage, especially in 3D models 
where sublethal damage can accumulate over time. While we did not 
directly measure DNA damage, we acknowledge that persistent effects 
may result from ongoing chromosomal instability in daughter cells that 
inherit damage, and that only those cells retaining proliferative capacity 
will eventually repopulate. Similar findings were reported by Roohani 
et al., who showed in 3D sarcoma models that DNA damage accumu
lated between day 4 and day 8 after irradiation with protons or photons 
[14]. Our results are consistent with these observations and emphasize 
the importance of considering later timepoints to fully assess the efficacy 
of radiotherapy modalities.

The viability assay showed consistent results across repeated ex
periments for two PDTO lines (HN065 and HN099), while greater 
variability was observed in the other three lines. This variation may 
reflect inherent biological differences between the models, particularly 
considering the multicellular nature of PDTO and the time elapsed be
tween irradiation sessions, which required multiple passages. Although 
some variability was noted, carbon ion irradiation tended to result in a 
stronger cell-killing effect compared to X-rays in all models tested. 
Clonogenic assay, or colony forming assay, is the gold standard method 
for assessing radiosensitivity in vitro [24] and has already been used to 
determine the RBE of carbon ions over photons in 2D cells [4,5]. This 
method analyzes cell viability and quantify reproductive cell survival 
fraction after treatment with radiation [25]. In this study, we adapted 
the protocol of the conventional colony forming assay to the culture of 
PDTO in order to develop the Organoid Forming Assay. The panel of 
pictures for 20 days showed a dose-dependent decrease of ability of cells 
to generate PDTO following the different modalities of irradiations 
(Supplementary Fig. 5). The results were quantified by counting the 
surface occupied by PDTO over the total surface of the extracellular 
matrix dome to compare the different conditions and were consistent 
with the previous observations. We chose to focus on the total surface 
area occupied by PDTOs, as it offers a clear and consistent representa
tion of growth dynamics over time. In contrast, tracking individual 
PDTO size can be difficult to represent in this context and technically 
challenging, especially when organoids grow in number and size, often 
overlapping or merging, which complicates reliable segmentation. A 
methodology similar to our protocol was described in 2024, with irra
diation of PDTO before dissociation and analysis of the surface occupied 
by the PDTO [26]. Another study investigated the cell inactivation of X- 
rays on 3D-cultured patient-derived cells of glioblastoma [27] based on 
the average and standard deviation of an individual colony’s area to 
represent the heterogeneity of growing of the 3D models. Although OFA 
was performed on only two PDTO lines, the results obtained were 

globally consistent with the viability assays for these two models despite 
different RBE values. This can be explained by the fact that the viability 
assay measures metabolic activity, which may reflect surviving cells that 
are metabolically active but no longer proliferating. In contrast, OFA 
specifically assesses the ability of surviving cells to proliferate and form 
PDTO, providing complementary information. Moreover, this assay 
could allow evaluation of cell population heterogeneity post-irradiation. 
Investigating the cellular composition of PDTO following different types 
of irradiation would greatly enhance the biological relevance of the 
model. In particular, characterizing the subpopulations of cells capable 
of reforming PDTO after irradiation, so-called Cancer Stem Cells (CSCs), 
using for example single-cell analyses, could provide valuable insights 
into the mechanisms of radioresistance. It is acknowledged that CSCs 
demonstrate an enhanced capacity to initiate PDTO formation [28]. 
CSCs are considered as a subpopulation of tumor cells with self-renewal 
and differentiation capabilities, capable of driving tumor initiation, 
progression, and relapse. They exhibit phenotypic plasticity, allowing 
dynamic transitions between stem-like and non-stem-like states, which 
contributes to intratumoral heterogeneity, metastasis, and resistance to 
treatments [28]. OFA could thus provide evidence for the role of CSCs in 
radioresistance and support the identification of therapeutic strategies 
to overcome it. A study on HNSCC cell lines showed that CSC were more 
capable of proliferation and induced tumorigenicity following irradia
tion by X-rays or carbon ions [29]. Presence of CSC in the survival 
fraction of PDTO cells following irradiations would deserve to be further 
investigated in the future. Moreover, OFA allowed a visual analysis over 
time combined with quantification. It allows to analyse kinetic over time 
and requires a small amount of material (300 PDTO per condition), 
suggesting that this assay could become the new gold standard method 
to assess radiosensitivity of PDTO.

As expected, viability assay showed that carbon ions exhibited 
enhanced cell killing efficacy compared to X-rays on PDTO lines derived 
from HNSCC. Others studies investigated effects of carbon ions on 2D 
cell lines from HNSCC [4,5,29,30] or on 3D models derived from cell 
lines [14,15] but this study was the first to use 3D tumor models derived 
from patients. Interestingly, in 4 out of 5 PDTO lines, we observed a 
plateau in viability between 4 and 10 Gy of carbon ion irradiation, un
expectedly reaching levels similar to those seen with X-rays. At such 
high doses, it is likely that cells are over-irradiated, accumulating 
extensive, unrepaired DNA damage. While these cells are still considered 
viable according to the ATP assay, they appear unable to repair the 
damage or to proliferate, as further confirmed by OFA. The RBE calcu
lated using the AUC determined by the viability assay for the 5 lines 
ranged from 1.14 to 1.94 while RBE calculated using surface occupied 
by PDTO ranged from 3.14 to 6.54. Clonogenic survival in 2D cell lines 
remains the classical method to define RBE. However, alternative 

yr yr

Fig. 3. Analysis of distribution in the cell cycle of HNSCC PDTO cells following exposure to X-ray or carbon ions. Distribution (in percentage) in the cell cycle 
of the cells of HN065 and HN099 PDTO lines 10 days post-irradiation with X-rays or carbon ions using propidium iodide staining and flow cytometry.
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approaches have been reported in the literature, such as the evaluation 
of DNA double-strand break induction [31]. In our study, we chose to 
estimate RBE using viability assays, which are currently considered the 
gold standard for assessing treatment response in PDTOs, including in 
the context of radiotherapy [17]. Although, to our knowledge, this is the 
first study to estimate RBE using ATP-based viability in cellular models, 
the values obtained are more consistent to those reported in the litera
ture. Thus, previous results on 2D cells calculated RBE between 2.1 and 
2.5 [4,5,32], and the differences observed could be due to the absence of 
3D architecture or the lack of heterogeneity. The difference between 
RBE from the radiosensitive and the radioresistant PDTO line was low 
when calculated from viability (1.41 vs 1.94) but achieved a higher 
difference when calculated with OFA at 10 Gy (4.23 vs 6.54).

The results of the cell cycle analysis were globally consistent with 
viability assay and OFA and tends to support the trends observed in 
these assays (i.e higher efficiency of carbon ions compared to X-rays, and 
higher differential effect in X-rays-resistant PDTO line), although the 
results are not strictly overlapping.

In particular, we now address the notable increase in the proportion 
of S-phase cells in the HN099 model after 10 Gy of carbon ion irradiation 
(from 6 % in control to 14 % post-irradiation). One hypothesis is that, as 
shown in the OFA results, the majority of PDTO were eliminated within 
the 10 days following high-dose CI exposure. This massive reduction in 
PDTO number may relieve contact inhibition among surviving cells, 
allowing them to proliferate more freely and re-enter S-phase. Further
more, immunohistochemistry revealed strong nuclear accumulation of 
p53 in HN099, suggesting a potential TP53 mutation (data not shown). 
This could impair proper cell cycle arrest, allowing cells to continue 
through the cycle despite DNA damage. The accumulation in S-phase 
could also reflect replication stress or checkpoint slippage [33]. Finally, 
high proportion of sub-G1 events in these conditions indicates extensive 
cell death, which may affect the relative distribution of the remaining 
viable cells across the different cell cycle phases. Another notable 
discrepancy lies in the lower sub-G1 fraction observed in HN065 PDTOs 
following 10 Gy of carbon ion irradiation compared to the same dose of 
X-rays (40.5 % vs. 49.91 %). This difference may stem from the higher 
biological effectiveness of carbon ions, which induce early apoptosis 
that may evolve into late apoptosis or necrosis over the course of 10 
days. Consequently, this could lead to a reduced detection of apoptotic 
bodies, even though the Organoid Formation Assay (OFA) reveals a 
stronger inactivating effect of 10 Gy carbon ion irradiation compared to 
X-rays. Moreover, the blockage in G2/M cell cycle progression observed 
in the sensitive PDTO line is quite similar following X-rays and carbon 
ion exposures and there was no blockage in G2/M in the resistant PDTO 
line. Those results differed from other studies on 2D cell lines where 
blockage in G2/M was more important in radioresistant cell lines than in 
sensitive cell lines [30,34,35]. However, those conclusions were based 
on analysis of the cell cycle 24 h after irradiation. In one of those studies, 
for the cell line that displayed a strong increase of cells in G2-M phase 
24 h post-irradiation [30], they showed a decreased of this proportion 
10 days post-irradiation, suggesting that after this delay the blockage in 
the cell cycle was overcome by the cells. A limitation of our study is thus 
the timing of the post-irradiation analyses for cell cycle and cell death. 
Due to restricted access to sufficient biological material at earlier 
timepoints, these assays were performed later than the optimal window 
for capturing immediate radiation-induced effects, such as early G2-M 
arrest or apoptosis. As a result, the observed differences in cell cycle 
distribution and sub-G1 fractions were relatively modest and may not 
fully reflect the early cellular responses to irradiation. It is worth noting 
that sensitivity to X-rays among the PDTO lines is not associated with 
higher proliferation rate, as the radioresistant model actually exhibited a 
slightly higher proliferation rate than the radiosensitive one (data not 
shown). We thus showed that the X-ray-sensitive PDTO line was more 
sensitive to carbon ions, but the most interesting part was that the X-ray- 
resistant PDTO line was almost four times more sensitive to carbon ions 
compared to X-rays. This observation reinforces the idea that carbon 

ions could be especially beneficial for patients with X-ray-resistant tu
mors. Future research should aim to validate this finding in a larger 
panel of resistant models and to decipher the underlying mechanisms, 
which could ultimately guide patient selection for hadrontherapy.

A phase II prospective study showed therapeutic effectiveness of 
carbon ions on 236 patients with head and neck cancers but most of 
them were patients with rare tumours and only a few patients had 
HNSCC [3]. Other clinical studies on head and neck cancers are ongoing 
but only a few focused on HNSCC [36]. The use of carbon ions in clinic is 
still limited because this technology is expensive and only a few centres 
exist worldwide, preventing its routine development. In this context, we 
showed that PDTO seem to be relevant models to study the biological 
effects of carbon ions. It is now essential to expand the panel models 
tested for irradiations to perform meaningful subgroup analysis and 
identify predictive biomarkers susceptible to select profiles of tumours 
sensitive to carbon ions and design further clinical trials. The first carbon 
ions beam facility for treatment in France will be available by 2025 [37] 
and identifying patients who will benefit the most from this costly 
technology is crucial. Thus, development of predictive functional assays 
based on PDTO could help to identify patients who could benefit from 
carbon ions.

Conclusion

These results showed the feasibility of irradiating PDTO with carbon 
ions and assessing their response at the individual level using multiple 
assays. OFA appeared as a relevant method to evaluate survival and 
regrowth capacity, enabling comparison of different radiotherapy mo
dalities and RBE calculation.

Interestingly, the X-ray-resistant PDTO line showed a strong sensi
tivity to carbon ions. This finding warrants further investigation into the 
underlying mechanisms and suggests that carbon ion therapy may help 
overcome resistance to conventional radiotherapy in HNSCC, opening 
new perspectives for improving treatment strategies and ultimately 
enhancing patient care.
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