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Résumé

Si les définitions de la radiorésistance des tumeurs peuvent varier selon l'angle de vue, radiobiologique ou clinique, les mécanismes de la radiorésistance sont partiellement identifiés. Ils impliquent des voies de signalisation oncogènes spécifiques aux tumeurs, le métabolisme et la prolifération des tumeurs, le microenvironnement tumoral/hypoxie, et peuvent reposer sur une génomique somatique spécifique.

Les corrélations entre la biologie des tumeurs (histologie) et l'imagerie permettent des approches théragnostiques qui utilisent une imagerie biologique non invasive (fonctionnalisation de traceurs des biomarqueurs des voies tumorales, imagerie de l'hypoxie, etc). La modélisation de la fonction de prescription des doses en fonction de leur rapport d'amélioration d'un facteur de radiorésistance des tumeurs, lié au métabolisme, à la prolifération, à l'hypoxie est un domaine en cours d'investigations.

Introduction

Long a mainstay of cancer treatment, radiotherapy is gradually becoming more effective as modalities (particles, equipments, fractionation, etc.) allow improved treatments that are better tailored to patients, tumours, and normal tissues. However, a significant number of tumours fail to be controlled with radiotherapy alone. While most adenocarcinomas, as well as sarcomas, advanced head and neck squamous cell carcinomas, gliomas, are considered radioresistant, histology alone cannot explain the variable patterns of response and failure to radiotherapy among these histological types. For one given histology, metabolism, proliferation, hypoxia, and other characteristics of tumour aggressiveness, may be present in various degrees and variably contribute to failure to cure tumours. The biologic factors, genomics, either intrinsic or acquired factors that lie behind the concept of tumour radioresistance are an intense field of investigations at the molecular, cellular, tissue or individual levels. Some of them can be used as theragnostic means through high resolution functional imaging that can be used to target tumour subvolumes with high precision radiotherapy. Attempts to counteract radioresistance have been performed using higher equivalent doses (dose escalation or higher biological dose radiation modalities) or combinations of radiotherapy and systemic radiosensitizing treatments or more recently radiation enhancers. Because of tumour heterogeneity and radiosensitive surrounding tissues, spatial modulation is therefore necessary but requires highly modulated radiotherapy to a degree of complexity that may be too high for some techniques to achieve large enhancement ratios. In addition, radioresistance in irradiated cells and tissues may change during fractionated radiotherapy, thus also requiring temporal modulation of radiotherapy. The current review addresses state of the art of the transfer to the clinics of biology and imaging aspects of radioresistant tumours. The feasibility and preliminary clinical results spatial and temporal modulation of radiotherapy using different particles, techniques, fractionation, or combinations will also be addressed.

Radioresistance : from biology to imaging

Radioresistance is envisioned through different points of view from surviving fraction to curability.

Radioresistance can be due intrinsic radioresistance mechanisms involving activated pathways or radiation-induced resistance mechanisms including plasticity of tumour stem cells and microenvironment as well as metabolic switches. An additional degree of complexity lies in the fact that these biologic resistance mechanisms may be heterogeneously present in each tumour. Therefore, any attempt to target a given radioresistance mechanism should be spatially selective within a given tumour. With advances in imaging, tumour heterogeneity may also be visualized by multi-modal imaging showing more aggressive areas at the millimetric scale using biomarkers of activated pathways and metabolism in cells clusters.

Intrinsic pathways of radioresistance

In radioresistant and heterogeneous tumours such as glioblastomas, several pathways are activated and contribute to intrinsic radioresistance: biological signal transduction pathways in tumour cells and crosstalks between tumour cells and their microenvironment.

Growth factor pathways

In the fibroblast growth factor receptor 1 (FGFR1) pathway for example, fibroblast growth factor, FGF2, controls radioresistance through a small GTPase that in turn activates DNA repair pathways through activation of DNA PKcs after binding to FGFR-1, 2 and 4 [START_REF] Ader | The radioprotective effect of the 24 kDa FGF-2 isoform in HeLa cells is related to an increased expression and activity of the DNA dependent protein kinase (DNA-PK) catalytic subunit[END_REF]. FGFR1 expression in tumour cells is an independent prognostic factor of reduced survival and time to progression in glioblastomas treated by radiation [START_REF] Ducassou | alphavbeta3 integrin and fibroblast growth factor receptor 1 (FGFR1): Prognostic factors in a phase I-II clinical trial associating continuous administration of tipifarnib with radiotherapy for patients with newly diagnosed glioblastoma[END_REF]. Silencing of FGF receptors by a specific inhibitor has led to glioblastomas radiosensitization, via phospholipase C gamma (PLCγ) and hypoxia-inducible factor 1 alpha (HIF1α), in vitro and on animal models,suggesting that FGF2/FGFR1 pathway might be a central pathway sustaining glioblastomascell radioresistance [START_REF] Gouaze-Andersson | FGFR1 Induces glioblastoma radioresistance through the PLCgamma/Hif1alpha pathway[END_REF]. FGFR1 also controls glioblastoma stem cells radioresistance through FOXM1 and genes involved in mesenchymal transition [START_REF] Gouaze-Andersson | FGFR1/FOXM1 pathway: a key regulator of glioblastoma stem cells radioresistance and a prognosis biomarker[END_REF]. FGF receptors inhibitors are being investigated in the clinic.

Integrins

Beside growth factors pathways, integrins are major receptors involved in cell-matrix adhesion. They regulate numerous cellular effects, including proliferation, survival, and invasion. Some integrins (such as αvβ3 and αvβ5) expressed in glioblastomas are involved in angiogenesis and migration, while others are associated with glioblastoma stemness [START_REF] Skuli | Alphavbeta3/alphavbeta5 integrins-FAK-RhoB: a novel pathway for hypoxia regulation in glioblastoma[END_REF]. Crosstalks between FGFR1 and α6 integrin pathways also contribute to glioblastoma radioresistance.

Hypoxia

Interestingly, hypoxia, another important factor of radioresistance and to stemness maintenance has also been shown to up-regulate integrins (α6, αvβ3), which contribute to cell adaptation to hypoxia [START_REF] Dahl | Hypoxia-inducible factor regulates alphavbeta3 integrin cell surface expression[END_REF].

Beside hypoxia, which inhibits the degradation of HIF1α, irradiation is also able to induce its stabilization in glioblastoma models. HIF1α inhibition leads to glioblastoma radiosensitization through the increase of mitotic cell death and centrosome overduplication [START_REF] Lanvin | Radiation-induced mitotic cell death and glioblastoma radioresistance: a new regulating pathway controlled by integrin-linked kinase, hypoxia-inducible factor 1 alpha and survivin in U87 cells[END_REF]. Thus, hypoxia mapping is of particular interest for the determination of radioresistant areas and for dose painting delivery as performed in head and neck cancers [START_REF] Monnich | Robustness of quantitative hypoxia PET image analysis for predicting local tumor control[END_REF].

Biomarkers imaging

These biomarkers may be imaged by positron-emission tomography (PET)-computerized tomography (CT) to map tumour heterogeneity and identify radioresistant tumour subvolumes to be irradiated to higher doses than the rest of the tumour. For example, several tracers for PET/single photon emission computed tomography imaging recognizing different types of integrins have been developed, such as ( 18 F)-fluciclatide-labelled αvβ3/αvβ5 integrins, ( 68 Ga)-arginine-glycine-asparagine (RGD) peptide, ( 131 I)-labelled RGD cyclic peptide dimer for αvβ3 imaging or ( 68 Ga)-labelled integrin αvβ6-targeting cyclic peptide ([ 68 Ga]-cycratide) to map angiogenesis or integrins in glioblastomas, head and neck carcinomas or various tumours. Fluoromisonidazole, fluoroazomycinarabinoside can detect hypoxia, Additional markers of cell proliferation are relevant in head and neck tumours and various other tumours. Fluorothymidine-PET can be used to image high proliferative tumour subvolumes at risk of radiotherapy through tumour repopulation.

Imaging cannot be used to show in vivo the biologic mechanisms involved in radioresistance.

They can be used to define treatment areas, which represents the concept of theranostics. For example, considering a specific integrins pattern on tumour cells compared to normal cells, therapeutic integrin targeting, for example, could serve to selectively deliver chemotherapy, immunotherapy, radionucleotide, gene therapy agents or even nanoparticles to tumour cells to increase treatment efficacy while decreasing normal tissue toxicities.

Metabolism switch and radioresistance

High glucose metabolism is a characteristic of aggressive tumours, as illustrated by the frequent use of fluorodeoxyglucose-PET-CT use in cancers [START_REF] Yan | Tumor voxel dose-response matrix and dose prescription function derived using ( 18 F)-FDG PET/CT images for adaptive dosepainting by number[END_REF]. Reprogramming of energy metabolism is an important hallmark of cancer under stress conditions like hypoxia or even radiotherapy. Reprogramming aims to satisfy the high demand of energy of aggressive tumour cells. It involves glycolysis with elevated levels of lactate and pyruvate due to overexpression and/or activation of glycolytic regulatory enzymes such as hexokinase, involved in the so-called Warburg effect. Lipid metabolism is also modified through increased uptake of exogenous lipids or sustained synthesis of mono-unsaturated and poly-unsaturated fatty acids. Lipid peroxidation in the cytoplasm and mitochondrial membranes can induce programmed cell death but may be counteracted by the production of antioxidants by tumour cells [START_REF] Korreman | Feasibility of dose painting using volumetric modulated arc optimization and delivery[END_REF]. Inhibition of tumour metabolism can restore radiation-induced apoptosis in glioblastomas and head and neck cancer models [START_REF] Vartanian | Targeting hexokinase 2 enhances response to radio-chemotherapy in glioblastoma[END_REF][START_REF] Jung | HPV-associated differential regulation of tumor metabolism in oropharyngeal head and neck cancer[END_REF]. Clinical demonstration of the feasibility and benefit of metabolic switches remains to be done.

Radiation-induced plasticity

The behaviour of tissues to irradiation is often considered with respect to tissue biology before irradiation and baseline imaging is the standard to define radiotherapy doses and target volumes.

However, tissue response, as exemplified by the concept of adaptive radiotherapy, can significantly change tumour volumes at the macroscopic level during fractionated radiotherapy. At the biologic level, radiation-induced plasticity mechanisms can also occur, which may lead to tumour adaptation and acquired radioresistance. For example, irradiation, like hypoxia, induces HIF1α stabilization which, in turn, induces glioblastoma radioresistance [START_REF] Lanvin | Radiation-induced mitotic cell death and glioblastoma radioresistance: a new regulating pathway controlled by integrin-linked kinase, hypoxia-inducible factor 1 alpha and survivin in U87 cells[END_REF]. Clinical doses of radiation can induce reprogramming from differentiated cells toward stem like cells through increase expression of surviving in glioblastomas. This phenomenon has also been described in other tumour types, such as breast cancer. Transdifferentiation, another kind of radiation-induced plasticity could also explain tumour failure following radiotherapy. Glioma-associated neovascularization can occur through vascular co-option (a non-angiogenic mechanism in which cancer cells utilize pre-existing blood vessels), angiogenesis, vasculogenesis or vascular mimicry. It can also occur through transdifferentiation of glioblastoma cells, especially stem cells, into tumour-derived endothelial cells. This radiation-induced escape mechanism contributes to acquired radioresistance. Another kind of plasticity, endothelial-to-mesenchymal transition, promotes cancer-associated fibroblast formation in tumours. Cancer-associated fibroblasts alter the endothelium to allow tumour-cell extravasation and transdifferentiate into pericyte-like cells within tumours. Radiation-induced mesenchymal transition can lead to tumour vasculature with abnormal pericyte recruitment during tumour regrowth after radiotherapy and can regulate tumour associated macrophage polarization [START_REF] Leblond | Hypoxia induces macrophage polarization and re-education toward an M2 phenotype in U87 and U251 glioblastoma models[END_REF]. Inhibiting radiationinduced mesenchymal transition might enhance radiotherapy efficacy, particularly by promoting immune responses [START_REF] Choi | Tumour-vasculature development via endothelial-to-mesenchymal transition after radiotherapy controls CD44v6(+) cancer cell and macrophage polarization[END_REF]. Thus, both spatial and temporal modulation of radiotherapy are required to counteract radioresistance.

Impact of anatomy on radioresistance

Anatomy, in the brain, can also influence tumour cell behaviour and response to radiotherapy. Clinical data demonstrate that relapses in glioblastoma after chemoradiotherapy are more aggressive in tumours of the subventricular zone, where they seem to exhibit higher migration and invasion capacities than in other anatomic areas. A signature of six genes involved in cell migration, metabolism, transcription, translation, intracellular traffic, regulation of apoptosis and cell survival down-stream the main gene (RND1) was shown to be involved in this differential migration capacity [START_REF] Luo | The clinicopathologic and prognostic value of hypoxiainducible factor-2alpha in cancer patients: a systematic review and meta-analysis[END_REF].

Tumour heterogeneity mapping and targeting using radiotherapy

Tumour heterogeneity can be visualized by multimodal imaging using MRI, and its diffusion tensor imaging, perfusion and magnetic resonance spectroscopy imaging sequences. It can also be imaged with PET imaging using different tracers to locate hypoxic, hypermetabolic or proliferative areas, for example. With increasing spatial resolution of these imaging modalities, voxel-wise machine learning models are being implemented to predict sub-regions where recurrences likely occur [START_REF] Beaumont | Voxel-based identification of local recurrence subregions from pretreatment PET/CT for locally advanced head and neck cancers[END_REF]. For example, based on evidence of magnetic resonance spectroscopy imaging as a tool to predict glioblastoma sites of failure to radiotherapy, a phase III clinical trial was designed to compare in patients with de novo glioblastomas the standard Stupp protocol or a supplementary boost to the contrast-enhanced and hypermetabolic area defined by magnetic resonance spectroscopy imaging [START_REF] Laprie | Proton magnetic resonance spectroscopic imaging in newly diagnosed glioblastoma: predictive value for the site of postradiotherapy relapse in a prospective longitudinal study[END_REF].

To decipher tumour cells characteristics in this biological target volume, biological heterogeneity was assessed on biopsies or operative specimen and mapped to predict glioblastoma failure patterns and sites of radioresistance (STEMRI trial NCT 01872221) [START_REF] Laprie | Dose-painting multicenter phase III trial in newly diagnosed glioblastoma: the SPECTRO-GLIO trial comparing arm A standard radiochemotherapy to arm B radiochemotherapy with simultaneous integrated boost guided by MR spectroscopic imaging[END_REF]. The national MoGlimaging consortium brings together eight French expert teams in biology, imaging and mathematic modelling to address this question. Finally, efforts in identifying factors driving tumour radioresistance and tumour cell markers are being made, allowing new diagnostic and/or therapeutic targeted strategies.

Spatial and temporal modulation of radiotherapy to target radioresistant tumour subvolumes

Modelling dose prescription function for dose-painting biology-guided radiotherapy

Because irradiating a whole tumour with high tumoricidal doses of photons is associated with a risk of unacceptable severe toxicity, tumour heterogeneity as defined with high resolution imaging may be exploited to only irradiate radioresistant tumour subvolumes at high doses. The prerequisites are that the relation between tumour control and dose, the dose prescription function, the dose enhancement ratio, and their dependence on underlying biological factors are well known. The enhancement ratio needed to compensate in dose to achieve a similar tumour control probability for a given radioresistant characteristic of tumours can vary substantially depending on the oncogenic mechanism. The wellknown oxygen enhancement ratio is the order of 3 while the "hypermetabolism" enhancement ratio illustrated on fluorodeoxyglucose-PET imaging may rather be in the order of 1.5.

Tridimensional tumour radiotherapy targeting relies on the possibility to deliver different doses in tumour subvolumes, with dose being tailored on the risk of harboring a given tumour burden, which itself is empirically related to a given dose and a given risk of local relapse. This defines the concept of "dose painting", i.e. the possibility to spatially escalate the dose at the voxel level based on the identification of heterogeneously distributed radioresistant tumour subvolumes while delivering conventional doses (as defined in current "standard protocols") to other voxels of the tumour.

Anyhow, a dose prescription function should be derived from various radioresistant parameters so that one knows which dose to deliver in subvolumes defined by adequate functional imaging. Yan et al performed serial weekly (but below 40 Gy to avoid occurrence of confounding radiation-induced inflammation) fluorodeoxyglucose-PET-CT in patients with head and neck cancer to establish a tumour voxel dose-response curve based on changes in standard uptake values [START_REF] Yan | Tumor voxel dose-response matrix and dose prescription function derived using ( 18 F)-FDG PET/CT images for adaptive dosepainting by number[END_REF]. They normalized the dose-response matrix based on in vitro surviving fraction values at 2 Gy in the same numerical range to define a tumour voxel control probability lookup table. The latter was used to create a dose prescription function for each tumour voxel based on baseline standard uptake values and doseresponse matrix. Intensity-modulated radiotherapy plans were then modulated using a dose-painting by numbers approach [START_REF] Yan | Tumor voxel dose-response matrix and dose prescription function derived using ( 18 F)-FDG PET/CT images for adaptive dosepainting by number[END_REF]. Simulations showed that adaptive dose-painting could have improved the tumour control probability from 30% to 90% in four patients (out of 18) in whom treatment had failed, while maintaining normal tissue sparing.

Technical ability of radiotherapy to reliability achieve extremely modulated plans

Modern radiotherapy techniques theoretically allow dose-painting: intensity-modulated radiotherapy, stereotactic radiotherapy, charged particles, brachytherapy, etc. However, the extent to which each technique can achieve the dose necessary to compensate for tumour radioresistance may be limited with low lineal energy transfer radiotherapy, such as performed with photons. Clinical experience suggests that most photon-based (either by intensity-modulated radiotherapy or stereotactic body radiotherapy) dose escalation studies have increased the dose by only 10 to 15%. Delivering higher doses to fit with estimates of dose enhancement ratios of 150 to 300% has not been achieved yet other than in modelling studies (with up to 140 Gy in a reirradiation study) [START_REF] Skjotskift | Dose painting for re-irradiation of head and neck cancer[END_REF]. The degree of complexity of the modulation can be a serious limitation [START_REF] Kamperis | Complexity in radiation therapy: it's complicated[END_REF]. Dose escalation of hypermetabolic head and neck tumours or hypoxic lung tumours up to 86 Gy has been inconclusive with photons and may increase the risk of late severe toxicity [START_REF] Vera | Phase II study of a radiotherapy total dose increase in hypoxic lesions identified by ( 18 F)-misonidazole PET/CT in patients with non-small cell lung carcinoma (RTEP5 Study)[END_REF][START_REF] Berwouts | Long-term outcome of ( 18 F)-fluorodeoxyglucose-positron emission tomography-guided dose-painting for head and neck cancer: Matched case-control study[END_REF]. While further attempts are being conducted [START_REF] Porsche | Do selective radiation dose escalation and tumour hypoxia status impact the locoregional tumour control after radiochemotherapy of head and neck tumours? The ESCALOX protocol[END_REF], broad application of dose escalation in hypoxic tumour subvolumes may be definitively hindered with photons due to their limited biologic efficacy (low lineal energy transfer particles) and their unfavourable spatial dose distribution (neutral particles) [START_REF] Thureau | FDG and FMiso PET-guided dose escalation with intensity-modulated radiotherapy in lung cancer[END_REF]. In-silico works have explored the possibility to deliver an increment of dose that often exceeds by far the dose constraints of the organs at risk [START_REF] Vera | Phase II study of a radiotherapy total dose increase in hypoxic lesions identified by ( 18 F)-misonidazole PET/CT in patients with non-small cell lung carcinoma (RTEP5 Study)[END_REF]. Altogether, it is likely that photons have limited ability to override radioresistance despite dramatic improvements in beam delivery. Proton dose-painting radiotherapy may have lower robustness owing to range uncertainties and warrants extra caution [START_REF] Hakansson | Radiation dosepainting with protons vs. photons for head-and-neck cancer[END_REF]. Perhaps a way to overcome the tolerance limit of normal tissues lies in flash radiotherapy with very high intensity electron or photon beams. However, so far, flash radiotherapy mostly has protective effects on normal tissues and has not shown higher efficacy on radioresistant tumours. Whether spatial fractionation could improve the risk benefit ratio in radioresistant tumours is an option will have to be demonstrated.

Another approach could be based on combinations between alpha therapy and dose escalation intensity-modulated radiotherapy only to the core of the tumour (using such imaging as copperdiacetyl-bis(N4-methylthiosemicarbazone [Cu-ATSM] PET [START_REF] Korreman | Feasibility of dose painting using volumetric modulated arc optimization and delivery[END_REF]). Therefore, dose-painting investigations may be more relevant with high lineal energy transfer charged particle therapy to achieve sufficient orders of magnitude in dose escalation to overcome tumour radioresistance. The only radical dose escalation approach is probably to combine the dosimetric advantage of high lineal energy transfer charged particles with the reduced oxygen dependence of light ions such as carbon ions.

The discovery of the oxygen effect in the 1950s led to two major advances in radiotherapy: i) the understanding that tumour hypoxia / necrosis could represent a major cause of radioresistance (LH Gray, Oxford, UK, 1953). ii) that new types of radiotherapy, such as neutrons (R Stone, Berkeley, US, 1938, M Catterall Hammersmith, London, UK, 1971) or ions (C Tobias, J Castro and E Blakely, Berkeley, US: proton 1954, helium 1957, neon 1975) could counteract tumour radioresistance.

However, radioresistant tumours remain difficult to cure in 2020.

Radioresistance of tumours in relation to acute or chronic hypoxia is widely demonstrated [START_REF] Horsman | The impact of hypoxia and its modification of the outcome of radiotherapy[END_REF].

Hypoxia-related radioresistance and associated variations of the oxygen effect depend on the type of radiation. This is valid in vitro regardless of the notions of hypoxia, normoxia or physioxia or even acute or chronic hypoxia. The greater efficiency of high lineal energy transfer radiations against the various mechanisms underlying radioresistance transcends hypoxia and other physical or physicochemical mechanisms as well as biological mechanisms (see section 2. of this article).

However, a physical quantity such as ionization density given by the lineal energy transfer is very closely correlated with the ability of a radiation to overcome hypoxia-related radioresistance. The higher the radiation-induced ionization density for a given dose in tissues, the less radioresistant the cells, regardless of hypoxia. Hypoxia-dependency disappears for lineal energy transfers of 150 to 170 keV/µm, which is far beyond what medical proton beams can produce (20 keV/µm). In contrast, such values are commonly achieved in the spread-out Bragg peak of medical beams of carbon, oxygen or neon ions [START_REF] Tran | The relative biological effectiveness for carbon, nitrogen, and oxygen ion beams using passive and scanning techniques evaluated with fully 3D silicon microdosimeters[END_REF]. As a reminder, medical X-ray beams from linear accelerators have lineal energy transfers of about 0.3 keV/µm. The magnitude of hypoxia-related radioresistance is given by the factor of increase of the effect of the radiation by oxygen (OER). This effect provides an order of magnitude for the theoretical increase in dose that would be necessary to overcome hypoxia-related radioresistance. It varies from 1 in normoxia (the reference being 21% of O2) to 2.7 with null oxygenation (OER = 2 for 0.15% of O2) [START_REF] Tinganelli | Killpainting of hypoxic tumours in charged particle therapy[END_REF].

High lineal energy transfer radiotherapy

High lineal energy transfer radiotherapy with neutrons has failed to cure radioresistant tumours without excess toxicity, related to high biological efficacy on one hand and the disadvantageous poorly-selective spatial dose distribution of neutral particles at a time where ballistics were rudimentary [START_REF] Maucort-Boulch | Rationale for carbon ion therapy in high-grade glioma based on a review and a meta-analysis of neutron beam trials[END_REF]. It is therefore important to continue to carry out studies to efficiently treat radioresistant tumours.

High lineal energy transfer charged particle therapy approaches should be proposed to select patients with well characterized tumour radioresistance. The development of reliable and robust functional imaging of radioresistance and hypoxia is critical [START_REF] Bekaert | 18 F)-FMiso PET study of hypoxia in gliomas before surgery: correlation with molecular markers of hypoxia and angiogenesis[END_REF][START_REF] Thariat | Imaging issues specific to hadrontherapy (proton, carbon, helium therapy and other charged particles) for radiotherapy planning, setup, dose monitoring and tissue response assessment[END_REF]. A first obstacle relies in the dynamics of hypoxia and the diagnosis of radioresistance. A single parameter such as an ( 18 F)fluoromisonidazole-PET mapping is probably insufficient to ascertain hypoxic resistance and to escalate the dose if one considers that tumours reoxygenate during fractionated radiotherapy [START_REF] Tachibana | A prospective clinical trial of tumor hypoxia imaging with ( 18 F)-fluoromisonidazole positron emission tomography and computed tomography (F-Miso PET/CT) before and during radiation therapy[END_REF], to the point that the same imaging arguments can be used to suggest therapeutic de-escalation when reoxygenation occurs [START_REF] Lee | Strategy of using intratreatment hypoxia imaging to selectively and safely guide radiation dose de-escalation concurrent with chemotherapy for locoregionally advanced human papillomavirus-related oropharyngeal carcinoma[END_REF]. A second obstacle to targeting hypoxia with radiotherapy is that there may be spatial variations in hypoxic subvolumes [START_REF] Nehmeh | Reproducibility of intratumor distribution of ( 18 F)-fluoromisonidazole in head and neck cancer[END_REF][START_REF] Cheney | 18 F]-Fluoromisonidazole positron emission tomography/computed tomography visualization of tumor hypoxia in patients with chordoma of the mobile and sacrococcygeal spine[END_REF]. Therefore, a critical step could be to define a reliable and reproducible diagnosis of tumour radioresistance to be repeated over the course of radiotherapy if needed. However, the use of light ions for this purpose implies more advanced ballistic conditions than are currently used. Indeed, current practice is the use of a homogeneous irradiation of the target volumes with traversing spread-out Bragg peak through the target volume, stopping the most effective and toxic part of the beams a little outside the target. Optimized hadrontherapy to target hypoxic radioresistant tumours would probably require a dose-painting approach which would consist in placing the spread-out Bragg peak falloff regions of the high lineal energy transfer beamlets at the centre of the target. If possible, multi-ion dose-painting radiotherapy could be performed using a combination of heavier ions than carbon (oxygen) for core hypoxic areas and charged particles of lower lineal energy transfer (protons, helium) for less resistant areas. The computing capacities and the technical implementation of such treatments are not yet available outside rare experimental centres (GSI, NIRS). This dose-painting approach should be based on advanced tumour imaging techniques [START_REF] Gérard | Hypoxia imaging and adaptive radiotherapy: a state-of-the-art approach in the management of glioma[END_REF]. Using a hypoxia tracer map, one could calculate the resulting distribution of oxygen pressure and thus the voxelized effect of the radiation by oxygen. From this map of the effect of the radiation by oxygen one can calculate the heterogeneous dose matrix that would overcome the level of radioresistance of each voxel. Finally, by reverse dosimetry calculation the appropriate ballistics allowing this dose distribution could be obtained. If the effect of the radiation by oxygen levels are low, hypoxia-guided dose-painting could be performed with low lineal energy transfer beams of photons or protons, or even increase the effect of the available radiations by combined treatments, making the tumour more sensitive or increasing dose deposition like with the nanoparticles described above [START_REF] Tachibana | A prospective clinical trial of tumor hypoxia imaging with ( 18 F)-fluoromisonidazole positron emission tomography and computed tomography (F-Miso PET/CT) before and during radiation therapy[END_REF][START_REF] Thariat | Hadrontherapy interactions in molecular and cellular biology[END_REF].

All these elements clearly show the level of complexity of this situation. This adds to the complexity of temporal variations in hypoxia of irradiated tumours. To date, hypoxia-guided dosepainting would at least require repeating hypoxia imaging after 2 or 3 weeks of irradiation [START_REF] Tachibana | A prospective clinical trial of tumor hypoxia imaging with ( 18 F)-fluoromisonidazole positron emission tomography and computed tomography (F-Miso PET/CT) before and during radiation therapy[END_REF]. The dose-painting approach would therefore also correspond to a (biologically) adaptive radiotherapy.

Furthermore, because of the mechanisms of photons and ions on cellular radiation response, it may not be optimal to place an additional dose of ions after photons. Ions first, then photons, might be preferable [START_REF] Wozny | ROS Production and distribution: a new paradigm to explain the differential effects of X-ray and carbon ion irradiation on cancer stem cell migration and invasion[END_REF].

Radiation-enhancement with nanoparticles to target radioresistant tumours

Property of nanoparticles

Because radiotherapy modalities alone may not be sufficient to counteract radioresistance, combinations with drugs or devices might further increase the therapeutic ration. While most potentializing and radiosensitizing agents given concomitantly with radiotherapy usually have effects on biological targets in normal tissues too, nanoparticles may be inert in tissues until they are irradiated, which, if done with high spatial precision, could prevent toxicity. Nanoparticles (approximately 1 to 100 nm in size) have emerged both as a promising strategy to enhance radiotherapy efficacy and for image-guidance. Radiation-enhancing nanoparticles should be distinguished from the broad field of nanoparticles used as vectors for drugs [START_REF] Calugaru | Nanoparticles and radiation therapy[END_REF]: they mostly consist of inorganic nanoparticles of high atomic numbers (Z) i.e. metal-based nanoparticles (gold, silver), metal-oxide nanoparticles (titanium oxide, hafnium oxide, superparamagnetic iron oxide, gadolinium oxide, germanium oxide) and lanthanide-doped metal-oxide nanoparticles, which can be used to locally amplify the dose at the cellular level. These nanoparticles can also be used as imaging agents.

Owing to their high atomic number, metal nanoparticles present a high X-ray absorption cross section, which can be advantageous for low dose X-ray imaging. They could be used for photoacoustic imaging due to their strong absorption in the near infra-red spectrum. Moreover, their superparamagnetic properties in case of iron oxide nanoparticles make them clinically relevant T2 MRI contrast agents. Gadolinium oxide nanoparticles are effective T1 MRI contrast agents. Hafnium oxide nanoparticles are typically radiopaque and can be easily viewed using X-rays.

To that respect, metal-based nanoparticles do not target molecules of the living body and also differ from radiosensitizers. When X-rays hit a metal, multiple emissions processes can take place, including scattered X-rays/photons, photoelectrons, Compton electrons, Auger electrons and fluorescence photons. The incoming radiation wave imparts its energy to an electron within the atom, ejecting it from its orbital with a kinetic energy equivalent of the energy of the wave minus the electron binding energy. This kinetic energy of the outgoing electron is what decides its range within the tissue. The photoelectric effect is the dominant interaction with high-Z elements at energies below 0.5 MeV. The Auger electrons or fluorescent photons are produced when the ejected electrons are replaced with electrons dropping from the higher orbits and energy is released. The fluorescent photons are of low energy but can travel longer distances (up to centimetres) than Auger electrons (about 10 nm). The Auger electrons can generate much higher ionization density at a localized area due to collective excitation inducing "cascade of Auger electrons". Moreover, electrons emitted by the nanoparticles react with surrounding water molecules and with molecular oxygen present in the tissues. These phenomena amplify the formation of highly concentrated reactive oxygen species required to enhance radiation therapy effects when using photons. Therefore, nanoparticles rather contribute to a therapeutic differential effect between normal tissues and tumours through mechanisms that are related more to physics than to biologic targeting. Moreover, due to their small size and their enhanced permeability and retention effect, nanoparticles accumulate preferentially inside solid tumours rather than in healthy tissues. Due to these two properties, they can contribute to increased differential effects and, thus, may be particularly relevant to radioresistant tumours by allowing higher relative doses in tumours while not reaching tolerance limits in organs at risk.

To further increase the efficacy of radiation-enhancing nanoparticles, their passive enhanced permeability and retention-related targeting can either be managed by intratumoural injections (but is limited to accessible tumours) or can be enhanced with the decoration of the nanoparticle surface with ligands binding to receptors overexpressed onto the tumour cells. This is called active targeting. This nanoparticle surface functionalization is also crucial to prevent nanoparticle instability in their biological environment and to endow them with pharmacological properties. Most surface modifications for biomedical applications are based on chemisorption with various ligands ensuring a strong and robust binding and stabilizing the surface. For inorganic nanoparticles, one of the main coating strategies is to use biocompatible bifunctional ligands that bind to nanocrystal surface on one end and bearing headgroup functionality with the other end. Binding functionality should be a function with high affinity for the metallic surface that could not be easily displaced by high salt concentration such as in biological media. Nanoparticle surface functionalization can be performed using biocompatible bifunctional molecules with or without a pegylated linker. Selectively identification or targeting of radioresistant areas in heterogeneously radioresistant tumours (see part I) could be achieved with functionalization of nanoparticles with integrins or antibodies targeting endothelin B receptors in brain tumours. Functionalization is an intense field of investigations. Yet, in the clinics, the more mature results have been achieved with non-functionalized metal-based nanoparticles either injected in the tumours (hafnium oxide) or intravenously with dual image-guidance and therapeutic effects (gadolinium oxide).

Clinical evidence with high atomic number nanoparticles

As of April 2020, a search of "radiotherapy and nanoparticles" on clinicaltrials.gov yielded 16 active or completing clinical trials including seven studies using nanoparticle-formulated chemotherapeutic agents, mostly Nab-Paclitaxel (radiosensitizer), in combination with radiotherapy and nine trials assessing hafnium oxide or gadolinium oxide nanoparticles (radioenhancers). A recent randomized phase II-III trial was performed in soft tissue sarcomas using hafnium oxide nanoparticles (NBTXR3, Nanobiotix) and preoperative radiotherapy (50 Gy in 25 fractions) with a recommended dose of 10% of nanoparticle solution over MRI-defined tumour volume [START_REF] Bonvalot | NBTXR3, a first-in-class radioenhancer hafnium oxide nanoparticle, plus radiotherapy versus radiotherapy alone in patients with locally advanced soft-tissue sarcoma (Act.In.Sarc): a multicentre, phase 2-3, randomised, controlled trial[END_REF]. Of 176 patients included, the pathological complete response rate (primary endpoint) was twice that of the control group without nanoparticles (16% vs 8%; p=0•044). The most common grade 3-4 adverse events related to NBTXR3 administration were injection site pain in 4 % of patients and hypotension in 4 %. In both groups, the most common grade 3-4 treatment-emergent adverse event was postoperative wound complication in 9% of patients. Thus, this trial showed encouraging results, doubling the complete response rate in a radioresistant tumour without major toxicity, and confirming the interest of such approach with nanoparticles as radiation-enhancers. Other trials are ongoing with this agent in other tumour types and organs such as radioresistant liver primary or secondary malignancies. Gadolinium oxide NPs (AGuIX®) nanoparticles are also currently assessed in two clinical phase Ib trials in patients with multiple brain metastases, or with locally advanced cervical cancer or as reirradiation with proton therapy [START_REF] Verry | Use of nanoparticles as radiosensitizing agents in radiotherapy: State of play][END_REF]. Finally, inorganic metal-based nanoparticles seem to be of clinical interest in radioresistant tumours [START_REF] Luo | The clinicopathologic and prognostic value of hypoxiainducible factor-2alpha in cancer patients: a systematic review and meta-analysis[END_REF]. More mature results are awaited, and functionalization challenges are warranted to avoid intratumoral routes an improve spatial targeting in heterogenous tumours.

Conclusion

Finally, powerful dose computation methods to account for dose deposit uncertainties (especially with charged particle therapy) in addition to advanced imaging (including radiomics) and pre/per therapeutic multiparameter studies are clearly warranted. Temporal reproducibility of biology-related radioresistance (hypoxia, stem cells, repopulation) challenged by the fractionated irradiation itself should be accounted for. Local control improvement by sophisticated means cannot therefore be the only avenue of progress for these tumours and may have only a marginal impact on survival.

Ultimately, the overall prognosis, including the risks of metastatic dissemination, should also be examined to achieve efficient precision radiotherapy in radioresistant tumours.
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