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Title : Molecular and cellular characterization of the response of healthy tissue to FLASH radiotherapy 

Keywords : FLASH radiotherapy, lung, PCLS, lung dividing cells, single cell RNA sequencing 

Abstract : Radiotherapy is a crucial therapeutic option for 
approximately 50% of cancer patients, but it can damage 
surrounding healthy tissues, leading to acute or chronic 
toxicities. In the lungs, radiation-induced damage 
manifests as pneumonitis, which can progress to 
pulmonary fibrosis. FLASH radiotherapy, a new treatment 
modality that delivers ultra-high dose rates, has been 
shown to spare healthy tissues while maintaining anti-
tumor efficacy, an effect observed in several organs. 
However, challenges remain before successful clinical 
implementation, including the need to define optimal 
irradiation parameters and better understand the 
underlying mechanisms of FLASH. 

In this work, we developed an ex vivo PCLS  model to study 
the sparing effect in the acute phase of pulmonary radio-
induced injury. Using this model, we demonstrated that 
FLASH irradiation spares cycling cells in the lung 
compared to conventional radiotherapy. 

We also explored the optimal irradiation parameters to 
trigger the protective effect, showing that dose rate and 
pulse dose are crucial factors. Furthermore, we provided 
the first clinical evidence of a FLASH radiotherapy 
protective effect on healthy human tissue by developing 
organotypic slices derived from lung resections. 

Finally, using scRNAseq analysis, we identified potential 
underlying mechanisms, including sparing effects on 
lipid metabolism in AT2 cells, mitochondrial function 
preservation in endothelial cells, and preliminary data on 
different activation pathways for alveolar regeneration in 
cycling cells via the MIF/Cd74 pathway. Although further 
validations are underway, these findings support the 
clinical transition of FLASH and contribute to a better 
understanding of the underlying mechanisms occurring 
at the acute phase of pulmonary radio-induced injury.  

 

Titre : Caractérisation moléculaire et cellulaire de la réponse du tissu sain à la radiothérapie FLASH 

Mots clés : Radiothérapie FLASH, poumon, cellules en cycle, coupes organotypiques, transcriptomique.  

Résumé : La radiothérapie est une option thérapeutique 
essentielle pour environ 50 % des patients atteints de 
cancer, mais elle peut endommager les tissus sains 
environnants, entraînant des toxicités aiguës ou 
chroniques. Dans le poumon, les dommages induits par les 
radiations se manifestent par une pneumonie, qui peut 
évoluer vers une fibrose pulmonaire. La radiothérapie 
FLASH, une nouvelle modalité de traitement à ultra-hauts 
débits de dose, a montré qu’elle pouvait épargner les tissus 
sains tout en maintenant son efficacité antitumorale, effet 
qui a été observé dans plusieurs organes. Cependant, des 
défis subsistent avant une transition clinique réussie, 
notamment la nécessité de définir les paramètres 
d’irradiation optimaux et de mieux comprendre les 
mécanismes sous-jacents du FLASH. 

Dans ces travaux, nous avons développé d’une part un 
modèle ex vivo de coupes organotypiques de poumons 
pour étudier l’effet d’épargne du FLASH dans la phase 
aigüe de réponse aux dommages radio-induits. Ce modèle 
nous a permis de démontrer que l’irradiation FLASH 
épargne les cellules en cycle dans le poumon par rapport 
à la radiothérapie conventionnelle. A l’aide de ce modèle, 
nous avons également étudié les paramètres d’irradiation 
optimaux pour déclencher l’effet  

de protection, en montrant que le débit de dose et la 
dose par pulse sont des facteurs cruciaux. Ensuite, nous 
avons apporté une première preuve clinique d’un effet 
protecteur de la radiothérapie FLASH sur le tissu sain 
humain en développant un modèle de coupes 
organotypiques dérivés de résection pulmonaire.   

Enfin, à l’aide d’analyse en cellule unique, nous avons 
identifié de potentiels mécanismes sous-jacents, 
notamment une épargne du métabolisme lipidique dans 
les cellules AT2, des fonctions mitochondriales dans les 
cellules endothéliales et finalement de premières 
données concernant des voies d’activation différentielle 
de la régénération alvéolaire dans les cellules qui cyclent 
via la voie MIF/Cd74.  

Bien que de nouvelles validations restent en cours, 
l’ensemble de ces travaux supporte la transition clinique 
du FLASH et aide à une meilleure compréhension de ces 
mécanismes sous-jacents survenant dans la phase de 
toxicité aigüe dans le poumon.  
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“One, remember to look up at the stars and not down at your feet. Two, never give up 

work. Work gives you meaning and purpose and life is empty without it. Three, if you are 

lucky enough to find love, remember it is there and don't throw it away”. 
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“The important thing is not to stop questioning. Curiosity has its own reason for existing. 

One cannot help but be in awe when one contemplates the mysteries of eternity, of life, of 

the marvellous structure of reality. It is enough if one tries to comprehend only a little of 

this mystery every day”. 

Albert Einstein.  
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RESUME 

Contexte et objectifs : La radiothérapie est une option thérapeutique essentielle pour environ 50 % 

des patients atteints de cancer, mais elle peut endommager les tissus sains, entraînant des toxicités 

aiguës et chroniques. Dans le poumon, ces dommages se manifestent par une pneumonie radio-

induite, qui peut évoluer vers une fibrose pulmonaire. La radiothérapie FLASH, une technique 

d’irradiation à ultra-hauts débits de dose, a montré un effet protecteur sur les tissus sains tout en 

conservant une efficacité antitumorale. Cependant, avant une transition clinique réussie, des défis 

demeurent, notamment la définition des paramètres d’irradiation optimaux et une meilleure 

compréhension des mécanismes biologiques sous-jacents au FLASH. Dans ce projet, nous avons 

développé un modèle ex vivo basé de coupes précises de poumons (PCLS) afin d’étudier l’effet 

d’épargne du FLASH dans la phase aiguë des dommages radio-induits. À travers ce modèle, nous 

avons étudié les paramètres d’irradiation optimaux et évalué l’effet du FLASH sur le tissu pulmonaire 

humain. De plus, nous avons mené des analyses transcriptomiques à l’échelle unicellulaire pour 

identifier les mécanismes sous-jacents impliqués dans la réponse au FLASH. 

Méthodes : Dans un premier temps, nous avons établi un modèle ex vivo de PCLS permettant 

d’évaluer les toxicités aigües après irradiation FLASH et conventionnelle (CONV-RT). Ce modèle a 

été utilisé pour déterminer les paramètres optimaux du FLASH et démontrer son effet protecteur sur 

les cellules en cycle dans le poumon. Nous avons également développé un modèle PCLS dérivé de 

résections pulmonaires de patients, permettant une première investigation d’un effet protecteur du 

FLASH sur le tissu sain humain. Dans une deuxième partie, nous avons mené des analyses 

transcriptomiques en cellule unique (scRNAseq) afin d’explorer les modifications transcriptionnelles 

post-irradiation sur des compartiments de cellules résidentes pulmonaires. Nous avons étudié la 

réponse du métabolisme lipidique des cellules alvéolaires de type 2 (AT2), la préservation des 

fonctions mitochondriales des cellules endothéliales, ainsi que des voies potentielles de 

régénération alvéolaire impliquant MIF/Cd74 dans les cellules épargnées qui cyclent après 

irradiation FLASH.  

Résultats : Les expériences ex vivo ont révélé que le FLASH épargne préférentiellement les cellules 

en cycle dans le poumon, contrairement à la radiothérapie conventionnelle. Nous avons déterminé 

que les paramètres optimaux du FLASH nécessitent un débit de dose supérieur à 100 Gy/s, et plus 

précisément, supérieur à 300 Gy/s. De plus, nous avons montré que la dose par impulsion devait 

excéder 1 Gy/pulse pour observer un effet protecteur du FLASH dans le modèle PCLS. Chez 

l’homme, l’utilisation du modèle PCLS-Hu a permis de mettre en évidence un effet protecteur du 

FLASH sur la division cellulaire dans 94 % des échantillons testés, suggérant une transposabilité de 

l’effet FLASH aux tissus humains. Les analyses transcriptomiques ont révélé que l’irradiation FLASH 

limite l’activation des voies inflammatoires impliquées dans le stress oxydatif, comparée à la 
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radiothérapie conventionnelle. Nous avons observé une préservation du métabolisme lipidique dans 

les cellules AT2, une réduction des dommages mitochondriaux dans les cellules endothéliales, ainsi 

qu’une activation différentielle des voies de régénération alvéolaire via MIF/Cd74. Ces résultats 

suggèrent que l’effet FLASH repose sur une combinaison de mécanismes cellulaires et moléculaires 

permettant une meilleure préservation du tissu sain. 

Conclusion : Grâce au développement du modèle PCLS et à l’étude des réponses transcriptionnelles 

post-irradiation, nous avons apporté des éléments nouveaux démontrant que le FLASH protège les 

cellules en cycle et limite les dommages aux tissus sains par plusieurs mécanismes biologiques. 

Nos résultats confirment que l’optimisation des paramètres d’irradiation est essentielle pour 

maximiser l’effet protecteur du FLASH et faciliter sa transition vers une application clinique. 

L’utilisation du modèle PCLS-Hu permet de rapprocher les observations expérimentales d’un 

potentiel bénéfice thérapeutique chez l’homme. En combinant ces avancées, nous proposons une 

meilleure compréhension des mécanismes sous-jacents au FLASH, ouvrant la voie à son intégration 

dans les stratégies de radiothérapie oncologique. 
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SUMMARY 

Background and Objectives : Radiotherapy is a crucial therapeutic option for approximately 50% of 

cancer patients, but it can damage healthy tissues, leading to acute and chronic toxicities. In the 

lungs, radiation-induced damage manifests as pneumonitis, which can progress to pulmonary 

fibrosis. FLASH radiotherapy, a novel ultra-high dose rate irradiation technique, has shown a 

protective effect on healthy tissues while maintaining anti-tumor efficacy. However, challenges 

remain before its successful clinical translation, including the need to define optimal irradiation 

parameters and a better understanding of the biological mechanisms underlying the FLASH effect. 

In this work, we developed an ex vivo model based on precision-cut lung slices (PCLS) to investigate 

the protective effects of FLASH radiotherapy in the acute phase of radiation-induced injury. Using 

this model, we optimized irradiation parameters and assessed the protective effect of FLASH on 

human lung tissue. Additionally, we performed single-cell transcriptomic analyses to identify the 

cellular and molecular mechanisms involved in the response to FLASH irradiation. 

Methods : In the first part of this study, we established an ex vivo PCLS model to evaluate acute 

toxicities following FLASH and conventional radiotherapy (CONV-RT). This model was used to 

determine optimal FLASH irradiation parameters and to demonstrate its protective effect on cycling 

cells in the lung. We further developed an organotypic human lung slice model (PCLS-Hu) derived 

from patient lung resections, providing the first clinical evidence of a FLASH-induced protective effect 

on healthy human tissue. In the second part, we conducted single-cell RNA sequencing (scRNAseq) 

analysis to investigate transcriptional changes occurring post-irradiation. We explored the role of 

lipid metabolism preservation in alveolar type 2 (AT2) cells, mitochondrial function maintenance in 

endothelial cells, and differentially activated pathways involved in alveolar regeneration via the 

MIF/Cd74 pathway. 

Results : Ex vivo experiments demonstrated that FLASH selectively spares cycling cells in the lung, 

unlike conventional radiotherapy. We identified that optimal FLASH parameters require a dose rate 

above 100 Gy/s, and more specifically, exceeding 300 Gy/s. Additionally, we showed that a pulse 

dose greater than 1 Gy/pulse is necessary to trigger a protective effect in the PCLS model. 

In human lung tissue, the PCLS-Hu model revealed a FLASH-induced protective effect on cell 

division in 94% of tested samples, suggesting translatability of the FLASH effect to human tissues. 

Single-cell transcriptomic analyses showed that FLASH irradiation reduces the activation of 

inflammatory pathways associated with oxidative stress compared to conventional radiotherapy. We 

observed preservation of lipid metabolism in AT2 cells, reduced mitochondrial damage in endothelial 

cells, and differentially activated alveolar regeneration pathways via MIF/Cd74. These findings 

suggest that the FLASH effect relies on a combination of cellular and molecular mechanisms that 

contribute to better preservation of healthy tissue. 
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Conclusion : By developing the PCLS model and analyzing transcriptional responses post-

irradiation, we provided new evidence that FLASH protects cycling cells and limits radiation-induced 

damage to healthy tissues through multiple biological mechanisms. Our results confirm that 

optimizing irradiation parameters is essential to maximize the protective effect of FLASH and 

facilitate its clinical translation. The use of the PCLS-Hu model bridges the gap between 

experimental observations and potential therapeutic benefits in humans. By combining these 

advancements, we propose a deeper understanding of the mechanisms underlying FLASH, paving 

the way for its integration into oncological radiotherapy strategies. 



 

CONTENTS 

 

Ackowledgements .................................................................................... 8 

Publications and communications ........................................................ 11 

Contents .................................................................................................. 18 

List of figures.......................................................................................... 20 

Abbreviations ......................................................................................... 23 

I- Introduction ..................................................................................... 26 

1. Radiotherapy, cellular response and SoC for cancer patients ....... 26 

1.1 Ionizing Radiation ................................................................ 27 

1.2 Conventional External Beam Radiotherapy (EBRT) ............ 28 

1.3 From ionizing radiation interaction to cellular biological response 39 

1.4 Improvement of Therapeutic Index of Radiation Therapy .... 50 

2. The lung, a model for investigating radiation-induced toxicities ..... 57 

2.1 Structure, function and cell composition of the respiratory system 57 

2.2 Radiation induced lung injuries (RILI) .................................. 83 

2.3 Modeling radio-induced toxicities....................................... 102 

3. FLASH, a new way to deliver radiation therapy ........................... 119 

3.1 The FLASH sparing effect in preclinical-murine models. ... 120 

3.2 Assessing the antitumoral isoefficacy of FLASH-RT .......... 126 

3.3 Underlying mechanisms of the FLASH effect .................... 131 

3.4 Clinical translation of FLASH radiotherapy ........................ 145 

II- Hypothesis and main objectives ................................................. 158 

III- Part 1 – Development of an ex vivo model for FLASH studies .. 161 

1. Modeling the flash effect ex vivo ................................................. 161 

1.1 Introduction ....................................................................... 161 

1.2 Material and method/Results – Article 1 ............................ 162 

1.3 Conclusion ........................................................................ 177 

2. Optimal parameters for FLASH-RT in the lung ............................ 178 

2.1 Introduction ....................................................................... 178 

2.2 Material and methods ........................................................ 179 

2.3 Results .............................................................................. 182 

2.4 Conclusion ........................................................................ 191 

3. FLASH sparing effect in patients ................................................. 192 

3.1 Introduction ....................................................................... 192 

3.2 Material and method/Results – Article 2 ............................ 193 

3.3 Additional results – Article 2 .............................................. 213 

4. Conclusion part 1 – Key insights from ex vivo PCLS model on FLASH-RT sparing effect 

in the lung ................................................................................... 216 

 

 

 



 

19 

 

IV- Part 2 – Transcriptional acute and late changes occurring post-FLASH or CONV-

RT in mouse lung at the single cell level ................................. 217 

1. Transcriptional characterization of the FLASH sparing effect in mouse whole lung

 217 

1.1 Introduction ....................................................................... 217 

1.2 Material and method.......................................................... 218 

1.3 Results .............................................................................. 222 

V- Part 3 – Characterization of the FLASH effect in lung dividing cells 245 

1. Deciphering the underlying mechanisms of FLASH in dividing cells 245 

1.1 Introduction ....................................................................... 245 

1.2 Material and method.......................................................... 246 

1.3 Results .............................................................................. 250 

 

VI- Discussion .................................................................................... 284 

1. Pertinence of ex vivo PCLS model for acute radiation injuries ..... 285 

2. PCLS model help to characterize optimal FLASH irradiation parameters in the lung

 286 

3. PCLS model to investigate the presence of acute FLASH sparing effect in healthy 

patient samples ........................................................................... 288 

4. Acute molecular characterization of the FLASH sparing effect in the whole lung and 

lung cycling cells compartment ................................................... 289 

4.1 FLASH-RT spares lipid metabolism in AT2 cells compared to CONV-RT 289 

4.2 Is there a FLASH sparing effect related to mitochondrial function in endothelial 

cells ? .............................................................................. 291 

4.3 Characterization and proposed mechanisms of FLASH sparing effect in lung 

cycling cells ..................................................................... 292 

VII- Conclusion and perspectives ...................................................... 295 

Bibliography ......................................................................................... 297 

Annex 1 – Additional results and papers part 1 ................................. 339 

1. Additional results ......................................................................... 340 

1.1 Complementary studies on radioprotector of healthy lung tissue to radiation

 ........................................................................................ 340 

1.2 Proof of concept of PCLS-tumor model obtention .............. 341 

2. The AsiDNA™ decoy mimicking DSBs protects the normal tissue from radiation toxicity 

through a DNA-PK/p53/p21-dependent G1/S arrest .................... 343 

3. Caffeic Acid Phenethyl Ester (CAPE), a natural polyphenol to increase the therapeutic 

window for lung adenocarcinomas .............................................. 362 

Annex 2 – Other co-author contributions ........................................... 370 

1. Radiotherapy triggers pro-angiogenic signaling in human lung ... 370 

2. Lipid Polyunsaturated Fatty Acid Chains in Mouse Kidneys Were Increased within 5 

min of a Single High Dose Whole Body Irradiation ...................... 390 

 

 



 

20 

LIST OF FIGURES 

Figure 1. External Beam Radiation Therapy (EBRT) .................................................................... 27 
Figure 2.  Dose distribution in IMRT for lung cancer ..................................................................... 29 
Figure 3. Cisplatin action mechanism. .......................................................................................... 30 
Figure 4. Mechanisms of action of cetuximab (anti-EGFR monoclonal antibody) and gefinitinib 
(TKI) ................................................................................................................................................ 32 
Figure 5. Mechanism of Immune Response with Radio-Immunotherapy ..................................... 35 
Figure 6. Stade classification for lung cancer ............................................................................... 38 
Figure 7. TOPAS-based Monte Carlo simulations of the integrated normalized dose deposited for 
6 MV photons, 12 MeV electrons, 150 MeV protons, 320 MeV/n carbon-12 ions, and a 250 MeV 
VHEE beam .................................................................................................................................... 39 
Figure 8. Diagram illustrating the sequential stages of radiation-induced water radiolysis. ......... 40 
Figure 9.  Indirect and direct radiation induced DNA damage. ..................................................... 42 
Figure 10. Nrf2 Keap1 signaling pathway in response to oxidative stress ................................... 43 
Figure 11. DNA damage responses overview ............................................................................... 45 
Figure 12. DNA damage detection via ATM/ATR and p53 pathway ............................................. 47 
Figure 13. Cell cycle checkpoints upon ionizing radiation damages.. .......................................... 48 
Figure 14. Scheme for therapeutic Index of radiotherapy ............................................................. 50 
Figure 15. Scheme illustrating the concepts of target volumes in radiotherapy ........................... 52 
Figure 16. Multimodal Imaging for hypoxic tumor in Head and Neck Cancer .............................. 53 
Figure 17. Comparison of Conventional Radiotherapy and Minibeam Radiotherapy (MBRT) 
distributions .................................................................................................................................... 56 
Figure 18. Respiratory tract structure ............................................................................................ 58 
Figure 19. Cellular Composition of the lower respiratory tract ...................................................... 61 
Figure 20. Classification of the human airway epithelium ............................................................. 63 
Figure 21. Analysis of alveolar epithelial cell differentiation and trajectory using scRNA-seq and in 
vitro assays ..................................................................................................................................... 64 
Figure 22. Expression level of Stk11 is associated with the differentiation of ciliated cells in airways
 ........................................................................................................................................................ 67 
Figure 23. Dynamics of AT0 cells and distinct cellular trajectories in the human alveolar epithelium
 ........................................................................................................................................................ 71 
Figure 24. Characterization of alveolar, adventitial, and peribronchial fibroblasts ....................... 73 
Figure 25. Distinct Capillary Endothelial Cell Types in the Alveolar Network. .............................. 75 
Figure 26. Human lung cell atlas umap representation for Immune, Epithelial and 
Endothelial/Stromal compartment .................................................................................................. 80 
Figure 27. Alveolar structure differences between Human and mouse lung. ............................... 82 
Figure 28. CT Imaging of Radiation-Induced Changes in Lung .................................................... 85 
Figure 29. Histopathology of representative lung sections stained for fibrosis with Masson’s 
trichrome. ........................................................................................................................................ 87 
Figure 30. Proinflammatory and profibrotic profile of alveolar and interstitial macrophages after 
fibrogenic doses of IR ..................................................................................................................... 95 
Figure 31. Myofibroblasts contribute to the ECM deposition after IR17Gy. .................................. 97 
Figure 32. Characterization of the ECs after radiation injury ...................................................... 101 
Figure 33. Differential sensitivity to COPD- and non-COPD PBEC irradiation in ALI culture .... 104 
Figure 34. Characterization of Human Lung Organoids ............................................................. 106 
Figure 35. Human Lung Alveolus Chip recapitulates hallmark features of RILI ......................... 109 
Figure 36. Embedding of Precision-Cut Lung Slices in Engineered Hydrogel Biomaterials Supports 
Extended Ex Vivo Culture ............................................................................................................ 112 
Figure 37. Characterization of PCLS structure and cellular microenvironment .......................... 114 
Figure 38. Various applications of PCLS for modeling COPD, IPF and lung cancer ................. 115 
Figure 39. Comparative study on various lung model advantages and drawbacks. .................. 118 
Figure 40. First Evidence of the FLASH Effect in vivo ................................................................ 119 
Figure 41. FLASH sparing effect on various healthy murine tissues. ......................................... 123 
Figure 42. Range of FLASH-RT dose modifying factors from preclinical mouse studies per organ.



 

21 

 ...................................................................................................................................................... 125 
Figure 43. Non-exhaustive list of tumor types used to demonstrate the isoefficacy of FLASH 
radiotherapy in murine models ..................................................................................................... 127 
Figure 44. FLASH and CONV-RT antitumoral immune response .............................................. 129 
Figure 45. FLASH effect is influenced by the tissue's partial pressure of oxygen ...................... 132 
Figure 46. Comparative Analysis of DNA Damage and Repair Dynamics in CONV-RT and FLASH-
RT. ................................................................................................................................................ 135 
Figure 47. Inflammatory Cytokine Response and TGF-β1 Expression Following FLASH-RT and 
CONV-RT. .................................................................................................................................... 138 
Figure 48. Reverse Electron Flow and the FLASH Effect on Mitochondrial Function ................ 143 
Figure 49. Optimal Irradiation Parameters in FLASH Radiotherapy ........................................... 152 
Figure 50. Large Mammal Studies of FLASH Radiotherapy. ...................................................... 155 
Figure 51. Ongoing clinical trials for FLASH-RT. ........................................................................ 156 
Figure 52. Impact of the mean dose rate on the FLASH protective effect. ................................. 183 
Figure 53. Impact of a single pulse FLASH irradiation on healthy tissue sparing effect. ........... 184 
Figure 54. Minimal dose per pulse/Number of pulses to trigger a FLASH sparing effect in PCLS
 ...................................................................................................................................................... 185 
Figure 55. Importance of temporal structure of FLASH-RT ........................................................ 186 
Figure 56. Impact of oxygen concentration on FLASH-RT sparing effect in PCLS .................... 188 
Figure 57. Conservation of the FLASH sparing effect in previously irradiated lung tissue ........ 190 
Figure 58. FLASH-RT reduced activation of electron transport chain system in patient lung 
samples. ....................................................................................................................................... 214 
Figure 59. FLASH reduces radio-induced acute inflammation in human lung compared to CONV-
RT ................................................................................................................................................. 216 
Figure 60. Scheme of experimental procotol for transcriptional analysis using ScRNAseq 24 hours 
after FLASH or CONV-RT at 13Gy. ............................................................................................. 217 
Figure 61. Single-cell data visualization of the NI and irradiated lungs. ..................................... 223 
Figure 62. Lung cell type identification and canonical marker expression ................................. 224 
Figure 63. Common response 24 hours after FLASH and CONV-RT in the whole lung. .......... 226 
Figure 64. Distribution of lung cells subpopulations upon FLASH or CONV-RT. ....................... 227 
Figure 65. FLASH spares lipid metabolism pathway in AT2 cells at 24 hours post-treatment ... 229 
Figure 66. Experimental setup and relevance of lipidomic analysis for AT2 sorted cells. .......... 230 
Figure 67. Increased level of ceramide is correlated with a common upregulation of ferroptosis 
related genes following radiation in AT2 cells .............................................................................. 231 
Figure 68. FLASH spares lipid droplet-related lipids level in AT2 cells compared to CONV-RT 24h 
after irradiation .............................................................................................................................. 232 
Figure 69. Characterization of AT2 cell clusters and Apoe expressions from 24 hours to 5 months 
post-irradiation .............................................................................................................................. 233 
Figure 70. Dynamic of Apoe expression months following FLASH or CONV-RT. ..................... 234 
Figure 71. Dynamic of Plin2 expression months following FLASH or CONV-RT. ...................... 234 
Figure 72. Identification of endothelial subpopulations and their distribution across irradiation 
conditions...................................................................................................................................... 237 
Figure 73. FLASH-RT spares mitochondrial genes expression in endothelial subpopulations .. 240 
Figure 74. Upregulation of mitochondrial genes after FLASH is maintained across time post-
radiation ........................................................................................................................................ 242 
Figure 75.  Identification of dividing cells in lung dataset ............................................................ 244 
Figure 76. Experimental setup and protocol for the identification of Mki67+ cells and cell fate 
analysis. ........................................................................................................................................ 250 
Figure 77. Gating procedure for FACS analysis with Mki67 Cre ERT2 x R26 mtmG mice ........ 251 
Figure 78. FLASH spares total Mki67+ cells 24 hours post-radiation but has no impact on Mki67+ 
cells distribution across lung compartments ................................................................................ 252 
Figure 79. Preliminary results suggest that FLASH spares all lung dividing cells subpopulations at 
24 hours post-radiation ................................................................................................................. 253 
Figure 80. Monitoring of Mki67+ cells that divided in the lung within 24 hours post-irradiation. 254 
Figure 81. Experimental setup and protocol for studying cell division across lung subpopulations 
after CONV or FLASH-RT. ........................................................................................................... 255 
Figure 82. Selection of antibody panel for microvascular lung subpopulation identification in flow 



 

22 

cytometry. ..................................................................................................................................... 256 
Figure 83.  Dynamic of whole lung cell division after FLASH or CONV-RT at 13 Gy from  1 to 4 
week post-treatment. .................................................................................................................... 257 
Figure 84.  Dynamic of immune lung cells division after FLASH or CONV-RT at 13 Gy from  1 to 
4-week post-treatment. ................................................................................................................. 258 
Figure 85. Dynamic of epithelial/mesenchymal cells division after FLASH or CONV-RT at 13 Gy 
from  1 to 4-week post-treatment. ................................................................................................ 259 
Figure 86. Dynamic of endothelial cells division after FLASH or CONV-RT at 13 Gy from  1 to 4-
week post-treatment. .................................................................................................................... 260 
Figure 87. Dynamic of microvascular endothelial cells division after FLASH or CONV-RT at 13 Gy 
from  1 to 4-week post-treatment. ................................................................................................ 261 
Figure 88. Sorting of Mki67+ cells for ScRNAseq at a dose of 13 Gy revealed a FLASH sparing 
effect. ............................................................................................................................................ 262 
Figure 89. Identification and distribution of Mki67+ cells after CONV or FLASH-RT in lung 
subpopulations ............................................................................................................................. 263 
Figure 90. Characterization of cell division markers in Mki67 sorted populations across conditions
 ...................................................................................................................................................... 267 
Figure 91. CONV-RT induces active endothelial regeneration related genes compared to FLASH-
RT ................................................................................................................................................. 268 
Figure 92. Endothelial cells exacerbate an inflammatory signature related to immune recruitment 
after FLASH-RT ............................................................................................................................ 269 
Figure 93. FLASH-RT induces an upregulation of mitochondrial associated OXPHOS chain genes 
compared to CONV-RT in T cells ................................................................................................. 271 
Figure 94. CONV-RT induce an upregulation of TNFa via NFKb related genes in T-cells compared 
to FLASH-RT ................................................................................................................................ 272 
Figure 95. TNFa via NFKb related genes are commonly upregulated after CONV-RT in various 
immune cells populations ............................................................................................................. 272 
Figure 96. Common upregulation of AP-1 transcription factor related genes in immune Mki67 
compartment after CONV-RT ....................................................................................................... 273 
Figure 97. Identification of an inflammatory and AP-1 related cluster of Neutrophils after CONV-
RT ................................................................................................................................................. 274 
Figure 98. Identification of an inflammatory and AP-1 related cluster of Monocytes after CONV-RT
 ...................................................................................................................................................... 275 
Figure 99. Identification of an inflammatory and AP-1 related cluster of AM after CONV-RT .... 275 
Figure 100. CONV-RT induces an upregulation of Btg1 and Btg2 in various immune Mki67 sorted 
cell types which is associated with a drop in active dividing T cells ............................................ 277 
Figure 101. FLASH-RT induces a specific upregulation of Mif factor and Cd74 receptor in sorted 
Mki67 T cells. ................................................................................................................................ 278 
Figure 102. FLASH-RT induces an upregulation of Cd74 receptor expression in alveolar 
macrophages ................................................................................................................................ 279 
Figure 103. FLASH-RT induces an upregulation of Cd74 receptor expression in AT2 and AT0 
Mki67 sorted cells ......................................................................................................................... 280 
Figure 104. Overview and scheme of proposed differential mechanisms in Mki67 sorted lung cells 
subpopulations ............................................................................................................................. 281 
Figure 105. Sorting of FLASH, CONV and non-treated crypt Mki67+ cells following radiation for 
scRNAseq analysis 24 hours post-treatment ............................................................................... 282 
Figure 106. Generation of PCLS-tumor from orthotopic LL2-Luc tumor mouse model. ............. 342 

 

 

 

 

 

 



 

23 

ABBREVIATIONS  

ALI  Air liquid interface 
ALK  Anaplastic lymphoma kinase   
AM   Alveolar macrophage   
ARP   Acute radiation pneumonitis   
ATM   Ataxia-telangiectasia mutated   
ATR   ATM and Rad3-related   
AT0   Alveolar type 0 cells   
AT1   Alveolar epithelial type I cells   
AT2   Alveolar epithelial type II cells   
BASCs  Bronchioalveolar stem cells   
BCs   Basal cells   
BER   Base excision repair   
CDK   Cyclin-dependent kinase   
CCRT   Concurrent chemotherapy   
CONV   Conventional radiotherapy   
COPD   Chronic obstructive pulmonary disease   
CT   Computed tomography   
CTV   Clinical target volume   
DC   Dendritic cells   
DEG  Differential expressed gene  
DSB   Double strand break   
EDU   5-Ethynyl-2'-deoxyuridine   
ECM   Extracellular matrix   
EGFR   Epidermal growth factor receptor   
EndoMT  Endothelial-to-mesenchymal transition   
ETC   Electron transport chain   
EBRT   External beam radiotherapy   
F-PRT  FLASH proton radiotherapy   
GSEA   Gene set enrichment analysis   
GTV   Gross tumor volume   
Gy   Gray   
HLCA   Human lung cell atlas   
HR   Homologous recombination   
ICI   Immune checkpoint inhibitor   
IGRT   Image-guided radiotherapy   
IM   Interstitial macrophage   
IMPT   Intensity modulated proton therapy   
IMRT   Intensity-modulated radiotherapy   
IOeRT  Intraoperative electron radiation therapy   
IR   Ionizing radiation   
ITV   Internal tumor volume   
LET   Linear energy transfer   
LINAC  Electron linear accelerator   
LOC   Lung on chip   
LR-MSCs  Lung-resident mesenchymal stromal cells   
MBRT   Microbeam radiotherapy   
MDSCs  Myeloid-derived suppressor cells   
MMR   Mismatch repair   
MRI   Magnetic resonance imaging   
NEB   Neuroepithelial body   
NER   Nucleotide excision repair   



 

24 

NHEJ   Non homologous end joining   
NK   Natural killer   
NSCLC Non-small cell lung cancer   
OAR   Organ at risk   
ORR   Objective response rate   
OS   Overall survival   
PET   Positron emission tomography   
PCLS   Precision-cut lung slices   
PFS   Progression-free survival   
PMCs   Pulmonary mesothelial cells   
PNECs  Pulmonary neuroendocrine cells   
PRV   Planning risk volume   
PTV   Planning target volume   
RASCs  Respiratory airway secretory cells   
RIPF   Radiation-induced pulmonary fibrosis   
RILI   Radiation-induced lung injury   
ROS   Reactive oxygen species   
RP   Radiation pneumonitis   
SBRT   Stereotactic body radiation therapy   
SASP   Senescence-associated secretory phenotype   
ScRNA-seq  Single cell RNA sequencing   
SFRT   Spatially fractionated radiotherapy   
SFTPC  Surfactant protein C   
S-PRT  Conventional proton therapy   
SCLC   Small cell lung cancer   
SI   International system   
SOC   Standard of care   
SOD   Superoxide dismutase   
SSB   Single strand break   
TAM   Tumor-associated macrophage   
TKI   Tyrosine kinase inhibitor   
TME   Tumor microenvironment   
Treg   Regulatory T cells   
VEGF   Vascular Endothelial Growth Factor   
VHEE   Very High Energy Electrons   
WBI   Whole brain irradiation   
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

25 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

     CHAPTER I : INTRODUCTION 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

26 

I- INTRODUCTION  

   Cancer treatment for patients involves a combination of therapeutic approaches, depend-

ing on the tumor, localization, stage, and individual patient characteristics. The goal of these 

treatment is to kill cancer cells while minimizing damage to healthy tissues. For that purpose, 

the standard of care (SOC) forms the basis of treatment protocols, most SOC protocols rec-

ommend a combination of chemotherapy, radiotherapy, and surgery, each playing a comple-

mentary role. These standards are often updated with new methods and drugs that demon-

strate additional benefits in clinical trials when combined with actual SOC. Chemotherapy is 

one of the most widely used cancer treatments. It involves the administration of chemical 

agents, which work to inhibit cell growth or division. Chemotherapy can be used in a neoadju-

vant setting (before surgery or radiotherapy) to shrink tumors or as adjuvant therapy (after 

surgery or radiotherapy) to eliminate remaining cancer cells. However, due to its impact on 

normal cells, chemotherapy is often accompanied by significant side effects. Another SOC is 

surgery, which is known as the most effective modality for removing solid tumors and which is 

used in approximately 80% of cancer. Surgeons aim to remove the tumor along with surround-

ing tissue called margins to ensure complete removal. However, for certain tumors located in 

areas where surgery can’t be used, another SOC, radiotherapy, is the primary local treatment 

option. Radiotherapy is used in over half of all cancer cases  and is essential for both curative 

and palliative applications. It works by using ionizing radiation to destroy the cancer cells, fo-

cusing on the tumor while sparing surrounding healthy tissues as much as possible. In this 

manuscript, radiotherapy will be the central focus. The work will delve into the underlying mech-

anisms of radiation interactions at the cellular and molecular levels, explore novel radiation 

modalities such as FLASH radiotherapy that could mitigate radiation-induced normal tissue 

injuries.  

 

1. RADIOTHERAPY, CELLULAR RESPONSE AND SOC FOR CANCER PATIENTS  

 
Radiotherapy is a major cancer treatment, with more than half of all diagnosed patients 

receiving ionizing radiation as part of their therapeutic course1–3. In specific cases, such as 

breast or central nervous system cancers, the use of radiotherapy is over 80%4–6. In the context 

of non-small cell lung cancer (NSCLC) patients, half will undergo radiotherapy at some point 

during their treatment7. Radiotherapy has a widespread use for a broad range of cancers. It 

could be used for both curative and palliative purposes. In the following section, we will explore 

the complexity of ionization events in radiotherapy that involve multidisciplinary approaches 

from physics, chemistry, and biology. 
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1.1 Ionizing Radiation  

 

Ionization, in chemistry, refers to a process in which an atom or molecule acquires a 

positive or negative charge by gaining or losing electrons. It then results in the formation of 

ions8.  Ionizing radiation (IR) is a form of high-energy radiation able to ionize atoms or mole-

cules, thus generating ions that can disrupt covalent bonds9. Radiotherapy (RT) use ionizing 

radiation as a treatment to kill tumor cells4. To obtain a quantitative measure of the effects of 

ionizing radiation, the radiation dose, critical for both the efficacy and safety of radiotherapy, 

has been defined. In the new international system (SI), the dose is measured in Gray (Gy) 

which correspond to the amount of radiation energy absorbed by one kilogram of tissue10.  

 

Through generation of ions that disrupt molecular structures, IR can effectively damage 

the DNA of cancer cells, making it a powerful tool in cancer treatment. To harness this poten-

tial, precise measurement of radiation dose is essential to balance treatment efficacy and 

safety. Building on the principles of IR, Conventional External Beam Radiotherapy (EBRT) 

applies focused radiation beams from an external source to target tumors with precision (Fig-

ure 1). In the following section, we will delve into the methodologies and clinical applications 

of EBRT in modern cancer therapy. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. External Beam Radiation Therapy (EBRT). The patient lies on a treatment table, 

and a radiation machine directs radiation beams precisely at the tumor location. 
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1.2   Conventional External Beam Radiotherapy (EBRT) 

 
   EBRT is a commonly used form of radiotherapy in which radiation beams are directed from 

an external source to the tumor localization (Figure 1)11. Unlike brachytherapy, which involves 

placing radioactive sources near organ presenting tumors, EBRT is non-invasive and enables 

a better targeting of tumors. EBRT is used in the treatment of various cancers including the 

lung, breast, prostate, head and neck, and brain tumors. By using complementary imaging 

techniques such as CT, MRI, or PET scans for treatment planning, EBRT allows for precise 

localization of the tumor, minimizing radiation exposure to surrounding healthy tissues. EBRT 

can be employed as a curative or palliative. In the upcoming sections, we will explore the 

standard protocols for EBRT and their application in clinical practice, including recent advance-

ments that improved its safety and efficacy. 

 

1.2.1 Standard of care radiotherapy protocols  

 

   The guidelines for administering EBRT are based on protocols that are constantly updated 

to ensure both the effectiveness of treatment and the safety of patients12. The initial step in 

EBRT is treatment planning, which involves using imaging techniques like CT (computed 

tomography), MRI (magnetic resonance imaging), or PET (positron emission tomography) 

scans. These imaging methods enable radiation oncologists to precisely outline the shape, 

size, and location of the tumor in relation to other vital organs. . Specialized softwares are used 

to plan the arrangement and intensity of the radiation beams on the tridimensional image of 

the patient’s anatomy, ensuring precise focusing of the radiation to the tumor12. The process 

also includes determining the radiation dose to be directed at the tumor, ensuring it is high 

enough to destroy cancer cells. Dose fractionation is another essential component of standard 

EBRT protocols. In conventional fractionation scheme, the total radiation dose is divided into 

smaller doses (fractions) administered daily over several weeks. Typically, each session 

delivers around 2 Gy per day, five days a week, over a total of 5 to 8 weeks13. This approach 

has been reported to minimize acute side effects by allowing healthy tissue to recover between 

treatments but also ensuring a more continous exposure of cancer cells to radiation therapy 

over weeks13. For certain types of cancer, hypofractionation, where fewer, higher doses are 

administered over a shorter period, may be used to achieve similar to better therapeutic effects 

on a more convenient schedule, such as 8 to 9 Gy per fraction. Additionally, Intensity-

Modulated Radiotherapy (IMRT) is a significant technological advancement that has become 

a standard part of radiotherapy treatment14. IMRT allows for the modulation of radiation 

intensity across the treatment area to conform closely to the tumor’s shape, enabling higher 
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doses to be delivered to the tumor while sparing surrounding normal tissues (Figure 2)14. For 

small and well-defined tumors, SBRT (Stereotactic Body Radiation Therapy) delivers treatment 

using a few highly focused beams that converge on the tumor with millimeter-level precision. 

This approach incorporates advanced image guidance and precise patient immobilization to 

achieve a steep dose falloff around the target. In clinical practice, EBRT is widely used for 

various cancers and it's often combined with surgery or chemotherapy, depending on the type 

and stage of cancer12. 

 

 

 

 

 

 

 

 

 

 

Figure 2.  Dose distribution in IMRT for lung cancer. This figure shows the dose distribution 

in Intensity-Modulated Radiotherapy (IMRT), computed on a CT scan, for thoracic cancer 

treatment. The color gradient represents varying radiation intensities, with high-dose regions 

(red) concentrated on the tumor while minimizing exposure to surrounding healthy tissues such 

as the lungs and heart15.  

 

1.2.2 Treatment combination for radiotherapy 

 

a) Chemoradiotherapy 

 

   The combination of EBRT with chemotherapy is commonly used for treatment of cancer for 

improving the effectiveness of radiotherapy against tumors. Platinum-based drugs like cisplatin 

and carboplatin are often used in that purpose (Figure 3). These drugs make cancer cells 

more sensitive to radiation via the disruption of DNA repair pathways, making them more 

susceptible to radiation damages12. In clinical setting, for example, in the case of NSCLC, 

concurrent chemoradiotherapy has been proven to enhance local control and survival rates, 

particularly in advanced localized disease16. Research indicates that this combination is 

especially effective when chemotherapy is administered alongside radiotherapy, boosting 

radiation's ability to induce some irreversible DNA damage and resulting in better cancer free 

survival13,17. 
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Figure 3. Cisplatin action mechanism. Cisplatin can enter the cell via passive diffusion or active 

transport (facilitated by the copper transporter CTR1). Inside the cell, cisplatin undergoes 

aquation process, where it becomes activated and gain ability to bind  DNA, forming cisplatin-

DNA adducts. These adducts prevent DNA replication and repair by stalling DNA polymerase, 

leading to cell cycle arrest and apoptosis, effectively inhibiting cancer cell proliferation.  
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b) Targeted therapies, anti-EGFR and Tyrosine kinases inhibitors  

 

  In the past few years, targeted therapies have become interesting drugs to use in combination 

with EBRT. They encompass cetuximab, an anti-EGFR monoclonal antibody, which blocks the 

epidermal growth factor receptor (EGFR) which is frequently overexpressed in cancer cells. 

(Figure 4)18. In clinical practice, its use alongside radiation has been reported to enhance 

outcomes in head and neck cancers19. For NSCLC, combining targeted therapies with 

radiotherapy has shown significant improvements in survival rates in clinical trials. For 

example, the RTOG 0324 trial demonstrated that using cetuximab with chemoradiotherapy for 

stage IIIA/IIIB NSCLC patients resulted in a 24-month overall survival (OS) which is a notable 

increase compared to prior standards20. Additionally, a subgroup analysis of the RTOG 0617 

phase III trial indicated that patients  receiving cetuximab and presenting a high EGFR 

expression had a median OS of 42 months, compared to 21.2 months in those without 

cetuximab21. In oligometastatic NSCLC, a phase II study that administered SBRT in 

combination with erlotinib achieved an extended PFS for patients with six or fewer metastatic 

sites. Furthermore, trials in oligoprogressive NSCLC have shown that adding radiotherapy to 

targeted therapies can control progression in specific metastasis sites, potentially extending 

the time before the need to switch treatments22. These results underscore how targeted 

therapy-radiotherapy combinations is a promising approach in both locally advanced and 

metastatic NSCLC treatment.  

 

   Another instance is the combination of tyrosine kinase inhibitors (TKIs) with radiotherapy, 

which has displayed potential in treating lung cancers for patients with EGFR mutations 

(Figure 4). In that case, Gefitinib and erlotinib have been used alongside chemoradiotherapy 

as both concurrent treatments and maintenance therapies for locally advanced NSCLC. While 

phase III trials did not show consistent benefits for all patient groups, they did indicate improved 

progression-free survival (PFS) or overall survival for patients with EGFR amplification or 

mutations22. Finally, anti-angiogenesis agents targeting VEGF, such as bevacizumab, have 

also been combined with radiotherapy. For ALK-positive NSCLC, ALK inhibitors have  also 

being tested in phase III trials potentially enhancing response rates and survival outcomes23. 

Ongoing research aims to refine combinations of targeted therapies with radiotherapy, which 

could finally help to increase outcomes for various NSCLC subtypes and progression stages. 
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Figure 4. Mechanisms of action of cetuximab (anti-EGFR monoclonal antibody) and gefinitinib 

(TKI). The binding of ligands like EGF or TGFα to EGFR induce receptor autophosphorylation 

as well as the activation of downstream signaling pathways that control cellular functions such 

as proliferation, apoptosis, invasion, metastasis, and angiogenesis. Cetuximab, a monoclonal 

antibody, hinders the attachment of ligands to EGFR, whereas Gefitinib, a TKI can blocks the 

receptor's autophosphorylation, thereby interrupting subsequent transduction of signal and 

leading to decreased cell proliferation, enhanced apoptosis, and the inhibition of metastasis 

and angiogenesis. 
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c) Immunotherapy  

 

   Immune checkpoint inhibitors (ICIs) have recently revolutionized cancer treatment by 

targeting what is called immune checkpoints such as PD-1, PD-L1, and CTLA-4, that 

downregulate immune responses, which is exploit by cancer cells to avoid detection by 

immune cells24. ICIs drugs, such as pembrolizumab and nivolumab, are working by blocking 

these proteins which results in a boost of T-cell activity against cancer cells. ICIs are 

particularly effective in cancers expressing high level of PD-L1, like some advanced NSCLC. 

In such cases, pembrolizumab could even be used as a first-line treatment. ICIs are sometimes 

paired with chemotherapy to further increase immune recognition of tumor cells.  

 

   The integration of immunotherapy with radiotherapy represents the most recent progress in 

cancer treatment. ICIs have been proven to work in conjunction with radiotherapy by boosting 

the immune system’s ability to recognize and eliminate cancer cells (Figure 5). Radiotherapy, 

through its impact on the tumor microenvironment, can elevate the immunogenicity of cancer 

cells, rendering them more susceptible to immune response. The combination demonstrates 

effectiveness in treating metastatic cancers such as metastatic melanoma and NSCLC. The 

combination of EBRT with ICIs has demonstrated enhanced response rates and overall 

survival in these cases25. Despite RT’s immune-stimulating potential, it can also induce 

immune-suppressive mechanisms within the tumor microenvironment (TME), including 

recruitment of tumor-associated macrophages (TAMs), regulatory T (Treg) cells, and myeloid-

derived suppressor cells (MDSCs). Furthermore, RT can promote the secretion of TGF-β and 

HIF-1α, which inhibits DC maturation and lead to RT resistance in endothelial cells. ICIs, by 

blocking immune checkpoints (such as PD-1 or PD-L1), counteract this immunosuppressive 

response24. Studies have shown that RT can increase PD-L1 expression in the TME, making 

tumors more responsive to PD-1/PD-L1 blockade and thereby amplifying the immune system’s 

antitumoral activity. For example, combining RT with PD-1 blockade in mouse models has led 

to increased infiltration of CD8+ T cells, enhanced antitumor response, and improved local and 

distant tumor control26.  

 

   This innovative approach is currently under active investigation in clinical trials for different 

cancers. Indeed, numerous trials support the efficacy of combining RT with ICIs. The PACIFIC 

trial, for example, demonstrated that durvalumab following chemoradiotherapy significantly 

improved PFS and OS in advanced NSCLC27. Additionally, the phase II study by Theelen et 

al. investigated stereotactic body radiation therapy (SBRT) followed by pembrolizumab in 

advanced NSCLC. Results showed that patients in the experimental arm receiving SBRT 
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before pembrolizumab had improved objective response rates (ORR) at 12 weeks (36% versus 

18%), suggesting that RT may sensitize tumors to ICIs by modifying the TME28. Furthermore, 

a secondary analysis of the KEYNOTE-001 trial indicated longer PFS and OS in patients who 

had undergone prior radiation. However, several questions remain unanswered, particularly 

as regards the radiation doses to be used in combination with radiotherapy. There is ongoing 

research into dose optimization, as high-dose or hypofractionated RT may elicit a more robust 

immune response. For instance, fractions of 8–10 Gy are thought to be ideal for maximizing 

the immune response, but doses exceeding 12–18 Gy might activate the exonuclease TREX1, 

degrading cytosolic DNA and thereby dampening the STING pathway.  

 

   Combining RT with ICIs introduces additional challenges related to toxicity, particularly 

immune-related adverse events (irAEs) such as pneumonitis, dermatitis, and colitis. Clinical 

trials like NICOLAS and PACIFIC have reported increased pneumonitis rates, though without 

compromising efficacy. It remains important to balance treatment efficacy with the risk of irAEs, 

and certain subgroups may require careful monitoring. Additionally, the risk of radiation-

induced lymphopenia, which correlates with poorer outcomes, underscores the need for dose 

and volume optimization, possibly favoring radiotherapy techniques like SBRT and proton 

therapy to minimize systemic exposure.   

 

   Although immunotherapies targeting the PD-1/PD-L1 pathway have transformed the 

treatment of metastatic cancers, they only benefit a small subset of patients, with response 

rates often below 20%. This limited efficacy underlines the urgent need for innovative 

approaches. Current research, like the phase I clinical trial NCT05259319, explores combining 

PD-1/PD-L1 inhibitors with other agents, such as the anti-TIGIT antibody tiragolumab and 

SBRT, to enhance immune response29. 

 

   In conclusion, immunotherapy, particularly through ICIs targeting pathways such as PD-1, 

PD-L1, and CTLA-4, has revolutionized the treatment of many cancers.  Combining ICIs with 

RT has shown promising results by creating a synergistic effect, where RT modifies the tumor 

microenvironment to make cancer cells more susceptible to immune response.  
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Figure 5. Mechanism of Immune Response with Radio-Immunotherapy. RT increases the 

presentation of tumor antigens, activating dendritic cells and subsequently T-cells. 

Immunotherapy, through checkpoint inhibitors like anti-CTLA-4 and anti-PD-1, prevents tumor 

cells from evading immune detection. The combination of RT and immunotherapy enhances 

T-cell activity and promotes an immune-mediated attack on the tumor, while potential side 

effects include inflammation of various organs such as the thyroid, liver, and skin30. 
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1.2.3 Standard of care for lung cancer patients and challenges  

 

   There are two classifications of lung cancer: non-small cell lung cancer (NSCLC) and small 

cell lung cancer (SCLC). NSCLC comprises approximately 85% of total lung lesions and 

include adenocarcinoma, squamous cell carcinoma, and large cell carcinoma, whereas SCLC, 

a more invasive and harmful cancer type, makes up 10-15% of cases31. Even with 

improvements in SOC, the 5-year survival rate for lung cancer remains poor, particularly for 

patients with advanced stages, including those with metastatic disease. The 5-year survival 

rate for NSCLC patients is approximately 24% but can increase to 60% for individuals with 

localized disease if they receive early treatment including surgeries or radiotherapy as a first 

line32. Lung cancer staging is critical for applying the right SOC and estimating patient 

prognosis. This classification typically uses the TNM system, which assesses tumor size, 

lymph node involvement, and the presence of metastases.  

 

   Stage I lung cancer is localized within the lung, with no lymph node involvement, tumor size 

is generally smaller than 3 centimeters (Figure 6). Stage I are often treated with surgery or, in 

some cases, SBRT for patients who are inoperable. Indeed, SBRT is now widely recognized 

as an optimal treatment for non-operable patients with early-stage NSCLC due to its high 

precision and effectiveness. Studies have shown that SBRT offers comparable outcomes to 

surgery, with three-year local control rates reaching up to 98% and overall survival rates 

ranging from 43% to 95% for these early stage patients33. This approach ensures that 

inoperable patients can benefit from a non-invasive and effective cancer treatment.  

 

   Stage II lung cancer indicates local advancement, often involving close lymph nodes but 

without distant spread ((Figure 6). Treatment generally includes surgery followed by adjuvant 

chemotherapy to enhance outcomes. It usually involving cisplatin, is still the preferred 

treatment for individuals with locally advanced NSCLC. Nevertheless, this method can induce 

notable toxicities. Indeed, the development of radiation-induced esophagitis, pneumonitis, and 

myelosuppression is increased using a combination of chemotherapy and radiation21. 

Radiation pneumonitis, especially, continues to be a significant side effect of thoracic radiation 

treatment, with the potential to cause respiratory failure in some severe instances34.   

 

    Stage III lung cancer can be split into stages IIIA and IIIB, it signifies more extensive regional 

spread and lymph node involvement, often treated with a multimodal approach combining 

surgery, chemotherapy, and radiation therapy ((Figure 6). This stage may now also include 

immunotherapy as part of the treatment to improve disease control35. In spite of its promise, 
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the combination of immunotherapy and radiotherapy can lead to immune-related side effects 

such as colitis, pneumonitis, and hepatitis36.  

 

   Lastly, Stage IV represents the most advanced stage, characterized by the presence of 

metastases to distant organs, such as the brain, bones, or liver ((Figure 6). Treatment in Stage 

IV is palliative, focusing on systemic therapies like chemotherapy, targeted therapies, and 

immunotherapy, aiming to prolong survival and manage disease symptoms. Indeed, 

individualized treatments like targeted therapies and immunotherapy have become more 

prominent37. Specifically designed for patients with mutations, targeted therapies such as 

gefitinib and erlotinib (known as tyrosine kinase inhibitors or TKIs) provide a personalized 

treatment option with fewer side effects compared to traditional chemotherapy for those with 

EGFR or ALK mutations. Each stage underscores the importance of precise, individualized 

treatment approaches to optimize patient outcomes across the different stages of lung cancer 

progression.  

 

    Despite enhancements in SOC, the outlook for late-stage lung cancer patients is still grim. 

An additional obstacle in the treatment of lung cancer is tumor resistance processes such as 

tumor hypoxia which can make it difficult to achieve local control using SOC. Areas of low 

oxygen in the tumor microenvironment decrease radiation effectiveness because of DNA 

damage dependance on oxygen. Addressing this, the next section will describe the 

mechanisms of radiation itself, from its interactions at the atomic level to the cellular responses 

it triggers.  
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Figure 6. Stade classification for lung cancer. Scheme representing the four stages of lung 

cancer progression. In Stage 1, the tumor is small (less than 3 cm) and confined to the lung, 

with no involvement of lymph nodes. By Stage 2, the tumor grows to a size of 3-5 cm, and 

cancerous cells could spread to nearby lymph nodes. In Stage 3, the tumor continues to 

enlarge (5-7 cm) and involves more distant lymph nodes within the chest. Finally, Stage 4 

marks advanced progression, where the tumor exceeds 7 cm and metastasizes to other organs 

outside the lung. These stages are essential for guiding treatment decisions and assessing 

patient prognosis. 
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1.3  From ionizing radiation interaction to cellular biological response  

 

1.3.1 Physical level : interaction and distribution of energy through matter 

 

When ionizing radiation interacts with matter, it transfers a significant amount of energy 

to electrons. This is leading to their removal from atomic orbitals. Ionizing radiation can be 

either electromagnetic or particulate38. On the one hand, electromagnetic radiations are high-

energy, massless photons39 that have different origins, such as x-rays and gamma rays. 

Gamma rays are emitted from the nucleus of an atom during radioactive decay, while x-rays 

result from the rearrangement of orbital electrons or the interaction of a free electron with an 

atom. Photon-atom interactions are quite sparse, but the ejected electron, set into motion, has 

enough kinetic energy to cause a cascade of secondary ionization of other atoms. This is re-

ferred as indirect ionization events40. In the other hand, particle radiation consists of particles 

with mass, including positively charged protons, positively charged alpha α particles, nega-

tively charged electrons, positively charged heavy ions, and uncharged neutrons. These 

charged particles continuously deposit energy along their path, creating direct ionization 

tracks41. The absorbed dose, expressed in Gy, is the sum of the energy absorbed locally by 

the matter through direct and/or indirect ionization events, per unit of mass. The distribution of 

dose deposition with depth is influenced by the mass, charge, and initial energy of the ionizing 

radiation (Figure 7). To understand the implications of these ionization tracks, it is essential to 

consider how energy is distributed as these particles move through matter. The amount of 

energy deposited per unit distance, known as linear energy transfer (LET) is measured in 

keV/μm. LET varies depending on the type of particle. For example, electrons typically have a 

low LET, while alpha particles have a high LET 42. 

 

 

 

 

 

 

 

 

 

Figure 7. TOPAS-based Monte Carlo simulations of the integrated normalized dose deposited 

for 6 MV photons, 12 MeV electrons, 150 MeV protons, 320 MeV/n carbon-12 ions, and a 250 

MeV VHEE beam42. 
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1.3.2 Chemical level : from radiolysis of water to ROS generation 

 

      In biological matter, ionization events primarily result in the radiolysis of water (i.e. the 

breakdown of water molecules), which induce formation of free radicals (Figure 8). When wa-

ter undergoes radiolysis, it initially produces primary reactive species such as H2O●, H2O+, 

and electrons (e-). By reacting, these primary species then give rise to secondary radicals like 

hydrogen atoms (H●), hydroxyl radicals (HO●), hydrogen molecules (H2), hydronium ions 

(H3O+), and solvated electrons (e-aq). Further reactions can lead to the formation of tertiary 

species such as hydrogen peroxide (H2O2), hydroxide ions (OH-), as well as other reactive 

oxygen species (ROS)43,44. ROS consist of free radicals like superoxide anion radical (O2•−) 

and hydroxyl radical (HO●), as well as non-radical molecules such as hydrogen peroxide 

(H2O2), peroxynitrite (ONOO−), and hypochlorous acid (HOCl). These reactive species can 

interact with one another, generating new radicals that can react within cellular systems. For 

example, superoxide dismutase (SOD) converts O2•− into hydrogen peroxide, which can then 

further generate hydroxyl radicals through the Fenton reaction in the presence of iron45. These 

ROS exhibit differences in diffusion rates and lifespans, with some being more stable than 

others. Hydroxyl radicals (●OH) are particularly significant due to their high reactivity. Indeed, 

they can affect carbon-based molecules (e.g., lipids, proteins, DNA) and form carbon-centered 

radicals43,44. These radicals can subsequently react with molecular oxygen, producing peroxyl 

radicals (ROO●)20. Peroxyl radicals, being long-lived, can migrate to different cellular compart-

ments, where they contribute to oxidative damage to biological molecules. This sequence of 

reactions after water radiolysis is crucial in comprehending radiation-induced cellular damage, 

particularly the role of ROS in triggering oxidative stress and their contribution to DNA damage, 

protein oxidation, and lipid peroxidation. 

 

 

 

 

 

 

 

 

 

      

Figure 8. Diagram illustrating the sequential stages of radiation-induced water radiolysis.  
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1.3.3 Biological response : ROS and biomolecules damage 

 

   Radiation-induced oxidative stress can cause both direct and indirect DNA damage (Figure 

9)46. Particularly, ROS can cause indirect DNA damage by interacting with DNA bases or the 

sugar-phosphate backbone which results in oxidation processes as well as mutations. Hy-

droxyl radicals are also extremely reactive and can cause significant DNA damage by remov-

ing hydrogen atoms from DNA, leading to single-strand breaks (SSBs) generation, double-

strand breaks (DSBs), and base modifications. Furthermore, other ROS such as peroxyl radi-

cals (ROO●), which have a longer lifespan47 and that can travel long distances within cells, 

can reach and damage nuclear DNA from their origin sites in the cytoplasm. This ability to 

migrate makes peroxyl radicals especially harmful for DNA integrity.  In contrast to indirect 

damage, direct DNA damage occurs when ionizing radiation deposits energy into the DNA 

molecule during ionization events. Both direct and indirect mechanisms contribute to the cre-

ation of complex, clustered DNA damage. High LET radiation is especially effective at causing 

such cluster damage. This complex DNA damage is challenging for cells to repair and may 

lead to mutations or cell death processes48. Additionally, the so-called bystander effect can 

amplify radiation-induced damage. This phenomenon occurs when damaged cells communi-

cate their injury to neighboring non-irradiated cells through signaling molecules or gap junc-

tions49. If repair mechanisms are overwhelmed, the persistence of this damage can result in 

genomic instability, aging, and the development of radiation-induced cancer. 

 

   Radiation-induced oxidative stress not only harms DNA but also has a serious impact on 

cellular lipids and proteins integrity. The oxidation of polyunsaturated fatty acids in cellular 

membranes, initiated by ROS such as hydroxyl radicals (●OH) can lead to lipid peroxidation 

process, ending by generating lipid radicals and peroxyl radicals (ROO●) that can perpetuate 

further lipid oxidation50. This compromises membrane integrity, increases permeability, and 

disrupts cellular signaling51. The end products of lipid peroxidation, including malondialdehyde 

(MDA) and 4-hydroxynonenal (HNE), are toxic and can form adducts with proteins and DNA, 

increasing cellular dysfunction and oxidative stress52. Proteins are also susceptible to oxidative 

damage as ROS, particularly hydroxyl radicals, can oxidize amino acid side chains, resulting 

in protein carbonylation, fragmentation, and aggregation53. This oxidative modification can af-

fect protein function (enzymes, receptors, or structural proteins). However, cells have a anti-

oxidant defense system to counteract the effects of ROS on lipids, proteins, and other cellular 

components, consisting of both enzymatic and non-enzymatic antioxidants, which play an im-

portant role in neutralizing ROS.  
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Figure 9.  Indirect and direct radiation induced DNA damage. Biorender. 

 

1.3.4 ROS antioxidant detection and defense system  

 
   Cells antioxidant defense plays a role in counteracting ROS related damages after radiation. 

This system comprises enzymatic and non-enzymatic antioxidants that work synergistically to 

neutralize ROS in cells54. Key enzymatic antioxidants include superoxide dismutase (SOD), 

which can converts superoxide anion (O2●−) into hydrogen peroxide (H2O2) and oxygen54. 

Hydrogen peroxide is then detoxified by catalase, which breaks it down into water and oxygen, 

this occurring in cell peroxisomes. Another enzyme, glutathione peroxidase (GPx), reduces 

both hydrogen peroxide and lipid hydroperoxides using glutathione as a substrate, which can 

protect lipids from peroxidation processes54.  

 

   The system is also supported by non-enzymatic antioxidants, such as vitamins C and E, 

glutathione, and coenzyme Q10, which scavenge free radicals and repair oxidative damage. 

Together, these antioxidants create a robust defense network, minimizing oxidative stress. 

However, when ROS production overwhelms the antioxidant capacity, oxidative stress ensues, 

contributing to cell damage after radiation. 
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   The detection of ROS and the activation of antioxidant defense mechanisms is regulated via 

the Nrf2-Keap1 signaling pathway (Figure 10)54. Nuclear factor erythroid 2-related factor 2 

(Nrf2) is a transcription factor that plays a major role in cellular responses to oxidative stress55. 

Under physiologic conditions, Nrf2 is retained in the cytoplasm by its repressor, Keap1 (Kelch-

like ECH-associated protein 1), which induce the ubiquitination and degradation of Nrf2, keep-

ing its levels low in cells55.  

 

   However, in response to oxidative stress, ROS can modify specific cysteine residues on 

Keap1, causing a conformational change that prevents it from binding to Nrf255. As a result, 

Nrf2 escapes degradation, accumulates in the cytoplasm, and then translocate to the nu-

cleus55. In the nucleus, Nrf2 can bind to antioxidant response elements (AREs) in the promoter 

regions of various genes that encode for antioxidant proteins and enzymes, such as glutathi-

one peroxidase (GPx), superoxide dismutase (SOD), and catalase55. This activation boosts 

the cell’s antioxidant defenses, neutralizing ROS and protecting against oxidative damage 

(Figure 10). 

  

Figure 10. Nrf2 Keap1 signaling pathway in response to oxidative stress. Biorender 
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1.3.5 DNA damage response in cells 

 

   When cells are exposed to radiation, they dispose of various DNA repair mechanisms to 

prevent the damages caused by ionizing radiation and reactive oxygen species produced 

during water radiolysis process56. These repair pathways maintain the stability of the genetic 

material by ability to fix both SSBs and DSBs, as well as oxidative damage to DNA bases 

(Figure 11)56.  

 

   Base Excision Repair (BER) is a pathway that corrects minor lesions such as 8-oxoguanine 

formation, which is a common result of damage induced by reactive oxygen species57. In the 

BER process, DNA glycosylases identify and remove damaged bases, creating an abasic 

site57. Then, AP endonucleases cut the DNA at this site, allowing DNA polymerase to fill in the 

gap before DNA ligase seals the repaired DNA strand57.  

 

   On the other hand, Nucleotide Excision Repair (NER) addresses bulky, helix-distorting 

lesions and can handle certain types of radiation-induced damage58. In this mechanism, a 

small DNA segment around the lesion is removed, followed by the synthesis of the correct 

sequence by DNA polymerase and ligation by DNA ligase58.  

 

    For DSBs, cells depend on two main repair mechanisms which are Non-Homologous End 

Joining (NHEJ) and Homologous Recombination (HR) 59. NHEJ is a quick but error-prone 

repair process that directly reconnects the broken ends of DNA, often resulting in deletions or 

insertions59. In contrast, HR is a error proof but slower process, utilizing a homologous DNA 

template, typically a sister chromatid, to guide the repair of DSBs59. HR is usually active during 

the S and G2 phases of the cell cycle when a sister chromatid is available59.  

 

    Lastly, another important repair pathway is Mismatch Repair (MMR), which rectifies 

replication errors and identifies specific radiation-induced lesions60. This pathway is crucial for 

preserving genetic integrity by preventing mutations during DNA replication60.  

 

   Despite these mechanisms, some damage may be too severe to repair, causing cells to 

activate programmed death pathways. These responses are also crucial for preventing the 

proliferation of cells with damaged DNA.  
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Figure 11. DNA damage responses overview61. This diagram illustrates the DNA repair 

pathways activated in response to various types of DNA damage including radiation. For 

single-strand breaks and single-base damage, the Base Excision Repair (BER) pathway is 

utilized, involving enzymes like OGG1, PARP1/2, and XRCC1, and completed by Ligase III. 

For bulky lesions and crosslinks, the Nucleotide Excision Repair (NER) pathway is responsible, 

with components such as XPD/XPC and ERCC1/XPF, concluding with Ligase I. Mismatch 

repair (MMR) corrects base mismatches using proteins like MSH2/MSH6 and MLH1/PMS2, 

also involving Ligase I and IV. Double-strand breaks are addressed by either Homologous 

Recombination (HR), which includes proteins such as BRCA2/FANCD, or Non-Homologous 

End-Joining (NHEJ), with key factors like DNA-PKs and Ligase IV. Each pathway targets 

specific DNA lesions to maintain genomic stability.  
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1.3.6 DNA damage detection in cells 

 

     Detection of DNA damage plays a crucial role in determining how cells respond to ionizing 

radiation. Two key proteins, ataxia-telangiectasia mutated (ATM) and ATM and Rad3-related 

(ATR), can detect and signal the presence of these radio-induced DNA damage62,63. ATM is 

activated by DSBs, which are produced in large numbers by ionizing radiation. When these 

breaks are detected, the MRN complex (MRE11, RAD50, and NBS1) brings in and activates 

ATM at the damage site37. Once activated, ATM phosphorylates substrates, including CHK2 

and p53, triggering cell cycle arrest at the G1 phase, giving cells time to repair the damage 

(Figure 12)64. Conversely, ATR is more sensitive to SSBs and regions of stalled replication 

forks, which are common when cells face oxidative stress from radiotherapy64. ATR 

phosphorylates and activates CHK1, leading to a halt in the cell cycle in the S and G2 phases, 

allowing cells to repair the less severe damage before proceeding65. Cells with mutated p53 or 

defective ATM, are more susceptible to radiation and have a lower ability to repair DNA 

damage, leading to increased cell death in response to radiation damage65. However, tumors 

with highly functional DDR mechanisms can sometimes develop resistance to radiation, 

requiring the use of radiosensitizers to inhibit proteins like ATM or ATR, thus increasing the 

treatment's effectiveness66. In summary, the detection of DNA damage is essential for 

coordinating the cellular response to ionizing radiation. Once damage is identified, pathways 

like ATM and ATR can induce repair mechanisms but also regulate the cell cycle, ensuring 

that cells stop division until the damage is repaired. In the following section, we will explore 

how ionizing radiation impacts the cell cycle, disrupting its phases and triggering checkpoints 

to that are participating in maintaining genomic integrity. 
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Figure 12. DNA damage detection via ATM/ATR and p53 pathway. Upon DNA damage, the 

kinases ATM and ATR are activated, leading to phosphorylation of CHK2 and CHK1, 

respectively. These checkpoint kinases, in turn, phosphorylate p53, stabilizing and activating 

it. Activated p53 plays a pivotal role in determining cellular fate, which include cell cycle arrest 

to prevent propagation of damaged DNA, DNA repair to fix the damage, senescence as a 

permanent cell-cycle arrest, and apoptosis to eliminate severely damaged cells. Additionally, 

MDM2 is regulated by p53 as part of a feedback loop, controlling p53 activity and stability. This 

pathway ensures genomic integrity by coordinating the appropriate cellular response to DNA 

damage. Adapted from Biorender. 

 

1.3.7 Impact of ionizing radiation on cell cycle 

 

   The regulation of the cell cycle is disrupted by ionizing radiation through the induction of 

various types of DNA damage, as discussed in section 1.3.6. The cell cycle is a highly 

regulated process that includes multiple phases (G1, S, G2, and M), each of which is major for 

ensuring an accurate DNA replication and cell division (Figure 13). Upon exposure to ionizing 

radiation, DNA damage induce signaling pathways that can activate cell cycle checkpoints. 

These checkpoints provide the cell with time to repair the damage before progressing through 

the cycle. Notably, at the G1/S, intra-S, and G2/M transitions, these checkpoints work to 

prevent the proliferation of damaged cells and uphold genomic integrity (Figure 13)67.  

 

   The first defense mechanism activated in response to DNA damage caused by ionizing 

radiation is the G1/S checkpoint (Figure 13). This checkpoint is regulated through the ATM-

p53-CHK2 pathway, as described in section 1.3.656. The ATM kinase identifies DSBs and 

phosphorylates p53 tumor suppressor protein, which then triggers the expression of p21 which 

is an inhibitor of cyclin-dependent kinases (CDKs). This inhibition of CDK activity stops cell 

cycle progression into the S phase, allowing the cell time to repair DNA lesions. If the damage 

is too extensive to repair, p53 can induce apoptosis, preventing the spread of cells with 

damaged genomes68. Loss of p53 function, often observed in many cancers, weakens this 

checkpoint and can result in uncontrolled cell proliferation and tumorigenesis69.  

 

   Another crucial defense mechanism responding to DNA damage during DNA replication is 

the intra-S checkpoint. As described, ionizing radiation activates both ATM and ATR kinases, 

with ATR being particularly sensitive to replication stress and SSBs70. By delaying the 

replication process, the intra-S checkpoint prevent chromosomal aberrations that could arise 

from replicating damaged DNA.  
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   Finally, the G2/M checkpoint is essential for preventing cells with damaged DNA from 

entering mitosis process. CHK1 and CHK2 inhibit the activity of CDC25, a phosphatase 

responsible for activating CDK1, thereby blocking entry into the M phase until DNA repair is 

complete71.   

     

   The malfunction of these cell cycle checkpoints, whether caused by mutations in essential 

regulatory proteins such as p53 or by an excess of DNA damage that surpasses repair 

mechanisms, may lead to the survival of cells with impaired DNA. Therefore, the reaction of 

the cell cycle to ionizing radiation plays a crucial role in determining the effectiveness of 

radiotherapy or  the risk of radiation-induced tumor formation. 

Figure 13. Cell cycle checkpoints upon ionizing radiation damages. The M/G1 checkpoint 

ensures proper chromosome alignment to prevent mitotic errors, a mechanism that can be 

induced by ionizing radiation. The G1/S checkpoint is activated by the ATM-p53-CHK2 

pathway. ATM detects double-strand breaks (DSBs) and activates p53, which induces p21 to 

halt the cell cycle at G1, allowing time for DNA repair. Finally, the G2/M checkpoint is regulated 

by ATM and ATR, with CHK1 and CHK2 inhibiting CDC25, thus preventing activation of CDK1 

and delaying entry into mitosis to facilitate repair. Adapted from Biorender. 
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1.3.8 P53 and response to radiation 

 

   The p53 protein, often termed "guardian of the genome," is major in maintaining cellular 

integrity under stress, preventing malignant transformations through its ability to regulate cell 

cycle arrest, DNA repair, apoptosis, and senescence. P53 was considered an oncogene in 

previous research, such as Donehower et al. in 1992. Then it’s critical role as a tumor 

suppressor was clarified, especially given that p53 mutations occur in over 50% of cancers. Its 

structure comprises five main domains which are the DNA-binding domain, transactivation 

domain, tetramerization domain, proline-rich region, and regulatory domain. These regions are 

necessary for its function in transcriptional regulation, allowing it to interact with various 

cofactors such as MDM2 to activate or repress gene expression in response to DNA damage. 

Post-translational modifications (PTMs), including phosphorylation, acetylation, and 

ubiquitination can regulate p53 activity. For instance, phosphorylation at specific sites 

enhances p53 stability by reducing MDM2-mediated degradation, thus prolonging its active 

state, which is essential for initiating DNA repair mechanisms or apoptotic cell death.  

 

   In response to ionizing radiation, phosphorylation at Ser15 and Ser20 by ATM/ATR and 

Chk1/Chk2 kinases, respectively, stabilize p53, allowing it to halt the cell cycle via 

transcriptional activation of p21, facilitating DNA repair and, if necessary, promoting apoptosis 

through PUMA and BAX induction. p53’s role in response to radiation varies by tissue. For 

example, p53 activation protects endothelial cells against radiation-induced damage which 

maintains cellular integrity and vascular structure. In the hematopoietic system, p53 mediates 

cell fate through pathways involving apoptosis and senescence. The loss of its function has 

been shown to increase sensitivity to radiation-induced toxicity such as it is the case in Fanconi 

anemia patients72. In the gastrointestinal tract, p53 induce early apoptosis in radiosensitive 

epithelial cells and its absence can then delays apoptosis, leading to mitotic catastrophe rather 

than programmed cell death. Research has also shown that p53’s involvement in intestinal cell 

dedifferentiation and regeneration is crucial following radiation injury, maintaining cellular 

homeostasis through its regulation by MDM2.  

 

   While its mutation is advantageous for cancer progression, its regulatory capabilities in 

normal cells make it essential for tissue response under various stress, especially in the 

context of radiation therapy. 
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1.4  Improvement of Therapeutic Index of Radiation Therapy 

 

   The therapeutic index of radiotherapy, defined as the balance between the radiation dose 

that can eradicates the tumor and the dose that leads to strong toxicity in surrounding normal 

tissues, is a critical focus of radiotherapy treatment (Figure 14)73. In the context of novel 

radiotherapy technologies, significant progress has been achieved in balancing tumor control 

with reducing harmful effect to surrounding healthy tissue. In this part, we will examine different 

advancements that have improved the therapeutic index of this SOC . We will mainly focus on 

management of organs at risk (OAR), and recent improvements such as the use of stereotactic 

body radiation therapy (SBRT), particle therapy, and will later explore the potential of ultra-high 

dose rate radiation therapy (FLASH-RT). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14. Scheme for therapeutic Index of radiotherapy. The therapeutic index represents 

the dose range where tumor control is achieved while minimizing the risk of damage to healthy 

tissues. The wider the gap between the therapeutic and toxic effects, the more favorable the 

therapeutic index, enabling effective cancer treatment with reduced side effects. 
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1.4.1 Organ at risk  

 

   Organ at risk (OAR) are important to plan the radiotherapy treatment, especially in 

challenging localization such as lung cancer. OARs are healthy tissues or organs near the 

target tumor that are sensitive to radiation exposure and may experience irreversible damage 

if exposed to high doses. During the planning of lung cancer treatment, major organs like the 

heart, lungs, esophagus, and spinal cord must be considered74. Sophisticated imaging 

methods like CT and MRI enable accurate outlining of the tumor and nearby OARs. This stage 

is important to ensure that the tumor receives a higher dose of radiation while reducing 

exposure to OARs. In instances NSCLC, the heart and healthy lung tissue face a significant 

risk of radiation-related toxicity, potentially resulting in complications such as pneumonitis, 

cardiac issues, or esophageal inflammation75. To reduce these risks, IMRT and Image-Guided 

Radiotherapy (IGRT) allow for more accurate tumor targeting. IMRT allows for adjustment of 

radiation intensity to shape the dose distribution to protect surrounding OARs, while IGRT 

utilizes real-time imaging to compensate for tumor displacement due to respiration.  

 

      The Gross Tumor Volume (GTV) represents the visible tumor lesion based on imaging, 

including any detectable tumor mass or lymph node involvement. Surrounding the GTV, the 

Clinical Target Volume (CTV) accounts for areas where microscopic cancer cells may reside, 

expanding the treated area to include potential local spread. If breathing or other physiological 

movements must be considered, Internal Tumor Volume (ITV) accounts for tumor motion. 

Finally, the Planning Target Volume (PTV) includes an additional margin around CTV or ITV 

to accommodate setup variability during treatment. These three volumes, GTV, CTV, and PTV 

are used to ensure that the tumor is consistently targeted with the appropriate radiation dose, 

even with daily patient shifts or breathing-induced motion76 (Figure 15) Dose constraints are 

established for OARs to limit radiation exposure and prevent toxicity. When OAR motion is a 

factor, a Planning Risk Volume (PRV) is used to account for potential movement. For example, 

in the case of healthy lungs, typical constraints for conventional fractionation include a Mean 

Lung Dose < 20 Gy and a V20 (Volume receiving 20 Gy or more) < 30%77.This structured 

approach improves treatment accuracy, helping to maximize tumor control while minimizing 

the risk of radiation damage to OARs. Thus, incorporating OAR limitations into treatment 

planning is crucial for improving the therapeutic index.  
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Figure 15. Scheme illustrating the concepts of target volumes in radiotherapy76. The Gross 

Tumor Volume (GTV) represents the visible tumor. Surrounding it, the Clinical Target Volume 

(CTV) includes areas that may contain microscopic tumor cells. The Planning Target Volume 

(PTV) adds an additional margin around the CTV to account for patient movement and 

positioning variations. The diagram also highlights the importance of Organs at Risk (OAR), 

protected by a Planning Risk Volume (PRV) to avoid high radiation doses, while delivering the 

prescription dose to the PTV for optimal tumor treatment. 

 

1.4.2 Current limitations to radiation therapeutic index 

 

   Even with improved methods, accurately targeting tumors is easier, but protecting 

surrounding tissues is still a major issue. One major restriction is the discrepancy in the 

radiation dose needed to kill tumor cells and the dose that leads to side effects on surrounding 

healthy tissues73. Reaching a high level of tumor control in the local area frequently requires 

doses that are very close to surpassing the tolerance of surrounding OARs. Furthermore, some 

tumors may be resistant to radiation due to either hypoxia or mutations in DNA repair pathways 

12. Areas with low oxygen levels, known as hypoxic regions, decrease the efficiency of radiation 

treatment due to oxygen's crucial role in causing DNA damage. To tackle issue like tumor 

hypoxia, PET scans can be used for evaluating oxygenation levels and helping with dose 

adjustments78 (Figure 16). Another restriction comes from the unpredictability’s in 

administering doses and outlining targets, particularly in moving organs such as the lungs. 
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Breathing can cause movement of the tumor and nearby organs, such as the heart and 

esophagus, during treatment. While IGRT has increased precision, achieving perfect 

alignment across multiple treatments is challenging, and any variations can result in either 

underdosing the tumor or overdosing healthy tissue79. Additionally, there remains a concern 

regarding late radiation side effects. In the lungs, patients might experience pneumonitis or 

fibrosis several months or years following treatment, causing a significant impact on their 

quality of life73.  

 

   The upcoming parts of this manuscript will discuss radiation-induced damages in the lungs, 

investigating the clinical outcomes and molecular mechanisms at play. But first, in the next 

section we will describe recent developments that aim to improve radiation therapy index.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16. Multimodal Imaging for hypoxic tumor in Head and Neck Cancer. Baseline imaging 

of a head and neck tumor using multiple modalities, including CT, MRI (T1, T2), FMISO-PET, 

and FDG-PET scans. The Gross Tumor Volume (GTV) and hypoxia sub-volumes (HSVs) are 

delineated based on MRI and FMISO-PET. FMISO-PET highlights hypoxic regions, while 

FDG-PET identifies areas of increased glucose metabolism, providing critical information for 

treatment planning.78 
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1.4.3 Recent innovations in radiation therapy treatment 

 

   Recent advances in radiation therapy have revolutionized cancer treatment, particularly by 

enhancing the therapeutic index. Introduced recently in clinical practice, SBRT is a highly 

precise technique that delivers high-dose radiation in fewer fractions (generally 1 to 5), making 

it especially effective for some cancer localizations. It involves the  use of multiple beams of 

varying intensity, targeted at the tumor from different angles, concentrating the highest dose 

of radiation at the tumor site. This is particularly important for tumors located near OARs. By 

also using advanced imaging technologies such as CT, PET, and MRI, SBRT ensures accurate 

tumor targeting and reduces radiation exposure to surrounding healthy tissues80. 

 

    Additionally, the exploration of heavy particle therapies has opened new avenues in 

radiotherapy treatment. It leads to the development of particle therapy, which encompasses 

both proton and heavy ion treatments. This approach is based on the physical properties of 

charged particles to deliver more focused doses of radiation to tumors. Indeed, Proton therapy 

can target tumors near OARs due to its ability to concentrate radiation at a precise depth, the 

Bragg peak, which can significantly reduce radiation exposure to tissues beyond the tumor81. 

Furthermore, it involves similar beam implementations as photon irradiations including IMRT 

based Intensity-Modulated Proton Therapy (IMPT). IMPT implements functions identical to 

those of IMRT. Similarly, heavy ion therapy, which uses ions like carbon, goes a step further 

by not only targeting tumors with high precision but also offering a potential superior biological 

effectiveness81.  

 

   Recent research has also extended our understanding of immune responses to proton 

therapy. While conventional photon-based radiotherapy is known to stimulate immune 

responses, including modulation of the tumor microenvironment, the immune effects of proton 

therapy have only recently begun to be elucidated. One pioneering study on Balb/c mice with 

CT26 colon tumors demonstrated that a single 16.4 Gy dose of proton irradiation stimulated a 

significant immune response82. Analysis at three days post-treatment revealed increased 

immune-related gene expression, particularly in pathways associated with interferon signaling.  

These findings open the door to clinical exploration of proton therapy in combination with ICIs. 

Despite the numerous advantages that proton and heavy ion therapy offer, there are also 

significant limitations associated. One major challenge lies in the infrastructure that are 

required. Indeed, particle accelerators used to generate protons, and heavy ions particle 

therapy are expensive, and often inaccessible in many health centers which limits their 

widespread use. Additionally, while the precision of dose delivery is beneficial for targeting 

tumors, it also presents a challenge when the target, such as a lung tumor, moves during 
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treatment due to breathing or other physiological processes. If not managed correctly, this 

movement can result in high radiation doses being delivered to nearby healthy tissues, leading 

to increased toxicity.  

 

   Following the advancements brought by SBRT and particle radiotherapy, another innovative 

approach has emerged, called spatially fractionated radiotherapy (SFRT). Techniques such as 

minibeam and microbeam radiotherapy (MBRT) represent this concept, where radiation is 

delivered in distinct, narrow beams that are spatially fractionated. These beams, typically 500-

700 μm in diameter, are separated by 1 to 3 mm gaps, leading to a "peaks and valleys" dose 

distribution across the tumor and nearby tissues. This distribution allows tissue within the 

peaks to receive the highest radiation dose, while tissue in the valleys is minimally exposed, 

receiving scattered radiation from surrounding peak regions (Figure 17)83. Unlike 

conventional radiotherapy, which uniformly irradiates the tumor, SFRT has been report to 

preserve the healthy tissues located between irradiated zones. This concept has demonstrated 

promising results, especially in preclinical studies, where animal models showed significantly 

reduced normal tissue toxicity while maintaining robust tumor control. For instance, animal 

models exposed to pMBRT displayed a reduction in side effects such as brain damage and 

enhanced tumor control, compared to standard proton radiotherapy84. This approach also 

benefits from biological mechanisms such as the bystander effect, enhanced vascularization, 

and even immune system involvement, which contribute to decreased toxicity and better 

outcomes85,86. However, while these techniques offer exciting possibilities, challenges remain 

in the clinical application of spatial fractionation. The complexity of geometry in maintaining the 

peaks and valleys during treatment delivery, particularly with photon beams, has proven to be 

difficult. To mitigate this, research has shifted toward implementing MBRT with protons, which 

offers better control overdose distribution and reduces scattering.  

 

   In the last introductive chapter of this manuscript, we will explore the potential of ultra-high 

dose rate radiation therapy (FLASH), another innovative technique that was developed 10 

years ago and promised to further revolutionize radiotherapy by delivering radiation at 

unprecedented speeds. Indeed, it promisz to reduce toxicity while maintaining same levels of 

tumor control. But first, the upcoming section will focus on the lung as a model for studying 

radiation-induced toxicities as it will be my model organ for experimental studies involving 

FLASH-RT. Indeed, given the lung's sensitivity and its common involvement in thoracic 

cancers, it serves as a critical model for evaluating both the therapeutic benefits and possible 

side effects of advanced radiation techniques. 
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Figure 17. Comparison of Conventional Radiotherapy and Minibeam Radiotherapy (MBRT) 

distributions. IMBRT employs multiple narrow beamlets, creating a “peak and valley” 

distribution. The peaks represent areas of high radiation dose targeting the tumor, while the 

valleys correspond to regions of lower dose exposure, reducing damage to surrounding normal 

tissues.87 
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2. THE LUNG, A MODEL FOR INVESTIGATING RADIATION-INDUCED TOXICITIES  

 

   As my thesis focused on the underlying mechanisms of FLASH-RT, most of the research I 

conducted was on the lung which is  highly sensitive to radiation-induced damage. In the next 

section, I will introduce the respiratory system and the lung cellular composition in detail. We 

will address pulmonary physiology, cellular composition, and how the lung regenerates after 

injury. With this physiological background established, the next step will be to examine the 

harmful effects of radiation on the lungs. Here, I will first introduce the concept of the lungs as 

OARs during radiotherapy treatment before discussing the early toxicities, such as radiation 

pneumonitis, and late chronic toxicities, including radiation-induced lung fibrosis. This will lead 

to an exploration of the molecular mechanisms of radiation induced lung injuries (RILI). Finally, 

in the last section, we will examine various research alternative models used or that could be 

used to study acute RILI. This will cover murine models but considering the 3Rs in radiation 

research, it will include the benefits and limitations of cell culture models, organoids, organ on 

chips and organotypic lung slices.  

 

2.1 Structure, function and cell composition of the respiratory system 

 

   The respiratory system is very complex and responsible for pulmonary ventilation as well as 

the essential gas exchanges (Figure 18). This system consists of a series of organs and 

structures, each playing an important role in ensuring the effective delivery of oxygen to the 

whole-body tissues but also managing the removal of carbon dioxide which is a metabolic 

waste product. The respiratory system can be divided into two main parts: the upper and lower 

respiratory tracts (Figure 18). The upper tract function is to conduct air, while the lower tract 

performs both conducting and respiratory roles. This arrangement facilitates the sterilization, 

warming, and moistening of the inhaled air before it reaches its ultimate structure of lungs, the 

alveoli, where gas exchange takes place (Figure 18). 
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Figure 18. Respiratory tract structure. The structure of the respiratory system is divided into 

the upper and lower respiratory tracts. The upper respiratory tract includes paranasal sinuses, 

nasal cavities, pharynx, and larynx, primarily responsible for air conduction, filtering, and 

humidification. The lower respiratory tract consists of the trachea, primary bronchi, and 

bronchioles, leading to the alveoli where gas exchange occurs. A magnified view shows the 

alveoli and associated microvasculature, highlighting the critical role of alveoli in oxygen-

carbon dioxide exchange. 

 

2.1.1 Upper respiratory tract : functions, structure and physiology 

 

   The upper respiratory tract prepares the air before it reaches the more sensitive lower 

airways. This part of the respiratory system includes the nose, nasal cavities, paranasal 

sinuses, pharynx, and the part of the larynx above the vocal folds (Figure 18). Its main 

function is to conduct air toward the lower tract, but it also have other functions such as filtering, 

humidifying, and warming the air, which are essential for protecting lung tissues88. 

Furthermore, these functions helps prevent infections and maintain homeostasis, making the 

upper respiratory tract an important defense system against pathogens and irritants88. 

Dysfunction or injury to the upper track can lead to increased susceptibility to respiratory 

infections and inflammation, which could disrupt normal breathing and lung function. We will 

now describe the various organs and structures that make up the upper respiratory track, 

following the path of the air to the alveolar structures. 

 

   The nose is the primary entrance for inhaled air and plays a significant role in both olfaction 

and preparing the air for gas exchanges. The nostrils, which are lined with coarse hairs are a 

filter, as they are trapping larger particles like dust and pollen88. These nostrils lead into the 

nasal cavity, a large space inside the skull that is involved in breathing and olfaction. The nasal 

cavity is divided into two chambers by the nasal septum and lined with different types of 

mucous membranes that help conditioning the air before it moves deeper into the respiratory 

system88. Nasal cavity is composed of squamous mucosa which is a stratified squamous 

epithelium that is particularly resistant to physical damage from environmental factors? This 

respiratory mucosa is composed of a ciliated pseudostratified columnar epithelium88. Another 

component is the olfactory mucosa, lined by a specialized type of pseudostratified columnar 

epithelium89. This region is responsible for the smell sense, and it contains olfactory sensory 

neurons that detect chemicals and can contribute to taste and smell89. Any dysfunction in this 

region can lead to olfactory disorders, which can impair both smell and taste sensations.  
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   The nasal cavity is surrounded by paranasal sinuses, which include the maxillary, frontal, 

ethmoidal, and sphenoidal sinuses. These sinuses play roles in humidifying the air90. They 

includes epithelial cells similar to those in the nasal cavity, with ciliated cells and goblet cells 

playing key roles in mucociliary clearance90. These cells help maintain sterility even though the 

nearby nasal cavity is colonized by microorganisms.  

 

   As air moves forward into the respiratory system, it passes through the pharynx which is a 

muscular tube that serves as a pathway for air and food. The pharynx is divided into three 

parts which are the nasopharynx (located behind the nasal cavity), the oropharynx (behind the 

oral cavity), and the laryngopharynx (which leads to both the esophagus and the larynx)91. The 

pharynx’s ability to handle both food and air is crucial, as it ensures the separation of 

respiratory and digestive tracts. Any malfunction in the pharynx can result in aspiration, where 

food or liquids accidentally enter the airway, leading to complications such as pneumonia.  

 

   At the lower end of the upper respiratory tract lies the larynx, a cartilaginous structure that 

houses the vocal cords92. It plays a vital role in breathing, sound production and protect the 

lower airways during swallowing92. The larynx contains the epiglottis, a flap of cartilage that 

covers the trachea during swallowing to prevent food from entering the respiratory system92. 

Damage to or dysfunction of the larynx can lead to voice disorders and breathing difficulties.  

 

2.1.2 Lower respiratory tract : functions, structure and physiology 

 

   As air moves through the respiratory system, it enters the lower respiratory tract, also 

referred to as the respiratory tree which included the lower larynx, trachea, bronchi, 

bronchioles, and alveoli (Figure 18). It main function is exchange of gases between the 

external environment and the bloodstream. The structure of the lower respiratory tract is highly 

specialized, with a complex network of airways designed to maximize the efficiency of this gas 

exchange93. 

 

   The trachea is a tubular structure of about 10 centimeters, extending from the larynx into the 

thorax94. It serves as the main conduit for air between the upper respiratory tract and the 

lungs94. The trachea’s structure is reinforced by C-shaped rings of cartilage, which keep the 

airway open while allowing flexibility for breathing94. The posterior part of the trachea is made 

up of smooth muscle, which can contract to reduce the diameter of the airway during coughing 

or swallowing, helping to expel foreign objects or prevent aspiration. The trachea’s walls are 

composed of a pseudostratified columnar epithelium, including ciliated cells, goblet cells, and 

basal cells, all of which play crucial roles in protecting the respiratory system from particles 

and pathogens94.  
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   The trachea then bifurcates into the left and right main bronchi, which enter the lungs and 

continue to branch into progressively smaller airways93. The primary bronchi are divided into 

secondary bronchi, which serve the lobes of each lung. In the human lung, there are three 

lobes in the right lung and two lobes in the left lung. Each secondary bronchus further 

subdivides into tertiary bronchi, each of which supplies a specific bronchopulmonary segment 

of the lung. As the bronchi continues to branch into smaller and smaller airways, they become 

bronchioles, which lack cartilage. The bronchioles are less than one millimeter in diameter and 

lead to the terminal bronchioles. Beyond the terminal bronchioles are the respiratory 

bronchioles, which mark the beginning of the respiratory zone where gas exchange occurs. 

The walls of the bronchioles are composed of a cuboidal epithelium and contain smooth 

muscles, which can constrict or dilate to regulate airflow. This smooth muscle is controlled by 

the autonomous nervous system, allowing the bronchioles to adjust the airflow in response to 

various stimuli.  

 

   At the very end of the respiratory tree are the alveoli, tiny sac-like structures where gas 

exchange takes place (Figure 18). The lungs contain over 300 million alveoli, providing an 

immense surface area for oxygen and carbon dioxide to diffuse. Each alveolus is surrounded 

by capillaries, allowing oxygen from the air to enter the blood and carbon dioxide from the 

blood to be expelled into the alveolar space for exhalation93. The walls of the alveoli are made 

up of two types of cells: alveolar epithelial type I (AT1) cells, which are involved in gas 

exchange, and alveolar epithelial type II (AT2) cells, which secrete surfactant. Surfactant is a 

lipid-protein complex that reduces surface tension within the alveoli. It is preventing their 

collapse during exhalation. Damage to the alveolar membrane composed by this close 

interaction between endothelial capillary cells and epithelial alveoli cells, can significantly 

impair lung function, leading to decreased oxygen uptake and difficulty breathing93. 

 

2.1.3 Cellular composition of the human lung and regeneration processes  

 

   The adult human lung is a complex organ composed of many specialized cells. These include 

multiple epithelial cell types that are composing the airways and alveoli, endothelial cells 

forming the vasculature, smooth muscle cells, fibroblasts preserving lung structure, various 

immune cells, and other stromal components (Figure 19). Together, these cells ensure lung 

gas exchanges and homeostasis. Over 40 different cell phenotypes have been identified 

throughout the respiratory tract, from the trachea to the alveolar sacs95. This cellular 

composition is also essential for the lung's ability to respond to environmental challenges and 

repair processes that occur after injury. 
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Figure 19. Cellular Composition of the lower respiratory tract. In the trachea and bronchi, the 

epithelium consists of ciliated cells, club cells, basal cells, and goblet cells, with PNEC 

(pulmonary neuroendocrine cells). Moving deeper into the bronchioles, the cellular structure 

begins to include goblet cells as well. In the alveoli, AT1 and AT2 cells dominate the structure, 

with AT1 cells facilitating gas exchange, AT2 cells producing surfactants, but also alveolar 

macrophages and fibroblasts contributing to immune defense and structural integrity, 

respectively. 
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a) Trachea to bronchioles epithelial cells  

 

   The respiratory epithelium is a physical barrier to prevent pathogen entry, facilitating 

mucociliary clearance by trapping inhaled particles in mucus and propelling them out of the 

airways. It is also involved in cytokines and chemokines secretion which can induce immune 

responses. Finally, this epithelium is regulating fluid homeostasis by controlling water and ion 

movement across the epithelial surface. The composition of the respiratory epithelium changes 

along the respiratory tract, with varying cellular composition from the proximal to distal regions 

to accommodate functional demands (Figure 19)96. We will now describe all the cell 

populations composing the lower respiratory track, from the trachea, via the bronchi and 

bronchioles, to the functional unit of the lung, the alveoli. 

 

   Basal cells (BCs) are a population of multipotent stem cells present at the base of the 

pseudostratified mucociliary epithelium. They are playing a key role in maintaining the integrity 

and function of the respiratory epithelium. BCs represents approximately 30% of the 

pseudostratified airway epithelium97. They present a cuboidal shape and are primarily located 

in the extrapulmonary airways in mice but  are also present into smaller intrapulmonary 

conducting airways in humans98. BCs provide structural support by anchoring the columnar 

epithelium to the basement membrane, thus contributing to the stability of the airway 

epithelium. In addition to their structural role, BCs act as progenitor cells with the ability to 

differentiate into various other cell types, including club and ciliated cells. BCs express several 

key markers, such as TRP63, Keratins KRT5 and KRT14, and CD44, which are involved in 

their function in both maintaining the airway epithelium and modulating physiological and 

inflammatory responses through interactions with surrounding neurons, mesenchymal cells, 

and immune cells. Their regenerative capacity is major for epithelial homeostasis. BCs are 

able of replacing damaged cells to restore the airway barrier. Moreover, studies have 

highlighted BC diversity, suggesting that these cells may not form a homogenous pool but 

rather consist of distinct subpopulations with varying roles in airway maintenance and repair99. 

For instance, a subpopulation of KRT14+ BCs has been identified, which rapidly expands in 

response to airway injury. This population has been described to primarily contributes to 

generating more BCs rather than differentiating into other cell types100. Recent research using 

single-cell RNA sequencing (scRNA-Seq) have provided further insights into the complexity 

and heterogeneity of BCs in both human and murine airways. In human lungs, BCs have been 

classified into multiple subpopulations, including multipotent, proliferating, primed secretory, 

and activated states, reflecting their functional diversity for homeostasis and response to 

damages (Figure 20)101. Basal cells, as key progenitors in the airway epithelium, give rise to 

various specialized cells, including club cells, which we will further describe. 
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Figure 20. Classification of the human airway epithelium. (A) UMAP clustering of single-cell 

RNA-sequencing data generated for normal human lung airway epithelium. (B) Expression of 

differentially expressed genes that distinguish major cell types shown by heatmap with z-score 

values. Cell subtypes are shown within each major cell type. Adapted for Carraro et al.101 
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  Club cells are critical to the lung’s defense and also for repair processes. Predominantly 

located in the bronchioles, these cells play a protective role by secreting bioactive compounds 

that shield the bronchiolar epithelium from inhaled toxins and pathogens102. One of the key 

proteins secreted by these cells is SCGB1A1 which is part of the secretoglobin family. 

SCGB1A1,  by suppressing the activity of phospholipase A2 and modulating immune functions, 

helps to maintain lung homeostasis in the lungs103,104.  In addition to their protective functions, 

club cells are actors of bronchiolar epithelium regeneration, particularly following injury. As 

progenitor cells, they can differentiate into various other epithelial cells, including ciliated cells. 

Recent evidence also suggests that a subset of Scgb1a1+ cells can act as progenitor cells for 

the alveolar epithelium in mice, especially in response to injuries105. For instance, Kim et al. 

identified SP-C+Scgb1a1+ bronchioalveolar stem cells (BASCs) in adult mouse lungs, and 

demonstrate that these cells could differentiate into AT2 cells in vitro106.While data supporting  

the progenitor function of club cells in humans is less substantial, research has found that 

between 11% and 44% of proliferating cells in the human airway epithelium express 

Scgb1a1107. The presence of a human equivalent to mouse BASCs remains uncertain, though 

some club cells have been shown to produce phospholipids that are characteristic of AT2 

cells108. Since then, multiple studies have found a population of terminal/respiratory bronchiolar 

cells marked by SCGB3A2 and AT2 cells markers, including SFTPB, with either low or no 

expression of mucins MUC5B or MUC5AC, and in some cases, high expression of MHC II 

genes109. In a recent study, Basil et al. used trajectory analysis to demonstrate that in human 

lungs, SCGB3A2+ respiratory airway secretory cells (RASCs) and AT2 cells exist along a 

pseudo-temporal developmental trajectory, indicating that SCGB3A2+ cells may differentiate 

into AT2 (Figure 21)110. Additionally, these researchers showed that the conversion of 

SCGB3A2+ cells into  AT2 could be trigger by Notch inhibition and Wnt activation110. Although 

these findings suggest a functional equivalence between this population of distal airway cells 

and mouse BASCs, they do not conclusively prove the existence of a direct human equivalent. 

In mice, the maintenance and differentiation of club cells are tightly regulated by the Notch 

signaling pathway, especially through the interaction of the Notch2 receptor and Jagged 

ligands111. This signaling ensures that club cells can respond appropriately to tissue damage 

and environmental stressors.  Club cells, with their protective and regenerative roles, not only 

maintain the bronchiolar epithelium but also give rise to other crucial cell types, including 

ciliated cells, which are essential for mucociliary clearance in the respiratory system. 
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Figure 21. Analysis of alveolar epithelial cell differentiation and trajectory using scRNA-seq 

and in vitro assays, adapted from Maria C. Basil et al. and time-course images of alveolar 

epithelial progenitor cells transitioning into mature cell types in culture. (A) UMAP plot depicting 

clusters of alveolar epithelial cells, including basal, secretory (Sec), and different AT1 and AT2 

subsets (e.g., AT1_a, AT1_b, AT2_a, AT2_b, AT2_c). A rare alveolar stem cell (RASC) 

population is highlighted, representing a transitional state between progenitor and mature cells. 

(B) Trajectory analysis along UMAP dimensions illustrates the progression pathway from iRAS 

(induced RASC) through various intermediate stages, ultimately leading to fully differentiated 

alveolar cell types (iAT2). This model provides insights into cellular plasticity and differentiation 

processes within the alveolar epithelium. Bright-field images and immunofluorescence staining 

show markers SCGB3A2 (red, indicative of progenitor cell stages) and SFTPC (green, 

surfactant protein expressed in mature AT2 cells) over 14 days. Merged images confirm co-

expression and the dynamic transition from progenitor to differentiated cell states.  
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    Ciliated cells are also component of the airway epithelium, their principal function is to 

maintain mucociliary clearance. These columnar-shaped cells are resting on the basement 

membrane. They have an increase prevalence as the airway branches, comprising up to 73% 

of the small airway epithelium112. Each ciliated cell contains between 200 to 300 cilia on its 

luminal surface, with cilia measuring approximately 0.2 to 0.3 μm in diameter and ranging from 

4 to 7 μm in length, depending on the airway's size113. In addition to cilia, the apical surface of 

these cells is also populated with microvilli, contributing to fluid and electrolyte transport across 

the epithelial barrier113. The primary function of ciliated cells is to propel the mucus gel to 

maintain the mucociliary escalator, a crucial defense mechanism in the respiratory system. 

This is achieved through the highly coordinated beating of cilia, generating wave-like 

movements that drive mucus loaded with pathogens and particulates out of the respiratory 

tract. Structurally, ciliated cells are connected by tight junctions and E-cadherin-based 

adherens junctions, which regulate solute and ion passage across the epithelial barrier while 

maintaining firm cell-to-cell adhesion114. At their basal pole, these cells are anchored to the 

airway epithelial basement membrane either directly or through desmosomes that attach to 

underlying basal cells115. Ciliated cells are terminally differentiated, meaning they cannot self-

renew. Instead, they are replenished by basal cells. This process is notably accelerated after 

injury, such as mechanical damage to the airways, where ciliated cells are replaced within 14 

days116. The differentiation of basal cells into ciliated cells is driven by the activation of key 

transcription factors, including FOXJ1, which is essential for ciliogenesis, and RFX family 

proteins that contribute to the formation of motile cilia113. Additionally, structural proteins like 

TUBB4 form part of the ciliary cytoskeleton, ensuring proper function of these motile 

organelles113. It has recently been shown that the tumor suppressor STK11 is required for 

normal ciliated cell differentiation in airways (Figure 22)117. Ciliated cells work in close 

coordination with goblet cells, as the mucus produced by goblet cells is propelled by the 

beating of the cilia, ensuring that pathogens and particulates are effectively trapped and 

cleared from the respiratory tract. 
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Figure 22. Expression level of Stk11 is associated with the differentiation of ciliated cells in 

airways from Chu et al. 2019. (a) The UMAP show the expression of Scgb1a1, Foxj1, or Stk11 

in airway epithelial cells from adult lungs. (b) The pseudo-time trajectories show that the 

expression level of Scgb1a1 decreased during the ciliated cell differentiation process, whereas 

the expression levels of Foxj1 and Stk11 increased during the ciliated cell differentiation 

process. (c) The dot plot of Stk11 expression score in different cell types. (d) E16.5 lungs were 

stained with antibodies against acetylated-α-Tubulin and STK11. Scale bars: 25 μm 
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   Goblet Cells are secretory cells found in the superficial epithelium of the large airways, their 

role is to produce and secrete mucus that maintain airway protection. Mucus produced by 

goblet cells can trap inhaled pathogens, particles, and toxins, which are then cleared from the 

respiratory tract through the coordinated action of ciliated cells. However, their function can 

become dysregulated in certain respiratory diseases, leading to excessive mucus production 

and contributing to airway obstruction. A key transcriptional regulator of goblet cell 

differentiation is the sterile alpha motif-pointed domain-containing ETS transcription factor 

(SPDEF)118. It drives goblet cell differentiation by upregulating several key genes, including 

FOXA3 and the endoplasmic reticulum protein anterior gradient homolog 2. In mouse models, 

SPDEF deletion leads to a complete deletion of goblet cells in the airway epithelium, 

underscoring its essential role in maintaining goblet cell populations118. The process of goblet 

cell mucin secretion involves a complex secretory apparatus. This includes proteins such as 

the P2Y2 purinergic receptor, myristoylated alanine-rich C-kinase substrate (MARCKS), Munc 

proteins, and SNARE proteins (soluble N-ethylmaleimide-sensitive factor attachment protein 

receptors), along with heat shock protein 70 and autophagy proteins118. Together, these 

components ensure the regulated exocytosis of mucin granules, which are critical for the 

formation and maintenance of the mucus barrier. Goblet cells, while essential for mucus 

production and maintaining airway defense, interact with various other epithelial cell types to 

preserve respiratory function. Pulmonary neuroendocrine cells (PNECs) also play a significant, 

role in maintaining lung integrity, emphasizing the diverse mechanisms at work in the 

respiratory epithelium. These specialized sensory cells, complement the functions of secretory 

and ciliated cells by responding to environmental cues and contributing to airway repair after 

injury. 

 

   PNECs, although comprising less than 1% of the lung epithelium, play essential roles in 

sensing environmental changes and maintaining lung homeostasis. These rare epithelial cells, 

found either as solitary entities or grouped in clusters called neuroepithelial bodies (NEBs), are 

located at airway bifurcations, localizing them to detect changes in the airway environment119. 

PNECs act as sensory transducers by responding to stimuli such as hypoxia, mechanical 

forces, and even harmful substances like nicotine. Upon sensing these changes, PNECs 

release a range of bioactive substances including serotonin, calcitonin gene-related peptide 

(CGRP), and bombesin. These neuropeptides and neurotransmitters regulate local airway 

tone and immune responses. PNECs secretion of serotonin in response to low oxygen levels 

can trigger vasoconstriction in pulmonary arteries, while CGRP act as a vasodilator120. 

Additionally, PNECs express key developmental markers such as ASCL1 and PROX1, which 

are implicated in their differentiation121. Beyond their sensory functions, PNECs can have stem 

cell-like properties, contributing to lung repair following significant injury. Particularly after 
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damage to the airway epithelium, PNECs can differentiate into various cell types, including 

club cells and ciliated cells121. NEBs, which are clusters of PNECs, serve as potential stem cell 

niches, particularly under conditions of severe injury, playing a pivotal role in epithelial repair.  

 

b) Alveoli epithelial cells 

 

   The alveolar space is the site for gas exchange in the lungs, it contains two main types of 

epithelial cells. The first is AT1 cells and second is AT2 cells. AT1 cells are responsible for the 

diffusion of oxygen and carbon dioxide between the air and blood, while AT2 cells secrete 

surfactants to prevent alveolar collapse. Furthermore, they  serve as progenitors for both cell 

types during lung regeneration and in response to lung injuries.  

 

   AT1 cells are large and thin cells that cover approximately 95% of the alveolar surface area, 

despite comprising only a small fraction of the total number of alveolar cells122. Their flattened 

structure is highly specialized for gas exchange, allowing an efficient diffusion of oxygen and 

carbon dioxide across the alveolar-capillary barrier123. Indeed, their cytoplasm is extremely 

thin, often only a few hundred nanometers thick, except around the nucleus, where the cell is 

slightly more prominent. AT1 cells are characterized by the expression of markers such as 

podoplanin (PDPN), advanced glycosylation end product-specific receptor (AGER), and 

aquaporin 5 (AQP5), which are essential for their function in maintaining alveolar permeability 

and fluid transport124. They are also involved in forming tight junctions with neighboring cells, 

creating a continuous barrier that protects the alveoli from pathogens and prevents fluid 

leakage. Though traditionally considered terminally differentiated, recent research suggests 

that AT1 cells retain some level of plasticity, particularly in response to lung injury. Studies 

have identified two subpopulations of AT1 cells based on the expression of insulin-like growth 

factor-binding protein 2 (Igfbp2) and Hopx. Hopx+Igfbp2- AT1 cells have been shown to 

transdifferentiate into AT2 cells during alveolar regeneration following injury or 

pneumonectomy. However, Hopx+Igfbp2+ AT1 cells are terminally differentiated and do not 

contribute to this regenerative process 123. 

 

   AT2 is the other subpopulation of epithelial cells present in the alveoli.  They were described 

to produce and secrete pulmonary surfactants which is a lipid-protein complex essential for 

reducing surface tension in the alveoli, preventing collapse during exhalation. AT2 cells have 

a cuboidal shape and contain distinctive lamellar bodies that store the pulmonary surfactant. 

This surfactant consists of 90% lipids and 10% proteins. More precisely, it consists of 

phospholipids, particularly dipalmitoyl phosphatidylcholine (DPPC), and surfactant proteins 

(SP-A, SP-B, SP-C, and SP-D)125. AT2 cells are also involved in host defense. They express 
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various immune-related molecules, including Toll-like receptors (TLRs), which help recognize 

pathogens and initiate immune responses. Through the secretion of chemokines and 

cytokines, AT2 cells contribute to the recruitment of immune cells in alveoli, such as neutrophils 

and macrophages.125. The two key markers of AT2 cells are surfactant protein C (SFTPC) and 

lysozyme C-2 (LYZ2).125.In addition to surfactant production, AT2 cells, upon injury, act as 

progenitor cells within the alveoli. They can proliferate and differentiate into AT1 cells. Recent 

studies identified a transition state during AT2 to AT1 differentiation which is now known as 

AT0 cells. This newly identified AT0 bridges the gap between AT2 and AT1 cells during repair 

processes, particularly in response to significant alveolar damage. Alveolar type-0 (AT0) cells 

represent a newly discovered cell state found in the human distal airways, particularly within 

terminal and respiratory bronchioles (TRBs). These cells were recently characterized through 

spatial transcriptomics and single-cell profiling. AT0 cells emerge from AT2 cells during lung 

repair processes, especially in response to alveolar injury, such as in acute lung injury or 

pulmonary fibrosis models126 (Figure 23).  

 

   While epithelial cells in the trachea, bronchioles, and alveoli provide a vital barrier and 

perform essential functions for respiration and defense, mesenchymal cells like lung-resident 

mesenchymal stromal cells (LR-MSCs) and fibroblasts offer foundational support and 

structural integrity.  
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Figure 23. Dynamics of AT0 cells and distinct cellular trajectories in the human alveolar 

epithelium from Murthy et al. 2022. (A) Using scVelo (left) and Slingshot (right) analysis, 

researchers identified predicted lineage trajectories among AT2, AT0, immature AT1, AT1, and 

TRB-SCs in normal adult distal lung, as indicated by arrows. (B-C) A schematic model 

illustrates these predicted cellular pathways, complemented by a detailed workflow diagram of 

the experimental process. (D) Representative brightfield images depict organoid morphology, 

with a scale bar of 500 μm, showing distinct structural characteristics under different conditions. 

Immunostaining reveals expression patterns for SCGB3A2 (green), SFTPB (red), and SFTPC 

(grey), with a lower panel schematic highlighting the cellular and morphological variations 

across different organoid conditions, scale bar 20 μm. Quantitative analysis shows the 

proportion of SFTPC+ SCGB3A2+ cells, SFTPC− SCGB3A2+ cells, and SFTPC+ cells, with 

statistical significance marked (**** p < 0.0001, ** p = 0.0016, * p = 0.05) across three 

experiments (n=3). 
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c) Mesenchymal lung cells 

 

   LR-MSCs are also participating in the regulation of lung homeostasis and their role in lung 

regeneration and repair. LR-MSCs are defined by the expression of surface markers such as 

CD73, CD90, and CD105. They are lacking hematopoietic and endothelial markers like CD34 

and CD45127. Their primary localization is in vascular stem niche near blood vessels within the 

alveolar interstitium128. Their multipotent differentiation potential allows them to differentiate 

into mesenchymal lineages, including fibroblasts and myofibroblasts which are responsible for 

the continuous production and remodeling of the extracellular matrix (ECM) in the lung129. The 

primary function of LR-MSCs is to support lung tissue through paracrine signaling and direct 

cell-to-cell interactions. By releasing growth factors such as hepatocyte growth factor (HGF), 

keratinocyte growth factor (KGF), and VEGF, LR-MSCs modulate the behavior of surrounding 

epithelial, endothelial, and immune cells, promoting lung regeneration129,130. Their regenerative 

capacity is closely linked to their ability to modulate immune responses, including polarizing 

macrophages toward an anti-inflammatory M2 phenotype and enhancing Tregs130. Building on 

the regenerative influence of LR-MSCs within the lung’s vascular stem cell niche, resident 

fibroblasts further contribute to pulmonary homeostasis and ECM turnover. 

 

 

   Resident fibroblasts are essential for lung structure, positioned in the lung’s interstitium near 

alveolar epithelial cells, they produce ECM131. This population is heterogeneous, 

encompassing subtypes distinguished by surface markers, receptor expression, and cytokine 

profiles132. Among fibroblasts, two specialized types are lipofibroblasts and myofibroblasts. 

Lipofibroblasts (CD140α+CD34+) accumulate neutral lipids that support AT2 cell function. In 

contrast, myofibroblasts (CD140α+CD29+), characterized by α-smooth muscle actin (α-SMA) 

fibers, participate in wound healing and tissue remodeling133. Lineage tracing studies suggest 

that various lung stromal cells, including interstitial fibroblasts, lipofibroblasts, pericytes, and 

mesothelial cells, can differentiate into myofibroblasts131. Recent studies using scRNA-seq 

have significantly refined the classification of fibroblast subtypes within the lung, revealing 

nuanced roles in health and disease. Tsukui et al., for instance, identified specific populations 

such as mesenchymal alveolar niche cells, which support the alveolar epithelial cells by 

producing essential ECM components, and myogenic progenitor cells, which possess a 

potential to differentiate into myofibroblasts under injury or fibrotic conditions. These progenitor 

cells are critical in maintaining lung structure post-injury and in conditions of fibrotic response. 

Further work helps to characterized a wider range of mesenchymal populations, identifying 

distinct subtypes that vary in both functional and structural roles (Figure 24)134. These 

subtypes include populations with unique gene expressions related to ECM production, 
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immune signaling, and growth factor interactions, each potentially modulating fibrotic 

processes differently, which will be developed later in the manuscript.   

 

Figure 24. Characterization of alveolar, adventitial, and peribronchial fibroblasts from Tsukui 

et al 2020. (A) Collagen-producing subpopulations identified are shown on UMAP plot of 

Col1a1+ cells. (B) Violin plots showing the expression levels in each cluster of representative 

marker genes (C) Schematic showing the distinct localization of fibroblast subpopulations. 

 

   Pericytes are contractile cells that surround capillaries and venules which contribute to  

maintain vascular stability. They express markers such as CSPG4, PDGFR-β, α-SMA, and 

ABCG2, and are involved in the regulation of blood vessel formation135. Studies have identified 

specific populations of pericytes, such as Foxd1 progenitor-derived pericytes, ABCG2+ 

pericytes, and Gli1+ pericytes, that proliferate after lung injury and differentiate into 

myofibroblasts, significantly contributing to fibrosis processes upon injury136,137. 

 

   In contrast, mesothelial cells form a monolayer of specialized epithelial cells lining the pleura 

which is the membrane surrounding the lungs. These cells secrete lubricating serous fluid that 

reduces friction during lung expansion and contraction. In addition to their structural role, 

pulmonary mesothelial cells (PMCs) are involved in inflammatory responses and wound repair 

following pleural injury. Although traditionally considered non-contributory to the lung 

mesenchyme during normal homeostasis, recent studies suggest that mesothelial cells may 

undergo epithelial-to-mesenchymal transition (EMT) in response to injury. This process is 

driven by factors such as TGF-β1, leading mesothelial cells to lose polarity, migrate into lung 

parenchyma, and differentiate into myofibroblasts138. 
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d) Endothelial  lung cells 

 

   The pulmonary endothelium is a monolayer of ECs lining the inner surface of blood vessels 

in the lung. Structurally, In alveoli, ECs form an interface between the bloodstream and 

surrounding tissue, essential for gas exchange, nutrient delivery, and waste removal139. 

Additionally, these cells produce various anticoagulant and anti-inflammatory molecules which 

help to maintain blood fluidity but also support vascular homeostasis. Like this, they prevent 

clot formation and excessive immune cell infiltration139. The pulmonary endothelium is further 

subdivided into macrovascular and microvascular compartments140. On the one hand, 

macrovascular ECs line larger vessels, such as pulmonary arteries and veins, and handle the 

transport of blood to and from the lungs. On the other hand, the microvascular compartment is 

composed of capillary endothelial cells which cover vessels within the alveoli sacs, facilitating 

the exchange of gases between inhaled air and blood140. ScRNA-seq has revolutionized our 

understanding of endothelial cell  heterogeneity within the pulmonary vasculature, researchers 

have been able to identify previously unrecognized subpopulations of ECs. Interestingly, two 

pulmonary capillary EC subtypes have been classified, general capillary endothelial cells 

(gCap) and aerocytes (aCap), which differ not only in gene expression profiles but also in 

functional specialization and anatomical localization (Figure 25)141. 

 

    aCap are highly specialized for gas exchange, forming thin segments of the alveolar 

capillary network where they are in close contact with AT1 epithelial cells. This proximity allows 

for efficient oxygen and carbon dioxide exchange across the alveolar membrane. Aerocytes 

are marked by the expression of apelin (Apln) and other genes associated with gas exchange 

efficiency and leukocyte trafficking, including EDNRB and SOSTDC1 (Figure 25). Their 

distinct morphology, larger cell bodies with extensive membrane surface area, further supports 

their role in maintaining the air-blood barrier essential for respiration. Aerocytes are terminally 

differentiated cells, meaning they do not typically proliferate, even under conditions of lung 

injury. Instead, they rely on the regenerative input of other EC types.  

 

   In contrast, gCap play a versatile role in vascular homeostasis, functioning as progenitor-like 

cells within the alveolar capillary network. Unlike aerocytes, gCap cells are capable of 

proliferation. They are marked by the expression of the apelin receptor (Aplnr) and genes 

related to vasodilator synthesis, such as Nos3 and Ptgis. Their stem-like capabilities of is 

critical for both the maintenance and repair of the alveolar capillary network 141.  
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   Beyond the identification of aCap and gCap cells, scRNA-seq has also revealed other 

endothelial subtypes in the lung, including arterial, venous, and lymphatic ECs142,143. Each 

subtype demonstrates unique molecular signatures that align with their respective 

physiological functions within the lung. For instance, pulmonary-venous ECs, marked by 

COL15A1, are localized in the lung parenchyma, while systemic-venous ECs are found in 

airway and pleural regions. Additionally, distinct lymphatic and arterial ECs maintain tissue 

fluid balance and blood flow regulation across the pulmonary network. These findings 

underscore the remarkable complexity of the pulmonary endothelium, where each cell subtype 

contributes to the overall structural integrity and function of the lung. 

 

Figure 25. Distinct Capillary Endothelial Cell Types in the Alveolar Network. (A) Alveolar 

capillaries in adult mouse lung immunostained for PECAM1. (B) t-SNE plot of endothelial cell 

populations annotated in scRNA-seq data for adult mouse lungs. (C) Heatmap of expression 

of capillary subset markers and the general endothelial marker Cldn5 in individual capillary 

cells. (D) The images on the left show the two main types of capillary endothelial cells in the 

lung: aerocytes (aCap) in red and general capillary cells (gCap) in yellow. These cells are 

uniquely positioned within the alveolar structure, with aerocytes located at the alveolar 

entrance for optimized gas exchange and gCap cells surrounding them for vascular 

homeostasis and repair functions. Adapted from Gillich et al.141. 
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   Although traditionally considered quiescent, recent studies indicate that ECs can undergo 

rapid and targeted repair following damage, demonstrating significant plasticity in the lung 

microenvironment. When the pulmonary endothelium is injured, there are generally two 

hypothesized mechanisms for its restoration : the proliferation of existing mature ECs and the 

activation of local endothelial progenitor cells (EPCs). Some researchers suggest that 

differentiated ECs near the injury site can proliferate to restore the damaged tissue, while 

others propose that specialized EPCs, possibly existing within the vascular niche, play a 

primary role in reconstituting the endothelium through differentiation and integration into the 

vessel walls144. Additionally, ECs in the lung can modulate the behavior of BASCs145.  

     

   In situations where endothelial homeostasis is compromised, such as in chronic lung 

diseases, ECs may also transition through endothelial-to-mesenchymal transition (EndoMT), 

thus acquiring mesenchymal properties. In this transformed state, endothelial cells adopt 

mesenchymal characteristics. They become elongated in fibroblast-like shape, they show 

enhanced migratory ability, as well as structural changes in the cytoskeleton and cell junctions. 

These cells have higher proliferation capabilities, and can secrete increased amounts of  ECM 

components146. Furthermore, they lose typical endothelial markers like VE-cadherin, VEGF, 

CD34, and CD31/PECAM-1, while acquiring mesenchymal markers such as S100A4, 

vimentin, α-SMA, and fibronectin. Key pathways regulating this EndoMT include the TGF-β 

family, Wnt/β-catenin, Notch signaling, and various inflammatory cascades, which activate 

shared transcriptional regulators. 

 

e) Immune cells  

 

   Alveolar macrophages (AMs), localized within the alveolar space, are major components of 

the lung’s immune defense system. AMs are uniquely positioned to encounter airborne 

particles and microorganisms, enabling them to swiftly respond147. AMs are highly effective at 

clearing pathogens and cellular debris, which helps to maintain immune homeostasis and 

prevent inflammation in the lung. In their quiescent state, AMs generally exhibit an anti-

inflammatory phenotype, producing regulatory cytokines like transforming growth factor-beta 

(TGF-β), which supports immune tolerance and prevents unnecessary inflammation in 

response to innocuous particles (e.g., pollen or dust). With their regulatory role, AMs can 

rapidly shift to a pro-inflammatory state when infection or tissue damage occurs. In the 

presence of pathogens, AMs enhance their phagocytic activity and secrete cytokines and 

chemokines, such as tumor necrosis factor-alpha (TNF-α) and interleukin-6 (IL-6), which 

recruit and activate additional immune cells to the site of infection. Importantly, AMs exhibit 

self-renewal capacity, maintaining their population independently of circulating monocytes 
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under steady-state conditions147. However, under certain circumstances, like severe infection 

or inflammation, monocytes from the bloodstream can be recruited to the lung, differentiate 

into macrophages, and contribute to the AM pool.  

 

   Interstitial Macrophages (IMs) reside within the lung parenchyma in contrary to Ams that 

reside in  the alveolar space. Unlike AMs, which primarily act as the first line of defense against 

inhaled pathogens, IMs are strategically positioned in the connective tissue, where they can 

manage immune responses and support tissue repair without direct exposure to the external 

environment147. They act as a secondary defense layer and are involved in antigen 

presentation, enabling the activation and regulation of T cells in the lungs. IMs produce various 

immunoregulatory cytokines, such as interleukin-10 (IL-10), both under normal conditions and 

in response to inflammatory stimuli, which helps limit excessive immune activation and 

prevents tissue damage. Recent research has identified heterogeneity among IMs, suggesting 

distinct subpopulations with specialized functions in the lung tissue148. For instance, certain 

subsets characterized by the expression of the mannose receptor (CD206), they  have been 

shown to be involved in tissue repair and fibrosis regulation149. Others, expressing markers 

that align with their roles in antigen presentation, such as MHC class II, can drive adaptive 

immunity by interacting with T cells. IMs also differ from AMs in their origin and renewal 

mechanisms. While AMs are largely self-sustaining and do not rely on blood monocytes for 

replenishment, IMs often derive from circulating monocytes, which can migrate into the lung 

tissue, especially during inflammation147.  

 

   Pulmonary Lymphoid Cells are the components of the adaptive immune system within the 

lungs, encompassing various cell types that contribute to targeted immune responses and 

long-term immune memory. The primary lymphoid cells in the lung include T cells, B cells, and 

natural killer (NK) cells, each playing distinct roles in defense against pathogens. T cells, which 

are divided into helper (CD4+) and cytotoxic (CD8+) subsets, are activated upon recognition 

of specific antigens presented by antigen-presenting cells, such as dendritic cells147,150. Helper 

T cells aid in orchestrating the immune response by releasing cytokines that attract and 

activate other immune cells, while cytotoxic T cells directly target and eliminate infected or 

abnormal cells. Notably, a specialized subset of T cells, tissue-resident memory T cells (TRM), 

resides within the lung tissue, offering rapid, localized responses upon re-exposure to 

pathogens147,150. TRM cells express unique markers, such as CD69, which enhance their 

retention within lung tissue, providing a critical advantage in responding quickly to recurrent 

infections like influenza and respiratory viruses147,150.  
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   B cells is another subset of lymphoid cells, they produce antibodies that neutralize pathogens 

and facilitate their clearance147,150. These cells are particularly important in chronic respiratory 

conditions and recurrent infections, as they contribute to immune memory by retaining the 

ability to quickly produce pathogen-specific antibodies upon re-infection147,150. Some evidence 

suggests the presence of lung-resident B cells, which remain within lung tissue to provide 

continuous surveillance and protection147,150. Natural killer (NK) cells, though traditionally 

considered part of the innate immune system, share functional characteristics with adaptive 

lymphoid cells147,150. They provide immediate responses to infected or transformed cells 

without prior sensitization. NK cells can induce apoptosis in target cells through cytotoxic 

granules containing perforin and granzymes147,150. In the lung, NK cells also produce cytokines 

like interferon-gamma (IFN-γ), which aids in shaping the adaptive immune response and 

enhances the activation of macrophages and other immune cells during infections147,150. 

Together, these pulmonary lymphoid cells form a sophisticated network that ensures efficient 

immune surveillance and rapid responses to respiratory pathogens, while also maintaining 

immune tolerance to non-threatening inhaled particles.  

 

   Neutrophils are rapidly recruited from the bloodstream to sites of infection or tissue injury in 

response to inflammatory signals such as cytokines and chemokines, which guide them to the 

inflamed tissues. In the lungs, neutrophils play a crucial role in combating pathogens by 

engulfing and destroying bacteria, fungi, and viruses through phagocytosis147,150. They release 

antimicrobial peptides, proteases, and ROS that help neutralize pathogens147,150. Furthermore, 

neutrophils can produce extracellular traps (NETs), which are networks of chromatin and 

antimicrobial proteins that trap and kill microbes in the extracellular environment, providing an 

additional line of defense against infections. Neutrophils are generally programmed for a short 

life span, and they undergo apoptosis after fulfilling their immune functions147,150. The timely 

removal of apoptotic neutrophils by macrophages is essential to limit inflammation; 

macrophages ingest these neutrophils and subsequently release anti-inflammatory mediators 

like TGF-β and IL-10, which contribute to the resolution of inflammation and tissue 

healing147,150. 

 

   DCs are antigen-presenting cells (APCs) that play a key role in initiating and regulating 

immune responses in the lung147,150. They serve as sentinels at the lung's epithelial surface, 

where they continuously sample the environment for pathogens and other antigens. Upon 

encountering an invader, dendritic cells capture, process, and present antigen fragments on 

their surface, which they then use to activate T cells in the lymph nodes. This action bridges 

the innate and adaptive immune systems, as it triggers a tailored immune response that can 

efficiently target specific pathogens. Lung DCs are highly heterogeneous and can be broadly 



 

79 

divided into several subtypes, primarily plasmacytoid dendritic cells (pDCs) and conventional 

myeloid dendritic cells (cDCs), with the latter further classified into CD103+ (cDC1) and 

CD11b+ (cDC2) subsets147,150. Each DC subtype in the lung has specialized functions. The 

CD103+ cDC1s, located close to the alveolar epithelium, are essential for generating cytotoxic 

T-cell responses and are known to produce IL-12, which promotes Th1-type immunity and 

enhances anti-viral and anti-tumor responses147,150. In contrast, CD11b+ cDC2s, found in the 

lung interstitium, are involved in Th2-type immune responses, playing a role in conditions like 

asthma by promoting allergic inflammation147,150. Plasmacytoid DCs, although less common, 

are critical for anti-viral immunity, as they secrete large amounts of type I interferons in 

response to viral infections147,150.  

 

f) Conclusion  

 

   In summary, the human lung is a complex organ composed of a highly specialized cellular 

microenvironment that supports its functions of gas exchange, immune defense, and tissue 

repair. From epithelial cells that line the airways and alveoli to immune cells that safeguard 

against pathogens, each cell type plays a distinct and interdependent role in maintaining 

pulmonary homeostasis. The regenerative capacity of certain lung cells, such as basal cells, 

club cells, and AT2 cells, underscores the lung's ability to repair itself after injury. Additionally, 

advancements in single-cell RNA sequencing have provided a deeper understanding of 

cellular heterogeneity, revealing specialized cell subsets with unique functions in lung 

physiology and immune response.  

 

2.1.4 Revolution of single cell transcriptomic analysis for lung cell identification  

 

   The improvement of transcriptomic techniques has profoundly enhanced the study of lung 

physiology, leading to remarkable insights at the cellular level. By capturing gene expressions 

at the level of individual cells, scRNA-seq has revealed previously unkwown cell types and 

complex cellular interactions within the lung. One significant finding from scRNA-seq is the 

identification of ionocytes in the airway epithelium, which play a crucial role in fluid 

regulation151. Studies validating these findings through RNA FISH (fluorescence in situ 

hybridization) demonstrate that ionocytes express specific markers, such as Foxi1 and CFTR 

(cystic fibrosis transmembrane conductance regulator). These cells are maintained by basal 

progenitor cells.The lung is indeed a highly complex tissue, composed of approximately 40 cell 

types. Traditional microscopy, which cannot distinguish cells with similar appearances but 

distinct functions, may under-represent this diversity. Thus, two projects, the human and 

mouse lung atlases aimed to document cell diversity at a single-cell resolution to reveal a full 

picture of cellular composition and function152–155 (Figure 26). 
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   The Human Lung Cell Atlas (HLCA) network maps healthy lung cell types, capturing their 

molecular profiles, state transitions and serves as a reference for studying disease-associated 

changes. Studies by Travaglini et al. and Schiller et al. identified 58 cell populations153. 

Travaglini's research showed subpopulations within fibroblasts, such as alveolar and 

adventitial types, each with unique markers and tissue locations. AT2 cells were also separated 

into quiescent and Wnt signaling clusters152. Another major study by Deprez et al. analyzed 

77,969 cells from the human respiratory tract across 10 volunteers, revealing cell type 

variability across different regions. This research clarified the roles of poorly understood cells, 

such as ionocytes and pulmonary neuroendocrine cells, contributing valuable insights into lung 

composition155. Furthermore, Schupp et al. identified new endothelial cell subtypes, 

showcasing the lung's endothelial heterogeneity and expanding the known markers associated 

with endothelial cell types142. These insights continue to improve our understanding of lung 

biology, guiding both physiological and pathological investigations. Finally, Sikkema et al. 

introduced a comprehensive, integrated dataset that combines 49 single-cell studies to cover 

over 2.4 million cells from 486 individuals. By integrating these datasets, the HLCA 

standardizes cell type annotations and identifies unique cell types, even rare or previously 

unknown ones.  

 

   Transitioning this section, we will now explore the differences between murine and human 

pulmonary structures and functions. This comparison is essential, as mice are commonly used 

as models for lung studies. However, significant anatomical, cellular, and physiological 

differences exist between the two species. Understanding these distinctions will help 

contextualize findings from murine studies and their relevance to human lung health and 

disease. 

 

Figure 26. Human lung cell atlas UMAP representation for Immune, Epithelial and 

Endothelial/Stromal compartment154. 
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2.1.5 Murine respiratory system and cell composition  

 

   Murine lung model is widely used in research to mimic human respiratory development, 

function, and diseases, including radiation damage. This is due to notable anatomical, 

histological, and developmental similarities between mice and human lungs. Despite these 

parallels, several differences in architecture, tissue components, and cellular composition 

require careful consideration when translating findings from mice to humans. One major 

structural difference between mouse and human lungs is the arrangement of lobes. Mice have 

four lobes in the right lung (superior, middle, inferior, and accessory) and one in the left lung. 

In contrast, humans possess two lobes in the left lung and three in the right lung. Moreover, 

human lung lobes are subdivided into distinct segments, which are absent in the mouse lung. 

The size of alveoli is another crucial distinction, with human alveoli being significantly larger, 

averaging 200 μm in diameter, compared to the much smaller alveoli in mice, which measure 

around 40 μm (Figure 27).96.  

 

   The cellular composition of the airway epithelium in mice also varies from that of humans. 

The mouse trachea and proximal bronchi are composed of a pseudostratified mucociliary 

epithelium, which consists mainly of non-ciliated epithelial cells and features fewer goblet cells 

than human lungs. Basal cells, which are a key component in the airway epithelium, are more 

abundant in the mouse trachea and proximal airways. These basal cells, important for 

attachment and maintaining airway architecture, express markers such as keratin 5 and keratin 

14, like their human counterparts. However, as the airway diameter decreases in mice, the 

number of basal cells diminishes, and none are present in the terminal bronchioles96. In 

contrast, human airways are richer in goblet cells, and basal cells are found throughout the 

airways, even in distal sections. This cellular arrangement in humans supports more extensive 

mucus production, which plays a crucial role in trapping pathogens and particulates. In the 

mouse lung, club cells are the predominant secretory cell type. These non-ciliated, dome-

shaped cells secrete protective proteins and detoxify harmful substances in the airway. They 

also serve as progenitors for ciliated cells, especially in the bronchioles where basal cells are 

scarce. Club cells express the marker SCGB1A1, which is critical for lung immunity and 

repair156. Goblet cells, which are responsible for mucus secretion, are significantly fewer in 

mice than in humans. In mice, goblet cells mainly reside in the larger airways, whereas in 

humans, they are more abundant and distributed throughout both large and small airways. 

This difference contributes to the variation in mucosal protection and response to irritants 

between the two species156. While the basic function of AT1 and AT2 cells is conserved 

between mice and humans, the regenerative capacity of these cells is a significant area of 
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interest in both species. In mice, AT2 cells can act as progenitors, regenerating both AT2 and 

AT1 cells after injury, a process that is also observed in humans, albeit to a different extent 

due to species-specific variations in lung repair mechanisms. Lung mesenchyme plays an 

essential role in supporting epithelial function and regeneration in both mice and humans. 

Mesenchymal cells include various fibroblasts, pericytes, and smooth muscle cells, which 

provide structural integrity and secrete ECM proteins. In mice, mesenchymal subsets that 

express the WNT-responsive Pdgfra gene are particularly efficient in supporting AT2 cell 

proliferation and differentiation during lung regeneration156. Fibroblasts in the mouse lung also 

contribute to maintaining alveolar architecture by producing ECM components such as 

collagen and elastin. The ability of these fibroblasts to promote proper alveolar repair and 

prevent fibrosis is crucial, as dysregulation in this process can lead to diseases like pulmonary 

fibrosis in both mice and humans156.The immune cell composition of the mouse lung is similar 

to that of the human lung, with alveolar macrophages playing a central role in maintaining 

homeostasis and responding to pathogens156. 

 

   In conclusion, while the mouse lung provides an excellent model for studying many aspects 

of human lung biology, careful attention must be paid to species-specific differences in cellular 

composition and tissue architecture. These differences influence how both species respond to 

injury and repair, making it essential to consider the limitations and translational potential of 

murine models in lung research. 

    

 

 

 

 

 

 

 

 

 

 

 

Figure 27. Alveolar structure differences between Human and mouse lungs. Organotypic lung 

slices sections illustrate alveolar structures in human (a) and mouse (b) lungs. The images 

highlight the notable difference in alveolar size and arrangement between the two species157. 
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2.2 Radiation induced lung injuries (RILI) 

 

   Radiation therapy often places the surrounding lung parenchyma at significant risk for 

damage, leading to potential RILI. These injuries are a direct consequence of radiation’s impact 

on the lung's structure and function, posing both acute and long-term risks to patients. Both 

acute and chronic phases of RILI are characterized by inflammatory processes, cytokine 

release, and cellular damage158,159.  

 

   RILI depends on multiple parameters including patient-specific risk factors as well as 

treatment parameters such as total radiation dose, fractionation schedule, and treated volume. 

While advances in radiation delivery such as IMRT and SBRT have allowed for more targeted 

tumor irradiation, effectively reducing collateral exposure to lung tissue, the risk of RILI 

persists158,159. As a result, careful constraints are essential, particularly for patients with pre-

existing pulmonary conditions, as their compromised lung function predisposes them to more 

severe RILI outcomes.  

 

   This section on RILI will provide a comprehensive understanding of the complications and 

cellular damage caused by radiation therapy in lung tissue. RILI poses serious implications for 

treatment, impacting both short-term and long-term lung function and patient quality of life. 

This section examines various dimensions of RILI, from its manifestation in early-stage toxicity, 

such as pneumonitis, to the progression into chronic conditions like radiation-induced 

pulmonary fibrosis (RIPF). Additionally, we will delve into the molecular mechanisms 

underlying RILI.  

 

2.2.1 Lung, organ at risk  

 

   Among thoracic organs, the lungs are the most sensitive OARs during radiotherapy for lung 

cancer but also for others such as breast cancer. The alveolar-capillary network, responsible 

for oxygen and carbon dioxide exchange, is especially vulnerable to damage from ionizing 

radiation. AT1, which form a thin barrier for gas diffusion, are particularly radiation-sensitive, 

and damage to these cells can trigger a cascade of inflammatory responses, including the 

activation of AT2  as a repair mechanism. Unfortunately, this process often results in excessive 

extracellular matrix deposition, contributing to long-term fibrotic changes within the lung. In 

the acute phase following radiation exposure, approximately 5-20% of patients develop acute 

radiation pneumonitis (ARP)73. The severity of ARP is influenced by several factors, such as 
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patient age, smoking history, and baseline lung function. ARP symptoms include cough, 

shortness of breath, and chest pain, and in severe cases, it can progress to respiratory failure. 

If ARP fail to resolve, it can transition into a chronic phase marked by RIPF, where the lung 

tissue undergoes permanent structural remodeling. This fibrotic phase, affecting around 10-

17% of patients, manifests symptoms like progressive dyspnea and impaired lung function and 

may ultimately lead to chronic respiratory insufficiency158.  

 

   RILI development in patients can be influenced by various factors. For example, the higher 

the dose of radiation is, the greater the patient’s risk to develop pneumonitis. Indeed, Metrics 

such as V20, representing the volume of lung tissue exposed to at least 20 Gy, and mean lung 

dose (MLD) have been correlated with higher grades of lung toxicity159. Additionally, 

fractionation schedules, such as those used in SBRT, can increase the risk, particularly with 

higher doses per fraction. The combination of radiotherapy with certain chemotherapeutic 

agents, known for their radiosensitizing properties, also contributes to RILI. Drugs like 

doxorubicin, taxanes, and cyclophosphamide enhance the radiotherapy effect on lung tissue, 

while concurrent chemoradiotherapy (CCRT) has been shown to elevate pneumonitis risk158. 

Advanced age, especially over 65, is another factor, particularly in patients treated with 

platinum-taxane regimens158,159.Immunotherapy, specifically immune checkpoint inhibitors 

targeting PD-1/PD-L1 pathways, has also been associated with pneumonitis as an immune-

related adverse event, with combination therapies increasing this risk.  Despite the precision 

offered by modern radiotherapy techniques, balancing effective tumor control with the 

mitigation of lung toxicity remains challenging. For instance, while proton therapy offers a 

promising alternative by minimizing off-target effects, it may not eliminate the risk of RILI, 

especially in patients with large or central tumors near the hilum. As research go forward, a 

better understanding of the dose-response relationship and molecular mechanisms underlying 

RILI could offer new strategies for protecting lung tissue and enhancing the therapeutic index 

of radiotherapy for thoracic cancers. 

 

2.2.2 Early radiation toxicities – pneumonitis  

    

   Radiation pneumonitis (RP) is a dose-limiting toxicity observed primarily in patients 

undergoing thoracic radiotherapy, often presenting clinically within the first 1-3 months post-

treatment159. Histologically, RP is characterized by diffuse alveolar damage, which manifests 

as a combination of interstitial edema, thickened alveolar septa, and inflammatory cell 

infiltration. These early changes lead to congestion within the alveolar spaces and thickening 

of the pulmonary interstitium. Histopathological examination often reveals lymphocytes and 
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macrophages infiltration, which contribute to a localized inflammatory response159. This 

response is also marked by interstitial fibrosis, which, if unresolved, may progress to chronic 

lung injury or fibrosis over time  .Clinically, RP symptoms range from mild to severe and can 

significantly impact a patient’s quality of life. Common symptoms include a persistent dry 

cough, progressive shortness of breath, and chest discomfort or tightness158. In severe cases, 

patients may experience hypoxemia due to compromised alveolar-capillary gas exchange. 

Radiographically, RP patients may present ground-glass opacities or consolidation, often 

localized to the radiation field, with imaging features such as patchy, segmental, or lobar 

opacities seen on CT scans (Figure 28). In some cases, pneumonitis extends beyond the 

radiation field, suggesting a broader immune-mediated response. RP’s clinical impact is often 

more pronounced in patients with pre-existing lung conditions like chronic obstructive 

pulmonary disease or in those who smoke, as these factors exacerbate the inflammatory 

response and further compromise pulmonary function. Recognizing RP early and initiating 

timely treatment, typically with corticosteroids, is a standard of care to manage symptoms and 

prevent progression to fibrosis.  

 

 

Figure 28. CT Imaging of Radiation-Induced Changes in Lung from Rahi et al. (A) Axial CT 

chest image showing a well-defined 2 cm nodular lesion in the Right Middle Lobe (RML), 

indicated by an arrow. (B) Follow-up axial CT chest image 1.5 months after radiation therapy, 

demonstrating the development of ground-glass opacity in the previously irradiated area.   
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2.2.3 Late and chronic toxicities – Radio-induced lung fibrosis  

 

   RIPF is a severe late complication that typically develops 6 to 24 months after thoracic 

radiotherapy, following the initial phase of radiation pneumonitis158,159. The early/latent phase 

is characterized by a decrease in AT1 cells that leads to basement membrane denudation as 

well as morphologic changes in AT2 cells, interstitial oedema, transudation of the alveoli and 

capillaries obstruction. Then, the intermediate/acute phase or RP from 1 to 6 months post-

treatment is characterized by increase release of proteins in the alveolar space, thickening of 

the alveolar septa and recruitment of diverse immune cells which causes lung inflammation 

and alveolar interstitial oedema. AT1 cells undergo necrosis and apoptosis, followed by 

hyperplasia of AT2 cells, who do not correctly secrete surfactant proteins, resulting in a loss of 

surface tension and disruption of the alveolar integrity158,159. Finally, the late/fibrotic phase from 

6 to 24 months is characterized by loss of capillaries, further decrease in AT1 cells, infiltration 

of inflammatory cells and accumulation of fibroblasts and myofibroblasts, which overproduce 

extracellular matrix and collagen that eventually results in the progressive and irreversible 

development of fibrosis158,159. The loss of epithelial and endothelial cells causes a loss of 

barrier function and vessel integrity, reducing the density of micro-vessels and oxygen 

perfusion. In response to profibrotic stimuli, undifferentiated resident lung fibroblasts 

differentiate into myofibroblasts, who are the main cell type secreting extracellular matrix 

proteins and collagen (mainly COL1A1 and COL1A2) that can contribute to the development 

of fibrosis158,159. Myofibroblasts can also derive from circulating fibrocytes from bone marrow160 

and also from AT2 cells through EMT162. Histologically, RIPF is characterized by dense 

collagen deposition, architectural distortion, and the replacement of normal alveolar structures 

with fibrotic tissue, leading to a progressive reduction in lung compliance and gas exchange 

efficiency (Figure 29)158,159.  

 

   Clinically, RIPF manifests as chronic dyspnea, persistent dry cough, and reduced exercise 

tolerance158,159. As fibrosis progresses, patients may experience respiratory insufficiency and 

hypoxemia, ultimately impacting their quality of life and long-term prognosis158,159. Imaging 

studies, particularly high-resolution computed tomography (HRCT), reveal hallmark features 

of fibrosis, such as reticular opacities, traction bronchiectasis, and, in advanced stages, 

honeycombing158,159. These radiologic patterns are frequently observed within the radiation 

field but may also extend to adjacent lung regions. In patients with significant pre-existing lung 

disease, the risk and severity of RIPF are higher, as these conditions exacerbate the fibrotic 

response. Management of RIPF is challenging, as current treatment options primarily aim at 

symptom relief rather than reversing fibrosis. Corticosteroids and antifibrotic agents are 

sometimes employed, though their efficacy in halting fibrosis progression remains limited.  
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Figure 29. Histopathology of representative lung sections stained for fibrosis with Masson’s 

trichrome from Perez et al.161. (a) Control whole slide. (b) Control zoomed in. (c) RT whole 

slide. (d) RT zoomed in. Fibrosis appears blue. 

 

2.2.4 Molecular mechanisms of RILI  

 

   At first, radiation injury results from two main mechanisms: direct DNA damage and 

generation of ROS. This injury results in localized inflammation, which ultimately evolves into 

a fibrotic process characterized by transdifferentiation of fibroblasts into myofibroblasts, 

collagen and ECM deposition, poor vascularization and, ultimately, scarring. Several cytokines 

and growth factors serve as mediators in this fibrotic response, which, together with their 

associated signaling pathways, are the main targets for the existing current therapies162. It has 

been hypothesized that RIPF is an epithelial fibroblastic disease, in which IR injures the 

epithelium and endothelium, leading to the secretion of proinflammatory cytokines and the 

recruitment of macrophages and lymphocytes to the injured regions163. Several studies have 

also described immune responses during tissue repair after IR playing a main role, together 

with fibroblast reprogramming and the emergence of a pro-inflammatory senescent 

environment likely involving complex intercellular communications164,165. In this section, we will 

discuss the main characteristics of RIPF at the molecular levels.  
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a) Cytokines and inflammation processes  

 

    In addition to the traditional DNA damage and oxidative stress response that may trigger 

apoptosis in lung cells, RIPF also relies on a strong inflammatory response and cytokine 

release from the cells exposed to radiation. Cytokines constitute a diverse array of proteins 

that manage key cellular activities. They function via transmembrane receptors and can trigger 

autocrine, paracrine, or endocrine signaling pathways. Cytokines can initiate the release of 

additional cytokines, leading to self-amplification or self-inhibition, which results in various 

biological processes such as proliferation, differentiation, chemotaxis, fibrogenesis, 

inflammation, or cell death166. The generation of cytokines in reaction to radiation depends on 

both time and radiation dose. Numerous cytokines and chemokines have a strong impact on 

the progression of radiation-induced pulmonary fibrosis, including Interleukin-1 (IL-1), IL-6, IL-

13, platelet-derived growth factor (PDGF), tumor necrosis factor alpha (TNF-α), and 

transforming growth factor beta (TGF-β). Impairing their release been demonstrated to slow 

the advancement of RIPF167. Specifically, TNF-α and TGF-β are recognized to have the greater 

influence in the progression of pulmonary fibrosis. Activated macrophages and other immune 

cells primarily produce TNF-α after being exposed to an injury163 . This cytokine is recognized 

as a regulator of different pulmonary inflammatory conditions, including bronchitis, COPD, 

asthma, or acute lung injury168. In contrast, TGF-β is a strong pro-fibrotic growth factor involved 

in inflammation and tissue remodeling processes. This cytokine stimulates Smad proteins, 

which can control gene expression of various targets by functioning as both transduction 

proteins and transcription factors. These targets participate in cellular activities including 

wound healing, cell growth, regulation of the cell cycle, epithelial-mesenchymal transition, 

programmed cell death, cell differentiation, remodeling of the matrix, immune modulation, and 

inflammation167. TGF-β is crucial in the progression of lung fibrosis because it initially 

encourages the proliferation and differentiation of fibroblasts into myofibroblasts, along with 

epithelial-to-mesenchymal transition. Additionally, it enhances the synthesis and deposition of 

collagen, fibronectin, and proteoglycans, while inhibiting the production of collagenase and 

plasminogen activator, leading to a decrease in tissue elasticity and damage to alveolar 

spaces. Ultimately, it gathers various inflammatory cells including monocytes and 

macrophages to the site of inflammation and encourages the release of PDGF, TNF-a, IL-4, 

IL-6, IL-13.  

   Inflammation is a major factor in the healing process of wounds caused by ionizing radiation. 

When cells are damaged cell they emit DAMP molecules such as extracellular DNA, 

extracellular ATP, heat shock protein 70, and uric acid. These molecules stimulate cell surface-

bound TOLL-like receptors (TLR) 2 and 4. The activation of these cells initiates the sequential 
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release of various mediators (e.g., pro-IL-1b, pro-IL-18, and type I interferon) that provoke an 

inflammatory response. This reaction is marked by the swift gathering, expansion, and 

activation of specific cells like neutrophils, macrophages, or lymphocytes, which invade the 

injured lung and aid in tissue repair163. The inflammatory response involved in wound healing 

needs to be organized and regulated for the quick restoration of normal tissue architecture and 

if this response goes to strong and chronic, it may lead to the onset of lung fibrosis169.  

   Neutrophils are the initial responders to the damaged area. The movement and activation of 

neutrophils can trigger inflammation in the respiratory system. To prevent this, activated 

neutrophils in the inflamed region undergo apoptosis and are removed by activated 

macrophages, which also encourage apoptosis in other resident cells and consume them170. 

Consequently, although a temporary presence of neutrophils may be noted, the primary 

feature of RILI is the buildup of alveolar and interstitial macrophages, recognized as the key 

regulators of inflammation and fibrosis171.  

   Macrophages can be stimulated by classical M1 or alternative M2 ligands to create polarized 

groups. This activation may result from the direct impact of IR or an indirect influence from the 

signals arising from cellular injury and the removal of apoptotic cells172. On one side, classical 

macrophage M1 activation is initiated by pro-inflammatory cytokines including IFN-g and TNF-

α. M1 macrophages secrete TGF-β, which can modulates the feedback loop to promote the 

resolution of inflammation and also activates fibroblasts leading to the formation of 

myofibroblasts that generate ECM to aid repair and, if prolonged, induce fibrosis. Conversely, 

TGF-β may also be released by profibrotic M2 macrophages, which become activated 

following their interaction with the anti-inflammatory agents IL-4 and IL-13173. In contrast, M2 

macrophages perform immunoregulatory functions by releasing IL10 and various other 

cytokines.  

   In conclusion, the inflammatory response and cytokine release following radiation exposure 

play critical roles in the progression of RIPF. Cytokines like TNF-α and TGF-β not only 

contribute to initial inflammation but also foster fibroblast activation and ECM deposition, which 

ultimately leads to lung fibrosis . This inflammatory cascade, involving neutrophils, 

macrophages, and various signaling pathways, underscores the complexity of cellular 

responses in RILI. The persistent activation of these inflammatory pathways also connects 

closely to another critical process which is radiation-induced cellular senescence.  
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b) Radiation induced senescence in the lung   

 

   Conversely, radiation can lead to long term damage through the senescence process. 

Cellular senescence is defined by a lasting and irreversible state in the cell cycle without 

leading to cell death and is linked to significant cellular restructuring and changes in protein 

expression and secretion174. Senescent cells remain metabolically active with modified 

secretory pathways that eventually lead to the formation of the SASP, which is characterized 

by an increase in the secretion of inflammatory cytokines, chemokines, immune modulators, 

growth factors, and proteases. SASP triggered the recruitment of immune cells and fibroblasts, 

along with angiogenesis, proliferation, and differentiation of stem or progenitor cells175. 

Senescent cells are also marked by acidic lysosomal SA-ß-Gal activity, signifying increased 

autophagy and expansion of the lysosomal compartment.  

 

   Senescence typically occurs during the G1 phase of the cell cycle. The two key signaling 

pathways that control cellular senescence are the p53/p21 pathway and the p16 pathway. 

Following a stress, growth arrest may be initiated by the p53/p21 pathway, through the p16 

pathway, or both simultaneously176. On one side, p53 promotes the production of the cyclin-

dependent kinase (CDK) inhibitor p21, which activates retinoblastoma protein pRb by 

obstructing cyclins D and E. pRb inhibit the factor E2F, thereby preventing cells from 

progressing into the S phase. Moreover, p16 acts as a CDK inhibitor that blocks CDK4 and 

CDK6, which activate pRb and suppress E2F, resulting in cell cycle arrest. As stated, 

senescence can occur via either p53 or p16; however, in the absence of p16, the inactivation 

of p53 can reverse the early senescence arrest. Nonetheless, reducing p53 levels when p16 

is highly expressed cannot reverse the cell cycle arrest, indicating that p16 acts as a backup 

regulator of p53 essential for senescence maintenance177. Finally, oxidative stress caused by 

radiation can activate the mitogen-activated protein kinase (MAPK) p38, resulting in cellular 

senescence through the induction of p16 expression and/or interactions with p53.  

   Ionizing radiation is known to effectively induce the emergence of senescence markers, a 

characteristic that hinders the repair and regeneration of irradiated tissues. Irradiating mice 

with a sublethal dose showed that senescence markers (DNA damage foci and elevated p16 

expression) are expressed long-term, lasting up to 45 weeks, leading to a lasting impairment 

of tissue function. Certain studies has shown that irradiating the thorax of mice raises the count 

of senescent cells in the lungs and results in pulmonary fibrosis. It has been shown that 

stereotactic high dose IR in small lung volume in mice promotes lung injury and long-term 

senescence in AT2 cells, macrophages and ECs178. In AT2 cells population, Citrin et al 

demonstrated that the number of AT2 cells SA-β-gal positive and expressing p21 was higher 
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in mice exposed to thorax irradiation, and treatment of the mice with an inhibitor of NADPH 

oxidase (NOX), attenuated radiation-induced senescent AT2 cells and lung fibrosis, 

suggesting that senescent AT2 cells might contribute to RIPF179. Treatment of irradiated mice 

with ABT-263 senolytic drug that selectively kills AT2 senescent cells also demonstrated a 

senescent cell reduction and a reverse in the pulmonary disease180. Apart from epithelial cells, 

some studies have also pointed at the importance of senescent ECs.  However, knowledge 

about the molecular mechanisms of endothelial senescence after radiation-induced lung injury 

remains still very poorly understood181. In vitro studies in microvascular HMVEC-L showed that 

IR induced long term senescence. Furthermore, they showed persistent p53 activation and 

mitochondrial dysfunction, characterized by superoxide generation, inhibition of respiratory 

complex II activity and overexpression of detoxification enzymes. Inhibition of p53 and 

superoxide generation independently showed that IR-induced senescence in quiescent ECs 

occurs through mitochondrial respiratory complex II dysfunction and superoxide generation182.  

   In summary, radiation-induced senescence plays a pivotal role in the development of RIPF 

by interrupting cell division and promoting the secretion of inflammatory and fibrogenic factors 

through the SASP. This prolonged state of senescence not only impacts lung epithelial cells, 

like AT2 cells, but also endothelial cells, both of which contribute to a persistent pro-fibrotic 

environment that hampers lung tissue repair and regeneration. However, senescence is only 

one of several processes involved in the fibrotic response. Another mechanism associated 

with radiation-induced fibrosis is the transition of epithelial and endothelial cells into 

mesenchymal-like cells known as EMT and EndoMT. This transition supports ECM buildup 

and tissue stiffening, which are central to the fibrotic progression in the lungs. In the following 

section, we will explore the contributions of EMT and EndoMT in RILI. 

 

c) EMT and EndoMT 

 

   Throughout fibrosis development, elevated levels of TGF-b promote the EMT of alveolar AT2 

cells183 and trigger EndoMT in microvascular184.The key feature of EMT and EndoMT is that 

AT2 and microvascular ECs lose their polarity and specific markers such as E-cadherin, VE-

cadherin, tight junction proteins and begin expressing mesenchymal markers (like vimentin, 

collagens I and III, α-SMA), which gives them a mesenchymal-like phenotype, migratory ability, 

and invasiveness, enabling them to migrate to the interstitium183.Numerous studies have 

demonstrated EMT process in vivo through lineage tracing studies that tracked the expression 

of β-galactosidase, which was exclusively expressed in lung epithelial cells. Following the 

induction of pulmonary fibrosis through thorax irradiation in mice, the emergence of β-

galactosidase positive cells showing mesenchymal markers (a-SMA, vimentin, S100A4), 



 

92 

alongside cells co-expressing mesenchymal and AT2 cell markers, indicated that epithelial 

cells were undergoing EMT185,186. Recent research indicates that AT2 cells experiencing EMT 

foster a pro-fibrotic microenvironment due to their production of paracrine signals, leading to 

abnormal interactions that stimulate nearby fibroblasts187. Various transcription factors, 

including Snail, slug, twist, ZEB1 (Zinc finger E-box binding-1), and ZEB2 (Zinc finger E-box 

binding-2) proteins, serve as inducers connecting radiation-induced EMT and fibrosis188. 

Although numerous studies indicate that AT2 cells undergo EMT, there is no proof of EMT 

occurring in AT1 cells population189.  

   In endothelial cells, EndoMT has been shown in tissue culture models, where treating 

capillary ECs with TGF-b leads to the loss of EC markers and the acquisition of fibroblast and 

myofibroblast markers (e.g., FSP1, α-SMA, DDR2, collagen I, and vimentin)183. Irradiated ECs 

may also experience EndoMT via the Snail/miR-199a-5p axis, facilitating the transformation of 

fibroblasts into myofibroblasts190. Additional research has also shown evidence of EndoMT in 

the vasculature (through TGF β -R1/Smad signaling) during the onset of RIPF, which seems 

to occur in the initial stage of RIPF, prior to the emergence of EMT in the AT2 cells. Additionally, 

they note particular EC hypoxic injury in the exposed lung tissue. The suppression of hypoxia-

inducible factor 1-alpha (HIF1α) expression reduced EndoMT and lowered collagen 

deposition191. A recent study has shown that the removal of vascular endothelial-specific HIF1α 

just prior to IR diminished EndoMT and hindered the advancement of RIPF, while an extended 

deletion before radiation treatment did not. Furthermore, the HIF1α inhibitor (2-ME) applied by 

Choi et al. was effective in inhibiting EndoMT and RIPF after irradiation treatment. These 

findings indicate that altering EC-specific hypoxic injury may prevent EndoMT and the fibrotic 

reaction to irradiation, highlighting 2-ME treatment as a therapeutic approach to enhance 

radiation therapy effectiveness by counteracting radiation-induced EndoMT.  

 

   In summary, the processes of EMT and EndoMT play essential roles in the progression of 

RIPF by inducing a transition of epithelial and endothelial cells into mesenchymal-like cells that 

contribute to fibrosis.  

 

   The insights into cytokine-driven inflammation, senescence, and EMT/EndoMT processes 

illustrate how cellular responses within the lung contribute to the progression of RIPF following 

radiation exposure. Each of these mechanisms disrupt the balance of cell renewal, repair, and 

structural integrity within the lung, creating an environment prone to chronic fibrosis. In the next 

section, we will explore the cellular responses of the various lung subpopulations in RILI.    
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2.2.5 RILI and cellular response to lung radiation  

 

a) Immune cells response to radiation in the lung  

 

   The first inflammatory cell to arrive at the injured site are the neutrophils, whose 

extravasation and transmigration into tissues is enhanced by the increased expression of 

intercellular adhesion molecule (ICAM-1) and platelet endothelial cell adhesion molecule 

(PECAM-1) on the surface of injured endothelial cells. At the site of injury and in the presence 

of collagen and fibronectin, neutrophils secrete proinflammatory cytokines that maintain the 

ROS generation and enhance inflammation processes.  

 

  In response to IR, lymphocytes can acquire pro-inflammatory (acute phase) or anti-

inflammatory and pro-fibrotic phenotypes (chronic phase)192. When monocytes and 

lymphocytes arrive, their interaction promotes monocytes differentiation into classically 

activated pro-inflammatory M1 or alternatively activated anti-inflammatory M2 macrophages. 

M2 macrophages can secrete PDGF, which promotes neoangiogenesis and fibroblasts 

migration into the site of injury, as well as TGF-β which is involved in the recruitement of 

fibroblasts from bone marrow progenitors. TGF-β participate to the differentiation of fibroblasts 

into myofibroblasts162. he elimination of TGF-β from M2 macrophages attenuated EMT, 

suggesting that TGF-β secreting M2 macrophages play a key role in the EMT regulation after 

IR, thus contributing to RIPF193. Moreover, the development of radiation induced pulmonary 

fibrosis is enhanced by CD73, an enzyme that is found in the surface of various cell populations 

in the lung and that is upregulated after thorax IR194. In fact, the loss of this enzyme prevents 

the accumulation of M2 macrophages and, therefore, the formation of profibrotic organized 

clusters of macrophages that promote the development of fibrosis. Thus, radiation induced 

activation of CD73 promotes RIPF by enhancing the formation of alternatively activated 

profibrotic macrophages clusters195. ScRNAseq has also helped to decipher the role of the 

macrophages subpopulation during lung fibrosis development. One of the first groups who 

analyzed the macrophages from IPF patients revealed the existence of two types of AM. The 

first group was healthy and one novel population of profibrotic alveolar macrophages was 

described (CHI3L1+, MARCKS+, IL1RN+, PLA2G7+, MMP9+, SPP1+)196. This was further 

confirmed by two publications, which described a profibrotic macrophage population that 

expresses high levels of SPP1, which play a role in the activation of IPF myofibroblasts during 

fibrosis197,198. More recently, a population of pro-fibrotic aberrant macrophages (IPFeMΦ) 

population has been described, which show a hybrid transitional state between AM and IM, 

with M2-like phenotype199. However, their involvement in RIPF has not yet been demonstrated.  
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   In a murine model of RIPF, it has been shown that macrophages exhibit distinct pro-

inflammatory and pro-fibrotic profiles in response to high-dose fibrogenic radiation200. In 

interstitial macrophages, a subpopulation showed an increased expression of pro-

inflammatory genes, such as Ccr2 and Stat1, especially after fibrogenic dose radiation, 

suggesting the presence of an M1 pro-inflammatory phenotype (Figure 30). On the other side, 

AM were divided into two subclusters, one presenting an upregulation of profibrotic markers 

such as Lpl, Tgm2, and Il4ra which align with an M2-like phenotype associated with tissue 

repair and fibrosis. Notably, this subpopulation was enriched several months post-radiation 

treatment (Figure 30).This shift was accompanied by morphological changes such as an 

increased volume of Ams. In another RILI murine model in response to high SBRT in small 

irradiated volumes, AMs displayed a metabolic shift over time post-radiation. This shift was 

towards lipid and cholesterol-associated metabolism201. This metabolic shift was further 

confirmed by immunofluorescence and analysis revealed that it was accompanied by features 

of the senescence-associated secretory phenotype (SASP), suggesting a link between 

radiation-induced senescence and lipid metabolism changes in this subpopulation of AM. 

 

   In conclusion, thoracic irradiation triggers a complex and dynamic immune response in the 

lung, involving various immune cell populations, each contributing to the inflammatory and 

fibrotic processes. With this immune response as a foundation, we now shift our focus to the 

response of mesenchymal cells in the lung post-irradiation. These cells are essential in tissue 

repair and fibrosis, especially in the context of radiation-induced lung injury, where their 

activation and differentiation play a pivotal role in the progression of RIPF. 
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Figure 30. Proinflammatory and profibrotic profile of alveolar and interstitial macrophages 

after fibrogenic doses of IR from Curras-Alonso et al. 2023 (A) UMAP visualization of cells from 

the different IM and AM subpopulations annotated by cell type. (B) UMAP visualization of NI 

(n = 5), IR5M10Gy (n = 1) and IR5M17Gy (n = 2) IM and AM annotated by time point. (C) 

Dynamics in the proportion of the IM and AM subpopulations at the different time points after 

IR10Gy and IR17Gy. (D-E) Violin plot showing the single cell score calculated based on the 

M1 or M2 signature in the different AM and IM subpopulations. (F-G) Violin plots of M1 or M2 

genes expression in the different IM and AM subpopulations.  
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b) Mesenchymal cells response to radiation in the lung  

 

   Myofibroblasts play a central role during the development of RIPF by abnormally 

synthesizing and secreting ECM. In response to TGF-β, myofibroblasts release collagen, 

fibronectin and proteoglycans, increasing the stiffness and thickness of the tissue. 

Myofibroblasts also secrete basic fibroblast growth factor (bFGF), which promotes EC 

proliferation and angiogenesis. Interestingly, in a mouse fibrogenic model, over months post-

irradiation, an increase of the proportion of myofibroblasts in the lung has been reported 

suggesting a significant shift from matrix fibroblasts to myofibroblasts as fibrosis progressed. 

Additionally, they revealed a significant upregulation of genes involved in ECM deposition 

exclusively after high dose of radiation200. Furthermore, expanding damages, the excess of 

collagen reduces vascular density over time, which increases the susceptibility of fibrotic areas 

and ischemia162 . A fibroblast cluster marked by CTHRC1 expression which is highly 

upregulated in fibrotic lungs was recently described134,202. Furthermore, this cluster presents 

high migration and invasion capacity suggesting its role in fibrosis development. As this 

fibroblast population is almost exclusively present in fibrotic conditions, it may serve as a 

potential therapeutic target. Other notable populations include those expressing PDGFRα, 

Wnt5a, and other Wnt signaling-related genes, which are implicated in cellular communication 

with alveolar epithelial cells, further underscoring their regulatory influence in maintaining lung 

homeostasis and driving fibrosis progression134,202. For RIPF, it has been confirmed that 

fibrogenic radiation in a murine model triggers a strong ECM genes response in fibroblasts 

populations. Indeed, through scRNA-seq analysis, three distinct subpopulations of lung 

fibroblasts were identified: two matrix fibroblasts, one Col13a1-positive (Col13a1+, Tcf21+), 

one Col14a1-positive (Col14a1+, Pi16+, Meg3+), and one subpopulation of myofibroblasts 

(Hhip+, Cdh11+, Pdgfrb+). Remarkably, month after fibrogenic irradiation, fibroblasts 

predominantly clustered with the myofibroblast population, representing over 80% of the total 

fibroblast population in these samples. Additionally, a small population of fibroblasts was found 

to co-express both Pdfgra and Hhip, with this dual expression increasing progressively after 

irradiation, from 0.4% in non-irradiated  controls to 4.2% after fibrogenic radiation (Figure 31). 

This suggests that fibrogenic irradiation not only induces a shift toward myofibroblast 

dominance but also promotes a subset of fibroblasts with mixed characteristics, potentially 

contributing to the fibrosis observed in the lung. 
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Figure 31. Myofibroblasts contribute to the ECM deposition after IR17Gy, adapted from 

Curras-Alonso et al. (A) UMAP visualization of cells from the different fibroblast subpopulations 

annotated by cell type. (B) UMAP visualization of NI (n = 5), IR5M10Gy (n = 1) and IR5M17Gy 

(n = 2) fibroblasts annotated by time point. (C) Dynamics in the proportion of the fibroblast 

subpopulations at the different time points after IR10Gy and IR17Gy. (D) Violin plot showing the 

single cell score calculated based on the ECM expressed genes in the myofibroblasts, 

fibroblasts Col13a1, and fibroblasts Col14a1. (E) Quantification of the  Hhip+ cells in the NI, 

IR5M10Gy and IR5M17Gy lung tissue sections. To compare two groups, the P value was 

computed with the Mann–Whitney–Wilcoxon test (two-sided test) from scipy (n/s, adjusted p 

value >0.05; *, adjusted p value <0.05; **, adjusted p value <0.01; ***, adjusted p value <0.001; 

****, adjusted p value <0.0001). Each dot represents one analyzed image. Each color per time 

point represents a different biological replicate (NI n = 3; IR5M10Gy n = 3; IR5M17Gy n = 5).  
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c) Epithelial cells response to radiation in the lung  

 

   After radiation, depending on the dose, AT2 can go through apoptosis. Whole thorax 

irradiation at 15 Gy of mice showed that AT1 and AT2 cells become apoptotic 6 weeks after 

irradiation203. Nevertheless, AT2 apoptosis alone is not enough to cause fibrosis, as equivalent 

AT2 apoptosis has been observed after non-fibrogenic and fibrogenic lung thorax irradiation. 

Moreover, AT2 cells achieved gradual recovery after non-fibrogenic doses, while they were 

not able to recover after fibrogenic doses, suggesting that the regenerative capacity of the AT2 

cells is dose dependent179. AT2 loss affects the effective alveolar repair, resulting in epithelial 

stress and fibroproliferation. In fact, targeted depletion of AT2 cells shows rapid progression 

of fibrosis204. Moreover, massive AT2 depletion stimulates macrophage influx and secretion of 

proinflammatory cytokines, leading to fibrosis. AT1 cells are also rapidly lost after radiation 

injury, which leads to rapid AT2 cell proliferation and transdifferentiation into AT1 cells to re-

stablish a functional alveolar epithelium158. Recent studies show that the surviving AT2 cells 

exhibited significant changes in their transcriptional profile, especially in genes linked to EMT 

and transdifferentiation into AT1 cells. This study further identified a specific subpopulation of 

AT2 Krt8+ cells that demonstrated a high propensity for transdifferentiation towards AT1 cells, 

suggesting a distinct transitional stem cell state. Additionally, transcription factors such as 

Stat1 and Stat3 were upregulated, which have previously been implicated in idiopathic 

pulmonary fibrosis, underscoring a potential pathogenic pathway activated by high-dose of 

radiation200.  

 

   In AT1, thoracic irradiation on mice shows that aquaporin-5 was decreased after irradiation 

(12Gy and 30Gy), which impaired their function. In both epithelial populations, e-cadherin 

adhesion molecules were reduced, suggesting a loss in the maintenance of the epithelial 

barrier. Moreover, co-localization of pro-SP-c and a-SMA was observed in the alveoli after IR, 

suggesting that IR causes the transdifferentiating of AT2 cells into a mesenchymal-

phenotype205. This EMT process has also been observed to be induced by the loss of Nrf2. 

Loss of this transcription factor expression has been related to the failure of AT2 cells recovery 

after lung irradiation, promoting a myofibroblast phenotype206.  
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d) Endothelial cells response to radiation in the lung  

 

    On the one hand, acute radiation effects on endothelium are triggered by EC apoptosis and 

appear in days to weeks after the IR. These can be mediated through the p53 pathway or the 

sphingomyelin ceramide pathway. Indeed, radiation induced DNA damage activates ataxia 

telangiectasia-mutated (ATM) gene and DNAdependent- kinase, which phosphorylates p53 

and leads to cell cycle arrest. Then cells can either repair their DNA or initiate apoptotic cell 

death. Otherwise, irradiation can activate TNF, which hydrolyses sphingomyelin, generating 

ceramide. This ceramide activates MAPK, ERK SEKI and c-Jun, which can modify the 

dynamics of the cell membrane and start a cascade of events that lead to EC apoptosis207.  

 

   On the other hand, chronic radiation effects result in EC senescence, that can take months 

to years to manifest. When EC cells become senescent, this leads to a senescence-associated 

secretory pathway, in which EC secrete several factors, such as cytokines and proteins, that 

cause dysfunction of the adjacent cells, leading to a chronic inflammatory state. The death or 

functional detriment of EC could trigger a chronic inflammatory state or acute capillary 

rarefaction and, therefore, the leak and disorder of the vascular networks that change the 

normal vascular homeostasis207 . In (human umbilical vein endothelial cells) model, irradiation 

can decrease cell proliferation, change the morphology of the cells, increase the expression of 

SASP (insulin-like growth factor binding protein 5 (IGFBP5), CD44, plasminogen activator 

(PLAT), jagged 1 (JAG1), snail homolog 2 (SNAI2) and Sprout homolog 4 (SPRY4), as well as 

the expression of β-galactosidase208. Irradiation of pulmonary artery ECs with doses between 

2 to 50 Gy leads to accelerated senescence and limited levels of apoptotic death209. In addition, 

IR can increase TNFα expression level, which can the promote inflammatory pathway trough 

endothelial senescence181 (Hansel, Jendrossek, and Klein 2020).  

 

   Apart from causing apoptosis and senescence, irradiation can lead to a phenomenon of 

endothelial activation. It implies changes in the normal vascular homeostasis and the 

appearance of a pro-inflammatory phenotype characterized by the expression of chemokines, 

cytokines and adhesion molecules that facilitate the recruitment and attachment of circulating 

leukocytes on the vascular wall210. This inflammation after radiation is trigger via the NFκB 

pathway, which can be activated through activation of ataxia telangiectasia mutated protein 

(ATM) in response to DSBs, or by oxidative stress or either by DAMPS released of stressed 

and dying cells. The resulting inflammation triggers the production and release of pro-

inflammatory cytokines (IFNγ, TNFα, TGFβ, IL-1, IL-6, IL-8 and CCL2) and the increase in the 

expression of cell adhesion molecules, such as PECAM-1 (CD31), ICAM-1 (CD54), VCAM-1, 

E-selectine and Pselectine, by irradiated ECs211. In vitro studies have shown that these cell 
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adhesion molecules are upregulated in irradiated ECs. Some other studies in vivo have shown 

that the expression of ICAM-1 is only increased in the pulmonary microvasculature in a dose- 

and time-dependent manner. Other changes also include deterioration in the vascular tone, 

altered coagulation status (decrease in thrombomodulin and increase in thrombin, platelet 

activation factor and circulating vWF), increase in reactive oxygen species (ROS) (superoxide 

and peroxynitrate), changes in the angiogenic pathways (increase in type II collagen, PAI-1 

and SMA) and other metabolic pathways (increase in glycolysis, altered mitochondrial 

oxidation and lipid pathways), and increased immunologic alterations (increase in TLR and 

CXCL6)207,211.  

 

   Recent studies have also shown a large deregulation of genes involved in the EndoMT), 

such as Col4a1 and Col4a2. This EndoMT signature was particularly present in gCap cells, 

suggesting a role in fibrotic processes and underscoring the heightened susceptibility of this 

EC subpopulation to fibrogenic radiation doses. It correlated with a progressive decrease of 

gCap cells population over months post-radiation, while aCap cells increased, indicating a shift 

within the EC populations unique to fibrogenic conditions200 (Figure 32). 

 

   Finally, research have highlighted the significant role of pro-angiogenic pathways in the 

lung's response to radiation. It has been showed that irradiation activated pro-angiogenic 

signaling pathways, notably the VEGFA-VEGFR2 axis, across various lung cell types, 

including immune cells, endothelial cells, and AT2 cells. The upregulation of VEGFA and 

VEGFB, along with their receptors FLT1/VEGFR1 and KDR/VEGFR2 indicated a robust 

response to radiation aimed at facilitating vascular repair. A particularly striking finding was the 

increase in pro-angiogenic activity in endothelial cells, especially in capillary subtypes, such 

as aCap and gCap. These gCap cells, characterized by KDR/VEGFR2 expression, exhibited 

a "tip-like" phenotype, which is associated with angiogenesis and cell motility. This shift was 

confirmed by an increased expression of motility-related genes such as CAV1 and ROBO4 in 

gCap cells after irradiation. This response suggests that these endothelial cells play an active 

role in vascular repair following radiation injury by acquiring characteristics that promote cell 

migration and vessel formation212. 
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Figure 32. Characterization of the ECs after radiation injury from Curras-Alonso et al. (a-b) 

UMAP visualization of cells from the different EC subpopulations annotated by cell type or 

timepoint (c)  Dynamics in the proportion of the EC subpopulations at the different time points 

after radiation. (d) Automatic Pecam1 (red), Ptprb (green), and Apln (green) mRNA detection 

with sm-FISH in lung tissue sections. Scale bars, 10 µm. (e) Quantification of the 

Pecam1 + Ptprb + and Pecam1 + Apln + cells in the NI, IR5M10Gy and IR5M17Gy lung tissue 

sections. (f) Violin plot showing the single cell score calculated based on the EMT signature 

from the GSEA in the gCap at the different time points after IR10Gy and IR17Gy. 
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2.3 Modeling radio-induced toxicities  

 

   Understanding how RILI occurs is crucial for advancing treatment strategies and mitigating 

side effects of radiation therapy. Modeling these toxicities allows to observe the biological 

response to radiation at the tissue, cellular, and molecular levels. Different models, ranging 

from murine to cell culture systems, organoids, organ on chips and organotypic slices could 

allow the study of RILI. Each model offers specific advantages and limitations, with varying 

degrees of translational relevance. 

 

2.3.1 Murine model for modeling RILI  

 

   Murine models are classicaly used to study RILI due to their biological and genetic similarity 

to humans, relatively short life cycles, and well-characterized immune and pulmonary systems 

that respond similarly to radiation exposure. These models allow researchers to replicate 

complex tissue and organ responses to radiation, closely mimicking the progression of acute 

and chronic phases of RILI. Strains like C57BL/6 mice have been widely used to investigate 

the progression of fibrosis, with both early pneumonitis and late fibrotic stages that parallel 

human responses in RILI. The whole-thorax irradiation method, often at doses ranging from 

13-20 Gy, provides a reliable framework for studying dose thresholds and markers of radiation 

injury195. However, susceptibility to irradiation is also affected by the gender, as C57Bl/6 

females are more sensitive to the development of PF than male213.  Even if this model requires 

long periods of time to observe lung fibrosis, it is, for now, the most accurate model to study 

the pathophysiology of the human RIPF over time. However, due to ethical pressures to reduce 

animal testing, alternative in vitro and ex vivo models are more and more being developed.  

 

2.3.2 Development of ALI culture models and applications for RILI 

 

   Before the emergence of 3D tissue culture techniques, human primary cells or cell lines 

derived from healthy or tumor lung tissues were mostly used. These two-dimensional (2D) 

models are highly suited for high-throughput drug screening and can be derived from cell lines 

with specific histological and genetic alterations, allowing to simulate various clinical 

conditions. Despite their advantages, these models are limited by their lack of extracellular 

matrix components and inability to recreate the complex structure, architecture and 

microenvironment of lung tissue as well as interaction with surrounding organs. As a result, 2D 

models have limitations in fully replicating the multicellular and structural aspects of lung tissue 

responses, which are crucial for accurately studying RILI.  
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   The Air-Liquid Interface (ALI) culture model emerged as in vitro system designed to more 

accurately replicate the in vivo conditions of the lung. Unlike conventional culture method in 

which cells are submerged and grown in a liquid medium on a flat surface, ALI culture utilizes 

a microporous membrane that supports the cells in three-dimensional (3D). Here, the apical 

side of the cell layer is exposed to air while only the basolateral side is submerged in culture 

medium214,215. This setup enables the differentiation of epithelial cells into a mucociliary 

pseudostratified epithelium which replicates the architecture and function of the airway in vivo. 

ALI culture model can replicate the cellular arrangement and composition of this respiratory 

epithelium, which includes basal, ciliated, and mucus-producing goblet cells. The ALI model is 

advantageous for drug testing, as it allows to administer drugs in the form of aerosols or 

particles214,215. Furthermore, this method avoids any structural changes or dilution effects that 

can occur when drugs are added to cells in submerged culture systems. As a result, the ALI 

model provides a more accurate representation of how drugs or cells will behave in the 

respiratory tract214,215.  

 

    One of the main drawback concerning ALI is that many monoculture ALI systems do not 

fully recapitulate the complexity of the airway microenvironment214,215. The cellular interaction 

between different cell types, including epithelial cells, immune cells, and endothelial cells are, 

as described earlier in the manuscript, crucial to maintain airway homeostasis and response 

to injury214,215. Therefore, researchers have increasingly switched to coculture models, where 

multiple cell types are cultured together, improving the relevance of the model214,215. Coculture 

systems enable the study of intercellular interactions, such as the communication between 

epithelial cells and immune cells, which could be used to understand inflammatory responses 

and tissue repair mechanisms in the lungs214,215. Another limitation of ALI culture models is the 

use of primary cells, which can be challenging to obtain in large quantities and may show 

variability between donors. While immortalized cell lines are more readily available and offer 

greater standardization, they also often fail to exhibit the full range of characteristics seen in 

primary cells due to their transformation and clonality214,215. For instance, certain immortalized 

bronchial cell lines, such as 16HBE14o- and Calu-3, which are commonly used in ALI models, 

fail to recapitulate polarization or formation tight junctions214,215. 

 

   An interesting  recent study conducted on both healthy and Chronic Obstructive Pulmonary 

Disease (COPD)-derived BSCs was utilizing ALI culture to examine the response to radiation 

therapy (Figure 33)216. Both groups of cells were exposed to 2 and 4 Gy of radiation, then 

cultured them in ALI conditions to assess their differentiation potential into a stratified and 

polarized epithelium. It revealed that irradiated COPD BSCs exhibited a significant defect in 
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mucociliary differentiation compared to non-irradiated controls. Additionally, there was a 

decrease in survival and differentiation capacity of COPD BSCs. The study also explored the 

molecular mechanisms behind this increased sensitivity. Specifically, COPD BSCs showed 

higher levels of DNA damage markers and a decreased ability to repair DNA damage, leading 

to increased apoptosis. These results highlight the potential of ALI culture models in studying 

radiation responses in human airway stem cells and underscore the differences in sensitivity 

between healthy and diseased lung cells for radiation therapy treatment.  

 

   Overall , the ALI culture model represents valuable advancement in vitro lung research. Its 

ability to mimic some of the structure, function, and responses of the human airway system 

makes it a relevant model for studying respiratory diseases, drug delivery, toxicology or early 

radiation response.  

 

 

 

 

 

Figure 33. Differential sensitivity to COPD- and non-COPD PBEC irradiation in ALI culture 

Adapted from Giuranno et al. 2024. (A) Schematic representation of the treatment plan and 

representative examples of immunofluorescent staining of 3D ALI culture at day 21 ALI from 

COPD for TP63, CK5, MUC5AC, and Ac-TUB. (B) Quantification of MUC5AC and (C) AcTUB, 

and (D) TP63 in the non-COPD and COPD cultures upon irradiation (0-2-4 Gy) at 21 days in 

ALI expressed as ratio of total cells.  
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2.3.3 Pulmonary organoids: A promising tool for modeling RILI 

 

   Lung organoids are another 3D model in which the cells are able  to self-organize into airway-

like tissue forms, closely recapitulating some aspects of human lung tissue. These organoids 

could be generated from various sources of stem or progenitor cells, including adult stem cells 

(ASCs) (Figure 34), embryonic tissue, or induced pluripotent stem cells (iPSCs) 214,215. 

However, the stem cells source significantly influences the composition and complexity of the 

resulting lung organoids. Organoids derived from human pluripotent stem cells (hPSCs) 

typically express a more alveolar signature, featuring primarily AT1 and AT2 cells214,215. In 

contrast, lung organoids derived from adult tissue, such as biopsies or bronchoalveolar lavage 

fluid, can contain more epithelial cell types, including basal, club, goblet, and ciliated cells214,215.  

 

   The culture of lung organoids takes place in specialized 3D systems or matrices, such as 

Matrigel or the Celvivo system214,215. These matrices provide a structural support for the 

organoids to form and maintain their shape. Organoids can be cultured either as submerged 

cultures or in air-liquid interface (ALI) conditions, which promote differentiation and simulate 

the natural lung environment214,215. In ALI culture, the lung organoids can develop a mucociliary 

epithelium, featuring ciliated cells and mucus production. Proximal differentiation can be 

induced in alveolar organoids, which results in the development of ciliated cells214,215. 

 

   Lung organoids are particularly valuable for high-throughput drug screening, as their 3D 

structure and cellular complexity make them more representative of human lung tissue 

compared to traditional 2D cultures214,215. The organoids have also been used to model 

respiratory viral infections, such as those caused by respiratory syncytial virus (RSV) or 

influenza, providing insights into immune responses and pathogen-host interactions214,215. 

Additionally, lung organoids can model both healthy and diseased lung states, enabling 

researchers to investigate COPD as well 214,215.  The ability to generate donor-specific 

organoids for personalized medicine purpose is another innovative application. These 

organoids can be used to test how a patient’s own lung tissue responds to various drugs or 

treatments which could be really interesting to mesure sensitivity to radiation exposure214,215. 

Finally, lung organoids are being used to study lung development and regeneration, providing 

valuable insights into the mechanisms behind lung growth and repair.  

 

   With all these characteristics, lung organoids would be an excellent model for studying RILI 

due to their ability to closely replicate the complex structure and cellular composition of human 

lung tissue. Their ability to self-organize into 3D structures and the possibility of adding immune 
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cells or endothelial cells into the culture make them ideal for modeling the inflammatory and 

vascular changes associated with RILI. They could offer a high level of control over radiation 

exposure, allowing researchers to study DNA damage, cellular hypertrophy, differentiation 

processes as well as regeneration and inflammation in response to various doses of radiation. 

Moreover, lung organoids are suitable for testing potential treatment combination with either 

radio-sensitizers, protectors, chemotherapy or immunotherapy. This makes lung organoids a 

promising tool for better understanding the mechanisms of RILI and developing new 

treatments. 

 

   Despite these promising applications, lung organoids, for now, have never been used in that 

purpose. They are also presenting several challenges. The complexity of the culture conditions 

required for their generation remains a major drawback, as it is essential to control the growth 

factors and matrix composition carefully214,215. Additionally, achieving correct epithelial polarity 

and ensuring that proximal and distal cells develop in the appropriate proportions requires 

precise control over differentiation protocols214,215.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 34. Characterization of Human Lung Organoids217. Adult stem cells isolated from 

human lung biopsy tissue were embedded in Cultrex UltiMatrix RGF Basement Membrane 

Extract and cultured in media for 20-60 days. Lung organoids were able to differentiate and 

exhibit markers for various cell types of the lung.  

https://www.bio-techne.com/p/cell-culture/cultrex-ultimatrix-reduced-growth-factor-basement-membrane-extract_bme001-05
https://www.bio-techne.com/p/cell-culture/cultrex-ultimatrix-reduced-growth-factor-basement-membrane-extract_bme001-05
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2.3.4 Organ on chip : emergence of lung on chip to model acute RILI 

 

   Organ-on-chip technology represents a breakthrough in the development of in vitro models 

that replicate the complexities of organs. These are microfluidic devices that combine 

biological tissues and cells within a controlled, dynamic environment that mimics the 

physiological and mechanical conditions of the organ being studied. Organ-on-chip models 

enable the integration of multiple cell types, allowing for the simulation of organ functions such 

as fluid flow, mechanical stretching, and multi-cellular interactions that occur in vivo. For 

example, the gut-on-chip model integrates primary epithelial and stromal cells on a collagen 

scaffold to mimic the complex architecture of the intestinal wall. This system allows for the 

investigation of gut pathophysiology, including the effects of fluid shear stress on epithelial cell 

behavior, and provides insights into gastrointestinal diseases218. Similarly, for the development 

of kidney-on-chip models, microfluidic devices that replicate nephron segments using small 

tubular channels coated with basement membrane components are used to study kidney 

diseases such as polycystic kidney disease. These devices have enabled to explore 

mechanotransduction and the interactions between kidney cells and their extracellular matrix, 

providing valuable data on nephropathies219.  

 

   Building on these advances, lung-on-chip (LOC) could become an essential tool for modeling 

both healthy lung tissue and diseases that affect the lung, providing insights that in vitro and 

animal models cannot replicate. These systems were designed to simulate critical aspects of 

the lung, as they include a physiological flow, mechanical stretching forces, multi-compartment 

for co-cultures, and ECM interactions. Early LOC models began with simple 2D systems but 

have evolved into sophisticated multicellular and 3D models220. One of the most notable 

advances in LOC development was the creation of the alveolus-on-chip model, which 

integrates lung epithelial cells and endothelial cells. This model was further enhanced to 

include neutrophils to mimic infections and has been adapted for studying COVID-19. By using 

a micro-diaphragm to simulate the physical stretching of the lung tissue, researchers can now 

create environments that more closely mimic the mechanical properties of the lung during 

breathing220. Recent advancements have enabled the incorporation of primary human cells 

from healthy lung tissue into LOC platforms. However, the use of primary materials presents 

challenges due to their heterogeneity, which is being addressed by using type II alveolar 

epithelial cell organoids in LOC221. These organoids help expand primary lung cells in 

hydrogels before integrating them into LOCs, improving the model's accuracy by better 

mimicking the human lung environment. In addition to modeling healthy lung tissue and 

common lung diseases, lung tumor-on-chip platforms has been used for studies on lung 
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cancer, particularly for understanding tumor-immune interactions and predicting patient-

specific responses to immunotherapy. Recent advancements in lung tumor-on-chip technology 

have allowed for the creation of personalized tumor models, using patient-derived autologous 

cells from fresh tumor samples to evaluate individual responses to ICIs such as anti-PD-1222. 

  

   LOC has been recently used to model acute RILI.  In a model which consists of human lung 

alveolar epithelial cells cultured under ALI cindition and interfaced with pulmonary endothelial 

cells, they create a model of alveolar-capillary barrier that was exposed to radiation (Figure 

35)223. When exposed to 16 Gy radiation, the Lung alveolus chip recapitulates several hallmark 

features of acute RILI, including DNA damage, cellular hypertrophy, and inflammatory 

responses. Both the alveolar epithelium and the endothelial cells exhibit DSBs, as evidenced 

by the formation of 53bp1 foci, within just a few hours of radiation exposure. Moreover, 

exposure to radiation results in the disruption of tight junctions between cells, leading to 

increased barrier permeability which is a critical feature of RILI that was observed after 6 hours 

of radiation exposure at 16 Gy. The increase in permeability allows for the accumulation of 

edema fluid in the epithelial channel, which mimics the fluid accumulation seen in patients with 

RILI. The model also demonstrates the inflammatory response associated with RILI. In the 

presence of human peripheral blood mononuclear cells (PBMCs), radiation exposure triggers 

the upregulation of proinflammatory cytokines such as IL-6, IL-8, and TNF-α. The inflammation 

response is sustained over several days, further mimicking the clinical progression of RILI, 

which typically develops 1-3 weeks post-exposure223. 

 

   This Lung Alveolus Chip also offers an opportunity for drug testing against acute RILI. For 

example, the effects of lovastatin and prednisolone, two drugs commonly used to manage 

RILI, were evaluated using this model223. Lovastatin, which is known to upregulate HMOX1, 

an antioxidant enzyme involved in cellular protection against oxidative stress, significantly 

reduced DNA damage and cell hypertrophy. It also suppressed the inflammatory response by 

reducing the levels of IL-6 and TNF-α shortly after radiation exposure. Prednisolone is a 

glucocorticoid widely used in radiation therapy to manage inflammation, also showed 

protective effects by reducing DNA damage and cellular hypertrophy, but its effect on 

inflammatory cytokines was less pronounced compared to lovastatin. Interestingly, prolonged 

treatment with lovastatin led to elevated HMOX1 levels even after 7 days, suggesting that while 

HMOX1 can initially protect cells from radiation-induced damage, its prolonged upregulation 

may have a detrimental effect, possibly contributing to tissue dysfunction over time. This finding 

highlights the complexity of using HMOX1 as a therapeutic target, and the need for careful 

modulation of its activity223. 
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Figure 35. Human Lung Alveolus Chip recapitulates hallmark features of RILI. (a) Schematic 

of the alveolus-on chip model , showing the confocal z-stack illustrating endothelial tube 

formation. Scale bar = 100 μm. (b) Experimental plan, Dex, dexamethasone; ALI, air-liquid 
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interface. (c) 53bp1 immunostaining (green) for double-stranded DNA breaks 2 h after 

radiation. DAPI counterstaining is shown in white. Scale bar = 20 μm. (d) Formation of 53BP1 

foci was quantified per nucleus and showed a dose-dependent increase for both alveolar 

epithelial and endothelial cells. (e) Immunostaining with ZO-1 (epithelial cells; green) and VE-

cadherin junctions (endothelial cells; magenta) post irradiation, showed that junction disruption 

required a minimum dosage of 16 Gy. Scale bar = 20 μm. (f) Barrier function assay showed a 

7-fold increase in the apparent permeability co-efficient (Papp) at 6 h post radiation exposure 

to 16 Gy, but no difference in response to 12 Gy. (h) Heatmap showing cytokine response to 

radiation at 6 h, 24 h, 48 h and 7 d post radiation exposure, in the presence of PBMCs, n = 3 

chips for each condition, p < 0.05.  % change in barrier integrity normalized to 0 Gy control over 

7 days post-radiation exposure, in the presence of PBMCs.  

 

   This kind of Lung Alveolus Chip model can offer a highly relevant, human-based alternative 

to animal models for studying RILI. Despite these advancements, several challenges remain. 

The scalability and cost of LOC systems are obstacles, although several startups are helping 

to address these issues by offering customizable chips that facilitate the use of LOC technology 

across research fields.  
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2.3.5 Organotypic slices model : focus on Precision Cut Lung Slices (PCLS) as an innovative 

tool for RILI 

 

   The Precision-Cut Lung Slices (PCLS) or organotypic lung slices model emerged in the 

1990s as an innovative ex vivo model to study lung functions and pathologies224. The 

development of PCLS was made possible by advances in tissue preparation methods and 

specialized tools such as the microtome and vibratome, which allow precise slicing of tissues 

that preserve their structural integrity and cellular composition. Initially, PCLS were used for 

toxicological studies to evaluate cellular survival and the impact of environmental pollutants. 

Over time, it became evident that these slices could offer a more realistic representation of 

intact lung tissue, enabling more complex studies on chronic and acute lung diseases, such 

as pulmonary fibrosis, asthma, COPD, and could probably be relevant for acute RILI224. 

 

   The preparation of PCLS involves a rigorous method to preserve the functional and structural 

integrity of lung tissue. It begins by inflating the lungs with a low-melting-point agarose solution 

(0.75% to 3%), injected into the airways of animals or human lung explants221,224,225. Once the 

agarose solidifies, the lungs are sliced into 100-500 µm-thick sections using vibratomes or 

rotary slicers, harvesting thin slices that retain the cell and ECM integrity221,224,225. In some 

cases, the thickness of the slices may pose an issue, as the readouts can vary based on slice 

thickness221,224,225. Additionally, the process of cutting and embedding lung tissue in agarose 

can activate repair and regenerative mechanisms, which might influence subsequent 

experiments221,224,225. To minimize the impact of these processing steps, washing and resting 

steps before starting experiments can help reduce these effects. After slicing, the lung tissue 

slice are placed in culture with appropriate media and can be used for various experimental 

procedures221,224,225. PCLS has been reported to be viable from 3 to 7 days in culture which 

remains short and limit analysis to acute response. However, engineered hydrogel 

biomaterials support has been recently developed to extend the ex vivo culture of PCLS 

(Figure 36)226. With this biomaterial, viability and architecture of PCLS is maintained up to 21 

days in culture which is useful for long term analysis. Cryopreservation of PCLS is another way 

forward for maximizing the number of slices that can be used per lung. However, current 

protocols under development for cryopreservation need further improvement to enhance PCLS 

viability and functionality upon revival221,224,225. 
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Figure 36. Embedding of Precision-Cut Lung Slices in Engineered Hydrogel Biomaterials 

Supports Extended Ex Vivo Culture from Bailey et al. (A) Representative images for PCLS 

(green) embedded within hydrogel (red) show that embedding by 3D printing led to more 

uniform hydrogel distribution around slices. Scale bar: 1 mm. (B) PCLS viability was monitored 

over 21 days using the PrestoBlue Cell Viability Reagent both in nonembedded PCLS controls 

and after embedding in nine different hydrogel conditions using 3D printing. Fluorescence 

intensities normalized to Day 1 show that some hydrogel conditions maintained significantly 

higher cellular metabolic activity over time than PCLS controls (n = 5). **P , 0.05 by ANOVA, 

Tukey test. (C) Representative immunofluorescent images in cross-section of nonembedded 

control and best-performing hydrogel samples stained for DAPI and E-cadherin (Ecad) show 

that hydrogels support maintenance of PCLS architecture over time. Scale bar: 10 µm. 
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   Over the last decade, PCLS model has been well characterized. Indeed, PCLS maintain the 

native architecture of the lung, including airways, blood vessels, parenchyma and alveoli 

(Figure 37A-B) 221,224,225,227,228. This allows researchers to study cellular interactions within the 

context of the lung tissue. Various cell types, including epithelial cells (Figure 37C), smooth 

muscle cells, fibroblasts, and resident immune cells such as DC and macrophages (Figure 

37C), are preserved, enabling comprehensive studies of inflammatory responses, tissue 

repair, and pulmonary function221,224,225,227,228.  

 

   Advanced imaging techniques, such as high-resolution microscopy and cellular labeling, 

enable the real-time study of cellular activity and structural changes in the tissue, which is a 

major advantage of the PCLS model223,226,227. PCLS generation specifically from human tissue 

has several other important advantages. Indeed, PCLS allows paired analysis of several 

treatments in the same patient. Also, they can be generated from different areas within the 

same lung to represent tissue heterogeneity and finally the generation of PCLS from tissue 

explants from healthy donors can be applied for ex vivo modeling of disease, or even radiation 

response. Thus, the model of PCLS has been used for various applications from studying lung 

physiology, chronic obstructive lung disease, lung cancer response and drug testing in the last 

years (Figure 38) 223,226,227.  

 

   More particularly, PCLS has been widely used to mode lung IPF. IPF is a fibrotic disease of 

the lung tissue surrounding the alveoli that progressively stiffens the lung, making it difficult for 

the person to breathe which is close to the RIPF due to radiation treatment. Studies have 

utilized PCLS to identify the cell types that drive fibrosis signals229–231. A number of 

pharmacologic inhibitors have been used as potential treatments for IPF232–236, including 

current therapeutics that are being used in the clinics for the treatment of IPF, like nintedanib 

and pirfenidone237–239. However, despite the major advantages and the relevance of the model, 

it has never been used to model the acute response to radiation in the lung in the same way 

as it has been used in the brain240. 
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Figure 37. Characterization of PCLS structure and cellular microenvironment, Adapted from 

Akram et al. and Lyons-Cohen et al. (A) Deconvolved widefield, single plane z-stack image of 

PCLS. Epithelial cells were labelled EpCAM-FITC antibody (green) and cell nuclei were 

labelled with SiR-DNA (red). Boxed areas show EpCAM-FITC +ve cells in alveolar  and airway  

epithelial cells. Scale bar = 50 µm. (B) H&E staining of PCLS section in adult mice. (C) Whole 

PCLS from mouse lungs stained with various antibodies : CD103+ cDCs 

(CD103+CD11c+CD88-; white), CD11bhi cDCs (CD11c+CD103-CD88-; red), macrophages 

(CD11c+CD88+; yellow), neutrophils (CD11c-CD88+; green) and airway epithelial cells 

(CD324+; blue). 
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Figure 38. Various applications of PCLS for modeling COPD, IPF and lung cancer from 

Alsafadi et al. (A) Three-dimensional reconstruction of collagen I and E-cadherin staining on 

PCLS generated from healthy and COPD human explants. Scale bars: 100 mm. (B) Collagen 

I and elastin fibers in an ex vivo elastase COPD disease model in mouse PCLS. Scale bars: 

10 mm. (C) Extracellular matrix deposition of fibronectin in PCLS treated with a fibrotic cocktail 

(FC) to model early fibrosis-like changes (48). Scale bar: 1 mm. (D) PCLS immunostained 

against phalloidin and Kras. PCLS were obtained from the mouse KRAS model. Scale bars: 

50 mm. (E) Structural differences between tumor and tumor-free regions of PCLS generated 

from human explants. Scale bars: 50 mm. CC = control cocktail; FN1 = fibronectin; WT = wild-

type.  
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    However, despite many advantages, there are several drawbacks associated with PCLS. 

One of the main challenges is the limited viability of the slices in culture223,226,227. While PCLS 

can be cultured for periods ranging from 1 to 28 days as reported in the litterature, their viability 

decreases over time, which limits long-term studies223,226,227. Additionally, although the slices 

preserve their lung architecture, the lack of circulatory flow may affect the delivery of nutrients 

and growth factors, which is crucial for long-term cell survival223,226,227. Another limitation is the 

standardization of the PCLS preparation method223,226,227. Variations in the slicing, culturing, 

and treatment protocols across different laboratories can introduce variability, making 

comparisons between studies difficult and potentially affecting the reproducibility of 

results223,226,227. 

 

   In conclusion, PCLS is a highly relevant and physiologically accurate ex vivo model for 

studying a wide array of lung diseases, including IPF, lung cancer, and COPD. The model 

offers numerous advantages such as the preservation of the lung’s native architecture, the 

retention of multiple cell types, and the ability to study cellular interactions in a controlled 3D 

environment. While PCLS has been widely used for studying long-term diseases and their 

progression, it also holds great potential for modeling acute responses in the lung, including 

RILI. The proximity of IPF and RILI in terms of fibrotic changes and the similarity in lung tissue 

damage associated with both conditions suggest that PCLS can be a useful platform for 

investigating the acute effects of radiation exposure. Overall, the ability to closely replicate the 

lung’s complex tissue architecture and cellular interactions, combined with its versatility in 

disease modeling and drug testing, makes PCLS a valuable tool for studying RILI. It offers a 

unique opportunity to investigate acute lung responses to radiation exposure and to test 

therapeutic interventions in a more representative lung model, bridging the gap between 

traditional in vitro and animal models.  
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2.3.6 Conclusion : Which is the best model for acute RILI modeling ?  

 

    As described in previous section, RILI is a complex condition that can have both acute and 

chronic stages. Understanding the acute response to radiation exposure in lung tissue is critical 

for the development of effective treatment strategies. The choice of model used to study acute 

RILI significantly can influence the results, and various models offer distinct advantages and 

drawbacks in terms of complexity, scalability, and physiological relevance (Figure 39).  

 

   The classical 2D cultured epithelial lung cells are the simplest model in terms of handling. 

Despite they offer high throughput for testing drugs and radiation responses, this model lacks 

the complexity of the lung’s 3D architecture and cannot fully replicate the interaction between 

different cell types, including immune cells, which play a crucial role in radiation responses. 

Additionally, the absence of gas exchange and cellular polarization limits the model's ability to 

mimic real-life lung functions and responses to radiation exposure. 

 

   In contrast, the ALI model allows for the exposure of cells to air, which supports differentiation 

and simulates in vivo conditions such as gas exchange. This model has been useful for 

understanding radiation impacts on airway cells. However, it is still limited by the lack of full 

lung complexity and the challenges of culturing primary cells, in which response can be 

variable between donors. 

 

    Then, lung organoids, being a 3D culture model, closely mimic the lung’s cellular 

architecture and offer significant advantages over simpler models in studying RILI. They 

contain both proximal and distal lung cell types, which are essential for studying radiation-

induced damage across different lung compartments. Furthermore, they can be used in co-

culture systems with immune cells to better mimic the immune response to radiation. However, 

the complexity of their culture conditions and the difficulties in maintaining organoid 

functionality under various experimental setups pose challenges for high-throughput screening 

or comparison of radiation modalities. 

 

   More technologically advanced, LOC models represent another innovative approach for 

modeling RILI, offering a highly dynamic environment that replicates key aspects of lung 

physiology, such as mechanical stretching and fluid flow. The integration of epithelial cells and 

endothelial cells in a microfluidic chip setup simulates the alveolar-capillary barrier, which is 

crucial for studying radiation’s impact on lung tissue integrity. Additionally, LOC models can 

incorporate immune cells, allowing for the study of the inflammatory cascade that follows 

radiation exposure. However, the main challenge for LOC systems lies in their complexity, as 

they require specialized equipment and technical expertise to establish and maintain. 
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   Finally, PCLS stands out as an excellent model for studying acute RILI. The key advantage 

of PCLS is that they retain the native lung architecture, including airways, blood vessels, and 

alveoli, as well as various resident cell types, such as epithelial cells, fibroblasts, and immune 

cells. This allows for the study of radiation-induced tissue damage in a more physiologically 

relevant setting compared to simpler 2D models. PCLS can be cultured ex vivo and exposed 

to radiation while maintaining cellular interactions and structural integrity, making them 

particularly useful for modeling the acute inflammatory responses and early fibrotic changes 

associated with RILI. However, challenges such as limited tissue viability, the need for 

standardization, and the potential lack of full circulatory function can impact the reproducibility 

of results. 

 

Figure 39. Comparative study on various lung model advantages and drawbacks. 

 

   My thesis will specifically concentrate on the molecular and cellular characterization of 

FLASH-RT mechanisms in the lung context. This modality gained significant attention for its 

potential to improve the therapeutic index by sparing the healthy tissue exposed to radiation 

while maintaining an antitumoral isoefficacy. Thus, in the next section of this manuscript, I will 

describe what is ultra-high dose rate radiotherapy and provide the first mechanistic insight for 

the FLASH sparing effect as well as the clue for clinical translation of this modality.  
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3. FLASH, A NEW WAY TO DELIVER RADIATION THERAPY 

 
  

   A study conducted by Favaudon et al. in 2014241 challenged the conventional perspectives 

in radiobiology and introduced a new possibility for improving treatment outcomes using 

ultrahigh-dose rate radiotherapy (UHDR).  While the concept of adjusting dose rate for 

therapeutic advantages wasn't completely novel, it had been ignored. Years ago, research on 

high-dose rate mainly examined immediate effects on skin, neglecting the impact on tumoral 

tissue242–244. Previous studies indicated that some healthy tissues were less damaged at higher 

dose rates, suggesting that tumors could also benefit from this sparing effect, which could limit 

the usefulness of this approach in clinical practice.  

 

   Nevertheless, Favaudon et al. were the pioneers in presenting in vivo evidence of the so-

called FLASH effect, showing both protection of normal tissue and a similar slowing of tumor 

growth at dose rate that were superior to 40 Gy/s (Figure 40). Indeed, from 24, and at 36 

weeks post-treatment, lungs irradiated with a single dose of 17 Gy at dose rate of 0.03 Gy/s of 

conventional γ-rays exhibited fibrosis, interstitial thickening, and alveolar damage while lungs 

treated with FLASH showed less structural damage and a preserved lung architecture. These 

findings suggest that FLASH-RT can reduce long-term pulmonary toxicity compared to 

conventional irradiation241. Xenograft tumor growth monitored using relative tumor volume over 

time, after CONV or FLASH-RT at 17 Gy was similar241. It indicates that FLASH-RT maintains 

an isoefficient tumor control while delivering radiation at ultrahigh dose rates. Finally, the same 

was true for orthotopic lung tumor control of TC1-tumor bearing mice241. This discovery 

unveiled new possibilities for enhancing the differential impact of radiotherapy on tumors and 

normal tissues.  

 

 

 

 

 

 

 

 

 

 

 

Figure 40. First Evidence of the FLASH Effect in vivo. Adapted from Favaudon et al. 2014. 
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3.1 The FLASH sparing effect in preclinical-murine models.  

 

   Following this work, the biological sparing effect of FLASH radiotherapy has been studied 

and observed across institutions and organs. Majority of studies were done in mouse preclini-

cal models of radiation-induced toxicities. In the next subsection, we will discuss the various 

acute and late protective effects observed in murine models in the brain, gut, skin, heart and 

lungs, aiding describing the mechanisms of this sparing effect in various organs.  

 

3.1.1 FLASH-RT preserves cognitive function and reduces neuroinflammation 

 

   Following the discovery of the protective effect of FLASH in the lungs, the next step was to 

assess whether this effect was organ-specific or could be generalized to multiple organs. The 

brain was an ideal choice to start this investigation because it is known to be highly sensitive 

to radiation due to its limited regenerative capacity and high susceptibility to late effects like 

cognitive decline and neuroinflammation. Conventional radiotherapy often leads to severe 

long-term side effects, including memory loss, neurogenesis impairment, and radiation-

induced neurodegeneration245. Montay Gruel et al. first demonstrated that FLASH whole brain 

irradiation (WBI) at dose rate above 100 Gy/s preserved spatial memory and neurogenesis in 

mice comparing a single fraction of 10 Gy, contrasting with the cognitive impairment seen at 

conventional dose rates. Indeed, BrdU incorporation revealed significantly better preservation 

of hippocampal neurogenesis with FLASH WBI compared to CONV-RT (Figure 41A)246. 

Later, Montay Gruel et al. expanded these findings, showing that six months after irradiation, 

mice exposed to conventional dose rates experienced long-term neurocognitive deficits, while 

those exposed to FLASH retained memory function and showed no signs of anxiety or 

depression-like behaviors. Notably, the neuroprotective effects of FLASH were linked to 

reduced oxidative stress and neuroinflammation 247. Furthering this research, they revealed 

that markers for astrogliosis and immune signaling (e.g., GFAP and TLR4) were expressed at 

lower levels following FLASH irradiation compared to conventional irradiation, while markers 

like C1q and C3 were elevated in both modalities. These findings underscore the distinctive 

protective effects of FLASH on brain tissue, particularly concerning neuroinflammation248. 

Limoli et al. contributed significantly to the understanding of the long-term protective effects of 

FLASH on synaptic plasticity. In their studies, they showed that FLASH-RT, when delivered in 

3 × 10 Gy fractions, preserved cognitive performance and protected synaptic plasticity, 

maintaining synaptophysin levels and reducing neuroinflammation (marked by CD68+ 

microglia activation) in the hippocampus and prefrontal cortex. This preservation extended to 

the structural level, with no ultrastructural changes observed in presynaptic and postsynaptic 

bouton densities249. Their latest research  corroborated these findings over a longer follow-up, 
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showing that FLASH irradiation maintained hippocampal neurogenesis, synaptic plasticity, and 

cerebrovascular structure, reducing neuroinflammation and preserving cognitive functions. 

These studies collectively underscore the neuroprotective potential of FLASH in the brain, 

offering a promising approach to mitigating radiation-induced cognitive decline due to 

radiotherapy treatment250. 

 

3.1.2 FLASH-RT reduces gastrointestinal toxicity by preserving intestinal crypts 

 

   The intestines are particularly vulnerable during radiotherapy due to their highly proliferative 

crypt cells and susceptibility to gastrointestinal syndrome. Indeed, abdominal radiotherapy is 

limited by the radiosensitivity of the intestine, which significantly restricts the dose that can be 

safely administered to treat tumors near this organ251. Levy et al. first demonstrated that total 

abdominal irradiation with FLASH reduced the occurrence of gastrointestinal syndrome, 

sparing crypt cells (Figure 41B), preserving epithelial integrity, and enhancing survival 

compared to CONV-RT252. This key finding suggested potential to broaden the application of 

radiotherapy in abdominal cancers, particularly when addressing large tumor volumes or 

multiple metastatic sites while sparing healthy gut tissue. Subsequent studies focused on 

proton therapy, comparing FLASH proton radiotherapy (F-PRT) and conventional proton 

radiotherapy (S-PRT) using both the entrance and spread-out Bragg peak (SOBP) regions. 

Their results indicated that F-PRT preserved significantly more intestinal crypt cells and 

boosted regeneration post-irradiation compared to S-PRT253. In 2021, Ruan et al. further 

investigated the crypt-sparing effects of FLASH in the intestines. Their findings confirmed that 

FLASH delivered at dose rates above 280 Gy/s significantly increased crypt survival, especially 

in doses ranging from 7.5 Gy to 12.5 Gy. Notably, this protective effect diminished when 

irradiation time was extended, reinforcing the importance of the mean dose rate and pulse 

timing parameters in achieving the protective effects of FLASH as it will be further described 

later in this manuscript. Moreover, FLASH irradiation caused fewer alterations in the gut 

microbiome, suggesting additional benefits in minimizing long-term complications254. More 

recently, new studies provided insights into the underlying mechanisms of the intestinal FLASH 

effect. Using single cell transcriptomic analysis, they show that FLASH induce an accelerated 

differentiation of revival stem cells, a rare damage-induced cell population required for 

intestinal regeneration255. FLASH-induced better proliferation of these damage-induced 

progenitor cells, supported by immune responses such as macrophage-driven TGF-β 

signaling, leading to an improved tissue recovery. In summary, these preclinical studies 

collectively establish the protective effects of FLASH in the intestines, highlighting its capacity 

to spare sensitive crypt cells, reduce gastrointestinal toxicity, and promote recovery post-

irradiation without compromising tumor control.  
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3.1.3 FLASH-RT preserves skin Integrity by reducing radiation-induced toxicities 

 

   Cutaneous tissue is one of the most radiosensitive tissues during cancer treatment, 

especially in head and neck, breast, or thoracic radiotherapy, where the skin is frequently 

exposed to radiation. Conventional radiotherapy often leads to severe acute and late skin 

toxicities, such as dermatitis, ulceration, fibrosis, and atrophy, significantly impacting patients' 

quality of life256. In an initial study conducted by Soto et al., the protective effect of FLASH was 

evaluated in murine models through hemithoracic irradiation at various doses from 20 to 40 

Gy257. The results showed a significant reduction in the incidence and severity of skin ulceration 

at 30 and 40 Gy when using FLASH compared to CONV-RT257. The median survival was also 

notably higher with FLASH irradiation (superior at 180 days at both 30 and 40 Gy), compared 

to CONV-RT (100 and 52 days  respectively at 30 and 40 Gy)257. Velapopoulo et al. extended 

these observations by examining the effects of FLASH-proton radiotherapy (F-PRT) compared 

to standard-proton radiotherapy (S-PRT) on skin, muscle, and bone tissues in murine hind 

legs258. Their study demonstrated that F-PRT significantly reduced severe toxicities, such as 

skin injury (Figure 41C), lymphedema, and inflammation, while mitigating late effects like hair 

follicle atrophy, epidermal hyperplasia, and myofiber atrophy258. These protective effects were 

not seen in S-PRT, which induced higher levels of pro-inflammatory markers and fibrosis-

related pathways. RNA-seq analyses revealed that F-PRT spared pathways involved in 

apoptosis and keratinocyte differentiation, which were upregulated in S-PRT258. Together, 

these studies highlight the potential of FLASH to protect cutaneous tissue from radiation-

induced damage, offering a significant advancement in the therapeutic index by allowing higher 

doses to tumors without increasing skin toxicities. This is particularly relevant for tumors 

located near sensitive tissues or in patients requiring high-dose regimens. 

 

3.1.4 FLASH-RT preserves heart functions  by reducing cardiac radio-induced toxicities 

 

   Recent studies on cardiac tissue have demonstrated that F-PRT offers significant 

cardioprotective benefits compared to S-PRT259. In experiments on mice, F-PRT minimized 

both acute and chronic cardiac toxicities, particularly in the heart’s apex (Figure 41D)259. RNA-

sequencing revealed that S-PRT activated inflammatory and fibrotic pathways, whereas F-

PRT mainly influenced cellular processes like ATP synthesis and cytoplasmic translation. 

Notably, F-PRT reduced collagen deposition and preserved cardiac function, as measured 

through echocardiograms at 8 and 30 weeks post-treatment, illustrating its potential to 

enhance therapeutic outcomes while reducing cardiac damage259. 
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3.1.5 FLASH-RT preserves lung regenerative capacity while reducing DNA Damage 

 

   Following the initial work by Favaudon et al., further investigations into the FLASH effect in 

lung tissue have provided a more comprehensive understanding of its protective capabilities. 

One study by Fouillade et al. demonstrated that FLASH reduces DNA damage as well as 

preserved lung regenerative potential week after radiation therapy compared to CONV-RT 

response where an exhaustion of these progenitor was described (Figure 41E)260. Notably, 

in vitro studies also revealed lower levels of DNA damage and lethality under FLASH compared 

to conventional radiation260. Additionally, late-stage observations showed that FLASH resulted 

in fewer persistent DNA damage markers and senescent cells, suggesting that FLASH 

enhances tissue recovery and regeneration260. 

 

 

 

 

Figure 41. FLASH sparing effect on various healthy murine tissues. (A) FLASH-RT preserved 

hippocampal neurogenesis, as indicated by significantly higher BrdU-positive remaining 

clusters compared to CONV-RT. (B) FLASH-RT spared crypt cells in the intestines following 

total abdominal irradiation, maintaining higher levels of cell proliferation. (C) FLASH-RT 

significantly reduced skin toxicity compared to CONV-RT, as demonstrated by lower ulceration 

scores after hemithoracic irradiation. (D) FLASH-RT minimized cardiac fibrosis and 

inflammation, maintaining heart function better than standard proton RT. (E) FLASH-RT 

enhanced lung regenerative potential compared to CONV-RT. 
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   The remarkable discovery of the FLASH sparing effect has opened new avenues for 

improving the therapeutic index of radiotherapy, specifically by reducing the toxicity to healthy 

tissues. The distinct biological benefits of FLASH radiotherapy have now been widely observed 

across various organs in preclinical murine models, with protective effects reported for both 

acute and late toxicities. In different organs, such as the brain, intestines, skin, and lungs, the 

findings provide compelling evidence that FLASH significantly mitigates the adverse effects 

typically induced by conventional radiotherapy.  

 

3.1.6 Reproducibility of the FLASH sparing effect across institutions  

 

   While most pre-clinical studies investigating FLASH radiotherapy demonstrate a significant 

protective effect on normal tissues, a small subset of studies presents conflicting results. Over 

85% of research, particularly in murine models, has consistently shown that FLASH reduces 

radiation-induced toxicities in organs such as the brain, lungs, intestines, and skin. This sparing 

effect has been observed at ultra-high dose rates, typically exceeding 40 Gy/s. However, in 

less than 15% of studies, the protective benefits of FLASH were either absent or less 

pronounced, often due to differences in dose rate thresholds, temporal structures of dose 

delivery, or variability in dosimetric practices261. These discrepancies underscore the 

importance of standardizing experimental conditions and ensuring rigorous cross-institutional 

replication. For example, multi-institutional studies have recently been carried out on the 

replication of the FLASH effect and its characteristics in the brain on 2 different Linacs and the 

results are very encouraging250. Indeed, establishing reproducible results across various 

models and irradiation systems is crucial to fully validate the FLASH effect as it moves toward 

clinical application. However, the effectiveness of FLASH in sparing healthy tissues is not 

uniform across different organs, and understanding this variability is key to optimizing its 

application. One important metric to quantify this effect is the Dose Modifying Factor (DMF), 

which provides insights into the extent of protection FLASH offers relative to conventional 

radiotherapy. 

 

3.1.7 How to quantify the FLASH sparing effect in various organs 

 

   The Dose Modifying Factor (DMF) is a critical measure in radiobiology used to quantify the 

ratio between doses needed to achieve the same biological effect under varying radiation 

conditions. For instance, if a study reports a DMF of 1.3, this indicates that FLASH-RT can 

reduce the radiation dose by 30% while achieving the same biological effect as conventional 

radiotherapy. This is particularly important for minimizing the adverse effects on healthy tissues 

during treatment. In murine models, the DMF varies across organs, reflecting the different 
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degrees of protection FLASH provides. The lungs, for example, show the most pronounced 

sparing effect, with DMF values ranging from 1.1 to as high as 1.8, particularly in early studies 

by Favaudon et al (Figure 42). This suggests that FLASH-RT can reduce the dose by up to 

80% in certain instances while maintaining the same biological outcomes, significantly 

enhancing the therapeutic index. In contrast, the brain, intestines, and skin exhibit slightly lower 

DMF ranges, with values between 1.1 and 1.4 in the brain, 1.1 and 1.3 in the intestines, and 

1.1 and 1.6 in the skin (Figure 42). Although these values are lower than those seen in the 

lungs, they still represent substantial protection against both early and late radiation-induced 

toxicities. The sparing effect of FLASH-RT is observed not only in acute toxicities, such as 

inflammation and DNA damage but also in late-stage outcomes, including fibrosis, cognitive 

decline, and regenerative capacity. For instance, the brain shows better cognitive outcomes 

and preserved synaptic plasticity, the intestines exhibit enhanced regeneration of crypt cells, 

the skin suffers fewer instances of fibrosis and ulceration, and the lungs maintain better 

functional recovery post-irradiation. Together, these findings demonstrate that FLASH has the 

potential to reduce early and late toxicities across various tissues, offering a distinct therapeutic 

advantage over conventional radiotherapy.  

 

   The promising results from these preclinical studies have laid a strong foundation for future 

clinical trials, but questions regarding the reproducibility of these effects across different 

irradiation systems and institutions remain and will be further described in next sections of this 

manuscript. Establishing consistency of the FLASH effect will be a critical step in translating 

these findings into clinical practice, ensuring that the sparing effect is robust and can be applied 

across different clinical settings. While the protective effects of FLASH radiotherapy on healthy 

tissues are well documented, a key concern for its clinical application is whether FLASH 

maintains the same tumor control efficacy as conventional radiotherapy. The next section will 

delve into studies exploring the antitumoral isoefficacy of FLASH, examining whether tumor 

response remains uncompromised when using this innovative high-dose-rate approach. 

 

 

 

 

 

 

 

 

Figure 42. Range of FLASH-RT dose modifying factors from preclinical mouse studies per 

organ.  

Organ Dose Modifying Factor Range 

Brain [1.1-1.4] 

Intestines [1.1-1.3] 

Lungs [1.1-1.8] 

Skin [1.1-1.6] 
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3.2 Assessing the antitumoral isoefficacy of FLASH-RT in mouse pre-clinical studies 

 

3.2.1 FLASH antitumoral control isoefficacy  

 

   FLASH-RT is being closely examined in clinical settings to determine if it can achieve the 

same level of tumor control as conventional dose-rate radiotherapy while also providing the 

described FLASH sparing effect (section 3.1). Numerous preclinical studies have investigated 

the effectiveness of FLASH-RT in controlling tumor growth across a wide range of tumor types, 

as indicated in Figure 43. A variety of models, including syngeneic murine tumors and 

xenografted human tumors have been used to study more than 20 tumor types. These tumor 

models span various types such as carcinomas, gliomas, and sarcomas and experiments have 

used both syngeneic and xenograft tumors, either implanted subcutaneously or orthotopically, 

and studied in immune-competent and immune-compromised mice. These studies have 

consistently shown that FLASH-RT is as effective as CONV-RT in controlling tumor growth for 

most tumor models.(Figure 43). For example, a study on mouse mammary carcinoma cells 

implanted in the feet of mice showed that both FLASH-RT and CONV-RT yielded similar 

TCD50 values262. However, there are exceptions where FLASH-RT was found to be slightly 

more effective than CONV-RT in certain mouse models. Particularly, patient-derived 

xenografts of human T-cell acute lymphoblastic leukemia (T-ALL) were found to respond 

differently to the two modalities263. Indeed, two of the primary T-ALL cases showed an 

enhanced response to FLASH-RT, whereas the other one was more responsive to CONV-RT. 

While the precise mechanisms underlying these responses are under investigation, differences 

in expression of proteins in the GADD45, Wnt, metabolic, and p53 pathways have been found 

in the FLASH-sensitive primary T-ALL cancers263.The ability of FLASH-RT to kill tumors as 

effectively as CONV-RT seems to extend across different radiation beam modalities, with no 

significant differences in tumor response between FLASH and CONV. Despite promising 

findings, further research is needed to fully understand the factors influencing tumor response, 

especially in certain tumor types and irradiation setups. This has led several research teams 

to delve deeper into the mechanisms of antitumor response following FLASH or conventional 

irradiation, with a particular focus on the role of antitumor immune responses and the impact 

of hypoxia on the efficacy of both FLASH and conventional radiotherapy modalities. 
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Figure 43. Non-exhaustive list of tumor types used to demonstrate the isoefficacy of FLASH 

radiotherapy in murine models 

 

 

 

 

 

References Tumor types 

Chabi et al. 2021263 Patient-derived xenograft (CD7+/CD45+ cells) human T-ALL 

Montay-Gruel et al. 2021264 Orthotopic isogenic H454, human U87 glioblastoma 

Favaudon et al. 2014241 Xenograft HBCx-12A – human breast cancer 

Sorensen et al. 2022262 Isogenic breast cancer  

Gao et al. 2022265 Isogenic EMT6 breast cancer 

Eggold et al. 2022266 Ovarian epithelial carcinoma  

Cao et al. 2021267 Xenograft MDA-MB 231 

Diffenderfer et al. 2020 / Kim et al. 
2021253,268 Isogenic flank pancreatic tumor MH641905 

Cunningham et al. 2021269 Isogenic oral carcinoma cell line 

Favaudon et al. 2014241 Xenograft Hep-2 – human head and neck carcinoma 

Favaudon et al. 2014241 Orthotopic isogenic TC-1 – lung carcinoma 

Y.E Kim et al. 2021270 Isogenic lewis lung carcinoma 

Velalopoulou et al. 2021258 Isogenic orthotopic and subcutaneous fibrosarcoma 

Levy et al. 2020252 Orthotopic isogenic ID8 ovarian cancer 
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3.2.2 FLASH isoeffective antitumoral immune response  

 

   In a recent study, it has been established that FLASH-RT could elicits a comparable 

antitumoral immune response to CONV-RT271. In various tumor models, including 

subcutaneous and orthotopic grafts, FLASH and CONV demonstrated equivalent efficacy in 

delaying tumor growth across both immunocompetent and immunodeficient hosts271. 

Specifically, tumor doubling time increased significantly after a 20 Gy dose of either FLASH or 

CONV, with both modalities exhibiting similar efficacy in moderately and severely 

immunodeficient models271. Interestingly, FLASH maintained its antitumoral efficacy even in 

profoundly immunocompromised mice, suggesting that its mechanism of action may extend 

beyond immune modulation. In these immunocompromised settings, FLASH-RT led to 

significant tumor growth delay, reinforcing its potential utility in treating tumors where immune 

responses are typically suppressed (Figure 44A)271. Further analysis of the tumor 

microenvironment (TME) revealed that both FLASH and CONV triggered similar immune 

profiles, with reductions in lymphoid cells and corresponding increases in myeloid cells few 

days post-radiation (Figure 44B)271. This response was consistent across various tissue 

types, including lung tumors, with no significant differences in immune landscape remodeling 

between the two irradiation techniques. Four weeks after irradiation, the harvested lungs still 

showed a reduced tumor area following CONV or FLASH irradiation, which was correlated with 

an increased infiltration of CD3+ CD8+ T cells compared to the lungs of untreated mice, 

indicating that both modalities had an immunostimulatory effect on the tumor response (Figure 

44C)271. Additionally, both FLASH and CONV were found to generate a long-lasting 

immunologic memory, as demonstrated by successful tumor rejection upon rechallenge in 

murine models. This suggests that both irradiation modalities can function as effective in situ 

vaccines, promoting sustained immune surveillance and tumor control. Overall, these findings 

indicate that FLASH is equally effective as CONV in modulating antitumoral immune 

responses. FLASH retains its efficacy even in immunodeficient environments, positioning it as 

a viable option for treating immunologically "cold" tumors or patients with compromised 

immune systems. While further investigation is needed to explore specific mechanistic 

differences, these results suggest that the antitumoral effects of FLASH and CONV are largely 

dose-rate independent. 

 

 

 

 



 

129 

 

Figure 44. FLASH and CONV-RT antitumoral immune response. (A) Tumor growth over time 

in NRG mice implanted with tumors and treated with 20 Gy of either conventional (CONV) or 

FLASH radiotherapy. The graph illustrates reduced tumor volume following both CONV and 

FLASH treatments compared to controls, with a notable increase in tumor doubling time for 

the FLASH-treated group (p<0.01). (B) Pie charts showing the immune cell composition of 

tumors 3 days post-radiation.  (C) Representative images of lung bearing tumor sections 

stained for CD8+ T-cells (red), CD3 (white), and nuclei (DAPI, blue), showing enhanced 

infiltration of CD8+ T-cells in the irradiated groups. Adapted from Almeida et al. 2024.  
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3.2.3 Hypoxia and tumor sensitivity following FLASH-RT 

 

   Although no significant difference has been observed in terms of antitumoral immune 

modulation between FLASH and CONV irradiations, recent studies have indicated that FLASH 

could provide specific advantages in the treatment of hypoxic tumors272. Typically, hypoxic 

tumors are known to be more resistant to conventional radiotherapy due to reduced oxygen 

levels. Induced tumors under hypoxia were treated with either FLASH or conventional 

radiotherapy and interestingly, the results showed that tumor response to FLASH was not 

significantly affected by acute hypoxia272. Tumor growth control and overall response rates 

were comparable in both normoxic and hypoxic conditions for FLASH-RT. In contrast, 

conventional radiotherapy followed the expected pattern, with reduced sensitivity observed in 

hypoxic tumors, a well-known limitation of standard radiotherapy272. Molecular analysis using 

RNAseq profiling uncovered a FLASH-specific profile in human GBM that involved cell-cycle 

arrest, decreased ribosomal biogenesis, and a switch from oxidative phosphorylation to 

glycolysis giving first insight into the mechanisms that could be involved272. Consequently, 

FLASH-RT could offer a therapeutic advantage when treating tumors with varying oxygenation 

levels, particularly those more resistant to conventional radiotherapy due to hypoxia. This type 

of study indicates for the first time the necessity of conducting more molecular investigations 

into the response of various tumors to FLASH radiotherapy compared to conventional 

radiotherapy. While antitumoral efficacy appears similar in preclinical models, there seem to 

be differences in the mechanisms of action of FLASH radiotherapy within tumors.  

 

   Thus, now that we have described the FLASH effect, which entails a protective effect on 

healthy tissue at ultra-high dose rates while maintaining antitumoral isoefficacy compared to 

conventional radiotherapy, we will now delve into the mechanistic hypotheses that have been 

proposed to explain this duality between the response of healthy tissue and tumors to FLASH 

radiotherapy. 
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3.3 Underlying mechanisms of the FLASH effect  

 

  The unique promising ability of FLASH to balance therapeutic benefits without compromising 

efficacy has attracted significant attention in the field of radiation oncology. However, the 

precise mechanisms underlying the differential responses between normal and tumor tissues 

are still under investigation, but various hypotheses have emerged that provide insights into 

the potential actors at play. By comprehending these mechanisms, we may better understand 

the applications of FLASH to improve patient outcomes. In the following section, we will delve 

into key proposed mechanisms, including transient oxygen depletion, DNA damage 

responses, the protection of stem cell niches, vascular system impacts, immune modulation, 

lipid effects, and the role of mitochondrial metabolism.  

 

3.3.1 Potential role of transient oxygen depletion in the FLASH effect 

 

   One of the most widespread hypotheses to explain the protective effect of FLASH on healthy 

tissue is that of transient oxygen depletion. According to this theory, the ultra-rapid dose rates 

used in FLASH-RT lead to rapid consumption of oxygen in irradiated tissue, creating a 

temporary hypoxic state. Since oxygen is a well-known sensitizer of the effects of radiation, its 

depletion would reduce the production of ROS, which are responsible for DNA damage, thus 

conferring protection on normal tissues45. The oxygen enhancement ratio is a well-established 

measure that describes how the presence of oxygen increases the radiosensitivity of 

tissues273. The theory behind FLASH is that rapid dose delivery consumes oxygen faster than 

it can be replaced, inducing a radioprotective hypoxic state in normal tissues. This idea was 

supported by several theoretical models which suggested that FLASH irradiation could result 

in a temporary decrease in oxygen tension, sufficient to protect normal tissues274,275. A series 

of experiments have confirmed this hypothesis, showing that the FLASH effect is attenuated 

when oxygen levels are artificially increased. For example, in a study by Montay-Gruel et al., 

inhalation of carbogen prior to irradiation eliminated the protective effect of FLASH in the 

brain247 (Figure 45). However, these experiments showed that oxygen levels were not 

reduced as significantly as expected, suggesting that oxygen depletion is not sufficient to fully 

explain the FLASH effect. More recent studies, using advanced techniques for measuring 

oxygen tension in vivo, have called into question the extent of this oxygen depletion. It has 

been shown that the reduction in oxygen levels was minimal during FLASH irradiation, 

suggesting that other mechanisms may also be involved in this protective effect267,276. These 

data underline that, although transient oxygen depletion may play a role, it alone cannot explain 

the observed effects of FLASH on healthy tissue. 
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  While the transient oxygen depletion hypothesis provides a compelling explanation for the 

radioprotective effect of FLASH, another significant theory focuses on the behavior of free 

radicals produced during irradiation. In particular, the rate at which these radicals recombine 

and diffuse through tissues may further explain why FLASH has a protective advantage over 

conventional radiotherapy. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 45. FLASH effect is influenced by the tissue's partial pressure of oxygen. Wild-type 

mice, anesthetized under either normoxic conditions or while breathing carbogen (O₂-enriched 

air), were subjected to the object recognition test test two months after irradiation. The increase 

in brain pO₂ due to carbogen inhalation before and during the irradiation reversed the 

neurocognitive protection provided by FLASH under normoxic conditions.247 
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3.3.2 Free Radical Recombination and Diffusion hypothesis 

 

   Another popular theory to explain the protective effect of FLASH is the increased rates of 

recombination and diffusion of free radicals following FLASH-RT. During exposure to ionizing 

radiation, free radicals are generated in cells, causing damage to DNA and other cellular 

structures. According to this hypothesis, the extremely rapid dose rates used in FLASH-RT 

would produce a higher instantaneous density of free radicals, favoring their recombination 

before they could cause DNA damage. The fundamental principle of this theory is based on 

the physics of free radicals: at high densities, these radicals are more likely to interact with 

each other and recombine to form harmless molecules, such as water, rather than causing 

biological damage. This rapid recombination could reduce the production of deleterious ROS, 

which are normally responsible for most damage caused by conventional radiation. This 

hypothesis has been supported by several experimental studies. For example, a study by 

Montay-Gruel et al247 showed that concentrations of hydrogen peroxide (H₂O₂), an indicator of 

free radical production, were significantly lower in water exposed to FLASH radiotherapy 

compared to CONV-RT. These results provide first evidence that free radical recombination 

may be faster under the ultra-high dose conditions of FLASH, thereby reducing ROS-induced 

biological damage. Others also suggested that FLASH irradiation conditions could alter the 

diffusion of free radicals in tissues, thereby reducing the extent of damage they can cause44. 

These models indicate that the rapid increase in free radicals during FLASH irradiation limits 

their ability to diffuse through surrounding cells and tissues, thereby minimizing collateral 

damage in healthy tissues. However, although this theory presents a plausible mechanism to 

explain the protective effect of FLASH, it remains largely speculative and needs to be validated 

by further data. As pointed out by Alanazi et al.277 and Wardman278, theoretical models may be 

needed to fully understand how free radicals behave under ultra-high dose conditions and how 

this influences the underlying biological mechanisms. Current studies are continuing to explore 

this avenue, by using more precise measurements of radical recombination and diffusion to 

better understand their role in the protective effect of FLASH. 

 

   Although increased free radical recombination and diffusion may play a role in reducing 

oxidative damage, another important aspect to consider is how these changes translate into 

differences in DNA damage. Understanding the nature and extent of DNA lesions following 

FLASH compared to conventional radiotherapy offers deeper insights into how normal tissue 

might be spared while the tumor control is maintained. 
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3.3.3 Differential DNA Damage Response in FLASH  

 

  One of the main hypotheses to explain the protective effect of FLASH could be  based on the 

nature of the DNA damage induced by this ultra-high dose rate irradiation. Ionizing radiation 

causes single and double strand breaks in DNA as described in section 1.3.5, activating 

cellular repair mechanisms. However, the ability of cells to repair these lesions may vary 

according to the dose rate, and it has been postulated that FLASH and conventional 

radiotherapy (CONV-RT) could induce different levels or types of DNA damage, resulting in 

better protection of healthy tissue while preserving anti-tumour efficacy. In the lungs, FLASH 

irradiation was shown to induce significantly less residual DNA damage than conventional 

radiotherapy (Figure 46A)260. Lung cells exposed to FLASH showed less apoptosis and 

senescence, indicating better DNA repair and increased regenerative potential260. 

Furthermore, studies on intestinal crypts demonstrated that FLASH irradiation preserved the 

crypts by causing less gamma H2AX foci than CONV-RT few hours post-treatment (Figure 

46B)252. In contrast, tumour cells do not benefit from this protective effect, as shown by 

experimental results using clonogenic assays279,280. Consistently, no in vivo difference in 

residual DSBs was observed in ovarian tumors  after exposure to FLASH-RT versus CONV-

RT252. Although this hypothesis is supported by several studies, it requires further investigation 

to better understand the molecular mechanisms underlying the protective effect of FLASH, 

particularly in normal cells compared with tumour cells. 

 

   Beyond DNA damage, the capacity of tissues to recover from radiation exposure is also 

influenced by the preservation of key cellular populations. Stem cells, critical for tissue 

regeneration, appear to be better protected by FLASH-RT. This preservation of stem cell 

niches in various tissues could be a significant factor in reducing long-term damage, adding 

another layer for understanding the protective effects of FLASH. 

 

 

 

 



 

135 

 

 

 

Figure 46. Comparative Analysis of DNA Damage and Repair Dynamics in CONV-RT and 

FLASH-RT. (A) Immunofluorescence analysis of 53BP1 foci in different cell lines (NI, MRCS, 

IMR90, A549) following conventional (CONV) and FLASH irradiation at various time points (5 

min, 30 min, 180 min). The box plot below illustrates the number of 53BP1 foci per nucleus, 

showing a significant reduction in foci with FLASH-RT compared to CONV-RT, particularly in 

normal tissue cells (MRCS and IMR90), indicating enhanced DNA repair efficiency after 

FLASH irradiation. (B) γ-H2AX foci staining in crypt base columnar (CBC) cells post-irradiation 

with CONV-RT and FLASH-RT (14 Gy) at different time points (1 h, 4 h, 12 h). The bar graph 

quantifies the γ-H2AX foci in CBC cells, highlighting significantly fewer DNA damage markers 

after FLASH-RT compared to CONV-RT, particularly at the 12-hour mark. 

 

    

 

 

 

 

 

 

 

 

 

 



 

136 

3.3.4 Stem cell preservation following FLASH-RT 

 

   The protection of stem cell niches is one of the central mechanisms put forward to explain 

the protective effect of FLASH-RT on healthy tissue. Stem cells, which are essential for tissue 

regeneration after damage, are particularly sensitive to irradiation. By preserving these niches, 

FLASH-RT enables better recovery of normal tissue than conventional radiotherapy. In the 

brain, it has been demonstrated that FLASH irradiation preserves neurogenic stem cells in the 

hippocampus246. These cells, responsible for neurogenesis, are crucial for the maintenance of 

cognitive function. In this study, an increase in proliferating cells (BrdU+), immature neurons 

(DCX+) and mature neurons (NeuN+) were observed in the hippocampus of mice irradiated 

with FLASH, compared with those treated with CONV-RT. This preservation could explain why 

cognitive functions are better preserved after FLASH irradiation, whereas they are often 

impaired with conventional radiotherapy246. Regarding the intestine, it has been shown that 

FLASH-RT preserves intestinal crypt stem cells better than conventional radiotherapy252. Crypt 

stem cells play a fundamental role in the regeneration of intestinal epithelium after irradiation. 

By preserving these cells, FLASH-RT enables better recovery of intestinal tissues, thereby 

reducing the severity of gastrointestinal syndromes that are often associated with irreversible 

damage during conventional radiotherapy. This increased protection of the crypts could explain 

the significant reduction in gastrointestinal toxicities observed in preclinical studies of total 

abdominal irradiation using FLASH. Recent work by Tristan Lim et al. has provided further 

insight into how FLASH offers a protective effect intestinal crypt cell. Indeed, they  

demonstrated that FLASH accelerated the differentiation of revival stem cells, a rare stem cell 

population crucial for intestinal regeneration after radiation damage. This differentiation was 

supported by increased macrophage infiltration producing TGF-β, an essential cytokine for 

revSC induction, and enhanced IFN-I signaling in pericryptal fibroblasts, which stimulated the 

production of FGF growth factors that promote revSC proliferation. In contrast, under SR, IFN-

I signaling had detrimental effects, promoting toxicity255. As for skin, studies have also 

demonstrated the protective effect of FLASH on cutaneous stem cell niches. In mouse models, 

FLASH-RT preserved Lgr6+ cutaneous stem cells, which are essential for the regeneration of 

the epidermis after irradiation258. This preservation of stem cells makes it possible to limit 

severe toxicities such as skin ulcerations, which are more frequent after high-dose 

conventional radiotherapy. In the lung, it has also demonstrated the preservation of 

regenerative potential in preclinical studies on mouse lung models. FLASH-RT enabled better 

preservation of lung dividing cells, which are essential for alveolar regeneration and tissue 

repair after irradiation. Comparing mice irradiated with FLASH and those irradiated with CONV-

RT, the results an enhanced division level after CONV-RT versus FLASH that could lead to an 
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exhaustion of cell division potential and impaired regenerative functions260. In conclusion, the 

preservation of stem cell niches by FLASH-RT could be a key mechanism in explaining the 

reduction in acute toxicity in several normal tissues, including the brain, intestine, skin and 

lungs. However, for now, it only offers a reasonable explanation for the preservation of normal 

tissue function in the short term.  It does not fully explain the long-term advantages, such as 

the sparing of neurocognitive abilities, which cannot be attributed solely to the preservation of 

hippocampal neurogenesis, reduction of lymphedema, or prevention of tissue fibrosis. The 

protection of stem cells alone cannot account for the comparable tumor-killing efficiency seen 

with FLASH-RT. While there has been much discussion in the literature about equating cancer 

stem cells to normal stem cells, their equivalence remains a contentious topic. Nevertheless, 

if cancer stem cells were also protected by FLASH-RT, this could raise concerns about the 

long-term clinical viability of this treatment approach. 

 

   While the protection of stem cell niches sheds light on tissue regeneration, another proposed 

mechanism involves the systemic effects of radiation. The fraction of blood volume irradiated 

during FLASH may influence inflammatory responses and further contribute to the reduced 

toxicity observed in healthy tissues. Investigating how the rapid delivery of FLASH minimizes 

systemic radiation effects is crucial to understanding its overall protective benefits. 

 

3.3.5 Impact of the fraction of total blood irradiated   

 

   The fraction of total blood volume irradiated during FLASH radiotherapy has become a 

significant area of interest when considering potential mechanisms underlying its normal 

tissue-sparing effects. Unlike CONV-RT, which irradiates a larger fraction of the body’s total 

blood volume over a prolonged period, FLASH-RT delivers radiation so rapidly that only a small 

portion of the blood circulating through the irradiated volume is exposed to radiation. This 

difference in blood irradiation has been hypothesized to play a role in the reduced normal 

tissue toxicity observed with FLASH. In CONV-RT, the total blood supply passing through the 

target area is exposed to radiation at a relatively low dose rate, leading to the irradiation of a 

larger fraction of the blood over the course of treatment. In contrast, FLASH-RT’s ultra-high 

dose rate results in the irradiation of only a small fraction of the total blood volume, but at a 

much higher dose per pulse. This rapid delivery may reduce the systemic effects of 

radiotherapy, such as inflammation and fibrosis, that are typically mediated by circulating blood 

components. Several studies have explored the possibility that irradiating a smaller fraction of 

blood volume in FLASH could reduce the generation of radiolytic species or prevent the 

production of paracrine signaling molecules that typically contribute to radiation-induced 
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toxicities. For example, cytokines and other inflammatory mediators circulating in the blood are 

known to play a critical role in driving radiation-induced damage in normal tissues281,282 .By 

reducing the volume of blood irradiated, FLASH-RT may limit the generation of these harmful 

signals, thus mitigating the inflammatory response typically observed in normal tissues 

following conventional radiotherapy. Moreover, the reduction in inflammatory and fibrotic 

factors seen in normal tissues exposed to FLASH-RT has been linked to lower levels of pro-

inflammatory cytokines (Figure 47A-B)241,258,283.This could be explained, in part, by the 

smaller fraction of irradiated blood and a subsequent decrease in the systemic inflammatory 

response. Ongoing research is investigating these mechanisms more formally through 

experiments designed to assess the role of circulating blood components in radiation-induced 

toxicities, as well as the impact of FLASH on the blood's ability to mediate these effects. 

 

 

 

Figure 47. Inflammatory Cytokine Response and TGF-β1 Expression Following FLASH-RT 

and CONV-RT. (A) Quantification of pro-inflammatory cytokines (IL-1β, TNFα, and KC/GRO) 

in the serum of mice post-irradiation with FLASH-RT, conventional radiotherapy (CONV-RT), 

and control (non-irradiated). The results show that FLASH-RT significantly reduces the levels 

of these cytokines compared to CONV-RT, indicating a lower systemic inflammatory response. 

(B) Immunofluorescence analysis of TGF-β1 expression in lung tissue sections from mice after 

no irradiation (NR), standard proton radiotherapy (S-PRT), and FLASH proton radiotherapy (F-

PRT). TGF-β1 expression, associated with fibrosis and tissue damage, is notably reduced in 

the FLASH-RT group compared to the S-PRT group, suggesting a protective effect of FLASH-

RT against fibrotic pathways.  

 

   Along with the fraction of blood irradiated, the integrity of the vascular system plays an 

essential role in maintaining tissue health post-irradiation. FLASH-RT’s ability to preserve 

vascular function and reduce damage to blood vessels may complement the systemic benefits 

associated with lower blood irradiation, contributing to the overall reduction in normal tissue 

toxicities. 
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3.3.6 FLASH-RT and Vascular Integrity 

 

   Most of the studies examining the impact of FLASH radiotherapy on the vascular system 

have primarily focused on normal brain tissue, demonstrating a consistent preservation of 

vascular morphology in both adult and juvenile animal models. These studies have also shown 

a significant reduction in inflammation compared to conventional radiotherapy248,284,285.The 

preserved vascular structure after FLASH irradiation was marked by reduced endothelial 

damage and maintenance of the blood-brain barrier integrity, as indicated by the lower 

expression of endothelial nitric oxide synthase (eNOS) and stable levels of tight junction 

proteins such as occludin and claudin-5. Because intratumoral vessels are primarily composed 

of stromal cells such as endothelial cells and pericytes, like normal tissue vasculature, these 

observations suggest that FLASH-RT might induce a similar response in tumor vessels. 

However, the specific effects of FLASH-RT on tumor vasculature are less studied and require 

further investigation to draw definitive conclusions. In preliminary investigations comparing 

high single doses of FLASH-RT versus CONV-RT from 10 to 25 Gy, acute and late time points 

(1 week and 1 month) were analyzed to determine vascular response. It was found that 

FLASH-RT led to a reduction in vascular dilation and decreased expression of endothelial NOS 

compared to CONV-RT. This suggests that the preservation of vascular function and reduced 

vascular damage could play a role in the differential tissue response between FLASH and 

conventional radiotherapy. Further studies are needed to elucidate whether these findings 

translate into a tangible therapeutic advantage for tumor vasculature, particularly in the context 

of preserving vascular function and reducing secondary damage to surrounding healthy 

tissues. Ultimately, understanding the role of the vascular system in mediating the FLASH 

effect is crucial, as the vasculature is a key component in radiation-induced damage and the 

subsequent repair processes. The potential to modulate the vascular response could 

significantly impact the therapeutic index of FLASH-RT, enhancing tumor control while 

preserving the function and integrity of normal tissue vasculature. 

 

   In addition to preserving vascular integrity, the immune response to radiotherapy is a critical 

factor in both normal tissue protection and tumor control. By examining how immune cell 

activation and infiltration are modulated by FLASH-RT, we gain a better understanding of its 

potential to maintain tumor control while sparing healthy tissues from the collateral damage 

typically caused by conventional radiotherapy. 

 

 

 



 

140 

3.3.7 Immune modulation in FLASH and Conventional Radiotherapy 

 

   The immune response, specifically the modulation of immune cell infiltration and activation, 

is proposed to play a key role in mediating radiation induced damages and tumor response. 

Studies have consistently demonstrated that both immunologically hot and cold tumors 

referring to those with or without significant CD8+ T cell infiltration could respond similarly to 

FLASH-RT and CONV-RT. For example, mouse oral carcinoma models (MOC1 and MOC2) 

showed no difference in tumor control between the two modalities, irrespective of their immune 

cell infiltration status269. This suggests that FLASH-RT maintains its antitumoral efficacy even 

in immunologically cold environments, where fewer immune cells are present to aid in tumor 

elimination. Further evidence comes from studies combining FLASH-RT with immune 

checkpoint inhibitors such as anti-PD1 therapy. In ID8 and UPK10 tumor models, both FLASH-

RT and CONV-RT induced comparable adaptive immune responses, specifically the infiltration 

of CD8+ T cells, which are critical for antitumor immunity266. Interestingly, FLASH-RT slightly 

altered monocyte infiltration and macrophage polarity, suggesting a subtle but potentially 

significant modulation of innate immunity. However, this effect does not seem to extend to 

major immunosuppressive pathways, as FLASH-RT does not induce TGFβ1, a potent 

immunosuppressive cytokine known to promote fibrosis and hinder immune responses241,259. 

Moreover, preliminary studies have indicated that the antitumor efficacy of FLASH-RT is 

independent of the host’s immune status. Tumors grafted into immunocompromised mice, 

such as nude or immuno-competent mice, responded similarly to FLASH-RT and CONV-RT, 

further suggesting that the immune response is not the primary determinant of the observed 

isoefficacy between the two modalities271. While the immune hypothesis remains a compelling 

explanation for the normal tissue sparing effects of FLASH-RT, evidence so far suggests that 

the immune response plays a relatively minor role in distinguishing between the effects of 

FLASH-RT and CONV-RT in tumors. This leads to the speculation that other factors, such as 

vascular and metabolic changes, might be more critical in mediating the differential effects 

observed between normal tissues and tumors under FLASH-RT. Further studies are necessary 

to elucidate these mechanisms, particularly focusing on the interactions between the immune 

system, tumor microenvironment, and vascular responses. 

 

   Although immune responses play a crucial role in radiation effects, other molecular 

processes, such as lipid peroxidation, may also contribute to the differential response between 

normal and tumor tissues. Lipid peroxidation is particularly relevant in tissues rich in 

polyunsaturated fatty acids, and FLASH-RT’s ability to minimize this oxidative damage could 

further explain its protective effects on normal tissues. 
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3.3.8 Differential Lipid Peroxidation in Normal and Tumor Cells Under FLASH-RT 

 

   Lipid peroxidation has been increasingly recognized as a potential factor in the differential 

response of normal tissues and tumors to FLASH versus conventional radiotherapy. Lipids, 

particularly polyunsaturated fatty acids in cell membranes, are sensitive to free radical 

damage, which propagates chain reactions and consumes oxygen. This process has been 

proposed as a key mechanism underlying the FLASH effect, particularly in lipid-rich tissues 

like the brain and endothelium44,275,286.These chain reactions, involving organic 

hydroperoxides, are believed to be reduced in FLASH-RT, potentially sparing normal tissues 

from excessive oxidative damage. Froidevaux et al. demonstrated that lipid peroxidation yields 

increase linearly with CONV-RT doses, while they were conspicuously absent following 

FLASH-RT287. Additionally, lipidomic analyses of rodent brains irradiated with FLASH-RT 

revealed that, unlike CONV-RT, FLASH did not increase levels of lipid adducts such as 2-

arachidonoylglycerol (2-AG) and palmitoylethanolamide (PEA), both of which are associated 

with neuroinflammation. A recent study by Portier et al. (2024) investigated the effects of 

FLASH and CONV irradiation on oxylipins, a class of bioactive lipid metabolites derived from 

omega-3 and omega-6 polyunsaturated fatty acids, in both normal and cancer cells. Using 

ultrahigh performance liquid chromatography coupled with tandem mass spectrometry (UPLC-

MS/MS), 37 oxylipins were quantified in mouse lung tissues and human cell lines post-

irradiation288. They found that in normal, normoxic cells, FLASH-RT resulted in a significant 

reduction in oxylipin levels compared to CONV-RT, with levels 20-50% lower at five minutes 

post-irradiation. This downregulation was specific to normal cells and was not observed in 

tumor cells, indicating a differential response between healthy and tumoral tissues. Notably, 

this reduction in oxylipins was transient, with near-complete recovery observed 24 hours post-

irradiation, followed by further remodeling in the weeks and months after treatment288. These 

findings align with previous research showing that FLASH-RT minimizes lipid peroxidation 

compared to CONV-RT. Taken together, these studies suggest that FLASH-RT spares normal 

tissues by minimizing lipid peroxidation, particularly in oxygen-dependent reactions. This could 

explain the preservation of tissue functionality observed in FLASH-irradiated animals and 

supports the idea that lipids are critical targets in the FLASH effect. The distinct lipid response 

in normal versus tumor cells may further contribute to the therapeutic advantage of FLASH-

RT in protecting healthy tissues while maintaining its efficacy in tumor control. Finally, the link 

between lipid peroxidation and mitochondrial metabolism highlights another critical aspect of 

the FLASH effect. Mitochondria, being key regulators of cellular energy and ROS production, 

may react differently to the ultra-high dose rates of FLASH compared to conventional 

irradiation, further influencing tissue preservation and tumor response. 



 

142 

 

3.3.9 Mitochondrial Metabolism and Reactive Oxygen Species after FLASH-RT 

 

   The role of mitochondrial metabolism in the FLASH effect has emerged as a novel area of 

investigation, given the significant impact of radiation on mitochondrial function and the 

production of ROS. Mitochondria, through oxidative phosphorylation, are responsible for most 

cellular ATP production. However, this process also generates superoxide radicals (O2−) as 

byproducts, which can lead to the formation of highly reactive molecules such as hydrogen 

peroxide (H2O2) and hydroxyl radicals (OH.), especially under the oxidative stress induced by 

irradiation289. The electron transport chain, particularly complexes I, II, and III, are sensitive to 

radiation, and any disruption in electron flow through the ETC can elevate ROS levels, causing 

oxidative damage and contributing to genomic instability (Figure 48). Recent studies have 

begun to elucidate how FLASH-RT may differentially affect mitochondrial metabolism 

compared to CONV-RT. In tumor models, such as Lewis lung carcinoma, FLASH-RT has been 

shown to produce significantly higher ROS levels than CONV-RT, particularly at higher doses 

like 15 Gy 270. This increase in ROS is thought to be associated with mitochondrial dysfunction 

and electron leakage from the ETC, specifically from complex II, which is involved in both the 

citric acid cycle and the ETC. Unlike in tumors, normal tissues may experience lower ROS 

yields following FLASH-RT due to a preservation of mitochondrial function, particularly in 

tissues like the brain, where mitochondrial complex I, II, and III activities were found to be more 

affected by FLASH than CONV irradiation286. One key hypothesis to explain this differential 

response involves reverse electron transport. Recent studies have proposed that the reverse 

electron flow process may be favored under the ultra-high dose rates of FLASH-RT, particularly 

in oxygen-depleted environments. In this scenario, FLASH-RT would minimize ROS 

production by reducing electron leakage and maintaining ATP production, albeit at lower levels 

than under normal conditions (Figure 48). This mechanism could explain the reduced 

oxidative damage and enhanced tissue preservation seen in normal tissues, while tumors, 

which have altered mitochondrial metabolism, may not benefit from the same protective 

effects.  

 

   Overall, the modulation of mitochondrial metabolism by FLASH-RT, particularly through 

mechanisms like reverse electron flow, presents an intriguing avenue for understanding how 

this radiation modality can selectively spare normal tissues while maintaining its antitumoral 

efficacy. Further research is needed to clarify how these processes operate in different tissues 

and tumor types.  
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Figure 48. Reverse Electron Flow and the FLASH Effect on Mitochondrial Function. In normal 

mitochondrial oxidative phosphorylation (OXPHOS), electrons are transferred through 

complexes I to IV in the electron transport chain (ETC), leading to high ATP production with 

minimal ROS leakage into the mitochondrial matrix and intermembrane space (Top). 

Conventional radiotherapy (CONV-RT) disrupts efficient electron transfer, causing reduced 

ATP production and elevated ROS levels, with oxygen acting as the primary electron acceptor 

(Middle). In contrast, FLASH-RT saturates cells with electrons, potentially promoting reverse 

electron flow, where fumarate serves as an alternative terminal electron acceptor from complex 

II. This results in reduced ATP production but also lowers ROS generation. Tissue hypoxia 

may further influence reverse electron flow, but its variation between normal tissues, tumors, 

and different FLASH modalities is yet to be fully understood. Figure from Limoli and Vozenin 

2023290. 
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   In summary, the emerging evidence suggests that multiple mechanisms may work together 

to explain the tissue-sparing effects of FLASH radiotherapy while maintaining its antitumor 

efficacy. The transient oxygen depletion hypothesis offers a plausible explanation for reduced 

normal tissue toxicity by limiting reactive oxygen species production, although it does not fully 

account for all observed protective effects. Similarly, the theory of increased free radical 

recombination and diffusion adds another layer to the understanding of how FLASH might 

reduce oxidative stress in healthy tissues, further differentiating it from conventional 

radiotherapy. In addition to these biochemical processes, the differential DNA damage 

response between normal and tumor tissues, alongside the preservation of critical stem cell 

niches, provides insight into why normal tissues recover more efficiently after FLASH 

irradiation. Moreover, systemic factors such as the fraction of total blood volume irradiated, 

and the preservation of vascular integrity likely play important roles in reducing inflammation 

and fibrosis following FLASH exposure. Immune modulation appears to be relatively 

independent of the FLASH effect, as tumor control remains robust across both immunologically 

hot and cold tumor environments.    However, the differential impact on lipid peroxidation and 

mitochondrial metabolism, particularly the ability of FLASH to minimize oxidative damage and 

maintain cellular energy homeostasis, highlights the complexity of these mechanisms and their 

interplay. In the end, further research is still necessary to fully elucidate the molecular and 

cellular processes at play and to explore how these mechanisms might be optimized to 

enhance therapeutic outcomes in clinical settings. The next section will address this crucial 

step, focusing on the challenges and advancements involved in transitioning FLASH from 

experimental research into clinical applications, and what this means for the future of 

radiotherapy. 
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3.4 Clinical translation of FLASH radiotherapy  

 

   The promising preclinical results of FLASH radiotherapy have generated widespread 

excitement within the radiation oncologist community due to its potential to drastically reduce 

normal tissue toxicity while preserving antitumoral efficacy. The observed "FLASH effect" has 

shown success across various organs in animal models, making it a revolutionary development 

in radiotherapy. However, the translation of these preclinical results into clinical practice is 

complex and full of challenges. Key obstacles include the need to develop a robust dosimetry 

technique for FLASH-RT quality control of dose deposits as well as identify the critical physical 

parameters governing FLASH's tissue-sparing capabilities. Furthermore, we will need accurate 

vitro models as well as large animals in vivo studies that can mimic the treatment conditions 

for patients and refine the clinical protocols for its safe and effective application. Clinical trials 

are currently underway to evaluate the feasibility of FLASH radiotherapy in cancer patients, 

but the road ahead requires robust research to establish its safety and therapeutic potential in 

a clinical setting.  

 

3.4.1 Available pre-clinical and clinical irradiator for FLASH radiotherapy  

 

   The development of specialized irradiators for FLASH radiotherapy has played a critical role 

in advancing both pre-clinical studies and potential clinical applications. Among the various 

technologies, low-energy electron accelerators were the first to demonstrate the FLASH 

effect241. Early studies used 4.5 MeV electron linear accelerators, which are technologically 

similar to those employed in conventional radiotherapy but adapted to deliver higher peak 

currents and radiofrequency power. These systems have since been optimized to deliver ultra-

high dose rate ranging from hundreds of Gy/s with dose-per-pulse values from 1 to 10 Gy, 

enabling the exploration of the FLASH effect in preclinical settings. More recent advancements 

include the development of systems capable of delivering dose rates between 50 and 500 Gy/s 

using commercially available linear accelerators, albeit with limitations like reduced treatment 

distance291–293. Notably, companies like Varian have created the FLEX extension, allowing non-

clinical research with a 16 MeV electron beam that can achieve dose rates of 200 Gy/s294. 

Intraoperative electron radiation therapy (IOeRT) equipment has also been adapted for 

FLASH, with systems like the Mobetron (IntraOP Medical Corporation), the ElectronFLASH 

Linac (Sordina IORT Technologies) and FlashKnife (PMB-Alcen), delivering up to 300 

Gy/s295,296. Despite the advancements in electron beam technology, there are inherent 

limitations with low-to-medium energy electrons (5–20 MeV), such as their limited tissue 

penetration depth of only a few centimeters. These characteristics restrict their use to 

superficial tumors. Very High Energy Electrons (VHEE), with energies ranging from 100 to 250 
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MeV, have emerged as a particularly promising tool to tackle this issue, offering several 

advantages over low-energy electrons. VHEE’s superior penetration depth and lateral 

precision make it well-suited for targeting deep-seated tumors, while being less affected by 

tissue heterogeneities297. In addition, VHEE’s potential to deliver high doses per fraction in very 

limited time through electromagnetic scanning of particle beams could significantly enhance 

tumor control while reducing treatment times in FLASH context. Studies using numerical 

simulations have demonstrated the feasibility of VHEE to treat various tumor locations, 

showing minimal lateral scattering, especially when utilizing magnetic field-based beam 

focusing techniques297. Early experimental work, such as those conducted at CERN’s CLEAR 

facility, has confirmed the ballistic advantages of VHEE in clinical contexts, making it an 

attractive candidate for further exploration in FLASH-RT applications298. Moreover, laser-

plasma interactions have demonstrated the potential to accelerate electrons to VHEE levels, 

providing a compact and cost-effective approach to VHEE generation, although challenges 

related to energy dispersion and pulse structure remain299.  

    

   In contrast, proton beams have emerged as a strong candidate for FLASH radiotherapy due 

to their ability to penetrate deeper tissues, making them suitable for the treatment of larger 

tumors or those located in complex anatomical sites. Isochronous cyclotrons, which are 

already capable of achieving FLASH dose rates, require minimal modifications to meet the 

ultra-high dose requirements300. Systems like the IBA Proteus One and facilities such as the 

Paul Scherrer Institute have been pivotal in conducting FLASH proton experiments, showing 

promising results in both tumor control and the sparing of normal tissues301. Proton systems 

are particularly advantageous due to their precision in targeting and minimizing radiation 

exposure to surrounding healthy tissues, positioning them as ideal candidates for clinical 

translation.  

 

   Photon-based FLASH systems, though less common, are also under active development. 

Traditional megavoltage (MV) X-ray machines are not inherently optimized for FLASH due to 

the inefficiency of electron-to-X-ray conversion, which results in significant energy loss through 

heat generation. Nonetheless, some experimental setups, such as synchrotron radiation 

facilities and novel X-ray machines with enhanced pulse repetition frequencies, have 

demonstrated the ability to go for ultra-high dose rates . For instance, the PHASER linear 

accelerator, developed by Stanford and SLAC, is designed to achieve average dose rates of 

50 Gy/s with MV X-ray beams using a novel scanning system of electron sources . Similarly, 

preclinical platforms like PARTER at the Chengdu THz Free Electron Laser facility have 

achieved quasi-continuous dose rates of over 50 Gy/s, further expanding the potential for 

FLASH-RT in both research and future clinical applications .In summary, advancements in 

preclinical and clinical irradiators for FLASH radiotherapy span electron, proton, and photon 



 

147 

technologies. Each modality presents unique advantages for investigating the FLASH effect 

and its potential clinical applications. While electron systems remain the most developed due 

to their accessibility, proton and photon beams offer significant promise for treating deep-

seated tumors. As this technology evolves, the challenge of accurate dose delivery and real-

time monitoring becomes increasingly critical, which leads us to the next key aspect of FLASH 

radiotherapy: dosimetry.  

 

3.4.2 Dosimetry of FLASH radiation therapy  

 

   Dosimetry for FLASH radiotherapy presents unique challenges due to the ultra-high dose 

rates required to achieve the FLASH effect, as well as the need for instantaneous dose 

measurements during patient treatments for quality control. The primary challenge arises from 

the high dose-rate, which introduces complexities in accurately reading and verifying the 

delivered dose. Traditional dosimeters, such as ionization chambers, solid-state detectors, and 

chemical dosimeters, often face issues like saturation or non-linearity when exposed to FLASH 

dose rates, due to charge recombination effects at high dose-per-pulse. Small volume 

ionization chambers, like the Advanced Markus Chamber, have been adapted for use in 

FLASH dosimetry, at the cost of important correction factors to account for ion 

recombination302. A key consideration for effective use in FLASH radiotherapy is dose-rate 

independence of the detector. Luminescent detectors, such as scintillation and Cherenkov 

radiation-based systems, have emerged as promising tools due to their ability to provide high 

spatial and temporal resolution while maintaining dose-rate independence303. Scintillators, 

both organic and inorganic, offer nanosecond-level temporal resolution, which is crucial for 

real-time dose monitoring in FLASH setups. Systems that use Cherenkov radiation have 

demonstrated great potential for online dose monitoring, as they produce optical photons 

instantaneously upon interaction with electrons303. EPR-based alanine dosimeters have 

demonstrated remarkable stability across varying dose rates303, but they imply a complex 

readout apparatus, and a response delay a few days. The recent UHDpulse European project 

(Metrology for advanced radiotherapy using pulsed particle beams with ultra-high dose rates) 

has led to the development of innovative, dose-rate-independent dosimeters, such as ultra-

thin ion chamber304, silicon detectors305 and diamond semiconductors 306. Another challenge is 

the accuracy of dose distribution measurements, especially in small field dosimetry, where 

precise spatial resolution is required. Detectors such as Gafchromic films have shown 

excellent dose-rate independence, even at the extreme dose rates of FLASH303. However, they 

are typically used for offline measurements few hours to days after radiation. To overcome this 

limitation, systems employing scintillating screens coupled with high-resolution cameras have 

been developed to allow real-time imaging of dose distribution. These systems can provide 
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near-instantaneous feedback on beam parameters, allowing for precise control over dose 

delivery during FLASH treatments303. Current research focuses on developing cost-effective 

detector arrays capable of enabling that would enable precise, real-time, dose measure over 

two-dimensional profiles. These developments underscore the need for continuous innovation 

in dosimetry techniques to ensure precise and reliable measurements in FLASH radiotherapy. 

In conclusion, the rapid development of dosimetric tools tailored for FLASH radiotherapy has 

significantly advanced our ability to measure and verify doses at ultra-high rates. Despite this 

progress, further refinement of detectors, particularly those capable of real-time dose 

verification, remains crucial to the clinical translation of FLASH treatments303. 

3.4.3 Critical irradiation parameters for the FLASH sparing effect  

 

    In FLASH radiotherapy, the structure and timing of radiation delivery are critical to achieving 

the protective normal tissue sparing effect while maintaining the efficacy of tumor control. 

Clinical electron linear accelerators use pulsed radiation, where the dose is administered in 

short bursts lasting microseconds and delivered at hundreds of Herz (Pulse Repetition 

Frequency or PRF) (Figure 49A). Electron-based FLASH relies on a similar scheme but uses 

a very high dose-per-pulse and a limited number of pulses (typically 1 – 5), allowing the total 

dose to be administered in a matter of milliseconds. This rapid delivery is crucial for inducing 

the FLASH sparing effect. Proton-based FLASH, on the other hand, presents some differences 

in its temporal structure due to the physical nature of proton accelerators. In isochronous 

cyclotrons, the proton beam is quasi-continuous, with a pulse repetition frequency of about 10 

MHz and nanosecond pulse durations. Current clinical cyclotrons can generally increase the 

dose rate over 40 Gy/s with minor improvements. However, the total irradiation time for proton-

based FLASH is typically constrained by the process of energy-layer shifting, which is used to 

spread out the Bragg peak, and can extend the treatment time up to 1000 milliseconds. A key 

factor in both electron and proton-based FLASH is the intra-pulse dose rate. For the FLASH 

effect to occur, the radiation must be delivered with an ultra-high dose rate per pulse. In 

electron systems, each pulse carries several Grays of radiation, and the accumulation of these 

doses over a very short time is what creates the protective tissue-sparing response. In proton 

systems, while the dose per pulse may be lower, the near-continuous beam can still achieve 

the high overall dose rates needed for FLASH, provided that the irradiation is completed within 

a short time frame. The dose required to trigger the FLASH effect plays a crucial role in its 

clinical application. The FLASH effect, in preclinical settings, is generally observed at high 

doses exciding 10 Gy in acute and long-term toxic studies conducted in vivo. Nevertheless, 

this may be more related to the dose required to induce visible toxicities in comparative studies 

between conventional and FLASH-RT.  
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   The mean dose rate is one of the most critical parameters in determining the effectiveness 

of FLASH radiotherapy. Mean dose-rate could be adjusted by changing the dose repetition 

frequency between pulses or by delivering the dose in less pulses. Research now suggests 

that a minimal dose rate of 100 Gy/s is required to observe an optimal FLASH sparing effect 

as it has been shown in the brain by Montay gruel et al247 (Figure 49B). Various studies 

suggest that this may be organ or endpoint specific, but most agree that the FLASH effect is 

maintained above 100 Gy/s. Additionally, for a given dose, achieving a dose rate of 100 Gy/s 

corresponds to a specific maximum irradiation duration. According to Montay gruel et al247, the 

most optimal total time for a 10-Gy irradiation appears to be below 100 ms. . However, if 

irradiations were conducted at a different dose, it remains unresolved whether the dose rate 

or the irradiation duration would be the determining factor. 

   

   In the context of pulsed electron irradiation, another important parameter may be the dose 

per pulse, or the number of pulses required to obtain a FLASH effect. For patients, for better 

quality control, it would be best to maintain the FLASH effect with a greater number of pulses, 

as irradiation with a single pulse remains too uncertain for patient safety. However, most 

studies have used single fractions of more than 10 Gy to characterize the effect in vivo. Thus, 

is it necessary to reduce the number of pulses to obtain a FLASH effect, and is this as important 

as the mean dose rate? Recent studies in the intestine by Ruan et al. suggest that the 

protective effect on the preservation of intestinal crypts is optimal when the dose of 11.2 Gy is 

delivered in a single pulse (Figure 49C)254. Further studies are therefore needed to really 

understand how the number of pulses or doses per pulse can influence the presence of the 

protective effect. 

 

   Concerning irradiation volume, the FLASH sparing effect was assessed using a mini-pig 

model. Two different irradiation field sizes of 3.5 × 4.5 cm and 8 × 8 cm were tested in a volume 

escalation study under FLASH irradiation conditions. The study showed that the FLASH 

sparing effect is influenced by the size of the irradiated area, with the larger field size (8 × 8 

cm) leading to more significant late skin toxicity compared to the smaller field (3.5 × 4.5 cm)307. 

In the smaller irradiation field, late skin lesions evolved progressively, from erythema and 

ulceration to permanent hyperkeratosis and skin contracture at 6 to 8 months post-irradiation. 

However, for the larger field size, severe reactions such as telangiectasia occurred as early as 

5 months, with full epithelial ulceration by 6 months and necrotic scabs developing by 7 to 9 

months307. Although the lesions eventually healed by 11 months through wound contraction 

and reepithelialization, the larger irradiation volume induced more severe and persistent 
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damage.The findings suggest that the FLASH effect, which typically involves sparing of normal 

tissue, is more pronounced when irradiated volumes are smaller. These insights provide 

valuable information for refining FLASH radiotherapy protocols, especially when considering 

its application in clinical settings where larger treatment areas are often required for tumors. 

 

   The question of whether the FLASH effect is maintained under fractionated dosing regimens 

is critical for its application in clinical radiotherapy. While most early studies on FLASH 

radiotherapy focused on delivering a high dose in a single fraction, recent research has begun 

to explore whether not delivering the total dose over multiple sessions can still preserve its 

normal tissue-sparing effects. A recent study provided strong evidence that fractionation does 

not diminish the FLASH effect. In this study, 10 fractions of 3 Gy (30 Gy total) were delivered 

either with conventional radiotherapy or with FLASH RT to assess the impact on long-term 

potentiation (LTP), a measure of synaptic transmission in the brain (Figure 49D)308. 

Remarkably, the results from the 10x3 Gy FLASH regimen were identical to those from 

unirradiated controls, with both groups maintaining normal LTP function (Figure 49D)308. This 

finding suggests that FLASH RT can be fractionated without losing its protective effect on 

normal tissues, particularly in the context of cognitive function. The ability to maintain the 

FLASH effect with fractionated doses has significant implications for clinical practice as 

fractionation is a common strategy in conventional radiotherapy to balance efficacy and 

minimize toxicity. If the FLASH effect is preserved across multiple fractions, it opens the door 

for FLASH RT to be used more broadly in clinical settings, where delivering a single high dose 

may not always be feasible or desirable. Moreover, fractionation allows for greater flexibility in 

treatment planning, enabling clinicians to adapt the therapy to the specific needs of individual 

patients, such as those with large or complex tumors that may benefit from multiple treatment 

sessions. Maintaining the FLASH effect in a fractionated regimen provides an important tool 

for clinicians to reduce long-term side effects while still achieving the desired tumor control. 

 

   As more cancer patients are surviving their first treatments, an increasing number are 

requiring re-irradiation due to the occurrence of secondary cancers or recurrences. This 

presents a significant challenge in radiotherapy, as previously irradiated tissues are more 

susceptible to damage, leading to higher risks of long-term toxicities such as fibrosis, necrosis, 

and lymphedema. The potential for FLASH RT to minimize these risks during re-irradiation is 

an area of intense interest. A recent study explored the use of FLASH proton RT (F-PRT) in 

the re-irradiation setting, specifically comparing its effects with standard proton RT (S-PRT)309. 

The researchers investigated chronic toxicities in the intestine, skin, and bone using three 

murine models. In the intestine model, mice received an initial dose of 12 Gy S-PRT followed 
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by a second dose of either 12 Gy F-PRT or S-PRT. The study demonstrated that re-irradiation 

with F-PRT significantly reduced intestinal fibrosis and collagen deposition compared to S-

PRT, leading to improved survival rates. These findings suggest that FLASH's tissue-sparing 

effects extend even to previously irradiated tissues, potentially offering a safer re-irradiation 

option for patients. In a separate experiment targeting skin and bone tissues, mice were first 

irradiated with 15 Gy S-PRT and then received hypofractionated re-irradiation (3 x 11 Gy) with 

either F-PRT or S-PRT. The results were similarly promising as F-PRT reduced the severity of 

skin toxicities such as dermatitis, which resolved completely post-treatment, while re-irradiation 

with S-PRT led to persistent and severe skin damage. Moreover, re-irradiation with F-PRT also 

significantly decreased the incidence of tibial fractures, with only 20% of mice developing 

fractures compared to 83.3% of those re-irradiated with S-PRT. These findings suggest that 

FLASH RT could offer a substantial advantage in the re-irradiation setting by reducing the risk 

of long-term complications in previously irradiated tissues. As re-irradiation becomes more 

common in cancer treatment protocols, the ability of FLASH RT to preserve normal tissue while 

maintaining tumor control could make it a highly valuable tool.  

 

   The transition of FLASH radiotherapy into clinical practice requires a deep understanding of 

the optimal parameters that govern the FLASH effect. Key parameters such as the temporal 

structure, dose per pulse, mean dose rate, and the number of pulses must be finely tuned to 

achieve the protective tissue-sparing effects without compromising tumor control. To fully 

transition FLASH RT into clinical practice, it is essential to conduct extensive studies on optimal 

parameters using a consistent and suitable model system. Although in vitro models would 

ideally be used to answer these questions due to their controlled environment and high-

throughput capabilities, they present significant challenges when modeling the FLASH effect.  
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Figure 49. Optimal Irradiation Parameters in FLASH Radiotherapy (A) Schematic 

representation of the various parameters involved in pulsed electron FLASH radiotherapy. (B) 

Study on the impact of different mean dose rates on tissue sparing effects in the brain. (C) 

Analysis of the effect of pulse number on tissue sparing during FLASH irradiation. Increasing 

the number of pulses significantly reduces the sparing effect. (D) Early results from a study 

using a fractionated FLASH regimen (3 x 10 Gy), showing that the FLASH effect is maintained 

across fractionation.  
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3.4.4 In vitro modelling of the FLASH sparing effect for clinical translation  

 

  One of the foremost challenges in transitioning FLASH radiotherapy to clinical practice is the 

difficulty of modeling its effects accurately in vitro, which would be necessary to study the 

response in the context of patients or decipher the optimal parameters for FLASH radiation 

therapy. Conventional in vitro models, such as 2D cell cultures, fail to replicate the complexity 

of in vivo tissue structures, including the oxygen gradients, vascularization, and 

microenvironmental conditions that significantly influence the radiobiological response. As an 

example, it has been shown that clonogenic tests cannot distinguish between the two 

modalities at low doses310, most results were inconsistent using this classical model for 

radiobiology. Reasons could be multiple as the strong influence of tissue oxygenation and ROS 

production for the FLASH sparing effect, both of which are difficult to simulate in standard in 

vitro conditions44,247. Traditional 2D cultures are homogeneously oxygenated, whereas in vivo 

tissues exhibit a range of oxygen tensions, creating a significant limitation in replicating the 

protective effects of FLASH in an in vitro setting275. More advanced models, such as 3D 

organoids and microfluidic systems, have been developed to better mimic the architecture and 

microenvironment of tissues. These models are more capable of simulating the spatial 

distribution of oxygen and nutrients, offering a closer approximation to the physiological 

conditions seen in living organisms. Despite these advancements, there remains a lack of 

standardization in experimental setups, which complicates the replication and comparison of 

FLASH studies across different laboratories. This variability has led to inconsistent results in 

some preclinical studies, underscoring the need for a standardized approach to in vitro FLASH 

research286. The FLASH effect is a biological phenomenon primarily demonstrated in vivo, and 

validating a FLASH beam requires a precise combination of selected physical parameters and 

comprehensive biological testing. It has been postulated that in vitro experiments cannot 

replace in vivo validation as recent research indicates that radioprotection in vitro cannot be 

observed under atmospheric oxygen conditions (21%) for doses below 20 Gy. This is why 

alternative in vivo models have been used for radiobiological studies such as the zebrafish. As 

a vertebrate species, it shares considerable genetic similarity with humans. Zebrafish embryos 

are transparent, enabling real-time imaging and easy monitoring of radiation effects, such as 

tissue sparing. The model allows for high-throughput screening and controlled environmental 

conditions. Their use in studies like those involving proton irradiation continues to provide 

valuable insights into the optimization of FLASH RT for clinical applications311. These models 

are cost-effective, scalable, and enable dose-response analyses, making zebrafish a 

promising platform for preclinical FLASH research. Thus, to help the transition of FLASH to 

clinical practice and to better understand its underlying mechanisms, new and more complex 

models recapitulating the architecture of the tissue will need to be needed.  
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3.4.5 Large mammals’ preclinical studies  

 

   The feasibility of FLASH radiotherapy for larger irradiation volumes has been investigated 

through a series of preclinical studies involving large mammals, such as mini pigs, cats, and 

dogs. These studies are essential for verifying the applicability of FLASH RT in clinical settings, 

given that larger animals with spontaneous tumors more closely mimic the complexity of 

human cancer treatments. The first set of studies was conducted on mini pigs and cats. These 

early trials aimed to evaluate the tolerability and therapeutic potential of single high-dose 

FLASH-RT in larger animal models. In mini pigs, doses ranging from 22 to 34 Gy were 

delivered using 4.5 MeV electron beams. Furthermore, a clinical, phase I, single-dose 

escalation trial (25-41 Gy) was performed in 6 cat patients with locally advanced T2/T3N0M0 

squamous cell carcinoma of the nasal planum to determine the maximal tolerated dose and 

progression-free survival (PFS) of single-dose FLASH-RT312. Using, respectively, depilation 

and fibronecrosis as acute and late endpoints, a protective effect of FLASH-RT was observed 

(≥20% dose-equivalent difference vs. Conv-RT)312. Three cats experienced no acute toxicity, 

whereas 3 exhibited moderate/mild transient mucositis, and all cats had depilation. With a 

median follow-up of 13.5 months, the PFS at 16 months was 84% (Figure 50A)312. These 

early results highlighted the potential for FLASH RT to safely treat larger tumors in more 

complex anatomical settings312. Following these promising initial results, studies were 

expanded to dogs with both superficial tumors and microscopic residual disease313. Ten canine 

cancer patients were included in this initial study including seven patients with nine solid 

superficial tumors and three patients with microscopic disease313. The administered dose 

ranged from 15 to 35 Gy. Treatments were found to be feasible, with partial response, complete 

response or stable disease recorded in 11/13 irradiated tumors313 (Figure 50B). Adverse 

events observed at follow-up ranging from 3-6 months were mild and consisted of local 

alopecia, leukotricia, dry desquamation, mild erythema or swelling313. One patient receiving a 

35 Gy dose to the nasal planum, had a grade 3 adverse skin event313 (Figure 50B). The 

experience from this initial study was then used as a basis for a veterinary phase I/II clinical 

trial with more specific patient inclusion selection. A separate study on dogs with oral tumors 

revealed more significant challenges314. Oral tumors present risks due to the sensitivity of the 

tissues and the involvement of bone in the treatment field. In this study, dogs received single 

fractions of ≥30 Gy FLASH-RT were subsequently followed for 12 months314. Eleven dogs were 

enrolled in this prospective study. High grade adverse effects were common, especially if bone 

was included in the treatment field. Four out of six dogs, who had bone in their treatment field 

and lived at least 5 months after RT, developed osteoradionecrosis at 3-12 months post 

treatment314 (Figure 50C). The treatment was overall effective with 8/11 complete clinical 
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responses and 3/11 partial responses314. The study concluded that while single-fraction 

FLASH RT can be effective, the risk of osteoradionecrosis necessitates careful consideration 

of dose distribution and beam conformity when treating tumors near bone. Subsequently, 

another pre-clinical trial in cat patients confirmed the previous results concerning the 

importance of a robust clinical trial design for FLASH radiotherapy. Indeed, cats with T1-T2, 

N0 carcinomas of the nasal planum were randomly assigned to two arms of electron irradiation: 

arm 1 was the standard of care and used 10 × 4.8 Gy and arm 2 used 1 × 30 Gy FLASH307. In 

that case, the trial was prematurely interrupted due to maxillary bone necrosis, which occurred 

9 to 15 months after radiotherapy in 3 of 7 cats treated with FLASH-radiotherapy (43%), as 

compared with 0 of 9 cats treated with conventionnal standard of care307 (Figure 50D). All 

cats were tumor-free at 1 year in both arms, with one cat progressing later in each arm307. The 

reported outcomes point to the caveats of translating single-high-dose FLASH-radiotherapy 

and emphasize the need for caution and further investigations before human clinical trials.   

 

    In conclusion, preclinical studies on large mammals such as mini pigs, cats, and dogs have 

provided valuable insights into the feasibility and safety of FLASH RT for treating larger tumors. 

These studies underscore the importance of careful dose planning and suggest that FLASH 

should be also fractionated to mitigate the risks of severe late toxicities, particularly when 

treating tumors in sensitive areas. The findings from these large animal models are critical for 

designing human clinical trials, guiding the development of optimized FLASH RT protocols that 

balance tumor control with minimal normal tissue toxicity. 

 

 

 

 

 

 

 

Figure 50. Large Mammal Studies of FLASH Radiotherapy. 
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3.4.6 Ongoing clinical trials  

 

   The transition of FLASH radiotherapy from preclinical studies to clinical applications is 

currently underway, with several pivotal trials aiming to assess its feasibility, safety, and 

efficacy. Below is a summary of the most notable ongoing and completed clinical trials involving 

FLASH RT. In 2018, a groundbreaking first-in-human treatment was conducted at Lausanne 

University Hospital (CHUV)315. This pioneering study involved treating a patient with refractory 

skin lymphoma using electron-based FLASH RT. The treatment, which delivered radiation in 

milliseconds rather than minutes, was a world-first, showing that FLASH therapy could be 

safely administered to humans (Figure 51A). This trial laid the foundation for further clinical 

exploration of FLASH-RT's potential, demonstrating the feasibility of ultra-high dose rate 

delivery. Few years later, the FAST-01 trial, conducted at the Cincinnati Children’s/University 

of Cincinnati Proton Therapy Center, marked the first-in-human study of proton-based FLASH 

RT. This trial, completed in 2022, focused on patients with painful extremity bone metastases 

(Figure 51B)316. The primary goal was to assess the feasibility of delivering FLASH RT using 

protons at ultra-high dose rates. The study demonstrated that FLASH RT was not only feasible 

but also reduced pain without increasing side effects316. Data from the FAST-01 trial has 

supported the development of additional clinical protocols and were considered a breakthrough 

in radiation oncology with FLASH-RT. Following the success of FAST-01, the FAST-02 trial 

was launched to further explore FLASH RT's capabilities. This trial focuses on treating bone 

metastases in the thorax and is designed to assess both the safety and efficacy of FLASH RT 

in a broader patient population317. The goal is to evaluate pain relief and treatment-related side 

effects, particularly in the context of palliative care. FAST-02 is expected to build on the 

foundational knowledge gained from FAST-01 and further establish the clinical viability of 

FLASH-RT. In summary, the preliminary results from these clinical trials are highly 

encouraging, providing a strong basis for the continued development of FLASH RT. However, 

for now, none of these studies have been designed to assess the presence of a FLASH sparing 

effect in patients.  

 

 

Figure 51. Ongoing clinical trials for FLASH-RT. 
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II- HYPOTHESIS AND MAIN OBJECTIVES  

   FLASH radiotherapy, characterized by ultra-high dose rates delivered in a fraction of a 

second, has shown great promise for improving the therapeutic index of radiotherapy. 

However, despite the growing interest in this novel treatment modality, there remain significant 

gaps in our understanding of its molecular mechanisms and its transition into clinical practice. 

Specifically, we lack a comprehensive understanding of how FLASH spare healthy tissue, 

particularly in the lung, and how the optimal irradiation parameters can be tuned to 

maximize its therapeutic effects while minimizing collateral damage. Furthermore, even 

if phase I clinical trials are ongoing, for now, there is no evidence of a FLASH sparing effect 

in patients which could greatly support its clinical transition.   

 

   Our laboratory’s expertise in FLASH-RT, particularly in its pulmonary context241,260, along 

with access to a preclinical FLASH electron irradiator318 and expertise in ScRNA-seq for 

molecular analyses260, positions us well to address these gaps. Furthermore, our knowledge 

of the mechanisms underlying radiation-induced lung injury (RILI) after conventional radiation 

provides a solid foundation for investigating how FLASH may offer a protective effect for lung 

tissue200. 

 

   Thus, we propose to use a pulmonary ex vivo model to study the response of healthy lung 

tissue to FLASH radiotherapy, specifically focusing on the molecular and cellular changes that 

occur in response to this novel treatment compared to a conventional beam. By using a model 

that accurately replicates lung architecture and its microenvironment, we can effectively 

examine the mechanisms of the FLASH sparing effect, which is inherently an in vivo effect. My 

thesis is divided into two main objectives :  

 

1) To support the clinical transition of FLASH, we need to develop simple yet relevant 

lung models to demonstrate FLASH's protective effects. In this context, our first 

objective is to determine the optimal irradiation parameters for achieving the 

FLASH sparing effect. We aim to study these parameters in an ex vivo lung model 

and verify the presence of a FLASH effect in human tissue. This data is currently 

lacking and is crucial for the clinical transition of FLASH. For this, we have chosen to 

adapt PCLS as they recapitulate the lung’s architecture and microenvironment, 

which is essential for understanding the underlying mechanisms of FLASH. 
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2) In a second part, we aim to perform in-depth molecular analyses to study the acute 

and late response of lung tissue to FLASH versus conventional radiotherapy. 

Then, we will focus on specific cell populations known to be spared by FLASH 

radiotherapy, such as cycling cells in the lung. This will allow us to explore the 

molecular mechanisms behind FLASH's potential to reduce normal tissue damage, 

providing valuable insights into how FLASH could be leveraged for safer and more 

effective radiotherapy in clinical settings. 

 

 

This work will primarily focus on understanding the response of healthy lung tissue to these 

two radiation modalities, providing crucial data for the clinical implementation of FLASH 

radiotherapy. 
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III- PART 1 – DEVELOPMENT OF AN EX VIVO MODEL FOR FLASH STUDIES 

1. MODELING THE FLASH EFFECT EX VIVO 

 

1.1 Introduction 

 

 

   In this first part of my thesis results, our objective was to successfully model the FLASH 

sparing effect using a relevant ex vivo model. The FLASH effect has been extensively 

demonstrated in vivo, but it seems very challenging to model it using functional classical tests 

such as the clonogenic survival assay. We chose to adapt the PCLS model for short-term 

radiotoxicity studies in the pulmonary context. Indeed, PCLS recapitulates architecture, 

structure and cellular microenvironment of the lung, parameters that appear to be major 

for modelling the FLASH sparing effect in healthy tissue224. Thus, in this first study, we present 

our protocol and characterization of the response of PCLS to conventional or FLASH-RT short 

term post-treatment. 

 

 

   In addition to what has been described in this article, numerous endpoints were tested using 

the PCLS model, including different methods to study viability, apoptosis, or DNA damage. For 

each endpoint, our objective was initially to detect the relationship between the dose and 

the tested endpoint, but most of the time, the thickness of the organotypic slice made this 

type of analysis irrelevant without very time-consuming optimization. 

 

   Surprisingly, this model allowed us to demonstrate a FLASH protective effect on cycling 

pulmonary populations in the short-term post-treatment, which was not the case using the 

viability assay we developed. We then validated this effect in vivo, further confirming the 

relevance of this model in studying the FLASH protective effect concerning the development 

of acute post-treatment toxicities in the lung. In addition, we also explored, as proof of concept, 

the feasibility of studying the combination of radiotherapy and chemotherapy treatments 

in the PCLS model, aiming to demonstrate its potential for broader applications in studying 

radiation-induced toxicities. 
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1.2 Material and method/Results – Article 1 
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1.3 Conclusion 

 

    In conclusion of the first part of the results, we adapted the PCLS model to investigate 

acute lung toxicities using simple and rapid endpoints such viability and cell division. 

Notably, the analysis of cell division within the slices 24 hours post-treatment allowed us to 

identify a FLASH sparing effect in this population of interest. Following this, we utilized this 

model to conduct proof-of-concept experiments exploring its application in combination 

therapies with chemotherapy and radioprotectors (AsiDNA, CAPE, see Annex 1). Lastly, we 

demonstrated the feasibility of obtaining PCLS from lungs with orthotopic lung tumors, 

positioning it as an interesting and valuable model for future studies (see Annex 1). 
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2. OPTIMAL PARAMETERS FOR FLASH-RT IN THE LUNG 

 

2.1 Introduction  

    

 After establishing a relevant ex vivo model that demonstrates a protective effect of 

FLASH irradiation on cycling cells in the lung 24 hours after treatment, we sought to 

apply this model to another major concern regarding the FLASH field which is FLASH irradi-

ation parameters. 

 

    Indeed, by definition, the FLASH effect depends on irradiation parameters that allow for 

dose rates exceeding 100 Gy/s. However, during pulsed electron irradiation, several physical 

parameters can be adjusted to meet the FLASH definition, including the average dose rate, 

total irradiation time, and the temporal structure of the irradiation, which can be modified by 

adjusting the number of pulses and the dose per pulse. As described in the introduction of this 

manuscript, although it seems that the average dose rate is one of the key parameters needed 

to achieve the FLASH protective effect in healthy tissue247, other studies have shown the im-

portance of the number of pulses during electron beam irradiation254. These studies have often 

been conducted on different organs, using varying irradiators, and with different endpoints.  

 

   Therefore, since we have demonstrated a robust and relevant protective effect ex vivo at 9 

Gy in the PCLS model, we wanted to use our ElectronFLASH irradiator to investigate the 

optimal parameters for FLASH irradiation in the lung. Our irradiator allows us to adjust 

several parameters, such as repetition frequency (Hz), the number of pulses, and the dose per 

pulse. Thus, in the following sections of this manuscript, we will use the PCLS model to define 

the optimal parameters required to achieve the optimal FLASH protective effect. Some 

in vivo validations are still ongoing, and the manuscript will be submitted once they are com-

pleted, using the development of radiation-induced fibrosis as a late endpoint.    

 

   In addition to the optimal physical parameters identified for FLASH irradiation using PCLS, 

other conditions such as oxygen concentration have been described as important to rep-

licate the FLASH sparing effect. Indeed, healthy lung tissue, under physioxia, exhibit 5% O2 

on average. Our pioneering experiments using the PCLS model were performed at 20% O2 in 

culture, so we also wanted to determine the impact of this parameter on the presence of the 

FLASH effect. Specifically, we aimed to investigate the presence of a FLASH effect on cycling 

cells 24 hours post-irradiation in PCLS under hypoxic conditions. 
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   Several studies have now shown that fractionation protocol maintains the FLASH sparing 

effect in healthy tissue. Fractionation is complex to implement for the PCLS model due to the 

viability related constraints of the model. However, another major issue that must be consid-

ered regarding the application of FLASH in the clinic is re-irradiation. Indeed, more and more 

patients are being treated for primary cancer, but they sometimes develop new tumors in the 

same organ or a nearby organ. In this context, these patients, who have already received a 

first dose of radiation, are more sensitive and sometimes experience secondary effects and 

toxicities. Thus, in the context of lung tissue that has already been treated with conven-

tional radiotherapy, we wondered whether we could still observe a protective FLASH 

effect. To investigate this, a study combining ex vivo and in vivo analysis was conducted. The 

materials and methods, as well as the results obtained, will be described in this next section 

of additional results. 

 

   Finally, another innovative work regarding the validation of a VHEE laser plasma beam ex-

perimental setup has been carried out in collaboration between our team at Institut Curie and 

the Laboratoire d’optique appliquée (LOA). To preclinically validate this beam, dose escalation 

response experiments were performed on PCLS. In addition, first thoracic irradiation using this 

VHEE beam were carried out, with the aim of studying the development of radiation-induced 

fibrosis. This work is an integral part of another student’s thesis and will also be submitted for 

publication soon. As VHEE could be one of promising applications for FLASH dose rate in 

clinics, this work, including PCLS, is highly relevant for future development in the FLASH field 

demonstrating once again the potential of the PCLS model for preclinical beam validation.  

 

2.2 Material and methods  

 

PCLS Preparation: Adult female C57BL/6J mice aged 6 to 10 weeks were anesthetized by 

intraperitoneal injection of ketamine/xylazine. Blood was then flushed through intracardiac in-

jection of phosphate-buffered saline (PBS) and the trachea was exposed to inject 2 mL of 2.5% 

low-melting agarose (A9414-50G, Sigma-Aldrich, Saint-Louis, MI, USA) diluted in organotypic 

lung slices medium DMEM F12 (31331-028, Thermo Fisher Scientific, Waltham, MA, USA) 

supplemented with 1% SVF (CVFSVF00-0U, Thermo Fisher Scientific, Waltham, MA, USA), 

1% penicillin/streptomycin (CABPES01-0U, Thermo Fisher Scientific, Waltham, MA, USA), 1% 

non-94 essential amino acids (11140035, Thermo Fisher Scientific, Waltham, MA, USA) and 

1% L-glutamine (25030-024, Thermo Fisher Scientific, Waltham, MA, USA). Once the agarose 

was solidified, lungs were removed from the chest cavity, and 8 mm punches were made from 

each lobe individually. Tissue punches were embedded in 5% agarose, and 300 µm slices 
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were made with a Vibratome (Leica VT1000S, Nanterre, France) as previously described (Ar-

ticle 1). The whole procedure lasted less than 2 h. Around 50 slices were obtained from a lung 

and placed into a 24-well plate containing each 500 µL of organotypic lung slice medium and 

cultured at 37 °C in 5% CO2 for up to 72 h. 

 

Mouse PCLS culture in Hypoxia :Culture medium for PCLS was equilibrated to a hypoxic oxy-

gen concentration (2% O2) or physioxic (5% O2) in a hypoxia chamber (HypoxyLab, Oxford 

Optronix) the day before PCLS preparation. Subsequently, after obtaining the slices, they were 

transferred to the hypoxia chamber. Irradiation was performed in a sealed bag to maintain the 

oxygen concentration, and EdU incubation was conducted within the chamber. Finally, for each 

experiment, a subset of slices was cultured with the Image-iT™ Green Hypoxia probe (Ther-

moFisher) for 1 hour to estimate the oxygen concentration within the slices. 

 

PCLS irradiation: PCLS were obtained from the same biological sample and randomly as-

signed to different groups for the different doses of radiation in each experiment. We used the 

electron linear accelerator (linac) ElectronFLASH (SIT S.p.A., R&D Dept., Roma, Italy) availa-

ble at Institut Curie. Lung slices were irradiated in culture plates with a vertical 7-MeV beam at 

a source distance of 1.1 m, allowing a dose homogeneity throughout the wells’ positions better 

than 95%. The dosimetry was controlled by EBT-XD Gafchromic (Ashland, Bridgewater, NJ, 

USA) film measurements: films were cut into adapted pieces and placed at the position of the 

target (i.e., inside the culture wells with medium). For all conventional irradiations, we used 

these measurements to calibrate the monitoring ion chamber of the linac (0.007 Gy/MU at the 

target, which corresponds to ≈0.5 Gy/s). The linac stopped automatically when the number of 

Monitor Units reached the prescribed value for any dose. In the case of FLASH irradiations, 

we set the dose per electron-pulse at 3 Gy/pulse (±0.2 Gy) by adjusting the pulse duration, 

and we delivered 1, 2, and 3 pulses to achieve the target doses of 3, 6, and 9 Gy. All the beam 

parameters that were adjusted will be summarized in Figures.  

 

Dose and parameters mesurements : PCLS were irradiated with a 7-MeV electron beam at the 

depth of maximum dose (7 mm of PMMA). The fine tuning of the parameters to achieve 

equivalent doses was done thanks to a FlashDiamond detector and verified by EBT-XD 

Gafchromic films at the bottom of the culture plates. Pulse length, time interval between pulses 

and total irradiation time were measured with the Teledyne WaveSurfer-4054HD oscilloscope.  
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Cell Division Analysis:  To estimate the proportion of cells that replicate after irradiation in the 

lung slices, we used a Click-IT chemistry protocol to monitor cell proliferation using 5-ethynyl-

2′-deoxyuridine (EdU) incorporation (BCK-EdUPro-FC647). Irradiated slices were incubated in 

500 µL of culture medium containing 10 µM EdU. After the desired incubation time (i.e., 24, 48, 

or 72 h), they were treated according to the manufacturer’s instructions. Then, organotypic 

lung slices were washed in PBS and incubated with a nuclear dye (e.g., DAPI). For imaging, 

organotypic lung slices were transferred into a glass support adapted for microscopy (µ-Slide 

4 Well Glass Bottom, Ibidi) and imaged on an inverted Nikon Spinning disk TIRF-FRAP using 

a 10× objective. Per slice, 3 to 5 fields of view were acquired, each containing 50 stacks spaced 

by 3 µm. The proportion of EdU+ cells was quantified with a semi-automatic method combining 

3D reconstruction and segmentation of the nuclei using IMARIS software Bitplane.  

 

Whole Thorax Irradiation : Mice were exposed at the age of 10–12 weeks to a 13 Gy whole 

thorax irradiation with a horizontal 5-MeV beam at a Source Distance of 0.65 m, with a setup 

equivalent to the one previously described in part I of results. Anesthesia was carried out with 

a nose cone using 2.5% isoflurane in the air without adjunction of oxygen. The dosimetry was 

controlled on an individual basis with Gafchromic films positioned on the mouse thorax surface 

at the center of the irradiation field. For FLASH-RT, 4 pulses of 3.3 Gy were administered at 

100 Hz (430 Gy/s) or 10 Hz (43 Gy/s). The dose rate was 0.1 Gy/s in the conventional modality.  

 

Mice re-irradiation : Mice were exposed at the age of 10–12 weeks to a 10 Gy whole thorax 

irradiation with a horizontal 7-MeV beam at a Source Distance of 0.65 m, with a setup equiva-

lent in conventional. Then, 4 months post- prior thorax radiation, mice were re-exposed to 6, 9 

or 12 Gy either at conventional or FLASH doses rates. The dose rate was 0.1 Gy/s in the 

conventional modality and 3 Gy/pulse in the FLASH modality 

 

Statistical Analysis: Statistical analyses were performed using the ggpubr package 

(https://rpkgs.datanovia.com/ggpubr/) in R. For EdU+ nuclei count data, the Wilcoxon Mann-

Whitney test was used to compare the means of these counts between conventional and 

FLASH conditions. For in vivo validation Kaplan Meir curve with LogRangtest were performed 

using the survival package in R.  
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2.3 Results 

 

2.3.1 Impact of the mean dose rate on the FLASH sparing effect in lung tissue 

 

    Initially, although we demonstrated a FLASH effect using the PCLS model and EdU assay 

at a dose of 9 Gy, we were unsure whether the sensitivity of the developed test would be able 

to differentiate between different FLASH irradiation parameters. With this in mind, we aimed to 

replicate the initial experiments that highlighted a relationship between the presence of the 

FLASH protective effect and the mean dose rate/total irradiation time. First, we kept the same 

temporal structure of 3 Gy per pulse for a total irradiation dose of 9 Gy. Then, between these 

3 pulses, we could adjust the repetition frequency (in Hz), which corresponds to the time 

between pulses (Figure 52A). By irradiating the PCLS at repetition frequencies ranging from 

10, 25, 50, 75, 100, or 250 Hz, we could adjust the dose rates to 40, 110, 220, 340, 450, or 

1120 Gy/s, respectively (Figure 52A, B). This corresponded to total irradiation times ranging 

from 200 ms to 8 ms (Figure 52A). 

 

    The proportion of EdU+ cells was quantified for each mean dose-rate and compared to the 

conventional dose-rate to assess the presence of the FLASH effect ex vivo (Figure 54B). 

Interestingly, a clear sparing effect on the proportion of EdU+ cells was observed over 310 Gy/s 

(Figure 52B). Dose-rates of 100 Gy/s or lower had similar toxicity than the conventional dose-

rate (Figure 52B). In between, dose rate of 220 Gy/s, gave intermediate results with dividing 

cells slightly lower than at the dose-rates above 340 Gy/s, but still significantly different from 

the conventional (Figure 52B).  

 

   To test the relevance of these results obtained ex vivo 24 h post-irradiation in PCLS, we 

decided to validate in vivo that an irradiation at a 40 Gy/s in FLASH wasn’t sufficient to protect 

mice from developing radio-induced fibrosis. For that purpose, mice were irradiated either in 

CONV, FLASH at dose rates upper than 300 Gy/s and in FLASH at low dose rates of 40 Gy/s 

for a total dose of 13 Gy sufficient to be fibrogenic. As it was done ex vivo, only the pulse 

repetition frequency was adjusted in FLASH from 10 Hz to 100 Hz . Then, the development of 

fibrosis was followed by CT-scan analysis, and we were able to trace the survival curve for 

over 1 year for the mice irradiated in different conditions (Figure 52C). Our results show that 

the survival of mice irradiated at both conventional and FLASH dose rates at 40 Gy/s is 

significantly reduced compared to mice irradiated in FLASH at dose rates above 300 Gy/s. The 

mice irradiated in CONV were all sacrificed after developing a high degree of pulmonary 
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fibrosis 250 days post-irradiation, the survival of mice irradiated in FLASH at 40 Gy/s is slightly 

higher, being sacrificed for a development of fibrosis 325 days post-irradiation (Figure 52C). 

At 1-year post-irradiation, only one mouse irradiated in FLASH was sacrificed for the 

development of a high degree of radiation-induced fibrosis (Figure 52C).  

 

   In conclusion, although depending on the endpoint monitored, whether for PCLS or radiation-

induced fibrosis, it seems that the PCLS model has allowed us to identify the optimal conditions 

for healthy tissue sparing with FLASH in terms of the mean dose rate. The mean dose rate 

must be higher than 100 Gy/s and total time of irradiation less than 80 ms in order to 

observe a FLASH effect in the lung which is coherent with what was observed in the 

literature in other organs. 

 

 

 

 

 

 

 

Figure 52. Impact of the mean dose rate on the FLASH protective effect. (A) List of 

parameters measurements for FLASH and CONV-RT in PCLS. (B) Quantification of the 

proportion of EdU+ cells showed that a mean dose-rate over 100 Gy/s is required to observe a 

FLASH sparing effect (4 to 5 FOV for n=5 slices). (C) Kaplan Meir survival curves 1-year post-

treatment showing that the FLASH irradiated mice survive better than the one irradiated in 

FLASH low-dose rate and CONV.  A logRanktest was performed to compare the survival of 

each group. The p-value <0,05 was considered significant. (n= 6 mice per condition).  
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2.3.2 Impact of the temporal structure of FLASH-RT on the sparing effect in lung tissue 

 

    Compared to the impact of the mean dose rate, the impact of the temporal structure of a 

FLASH electron irradiation has remained poorly studied due to technical limitations with LINAC 

that were used for FLASH. With the ElectronFLASH, we were able to discriminate the im-

portance of the number of pulses and dose per pulse on the presence of a FLASH protective 

effect. Some studies suggest that the FLASH sparing effect is optimal when the dose is deliv-

ered in one single pulse. However, this raises several issues regarding the clinical application 

of FLASH, limiting any control over potential overdosing. Indeed, being able to irradiate in mul-

tiple pulses would, in theory, allow for stopping the irradiation during administration if the dose 

of a pulse measured is too high or low. 

 

    Therefore, we wanted to test this first hypothesis using PCLS model and cell division assay. 

For that purpose, we irradiated PCLS with either one single pulse of 9 Gy, two pulses of 4.5 

Gy each or, our standard condition, three pulses of 3 Gy each (Figure 53A). The cell division 

analysis we performed reproduced the sparing effect we observed between FLASH and CONV 

but did not reveal any difference between a dose of 9 Gy delivered in one, two or three pulses 

(Figure 55B). This suggests that the upper 3 Gy/pulse and 300 Gy/s, the FLASH effect we 

observe ex vivo in lung PCLS remain the same even if we delivered the dose in one single 

pulse.   

 

 

Figure 53. Impact of a single pulse FLASH irradiation on healthy tissue sparing effect. (A) List 

of parameters measured for FLASH and conventional radiotherapy (CONV-RT) in PCLS, with 

a fixed dose of 9 Gy and a repetition frequency of 100 Hz. (B) Quantification of the proportion 

of EdU+ cells following one, two or three pulses in FLASH-RT. (n=5 slices, 4-5 FOV per slice 

for a pool of independent experiments). 
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Similarly, the impact of increasing the number of pulses and therefore decreasing the dose per 

pulse on the presence of a FLASH effect hasn’t been elucidated. Therefore, we tested the 

impact of increasing the number of pulses from 3 to 6 and then 9 pulses, corresponding 

respectively to a dose per pulse of 3 Gy, 1.5 Gy and 1 Gy per pulse (Figure 54A). By adjusting 

the number of pulses and the pulse repetition frequency, we made the total irradiation time the 

same, 27 ms, so that only the dose per pulse and the number of pulses, which are inseparable 

in our settings, vary (Figure 54A). We also added a 9-pulse control by decreasing the 

frequency so that the average dose rate was below 100 Gy/s for which we did not expect a 

FLASH effect in agreement with the previous data.  Surprisingly, our results indicate that 

FLASH irradiation with a dose per pulse of 1 Gy and a pulse number of 9 is insufficient to 

achieve a protective effect in our ex vivo EdU assay using PCLS (Figure 54B). Only FLASH-

RT with 6 pulses of 1.5 Gy is sufficient to trigger a sparing effect on cycling cells in PCLS 

compared to conventional irradiation (Figure 54B). These data suggest that the average dose 

rate is not the only crucial parameter to trigger the sparing effect with FLASH irradiation 

in the lung. These results, to be confirmed in vivo, show once again the sensitivity that our 

PCLS model and assay can bring for screening studies.  

 

 

 

 

Figure 54. Minimal dose per pulse/Number of pulses to trigger a FLASH sparing effect in 

PCLS. (A) List of parameters measured for FLASH -RT in PCLS, with a fixed dose of 9 Gy and 

varying number of pulses while keeping same total irradiation time by adjusting PRF. (B) 

Quantification of the proportion of EdU+ cells following different pulse structures in FLASH 

irradiation. Statistical significance is indicated as follows: * p < 0.05, ** p < 0.01, **** p < 0.0001 

(n=5 slices, 4-5 FOV per slice). 
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    These results suggested, for the first time in the lung, that another parameter other than the 

mean dose rate or total irradiation time could influence the presence of the FLASH effect. 

However, with a fixed dose of 9 Gy, it was not possible to determine whether a pulse dose 

greater than 1 Gy or fewer than 6 pulses were required for FLASH-RT. To address this issue, 

we designed an experiment to independently compare these two parameters using two FLASH 

irradiation doses, 6 and 9 Gy. In the results presented in above, we showed that a protective 

effect was observed at both 6 and 9 Gy, concerning the sparing of cycling cells in PCLS 24 

hours post-treatment. Therefore, we chose to compare FLASH irradiation modalities at 6 and 

9 Gy to conventional irradiation at an equivalent dose (Figure 55A). At 6 Gy, we could adjust 

the number of pulses to 6 or 3, corresponding to dose per pulses of 1 Gy and 2 Gy respectively. 

At 9 Gy, we know that the effect is lost with 9 pulses of 1 Gy but conserved with 6 pulses of 

1.5 Gy or 3 pulses of 3 Gy. Under these conditions, if we lose the FLASH effect at 6 Gy with 6 

pulses of 1 Gy, it will indicate that the dose per pulse is the critical factor triggering the FLASH 

effect. If the effect is still preserved, it would suggest that it is a number of pulses greater than 

6 that causes the loss of the FLASH sparing effect in PCLS. By analyzing the proportion of 

EdU+ cells after different temporal structures of FLASH irradiation at 6 and 9 Gy, our results 

indicate that the sparing effect on cell proliferation was lost for a dose per pulse inferior than 

1.5 Gy per pulse independently of number of pulses (Figure 55B). Indeed, FLASH sparing 

effect was lost at 6 Gy with a dose per pulse of 1 Gy (Figure 55B).  

 

 

 

Figure 55. Importance of temporal structure of FLASH-RT. (A) Table summarizing the 

irradiation parameters for different experimental conditions (B) Quantification of EdU+ cells 

after irradiation, comparing conventional CONV and FLASH conditions at 6 Gy and 9 Gy, 

showing that FLASH irradiation with 6 pulses of 1.5 Gy (at 9 Gy) and a higher dose-rate (220 

Gy/s) significantly preserves cell division as well as FLASH irradiation with 3 pulses at 6 Gy, 
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compared to conventional treatment, with significant differences (p-value < 0.05) observed. 

Statistical significance is indicated as follows: * p < 0.05, ** p < 0.01, **** p < 0.0001 (n=5 

slices, 4-5 FOV per slice). 

 

    This suggests that a combination of optimal parameters is necessary for the presence of a 

FLASH sparing effect in the lung. Indeed, our studies indicate that the mean dose rate must 

exceed 100 Gy/s and the dose per pulse must be greater than 1 Gy. These results still 

need to be validated, and of course, it must be confirmed that this is not organ-dependent, as 

suggested by other studies which indicate that single-pulse irradiation optimizes the FLASH 

protective effect. However, this highlights other factors to consider when validating a new 

beam, not just irradiating at ultra-high dose rates, but ensuring that a FLASH sparing effect is 

induced. For this reason, the PCLS model and our cell division assay in PCLS seem to be 

sensitive enough to allow rapid analyses in order to address these issues. 

 

2.3.3 Impact of the oxygen concentration in culture on the FLASH sparing effect in PCLS  

 

   Multiple studies have shown that the presence of a FLASH effect depends on the partial 

oxygen pressure within the tissue. Others have demonstrated that oxygen supplementation 

through anesthesia is sufficient to prevent a FLASH effect in the brain. The role of oxygen 

remains somewhat unclear, and although several studies suggest its limited role in the under-

lying mechanisms of FLASH, we wanted to investigate the impact of varying oxygen conditions 

on the observed FLASH effect within PCLS. Under physiological conditions, in the lung, oxy-

gen concentration is typically around 5% (physioxia). Finally, we aimed to study the impact of 

hypoxic conditions on cell division in response to FLASH irradiation in PCLS. To this end, after 

obtaining the PCLS, they were incubated in balanced media at either 2% or 5% oxygen using 

a hypoxia chamber, both during the irradiation and for 24 hours post-treatment (Figure 56A). 

The oxygen concentration in the hypoxic conditions was validated using an iT Green probe, 

incubated for 1 hour with a batch of PCLS, which confirmed the presence of hypoxic regions 

in PCLS incubated at 2% oxygen (Figure 56B). Interestingly, at 2% oxygen, we were unable 

to reveal a response to irradiation (Figure 56C). Indeed, the level of cell division in non-irra-

diated slices incubated at 2% oxygen was significantly reduced (Figure 56C). It is known that 

hypoxic conditions can inhibit cell cycle entry, which prevents us from detecting a FLASH pro-

tective effect using this endpoint in PCLS (Figure 56C). However, it appears that the FLASH 

protective effect is preserved under physioxic conditions, suggesting that we can detect a 

FLASH protective effect at oxygen concentrations between 5% and 20% in our PCLS 

model by focusing on the entry of lung cells into the cell cycle (Figure 56C). 
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Figure 56. Impact of oxygen concentration on FLASH-RT sparing effect in PCLS. (A) 

Experimental workflow for PCLS irradiation under different oxygen conditions. (B) 

Representative images showing the presence of hypoxic (1% O2, left) and normoxic (20% O2, 

right) conditions in PCLS, with iT green hypoxia probe.(C) Quantification of EdU+ cells per field 

of view (FOV) in PCLS under different oxygen conditions (20%, 5%, and 1% O2). FLASH 

radiotherapy significantly preserves cell division in both normoxic and physioxic conditions at 

20% and 5% O2, but not under 1% O2. *p-value < 0.05, **p-value < 0.01, ns = not significant. 
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2.3.4 Conservation of the FLASH sparing effect in previously irradiated lung tissue  

 

   In clinical settings, many cancer patients receive multiple courses of radiotherapy, especially 

in cases of recurrent tumors or metastases. It is essential to investigate whether the FLASH 

effect can also be observed in previously irradiated tissues. This is particularly important in the 

context of re-irradiation, where tissue sensitivity may change due to prior radiation exposure, 

potentially modifying the response to subsequent treatments. Understanding whether FLASH 

radiotherapy retains its protective effects in re-irradiated tissues could help optimize treatment 

strategies for patients requiring re-irradiation, particularly in the lung.  

  

    To simulate a previous treatment scenario, mice were irradiated in the thoracic region with 

a dose of 10 Gy at conventional dose rate. Four months post-irradiation, we performed short-

term studies using precision-cut lung slices (PCLS) to investigate acute responses to re-irra-

diation with a dose range comparing CONV and FLASH at dose of 3, 6 and 9 Gy. Additionally, 

long-term studies were conducted to evaluate development radiation-induced lung fibrosis, 

with another thoracic dose escalation experiments comparing conventional and FLASH-RT at 

doses of 6, 9, and 12 Gy. 

 

    In the acute response study, we first assessed the basal cell division rates in PCLS from 

mice that had been irradiated four months earlier at 10 Gy compared to non- previously irradi-

ated mice (Figure 59 A). Surprisingly, no significant differences were observed in the division 

rates between the groups. Then, for the comparison between CONV and FLASH-RT 24 hours 

post-treatment, results were similar to those observed in non-re-irradiated mice, suggesting 

that the short-term FLASH sparing effect is preserved in previously irradiated lung tissue (Fig-

ure 59B). For the late toxicity analysis, we focused on the development of fibrosis in mice re-

irradiated with either FLASH or conventional radiotherapy at a dose of 12, 9 or 6 Gy. Mice 

irradiated with FLASH at 12 Gy demonstrated improved survival in contrast to those irradiated 

with CONV-RT, indicating that the FLASH sparing effect looking at late radio-induced toxicities 

is still present even in tissues that have previously undergone irradiation. However, at lower 

doses of 6 and 9 Gy, although the mice developed some toxicity over time, no significant dif-

ference was observed between FLASH and conventional treatments. 

 

   These findings suggest that the FLASH sparing effect is conserved in lung tissue after re-

irradiation, particularly at higher doses. However, at lower doses, no distinct advantage of 

FLASH over conventional radiotherapy was observed in terms of long-term toxicity. In conclu-

sion, FLASH radiotherapy appears to retain its protective effect in previously irradiated lung 

tissue, but further studies with shorter intervals between irradiations are needed to explore how 
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the timing between treatments affects the presence of the FLASH effect on healthy lung tissue. 

This would help refine the optimal conditions for clinical applications of FLASH in re-irradiation 

scenarios. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 57. Conservation of the FLASH sparing effect in previously irradiated lung tissue.  (A) 

Quantification of EdU+ cells per field of view (FOV) in non-re-irradiated and re-irradiated 

groups, showing no significant differences in the division rate. (B) Comparison of the 

percentage of EdU+ cells relative to non-irradiated (NI) control in lung tissue after conventional 

(CONV) or FLASH radiotherapy re-irradiation at doses of 3 Gy, 6 Gy, and 9 Gy. Significant 

differences were observed at 6 and 9 Gy between FLASH and CONV conditions.  (C) Kaplan-

Meier survival curves comparing FLASH and CONV re-irradiated mice at 12 Gy, 9 Gy, and 6 

Gy. FLASH re-irradiated mice showed significantly better survival at 12 Gy compared to CONV 

re-irradiated mice. At 9 Gy and 6 Gy, no significant differences were observed.  

 

B 
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2.4 Conclusion 

 

    In this second part, we applied this model and our tests to investigate the irradiation pa-

rameters and optimal conditions needed to achieve the FLASH effect in the lung. Re-

garding the parameters, we determined that the average dose rate and total irradiation time 

are critical factors, with the dose rate needing to exceed 100 Gy/s to achieve the optimal 

FLASH effect, and more specifically, dose rates above 300 Gy/s. Additionally, we identified 

the dose per pulse as another crucial element for FLASH irradiation using an electron beam, 

where the dose per pulse must exceed 1 Gy/pulse in order to detect the FLASH protective 

effect in the PCLS model. Moreover, we demonstrated that the FLASH protective effect in 

progenitor cells was preserved under both normoxic and pulmonary physioxic condi-

tions. Finally, we also showed that the FLASH protective effect was maintained not only 

in the short term but also in the development of late toxicities in the context of re-irra-

diation. 
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3. FLASH SPARING EFFECT IN PATIENTS 

 

3.1 Introduction 

 

After identifying the optimal FLASH irradiation parameters for a FLASH protective effect on 

healthy lung tissue in the murine PCLS model, we aimed to apply this model and assay to 

another major issue in the FLASH field. 

 

   Indeed, although phase I clinical trials are ongoing, currently, they are not designed to 

demonstrate the FLASH sparing effect in patients. For now, only a FLASH arm is being inves-

tigated, and the primary goal is often a feasibility study of clinical FLASH irradiation, along with 

all the dosimetric and safety constraints this entails. Therefore, even though the clinical transi-

tion of FLASH has begun, we still have no proof of the FLASH protective effect on healthy 

tissue in patients, and it will likely take many more years before this is demonstrated in a 

clinical trial specifically designed to address this objective. 

 

   One major advantage of the PCLS model is that it can be derived from patient lung 

tissue. Through collaboration with the Institut Mutualiste Montsouris, we have access to 

healthy distal lung resections from patients. Thus, we worked on establishing a PCLS model 

derived from patients (PCLS-Hu). After establishing a protocol for obtaining PCLS-Hu, we 

used this model to investigate the presence of the FLASH protective effect at a dose of 

9 Gy, under the optimal irradiation conditions in which this effect was observed in the murine 

model. This work was conducted on a cohort of 19 patients being treated for lung cancer at 

IMM, and it was carried out during my PhD.  

 

   After we characterized the response of dividing cells in PCLS-Hu short-term post-treatment, 

we wanted to prospect some initial molecular insight into the underlying mechanisms 

of the FLASH sparing effect . For that purpose, we performed RNAseq analysis on some 

lung samples from patients, comparing conventional irradiation and FLASH irradiation at a 

dose of 9 Gy after 24 hours of culture. 
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Translational Relevance : 

FLASH radiotherapy is an innovative method that spares normal tissue in animal models from 

radiation-induced toxicities while maintaining similar anti-tumoral efficacy, holding great prom-

ise for widening the therapeutic window of radiotherapy. While the first clinical trials have re-

cently begun, the most pressing question for enhancing the clinical translation of this new mo-

dality is whether FLASH triggers a beneficial effect in humans. To address this question, we 

analyzed healthy lung tissues resected from cancer patients and demonstrated how FLASH 

spares cycling cells, while reducing the activation of pro-apoptotic, DNA damage, and oxidative 

stress pathways. For the first time in human tissue, the results from this study indicate that a 

beneficial effect of FLASH radiotherapy is observed in nearly all patients, paving the way for a 

broad application of this new radiation modality in the treatment of cancer patients. 
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Abstract : 

Purpose: Although an increasing number of lung cancer patients are treated with radiotherapy, 

toxicities induced by radiation, such as pneumonitis and fibrosis, significantly affect patients' 

quality of life. Developed a decade ago, FLASH radiotherapy is an innovative method that, by 

delivering ultrafast treatment, reduces radiation toxicities on healthy tissue while preserving 

the anti-tumoral effect of radiotherapy. This FLASH effect has been described in different pre-

clinical models but has not been observed in human patients yet. This study aims to determine 

if FLASH radiotherapy can induce a sparing effect in human healthy lung. 

Patients and Methods: To address this question, precision-cut lung slices (Hu-PCLS) were 

prepared from healthy lung samples collected from 19 lung cancer patients undergoing lobec-

tomy. After irradiation using ElectronFLASH operated either in conventional or FLASH mode, 

we monitored cell division for each patient and performed RNAseq analysis. 

Results: Analysis of cell division 24 hours after treatment by conventional or FLASH radiother-

apy showed a higher proportion of dividing cells after FLASH radiotherapy. Consistently, 

RNAseq analysis from irradiated lung samples confirmed an attenuated activation of cell cycle 

checkpoints, p53 pro-apoptotic genes, DNA damage, and anti-oxidant pathways after FLASH 

radiotherapy compared to conventional treatment. Interestingly, such transcriptional differ-

ences were not found in RNAseq analysis of tumoral tissue treated by conventional or FLASH 

radiotherapy. 

Conclusions: Altogether, this study shows, for the first time in human tissue, that FLASH radi-

otherapy spares healthy lung cells from radiation damage, fostering future clinical applications 

to optimize radiotherapy for lung cancer patients. 

Keywords: Radiation-induced lung injuries, FLASH effect, Quality of life, Hu-PCLS, RNAseq 
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Introduction : 

Lung cancer affects over 2 million new patients worldwide every year. Patients with inoperable 

tumors are typically treated with a combination of chemotherapy, immunotherapy, and radio-

therapy. While radiotherapy is effective in reducing tumors, it is often limited by the damage it 

causes to surrounding healthy tissues. In the lung, these radiation-induced damages are pri-

marily characterized by acute pneumonitis, which occurs in 15-25% of patients and, in more 

severe cases, evolves into pulmonary fibrosis (1). As the number of cancer survivors and cases 

of lung re-irradiation increase, it is crucial to find ways to prevent radiation-induced lung toxic-

ities, particularly given the few therapeutic options available and the potential decline in pa-

tients' quality of life (2,3). 

Developed a decade ago, FLASH radiotherapy holds great promise in widening the therapeutic 

window for cancer patients. This novel method of radiation therapy delivers ultrafast treatment 

(<100 ms), reducing radiation-induced toxicities while maintaining an anti-tumoral efficacy 

comparable to conventional radiotherapy (4). The so-called "FLASH effect" has primarily been 

demonstrated in the lung and observed across various preclinical models, organs, and FLASH 

facilities at different institutions (5–8). Notably, the FLASH effect has been shown in large 

mammals such as mini-pigs and in cancer patients, including cats and dogs (9–11). To en-

hance the clinical implementation of FLASH radiotherapy, mechanistic studies are required to 

determine how to maximize its effect in human patients (12,13). In the lung, prior studies using 

preclinical mouse models of whole thorax irradiation have shown that FLASH radiotherapy 

spares lung progenitor cells, reduces persistent DNA damage, and limits the development of 

senescence and pulmonary fibrosis (14). 

Recently, this novel method has generated significant enthusiasm in the radiation oncology 

and radiation biology communities. Clinical trials for FLASH radiotherapy have begun, with the 

first reports from patients treated with FLASH published recently. For instance, a patient with 

multiresistant T-cell cutaneous lymphoma was treated with a single FLASH dose to skin lesions 

at the CHUV (Centre Hospitalier Universitaire Vaudois) in Lausanne, Switzerland (15,16). The 

University of Cincinnati has completed the FAST-01 trial, treating 8 patients with limb bone 

metastases using proton FLASH (17,18), while the follow-up FAST-02 trial (https://clinicaltri-

als.gov/study/NCT05524064) is currently underway, focusing on thoracic bone metastases 

(19). So far, these studies have demonstrated the clinical feasibility of FLASH radiotherapy, 

showing no unexpected toxicities or reduced anti-tumoral efficacy compared to conventional 

radiotherapy. However, a sparing effect of FLASH radiotherapy in human tissues has yet to be 

demonstrated. 
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To address this gap and enhance the future clinical application of FLASH radiotherapy for 

treating thoracic malignancies, this study evaluates the differential effects of FLASH radiother-

apy compared to conventional treatments in human lung tissue. For this, precision-cut lung 

slices (Hu-PCLS) were prepared from fresh lung samples collected from lobectomies, and ex-

posed to either FLASH or conventional irradiation. Although the patients included in this study 

represented a heterogeneous population of lung cancer patients, analysis of cell division after 

irradiation showed a sparing effect of FLASH radiotherapy in nearly all patients (95%). Com-

plementary RNAseq analysis of the human lung samples confirmed the preservation of cell 

cycle gene expression, accompanied by reduced activation of DNA damage, pro-apoptotic, 

and anti-oxidant pathways. By demonstrating a sparing effect of FLASH radiotherapy in human 

lung tissue, this study paves the way for improved treatments of lung cancer with minimal 

toxicities. 

Material and Methods 

Ethical Consent: All samples were collected from the Institut Mutualiste Montsouris under a 

dedicated protocol for lung cancer specimens approved by the French Ethics and Informatics 

Commission (EUdract 2017 - A03081-52). All patients in this study provided written informed 

consent for sample collection for research purposes. 

Human PCLS Preparation: Tumor-free lung tissues were freshly recovered from distal lung 

samples to prepare precision-cut lung slices (Hu-PCLS) using a protocol adapted from previ-

ous publications (20,21). Briefly, lung tissues were cleaned twice in Phosphate Buffered Saline 

(PBS) to remove blood. Then, on ice, 2.5% low-melting agarose (A9414-50G) diluted in Hu-

PCLS medium (DMEM F12 from Invitrogen (#31331-028) supplemented with 1% SVF 

(CVFSVF00-0U), 1% penicillin/streptomycin (CABPES01-0U), 1% non-essential amino acids 

(11140035), and 1% L-glutamine (25030-024) was injected slowly into small bronchi to inflate 

the lung resection. 8 mm punches were embedded in 5% agarose, and 500 μm slices were 

made using a vibratome (Leica VT1000S). Hu-PCLS were placed into a 24-well plate contain-

ing 500 μL of Hu-PCLS medium and cultured at 37°C in 5% CO2 up to 24 hours. Between 15 

to 25 Hu-PCLS were obtained per patient, and slices were randomly distributed among the 

different treatment conditions. 

Irradiation: Hu-PCLS were irradiated in a 24-well plate using a vertical 7-MeV electron beam 

produced by the linear accelerator ElectronFLASH (SIT S.p.A., R&D Dept., Italy) at Institut 

Curie, capable of delivering both conventional (CONV) and FLASH radiotherapy. A total dose 

of 9 Gray (Gy) in a single fraction was delivered in both CONV and FLASH modalities. Dose 

measurements were performed using Gafchromic™ EBT-XD films (Ashland, NJ, USA) and a 
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flashDiamond Detector T60025 (PTW Freiburg, Germany), placed inside the wells at the posi-

tion of the lung samples for planning and at the top of the plate for online monitoring. Irradiation 

duration was measured using a Bergoz in-flange Current Transformer mounted in the beam 

line and connected to a Teledyne Lecroy Wavesurfer 4054HD oscilloscope. The parameters 

used are summarized in the Supplementary Material. For each patient, a minimum of 5 Hu-

PCLS slices were analyzed per condition. 

Cell Division Analysis:  To estimate the proportion of cells that replicate after irradiation in the 

Hu-PCLS, a Click-IT chemistry protocol was used to monitor cell proliferation via 5-ethynyl-2'-

deoxyuridine (EdU) incorporation (BaseClick, #BCK-EdUPro-FC647). Hu-PCLS were incu-

bated 1 hour after irradiation in 500 μL of Hu-PCLS medium containing 10 μM EdU. 24 hours 

post-irradiation, Hu-PCLS were fixed in 4% PFA, and EdU incorporation was revealed accord-

ing to the manufacturer’s instructions. Hu-PCLS were then washed in PBS and incubated with 

DAPI. The samples were transferred into a glass support adapted for microscopy (μ-Slide 4 

Well Glass Bottom, Ibidi) and imaged on an inverted Nikon Spinning Disk TIRF-FRAP using a 

10X objective. Four to five fields of view (FOV) were acquired per Hu-PCLS. Image post-pro-

cessing and EdU quantification were performed using a semi-automatic method combining 3D 

reconstruction and segmentation of the nuclei with IMARIS software (Bitplane). 

RNA Extraction: For transcriptional analysis induced by conventional and FLASH radiotherapy, 

lung resections were cut into small pieces of 2-3 mm, irradiated either in CONV or FLASH 

modes, and cultured at 37°C, 5% CO2 for 24 hours. After a PBS wash, lung tissues were 

incubated in RNAprotect solution (Qiagen, Hilden, Germany) overnight at 4°C. Disruption and 

lysis of the lung tissue were performed in 600 μL of RLT lysis buffer (Qiagen, Hilden, Germany) 

using a Tissue Ruptor II (Qiagen, Hilden, Germany). Lung homogenate was then processed 

according to manufacturer’s instructions using an RNeasy Mini Kit. RNA integrity and concen-

tration were estimated using the Agilent Bioanalyzer following the manufacturer’s instructions 

(RNA 6000 Nano Kit #5067-1512). 

RNAseq Analysis: All samples presented a RIN >7. Sequencing libraries were prepared from 

500 ng of total RNA using the Illumina TrueSeq Stranded mRNA Library preparation kit, follow-

ing the manufacturer's recommendations. 100 bp paired-end sequencing was performed with 

the Illumina NovaSeq 6000 instrument. Reads were mapped to the reference human genome 

(hg19/GRCh37) using STAR 2.7.6a (https://github.com/alexdobin/STAR). In the raw count ma-

trix, background genes (expression <1) in most patient replicates were filtered out. For Gene 

Set Enrichment Analysis (GSEA) and heatmap generation, data were normalized using the 

DESeq2 package (https://github.com/thelovelab/DESeq2). To explore the signaling pathways 

differentially impacted after FLASH versus conventional radiotherapy, GSEA was performed 
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comparing CONV vs. Non-Irradiated (NI), FLASH vs. NI, or CONV vs. FLASH. Significantly 

enriched pathways were selected based on p-value <0.05 and FDR q-value <0.25 with permu-

tations (n = 1000, permutation type = gene set). 

Statistical Analysis: Statistical analyses were performed using the ggpubr package 

(https://rpkgs.datanovia.com/ggpubr/) in R. For EdU+ nuclei count data, the Wilcoxon Mann-

Whitney test was used to compare the means of these counts between conventional and 

FLASH conditions. 

Data Availability Statement: RNAseq data from tumor-free human lung treated with either con-

ventional or FLASH radiotherapy have been deposited in NCBI’s Gene Expression Omnibus 

under the accession number GSE263484 (reviewer’s token: cnypcgksflgnpef). All data and 

code are available upon request. The RNAseq dataset previously published (22) from xeno-

grafted human U-87 MG glioblastoma tumors exposed to conventional or FLASH radiotherapy 

is accessible through the accession number GSE223607. 

Results  

Hu-PCLS Prepared from a Cohort of Lung Cancer Patients 

To analyze the effect of FLASH radiotherapy in human lung tissue, we established a cohort of 

19 lung cancer patients, from whom healthy lung tissue was resected after surgery at the In-

stitut Mutualiste Montsouris (Table 1). The cohort included 10 men and 9 women, with ages 

ranging from 48 to 86 years. The majority of patients were diagnosed with lung adenocarci-

noma (13/19), with a smaller number presenting with squamous cell carcinoma (5/19) and 

large cell carcinoma (1/19). Notably, two patients had a history of breast cancer and had pre-

viously undergone radiotherapy and chemotherapy. Three patients received neoadjuvant ther-

apy, including the anti-PD1 antibody (Nivolumab), prior to surgery. To assess the heterogeneity 

of the cohort, we first quantified the basal level of cell division in the lung. Hu-PCLS were 

prepared from fresh lung samples from each patient, and the proportion of dividing cells was 

measured 24 hours post-culture (Figure 1). As expected, the basal level of dividing cells varied 

between patients. Interestingly, Hu-PCLS from the three patients treated with neoadjuvant 

therapies exhibited a higher number of dividing EdU+ cells. While a positive correlation was 

observed between neoadjuvant therapy and increased cell division, statistical analysis did not 

show significant correlations between cell division and other clinical data such as sex or age 

(Supplementary Figure 1).  Overall, this cohort represents a heterogeneous subset of lung 

cancer patients who may be exposed to FLASH radiotherapy in future studies. 
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Table 1. Patient information included in this study. M: Male; F: Female; PY: Number of 

Packs/Year; *Patients' samples selected for RNAseq analysis. 

FLASH radiotherapy preserves cycling cells in Hu-PCLS.   

A previous study in mouse models reported that compared to conventional radiotherapy 

(CONV), FLASH radiotherapy preserves the capacity of lung cells to divide 24 hours after 

whole thorax irradiation. To explore the differential effects of FLASH radiotherapy in human 

lung, Hu-PCLS were prepared from lung samples of 19 patients, irradiated with a dose of 9 Gy 

delivered in either CONV or FLASH mode, and the proportion of dividing cells was quantified 

24 hours after irradiation. (A) As expected, conventional radiotherapy triggered a sharp de-

crease in the proportion of dividing cells, with EdU+ cells ranging from 9% to 33% in women 

and 18% to 42% in men. (B) In contrast, FLASH radiotherapy induced an attenuated response, 

with EdU+ cells ranging from 17% to 56% in women and 28% to 57% in men. FLASH radio-

therapy preserved the proportion of cycling lung cells in 18 out of 19 patients. The relative 

strength of the FLASH sparing effect, defined as the ratio of EdU+ cells after FLASH radiother-

apy to EdU+ cells after CONV radiotherapy, varied from 1.3 to 2.3. (C) One patient showed no 

significant difference between FLASH and CONV radiotherapy, with no obvious correlation to 
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clinical data. These results provide, for the first time, evidence of the sparing effect of FLASH 

radiotherapy in human lung, suggesting a potential broad application for lung cancer patients. 

 

 

Figure 1. Analysis of EdU incorporation in Hu-PCLS reveals heterogeneous cell division rates 

across patients.  (A) Schematic illustrating the workflow to obtain, process, and analyze Hu-

PCLS.  (B) Representative images showing the variation in the proportion of EdU+ cells across 

patients. Images were acquired on a confocal microscope with a 10× objective. The scale bar 

represents 200 μm.  (C) Quantification of the number of EdU+ cells within Hu-PCLS 24 hours 

after slicing showed an average of 18 EdU+ cells per field of view (FOV). Notably, patients 12, 

13, and 16, who received neoadjuvant immunotherapy, exhibited higher numbers of EdU+ 

cells, ranging from 27 to 61. (n = 4 to 5 FOV per slice for a total of 5–8 slices per patient). Each 

dot represents the quantification for one field of view. 
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Figure 2. FLASH radiotherapy preserves a higher proportion of cycling cells in almost all pa-

tients.  (A) Quantification of the proportion of EdU+ cells in Hu-PCLS prepared from female 

patients and analyzed 24 hours after conventional (CONV) or FLASH radiotherapy. Sorted by 

decreasing proportion after CONV treatment, analysis of cycling cells after irradiation shows 

that 8 out of 9 patients exhibit a higher proportion of EdU+ cells after FLASH compared to 

CONV.  (B) A similar analysis performed on Hu-PCLS obtained from 10 male patients con-

firmed that FLASH radiotherapy spares the proportion of cycling cells in all male patients ana-

lyzed.  ns = not significant; * p-value < 0.05; ** p-value < 0.01; *** p-value < 0.001; **** p-value 

< 0.0001. 
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RNAseq analysis confirms a differential effect of FLASH radiotherapy   

To characterize the molecular characteristics of FLASH radiotherapy in the lung, RNAseq anal-

ysis was performed on lung samples collected 24 hours after exposure to either conventional 

or FLASH radiotherapy (Figure 3A). Computational analysis revealed that conventional radio-

therapy triggered drastic transcriptional changes, with a large number of differentially ex-

pressed genes observed between CONV and Non-Irradiated (NI) samples (i.e., 2084 genes 

upregulated). However, similar analysis indicated that FLASH radiotherapy induced minor tran-

scriptional changes, with only 55 genes found upregulated compared to NI (Figure 3B).  Gene 

Set Enrichment Analysis (GSEA) revealed that conventional radiotherapy downregulates cell 

cycle-related genes such as TOP2A, MKI67, and CDK1, while FLASH radiotherapy attenuates 

this decrease, confirming the results obtained from the cell division analysis in patient Hu-

PCLS (Figure 3C). Concomitantly, while conventional radiotherapy strongly upregulates p53 

and DNA damage-related pathways, FLASH radiotherapy limits the activation of these genes, 

suggesting that FLASH radiotherapy reduces the level of stress and DNA damage induced by 

radiation.  To determine if this sparing effect of FLASH radiotherapy is specific to healthy tissue, 

we analyzed previously published RNAseq data from xenografted human tumors resected 24 

hours after treatment with either conventional or FLASH radiotherapy (22). Interestingly, in 

tumor tissue, FLASH radiotherapy activated cell cycle-related genes, DNA damage, and p53 

pathways similarly to conventional radiotherapy (Figure 3D).  Altogether, these RNAseq anal-

yses confirm, at the transcriptional level, the presence of a FLASH effect, indicating a sparing 

of healthy tissue while having a comparable impact on tumor tissue. 

FLASH radiotherapy limits activation of oxidative stress-related genes  

To further investigate the mechanism of FLASH radiotherapy in human lung, we analyzed gene 

sets specifically enriched after conventional compared to FLASH radiotherapy. This analysis 

revealed that NRF2 signaling, a pathway playing a critical role in controlling stem cell self-

renewal, proliferation, and differentiation (24), as well as genes involved in Reactive Oxygen 

Species (ROS) detoxification, were selectively upregulated after conventional radiotherapy 

(Figure 4A-4C).  In particular, KEAP1, one of the key players of the NRF2 pathway (25), was 

found significantly upregulated in lung samples from three distinct patients exposed to conven-

tional radiotherapy (Figure 4B). Activation of NRF2 transcriptional targets leads to an antioxi-

dant response. Interestingly, conventional radiotherapy significantly increased the expression 

levels of many ROS detoxification genes, including NRF2 target genes such as PRDX1 and 

SOD1, as well as canonical thioredoxin reductase genes, TXNRD2 and TXNRD3 (Figure 4D). 

These transcriptional changes indicate that conventional radiotherapy triggers a burst of reac-

tive species, subsequently activating an antioxidant program to counteract oxidative damage.   
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Figure 3. RNAseq analysis confirms FLASH radiotherapy induces specific transcriptional 

changes in human lung but not in tumor (A) Workflow for RNAseq processing and analysis 

from 3 selected patients. Each patient's sample was split across 3 conditions (NI, FLASH, 

CONV) with 3 replicates per condition.  (B) Differentially expressed genes (DEG) analysis re-

vealed that conventional radiotherapy (CONV) upregulates 40 times more genes than FLASH.  
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(C) Heatmap showing downregulation of cell cycle gene expression after conventional (CONV) 

radiotherapy compared to FLASH and non-irradiated (NI) conditions, as well as an attenuated 

activation of genes related to cell cycle checkpoints, p53 pro-apoptotic pathway, and DNA 

damage response.  (D) Heatmap generated from RNAseq analysis of human tumor tissue 

treated with either conventional or FLASH radiotherapy, highlighting the absence of differences 

in the induction of cell cycle checkpoint, p53 pro-apoptotic pathway, and DNA damage-related 

genes between the two radiation modalities. 

In contrast, FLASH radiotherapy did not elicit significant activation of antioxidant pathways, in 

line with previous results showing an attenuated induction of the p53 pathway. These results 

strongly suggest that, compared to conventional radiotherapy, FLASH induces fewer oxidative 

species, potentially preventing radiation-induced damage in healthy human lung tissue. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. FLASH radiotherapy reduces induction of anti-oxidant program in human lung. (A) 

Gene Set Enrichment Analysis (GSEA) comparing differentially expressed genes after con-

ventional (CONV) vs. FLASH radiotherapy revealed an enrichment of the NRF2 pathway spe-

cifically after CONV.  (B) Heatmap representing the expression of NRF2-related genes, which 
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were strongly upregulated after conventional radiotherapy but not after FLASH radiotherapy.  

(C) Concomitantly, pathways involved in the management of Reactive Oxygen Species (ROS) 

are selectively enriched after conventional radiotherapy.  (D) Heatmap illustrating the upregu-

lation of genes responsible for ROS detoxification specifically after conventional radiotherapy. 

Discussion 

This study demonstrates that FLASH radiotherapy spares human lung tissue from radiation-

induced toxicities. By analyzing a cohort of 19 lung cancer patients, we showed that compared 

to conventional radiotherapy, FLASH radiotherapy preserves the proportion of cycling cells in 

almost all patients (18/19). This beneficial effect was confirmed by RNAseq analysis 24 hours 

after treatment, showing the preservation of cell cycle-related genes (e.g., MKI67, TOP2A) 

after FLASH, compared to conventional radiotherapy. Additionally, the molecular analysis high-

lighted an attenuated upregulation of p53 pro-apoptotic transcriptional targets (e.g., BAX, 

GADD45A), as well as genes associated with DNA damage (e.g., ATR, PARP1, CHEK2). Im-

portantly, this mitigation of radiation-induced transcriptional responses was observed specifi-

cally in healthy lung tissue, not in tumoral tissue, which fits the definition of a FLASH effect in 

human tissue: sparing healthy tissue while not affecting tumoral cells. Furthermore, FLASH 

radiotherapy triggered limited activation of oxidative stress-related pathways, suggesting a re-

duction in reactive species compared to conventional treatment. In the last decade, FLASH 

radiotherapy has shown great potential in widening the therapeutic window of radiation ther-

apy. Preclinical studies have demonstrated that FLASH reduces toxicities in organs such as 

the lung, gut, brain, skin, and esophagus (4,7,26,27). Not only in mouse models, but also in 

larger mammals, including mini-pigs and pet cancer patients (9,10,28). To date, a few patients 

have been treated with FLASH radiotherapy for skin lesions or bone metastases (15–17), but 

clinical studies comparing FLASH with conventional radiotherapy in humans have not been 

reported. However, the results from this study, obtained from human lung resections, are the 

first to report a FLASH sparing effect observed in the vast majority of patients. This first study 

in human tissue holds great promise for the clinical translation of FLASH radiotherapy.Several 

studies investigating the molecular and cellular mechanisms underlying the sparing of healthy 

tissue induced by FLASH have reported the preservation of the cycling capabilities of stem/pro-

genitor cells. In mouse brain models, FLASH radiotherapy preserved progenitor cell cycling, 

which correlated with attenuated astrogliosis and maintained neurocognitive function—effects 

typically impaired by conventional radiotherapy (27,29,30). Similarly, in mouse gut models, 

FLASH radiotherapy reduced intestinal damage, limited ferroptosis, and increased the propor-

tion of intestinal stem cells capable of regenerating the crypts after radiation injury (26,31,32). 

Previous preclinical studies in mouse lung models showed that FLASH spares progenitor cells, 

reduces persistent DNA damage, reduces senescence, and limits radio-induced pulmonary 
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fibrosis (14). In this work, we observed similar preservation of cycling cells in lung tissue re-

sected from patients, suggesting that the mechanism underlying the beneficial effect of FLASH 

radiotherapy is conserved across organs and species. Regarding the mechanism, RNAseq 

analysis of human lung tissue indicates that FLASH radiotherapy limits the transcriptional ac-

tivation of genes involved in reactive oxygen species (ROS) detoxification, suggesting reduced 

ROS production after FLASH compared to conventional radiotherapy. Similar results were ob-

tained in mouse brain models after FLASH radiotherapy (30). At the biochemical level, a recent 

study reported that FLASH irradiation induces less lipid peroxidation (33). In line with these 

previous studies and the mechanistic model of the FLASH effect (34), our study provides fur-

ther evidence that FLASH radiotherapy produces fewer oxidative species, thus reducing oxi-

dative damage. In conclusion, this study presents initial evidence of the beneficial effects of 

FLASH radiotherapy in human tissue, signaling a great potential for this innovative radiation 

modality to improve the therapeutic index of radiotherapy for lung cancer treatment. 
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Supplementary Material 

 

MODALITY CONV FLASH 

Dose [Gy] 9 ± 0.2 

Energy [MeV] 7 

Field size [mm] Ø 120 

SSD [cm] 110 

Mean Dose-rate [Gy/s] 0.5 450 

Treatment time [s]                ~ 20 0.02 

Pulse Repetition Frequency [Hz] 10 100 

Pulse width [µs] 4 3.5 - 3.9 

Number of pulses ~ 200 3 

Dose-per-pulse [Gy/p] ~ 0.05 3 

Dose/MU [Gy/MU] 0.007 NA 

In-pulse Dose-rate [Gy/s] ~ 1E+04 8E+05 

 

Supplementary Table 1. Beam parameters used for conventional (CONV) and FLASH 

irradiation of Hu-PCLS. In FLASH mode, the dose was monitored by adjusting the pulse width 

and the number of pulses. In CONV mode, the dose was controlled by adjusting the Monitor 

Units (MU) counted by a Monitor ionization Chamber. In this modality, the dose-per-pulse may 

slightly vary, and the number of pulses (and therefore the treatment time) is automatically 

adapted accordingly to achieve the set MU value. In each modality, the delivered dose was 

verified using films placed beneath the plate and a specific diamond-based detector, 

independent of dose-rate, above the plate. Across all irradiations, the difference between the 

CONV and FLASH doses never exceeded 0.2 Gy.   
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Supplementary Figure 1. Correlation coefficient between patients data and basal division 

level in the cohort. 

 

 

 

 

 

 

 

 

 

Supplementary Figure 2. Correlation coefficient between patients data and FLASH vs 

CONV sparing ratio in the cohort. 
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3.3    Additional results – Article 2 

 

   In addition to the reported protective impact of FLASH on the ROS response and the expres-

sion of genes involved in their management pathways (Nrf2-Keap1) in comparison to conven-

tional irradiation, we have identified other changes that may be relevant when comparing 

the molecular effects of conventional irradiation to FLASH. As discussed in the introduction of 

this manuscript, several underlying mechanisms have been proposed for the FLASH protective 

effect, including the immune hypothesis and the mitochondrial impact hypothesis. Thus, 

interestingly, we also identified upregulation of genes involved in the electron transport 

chain and inflammatory upregulation after conventional irradiation compared to FLASH. 

   The analysis of mitochondrial gene expression in human lung tissue after conventional and 

FLASH radiotherapy revealed significant differences in the activation of mitochondrial path-

ways (Figure 58). GO enrichment analysis highlighted the upregulation of mitochondrial RNA 

metabolic processes and mitochondrial gene expression in CONV-RT compared to FLASH 

treatment (Figure 58A). Further investigation through GSEA confirmed the preferential acti-

vation of genes involved in the mitochondrial electron transport chain (ETC) after CONV-RT, 

with a statistically significant enrichment observed (Figure 58B). Several ETC complexes 

were indeed upregulated after CONV-RT, including those related to mitochondrial ATP syn-

thase and cytochrome oxidase complexes, as well as those implicated in mitochondrial com-

plexes I, II and IV. These findings suggest that CONV-RT radiotherapy may induce higher al-

terations in mitochondrial function, potentially to the release of ROS which could explain the 

higher implication of ROS management pathway compared to FLASH. 

   RNAseq analysis revealed differential activation of inflammatory pathways following 

conventional CONV and FLASH radiotherapy in human lung tissues (Figure 59). Enrichment 

analysis of the IFN-α response pathway, IFN-γ response pathway as well as  NF-kB pathway  

showed a significant upregulation of genes associated with these inflammation processes 

following conventional radiotherapy compared to FLASH irradiation. This analysis underscores 

the reduced inflammatory activation following FLASH radiotherapy, which could contribute to 

its protective effects on healthy lung tissue. 
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Figure 58. FLASH-RT reduced activation of electron transport chain system in patient lung 

samples. (A) Gene Ontology (GO) enrichment analysis showing mitochondrial gene 

expression enrichment after CONV-RT. (B) Gene Set Enrichment Analysis (GSEA) showing 

the enrichment of mitochondrial electron transport chain (ETC) genes in lung tissue after 

exposure to CONV versus FLASH radiotherapy. A clear differentiation in the enrichment of 

electron transport chain genes was observed (p < 0.001, FDR q-value = 0.13). (C) Heatmap 

representation of the expression of mitochondrial electron transport chain genes, showing the 

differential expression between the CONV and FLASH conditions across different patients. 
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Figure 59. FLASH reduces radio-induced acute inflammation in human lung compared to 

CONV-RT. (A) Enrichment analysis of the interferon-alpha (IFN-α) response pathway following 

conventional (CONV) and FLASH radiotherapy in human lung samples. (B) Enrichment 

analysis of the TNF-α signaling via NF-kB pathway in response to CONV and FLASH 

irradiation. (C) Enrichment analysis of the interferon-gamma (IFN-γ) response pathway after 

CONV and FLASH irradiation. Heatmaps show the relative expression levels of genes involved 

in each inflammatory pathway.  

 

4. CONCLUSION PART 1 – KEY INSIGHTS FROM EX VIVO PCLS MODEL ON 

FLASH-RT SPARING EFFECT IN THE LUNG  

 

   Thus, in conclusion of this first part of the results, we adapted the PCLS model to study 

acute toxicities in the lung by implementing simple and rapid endpoints (viability and cell 

division). Interestingly, the study of cell division within the slices 24 hours post-treatment al-

lowed us to highlight a FLASH sparing effect on this population of interest. Subsequently, 

we used this model and conducted proof-of-concept experiments for its use in combination 

therapies with chemotherapy and radioprotectors (AsiDNA, CAPE, see Annex 1). Finally, we 

demonstrated the possibility of obtaining PCLS from lungs containing orthotopic lung tumors, 

making it an interesting and relevant model for future studies (See Annex 1). Next, we aimed 

to apply this model and our test to several issues concerning FLASH radiotherapy: first, the 

study of irradiation parameters and optimal conditions for achieving the FLASH effect 

in the lung, and second, the demonstration of a FLASH protective effect in human lung 

tissue. Regarding the parameters, we identified the mean dose rate/total irradiation time as 

an important factor, with the dose rate needing to exceed 100 Gy/s for an optimal FLASH 

effect, which is achieved at dose rates above 300 Gy/s. Additionally, we were able to identify 

the dose per pulse as another important factor in FLASH irradiation with an electron beam, 

where the dose per pulse must exceed 1 Gy/pulse to detect the FLASH protective effect 

in the PCLS model. Finally, regarding our investigation into the presence of a FLASH protective 

effect in healthy lung resections from patients treated for their lung cancer, the PCLS-Hu 

model enabled us to highlight a protective effect on cell division within the PCLS in 

nearly 94% of patients. Although this is based on a short-term ex vivo endpoint, it supports 

the clinical transition of FLASH therapy.Thus, in the continuation of this manuscript and given 

the initial molecular insights provided by RNAseq analyses in patients, we aimed to study the 

molecular changes occurring after FLASH or CONV irradiation in the subcellular compart-

ments in mice, 24 hours post-treatment for acute phase and several months for the late. 
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IV- PART 2 – TRANSCRIPTIONAL ACUTE AND LATE CHANGES 

OCCURRING POST-FLASH OR CONV-RT IN MOUSE LUNG AT THE 

SINGLE CELL LEVEL 

1. TRANSCRIPTIONAL CHARACTERIZATION OF THE FLASH SPARING EFFECT IN 

MOUSE WHOLE LUNG  

 

1.1 Introduction  

     

    We decided to explore these transcriptional changes more precisely in lung 

subpopulations, using scRNAseq, to provide initial insights into the underlying 

mechanisms of the FLASH effect in healthy tissue. For this purpose, we irradiated the 

thorax of mice with a dose of 13 Gy, a fibrogenic dose, at conventional or FLASH dose rates. 

24 hours post-treatment, the lung was dissociated into a single-cell suspension, followed by 

scRNAseq using the 10X Genomics technology ( 

Figure 60). In addition to this short-term approach and for dynamic analyses of the 

transcriptional changes occurring after these irradiation modalities, we complemented this 

analysis with time points from 1 month up to 5 months post-treatment, both for conventional 

and FLASH irradiation. Therefore, in the following part of this manuscript, we will first describe 

our dataset, and the specific responses that we were able to reveal in some subpopulations of 

the 

lung.  

 

 

 

Figure 60. Scheme of experimental procotol for transcriptional analysis using ScRNAseq 24 

hours after FLASH or CONV-RT at 13Gy.  
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1.2 Material and method  

 

Mice and ethics statement : Studies were conducted in accordance with the European 

Community recommendations (2010/63/EU) for the care and use of laboratory animals. The 

experimental procedures were specifically approved by the Ethics Committee of Institut Curie 

(CEEA-IC #118) under authorization number APAFiS#32674-2021080916494690, granted by 

the National Authority, in compliance with international guidelines. Female C57BL/6J mice, 

purchased from Charles River Laboratories (Lyon, France) at 6 weeks of age, were housed in 

the Institut Curie animal facilities. 

 

Mice irradiation :  C57BL/6J female mice were used to study short term response to FLASH or 

CONV at 24 hours (24H), 1 months (1M), 2 months (2M), 3 months (3M), 4 months (4M) or 5 

months (5M) post-treatment. Collimation, time-resolved fluence measurement, chemical 

dosimetry, depth-dose distribution, anesthesia, and immobilization procedures were 

performed as described in previous part of this thesis (see results part 1). Bilateral thoracic 

irradiation was performed using a 4.5-MeV linear electron accelerator facility (Electron-Flash 

4000, Sordina IORT Technologies). CONV-RT and FLASH-RT dose rates were 0.4 Gy/s and > 

300 Gy/s respectively, while both were administrated using a single dose of 13 Gy. Time points 

for lung tissue sampling were 24 hours (24h) after irradiation to account for early 

biomechanistic effects, a cinetics from 1 to 5 months after irradiation when pulmonary fibrosis 

was developing.  

 

Lung dissociation for single cell suspension :  For the preliminary preparation, Dispase (50 

U/ml) was thawed from -20°C storage, with 2 ml used per mouse.  A 1% agarose solution in 

PBS (low gelling) was prepared and maintained at 42°C before perfusion. Falcon tubes (50 

ml) containing 3 ml of PBS (Mg²⁺/Ca²⁺) were prepared for each sample, and PBS with 10% 

FBS (PF10) was used for the dissociation steps. The centrifuge was set to 4°C. For lung ex-

traction, mice were anesthetized with isoflurane followed by cervical dislocation. The ribcage 

was opened, the trachea was exposed, and then perfused with 2 ml of Dispase (50 U/ml) using 

a 20G needle, followed by 0.5 ml of 1% agarose to seal the trachea. Lungs were cooled on ice 

to solidify the agarose before being removed from the ribcage, cleaned of blood and heart 

tissue, and separated into lobes. The trachea and any remaining agarose were removed, and 

the lobes were finely minced and placed into the prepared Falcon tubes on ice.For lung disso-

ciation, 320 µL of Elastase (25 U/ml) was added to the lung tissue, which was then further 

minced. The samples were homogenized and incubated at 37°C with shaking for 30 minutes. 

After homogenization with a pipette, the samples were incubated for additional periods and 
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filtered through a 100 µm filter. Mechanical dissociation was performed with a 10 ml syringe, 

followed by rinsing with PF10. DNase (37.5 µL at 10 mg/ml) was added, and the mixture was 

incubated on ice for 3 minutes before filtering again through a 40 µm filter. The cells were 

centrifuged at 150g for 6 minutes at 4°C, resuspended in RBC lysis buffer for 90 seconds, and 

the lysis was stopped with PF10. For FACS or scRNA-seq analysis, RBC lysis was performed 

in cycles as required. Finally, the cells were centrifuged again at 200g for 6 minutes at 4°C and 

resuspended in 1 ml of PBS 1% SVF 1% BSA.  

 

GEM generation and barcoding for scRNAseq  : Single-cell 3’-RNA-Seq samples were pre-

pared using the Single Cell V reagent kit and loaded into the Chromium Controller according 

to the manufacturer's standard protocol (10x Genomics). Depending on the experiment, 6,000 

to 10000 cells were captured for each mouse. Dissociated lung single cells were encapsulated 

in nanodroplets (GEMs) using a microfluidic device. These GEMs were created by combining 

barcoded single-cell 3’ gel beads, a master mix containing reverse transcription (RT) reagents, 

single cells, and partitioning oil on the Chromium Next GEM Chip. Following cell lysis, the RNA 

was captured on gel beads coated with oligos containing an oligo-dTTT sequence, unique 

molecular identifiers (UMIs), and a specific barcode. 

 

Reverse transcription and cDNA amplification : Incubation of the GEMs results in the produc-

tion of barcoded, full-length cDNA from poly-A mRNA. Following reverse transcription, the 

GEMs are broken, and the cDNA is purified using silane magnetic beads. The purified cDNA 

is then PCR-amplified and washed before being analyzed for quality control using a Bioana-

lyzer (Agilent). The barcoded full-length cDNA is further amplified by PCR to produce sufficient 

material for library construction. After amplification, the cDNA is purified once more, and its 

quality is assessed via capillary electrophoresis on a Bioanalyzer (Agilent) prior to library prep-

aration. 

 

Library construction and sequencing  : Finally, libraries were prepared using a fixed proportion 

of the total cDNA. Enzymatic fragmentation and size selection are performed to optimize the 

cDNA amplicon size. During GEM incubation, the read 1 primer sequence is added to the 

molecules. At this stage, the P5 and P7 sequences, a sample index, and the read 2 primer 

sequence are incorporated through End Repair, A-tailing, Adaptor Ligation, and PCR. This pro-

cess ensures that the final libraries contain the P5 and P7 primers required for Illumina bridge 

amplification. The libraries were then sequenced using the NovaSeq sequencer (Illumina). 
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scRNA-seq Data Analysis : Single-cell suspensions were analyzed using the droplet-based 

single-cell RNA-seq method developed by 10x Genomics. Raw sequencing data were pro-

cessed using the CellRanger pipeline version 3.1.0, 6.0.0, or 7.1.0 depending on the sample. 

Count matrices were analyzed using Seurat package version 5.0.1319. For each sample, SoupX  

was employed to remove contamination by ambient RNA320, and quality controls were per-

formed. The correct annotation of cell populations was validated using the expression of well-

known markers.The SCTransform function was applied to the merged object, with cell cycle 

scores and the percentage of mitochondrial genes used as regressed variables. The samples 

from different patients were then separated and normalized individually. The 2000 most varia-

ble features were identified and used to set anchors for integration.  

 

Transgenic mouse models – Sftpc Cre ERT2 Tdtomato GFP : To detect inducible Sftpc-positive 

alveolar type II (AT2) cells in the lung, we employed a transgenic mouse model combining two 

genetically modified strains. The Sftpc-CreERT2 knock-in mice (B6.129S-

Sftpctm1(cre/ERT2)Blh/J, JAX Stock No. 028054) express a tamoxifen-inducible Cre recom-

binase under the control of the endogenous Sftpc promoter/enhancer elements. These mice 

were crossed with the B6.129(Cg)-Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo/J strain 

(also known as mT/mG), which carries a loxP-flanked STOP cas-sette that prevents transcrip-

tion of the CAG promoter-driven tdTomato fluorescent pro-tein at the Gt(ROSA)26Sor locus. 

Upon tamoxifen administration, Cre-mediated re-combination in Sftpc expressing cells excises 

the STOP cassette, allowing for the expression of GFP (green fluorescence) specifically in the 

AT2 cells, while the tdTomato (red fluorescence) expression is lost. 

 

Tamoxifen preparation and induction : For tamoxifen induction in Sftpc Cre ERT2 mice, a dos-

age of 10 µL per gram of body weight was used, with each mouse weighing approximately 25 

g, resulting in a 250 µL injection per mouse. The injections were performed one time, just after 

treatment at a dose of 100 mg/kg. To prepare the solution, 1000 µL was required per mouse 

(to account for potential pipetting losses), with 10 mg of tamoxifen added. For the induction, 

intraperitoneal (IP) injections were administered at 10 µL per gram of mouse weight. The ta-

moxifen solution was prepared fresh each day and stored at 4°C if necessary. To aid in disso-

lution, the solution was heated at 37°C for 10-15 minutes with orbital shaking. 
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Sorting of Sftpc+ cells : Mice irradiation and lung tissue dissociation was done as described in 

prior steps. Dissociated cells were sorted with a BD FACSAria III sorter in order to isolate the 

AT2 cells with BD FACSDiva Software V8.0.3. Sftpc positive AT2 cells expressed a specific 

Cre recombinase induced by prior injection of 100 mg/kg tamoxifen which allowed the GFP 

protein expression, resulting in green fluorescence which in turn allowed specific cell sorting. 

 

Lipidomic analysis on sorted Sftpc+ cells : Lipidomics analysis was performed on sorted Sftpc+ 

cells to identify lipid changes in response to different irradiation modalities (FLASH vs. con-

ventional). A total of 200,000 cells were spiked with an internal lipid standard mixture and sub-

jected to lipid extraction. The cells were dissolved in ammonium bicarbonate, followed by ex-

traction with chloroform-methanol (10:1) and re-extracted with chloroform-methanol (2:1). The 

organic phases were collected, evaporated, and resuspended in an infusion mixture for mass 

spectrometry analysis. Samples were analyzed using a QExactive Plus mass spectrometer 

with a TriVersa NanoMate ion source. Direct infusion of 5 µL of sample was performed under 

specified conditions. Lipid species, including DAG, TAG, CE, PC, PCO, Cer, GlcCer, LPC, 

LPCO, PG, PE, PEO, LPE, LPEO, LacCer, Gb3, Gb4, GM1, GM2, GM3, PA, PI, PS, LPA, and 

LPS, were detected in positive or negative ion mode, depending on the lipid type. The data 

were analyzed using LipidXplorer software, and post-processing and normalization were done 

manually. 
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1.3 Results  

 

1.3.1 ScRNAseq data visualization and identification of lung cells populations in 24 hours 

dataset 

 

    To characterize the molecular and cellular changes that occur after FLASH or conventional 

irradiation at 24 hours post-irradiation, we generated single-cell suspensions from two non-

irradiated (NI) mice, three mice irradiated with 13 Gy FLASH and three mice irradiated with 13 

Gy CONV . This scRNA-seq analysis was performed using the 10X Genomics Chromium plat-

form, as described in the associated materials and methods. All samples were merged into a 

single dataset using the Seurat package in R. A total of 49,202 cells were analyzed: 8,303 from 

the NI group, 22,094 from the FLASH group, and 18,805 from the CONV group, after quality 

control steps based on mitochondrial gene percentages and the number of detected expressed 

genes, as outlined in the materials and methods. 

 

   UMAP visualization based on condition shows the separation of the non-irradiated (NI), 

FLASH-irradiated and conventionally irradiated samples, indicating clear transcriptional shift 

from non-treated or irradiated samples (Figure 61A). Then, UMAP visualization based on the 

original identity highlights that certain clusters are specific to each individual sample, while 

others show an overlap between samples, suggesting that the clustering is not significantly 

affected by batch effects, and the differences observed are largely due to the condition of 

treatment (Figure 61B).  The annotation of the clusters was based on the expression of ca-

nonical markers that were described by previous work on RILI development following conven-

tional fibrogenic doses. This method enabled the identification of 17 lung cell types (Figure 

62A-B). Based on the markers recently described in the literature, we identified AT0 cell clus-

ters that appear to be specific to irradiated conditions (Figure 62B). 

 

    In the following section of results, we will attempt to define a global response of all pulmonary 

cell types to conventional or FLASH irradiation. Subsequently, I will describe the changes oc-

curring in the distribution of different resident cell subpopulations at 24 hours post-irradiation.  
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Figure 61. Single-cell data visualization of the NI and irradiated lungs. 

Uniform Manifold Approximation and Projection (UMAP) from 49,202 cells from 2 NI, 3 

IR_FLASH_13Gy_24H, and 3 IR_CONV_13Gy_24H samples annotated by (A) condition and 

(B) original identity (orig.ident). 
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Figure 62. Lung cell type identification and canonical marker expression. (A) UMAP 

visualization of the lung samples annotated by cell type. (B) Dot plot displaying the expression 

of canonical markers for cell type identification.  
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1.3.2 Common and specific response 24 hours post-FLASH or CONV-RT in the whole lung  

 

    At first, our goal was to identify a potential molecular signature specific to FLASH vs CONV-

RT at the whole-lung level. Thus, we performed differentially expressed genes analysis (DEG) 

after FLASH or CONV irradiation compared to untreated cells across all lung cell subpopula-

tions. A total of 514 genes were upregulated after FLASH irradiation compared to NI lung, while 

635 genes were upregulated after CONV at 24 hours. Among these upregulated genes, 258 

were identified as commonly upregulated after either FLASH or conventional irradiation across 

all pulmonary cell subtypes (Figure 63A). Based on this list, a GSEA overlap analysis of these 

genes with known pathways revealed that these commonly significantly upregulated genes 

were primarily involved in inflammatory response (IFN-g, IFN-a), cell cycle regulation (Myc 

target, G2M checkpoint), P53 and apoptosis pathways, as well as genes related to oxidative 

phosphorylation (Figure 63A). We then measured the average expression of these genes in 

our cells by irradiation condition, revealing only minor differences between CONV and FLASH 

irradiation modalities, indicating a common upregulation of these genes related to early radia-

tion response (Figure 63B). Additional analyses of genes specifically upregulated after 

FLASH or CONV irradiation showed upregulations of genes related to the same identified path-

ways involved in the response to ionizing radiation which does not indicate a clear common 

response to FLASH vs CONV compared to non-treated lungs.  

 

 

    In the following part of this manuscript, we decided to focus on the resident lung populations 

that have been irradiated and not recruited because of the irradiation (Figure 64). Interest-

ingly, the proportion of endothelial cells relative to the total number of resident lung cells de-

creased by approximately 21.5% after conventional irradiation and by 25.5% after FLASH ir-

radiation. Similarly, the proportions of AT2, AT1, and fibroblasts followed the same trend. Re-

garding macrophages, an increase in their proportion was observed after conventional irradi-

ation compared to FLASH, rising from 7% to 13.5%. Finally, there seems to be a drastic in-

crease in the proportion of club cells after both FLASH and conventional irradiation, as well as 

the appearance of an AT0 cluster, representing cells in a transitional state after FLASH irradi-

ation (8.3%) and conventional irradiation (18.8%).  
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Figure 63. Common response 24 hours after FLASH and CONV-RT in the whole lung.  (A)  

Venn diagram showing the overlap of upregulated genes (UpR) following FLASH irradiation  

and conventional irradiation. GSEA analysis on common upregulated genes revealed 

pathways associated to inflammation, apoptosis, cell cycle regulation. (B) Heatmap of 
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identified common upregulated genes after CONV and FLASH irradiation at 24 hours post-

treatment. Genes are clustered according to their average expression per condition, with 

normalization across each row.  

 

 

 

 

 

 

 

 

 

 

 

Figure 64. Distribution of lung cells subpopulations upon FLASH or CONV-RT. Normalized 

proportion to the total of resident cells per condition.  

 

    Thus, in the following part of this result section, we will focus on the response of two 

populations of interest, endothelial cells and AT2 cells. The other cell types, due to the low 

number of sequenced cells, did not reveal any major differences between these modalities. 

Furthermore, we decided to focus on innovative results showing a specific response to FLASH, 

rather than a response related to the delayed development of radiation-induced fibrosis. 

Indeed, we have identified an increase in the proportion of myofibroblasts during fibrosis 

development after CONV-RT that is not present in FLASH, as well as the inflammatory profiles 

of alveolar macrophages, which are also reduced after FLASH irradiation. In this manuscript, 

we decided to focus on early changes, detectable at different time points post-irradiation, which 

may be linked to underlying mechanisms of FLASH radiotherapy. 
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1.3.3 FLASH-RT spares lipid metabolism related pathway in AT2 cells at 24 hours 

 

   By subclustering the AT2 cell compartment, we identified two separate AT2 populations that 

differed by the expression of the Lyz1 gene (Figure 65A). This population has already been 

described in the literature as a specific population in mice321. Aside from the expression of 

Lyz1, these two populations did not show any other significant differences, so we decided to 

continue our analysis on the entire AT2 population. UMAP clustering per condition shows a 

transcriptional shift between non treated and irradiated AT2 cells (Figure 65A). Similar to what 

was identified in the whole lung and in the literature at short times post-irradiation, irradiation 

of AT2 cells induced inflammatory, apoptotic, and cell cycle arrest processes, as identified by 

DEG analysis.  

 

   DEG analysis between FLASH and CONV-RT revealed  an upregulation of several genes 

associated with adipogenesis-related pathways following FLASH vs CONV-RT. These genes, 

linked to lipid metabolism, could be related to the primary function of AT2 cells to produce 

pulmonary surfactants (Figure 65B). Volcano plot analysis highlighted the gene Apoe as a 

top upregulated gene in FLASH compared to CONV-RT (log2 fold change = 2) (Figure 65C). 

The Apoe gene encodes a lipoprotein involved in plasma-to-cell lipid transport and pulmonary 

surfactant synthesis in AT2 cells322. 

 

   Further examining the response of lipid metabolism related genes, we observed that irradia-

tion impacts the expression of various genes involved in lipid metabolism pathways (Figure 

65D). Interestingly, genes expression was preserved following FLASH irradiation for Apoe, 

Plin2, and Mgll compared to CONV-RT. Indeed, Plin2, which encodes a protein involved in the 

formation of intracellular lipid droplets323, as well as  Mgll, which encodes a protein involved in 

lipid catabolism324, showed similar expression patterns to Apoe across the different conditions. 

 

   To functionally validate the transcriptional changes occurring at 24 hours post-irradiation in 

AT2 cells, we performed lipidomic analysis using mass spectrometry. To specifically isolate 

AT2 cells, we used a transgenic mouse model, Sftpc-CreERT2 x R26-mTmG  (Figure 66A). 

As described in the material and method section, upon tamoxifen injection in IP, the Sftpc ex-

pressing cells will become GFP+, allowing us to sort AT2 cells.  For each condition, untreated 

or treated with a 13 Gy dose in either FLASH or CONV, we sorted 200,000 cells for analysis 

of lipid subpopulations (Figure 66A).  
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Figure 65. FLASH spares lipid metabolism pathway in AT2 cells at 24 hours post-treatment. 

(A) UMAP plots showing the clustering of AT2 cells based on the expression of the Lyz1 gene 

(left) and by condition (right). (B) Gene ontology analysis (GSEA) of upregulated genes in 

FLASH compared to CONV irradiation at 24 hours. (C) Volcano plot of differential gene 

expression comparing FLASH to CONV irradiation at 24 hours. (D) Violin plots showing the 

expression levels of Apoe (lipid uptake), Plin2 (lipid storage), and Mgll (lipid catabolism) in 

CONV, FLASH, and NI conditions. Statistical significance is indicated by the p-values for each 

gene. 
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   Preliminary validation allowed us to confirm the sensitivity and relevance of this lipidomic 

method, enabling the identification of major components of pulmonary surfactant in AT2 cells 

(Figure 66B). Specifically, the measurements suggested a high concentration of phosphati-

dylcholine (PC), reported as a major lipid component of pulmonary surfactant, along with other 

subspecies such as cholesterol and phosphatidylglycerol (PG)325 (Figure 66B). 

 

 

 

 

 

 

 

 

 

Figure 66. Experimental setup and relevance of lipidomic analysis for AT2 sorted cells. (A) 

Experimental setup for sorting AT2 cells using the Sftpc-CreERT2 x R26-mTmG transgenic 

mouse model. (B) The bar graph shows the raw quantification of lipid species detected in AT2 

non treated cells.  

 

   Among the changes commonly induced by irradiation, we observed an increase in ceramide 

levels 24 hours post-treatment with both conventional and FLASH dose rates (Figure 67A). 

Notably, ceramides have been reported to be generated in ferroptosis processes, which can 

be induced by irradiation326. We were able to correlate this increase with an upregulation of 

genes involved in ferroptosis pathways following both FLASH and conventional irradiation in 

AT2 cells (Figure 67B). More specifically, most of these genes are commonly upregulated 

after either FLASH or conventional irradiation in AT2 cells, suggesting no difference in the in-

duction of ferroptosis cell death between the two irradiation modalities (Figure 67C). 
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Figure 67. Increased level of ceramide is correlated with a common upregulation of ferroptosis 

related genes following radiation in AT2 cells (A) Lipidomic analysis revealed an increase in 

ceramides levels post-radiation. (B) KEGG pathway enrichment analysis comparing CONV 

and FLASH-RT against NI highlight an enrichment in ferroptosis related genes after radiation. 

(C) Venn diagram illustrating the overlap of upregulated genes between CONV and FLASH 

irradiation conditions, with a focus on ferroptosis-related genes such as Acsl4, Acs15, and 

Prnp.  
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    More precisely,  in regard to the FLASH-RT sparing effect on the expression of genes 

implicated in lipid intake and lipid storage, we found that FLASH-RT preserved cholesteryl 

ester levels compared to CONV-RT, which are implicated in lipid droplet formation 327 (Figure 

68). Indeed, cholesteryl esters function as a transport form of cholesterol in blood plasma and 

in cells in lipid droplets . In contrast, major lipidic components of pulmonary surfactants such 

as cholesterol, fatty acids and phospholipids were not affected by radiation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 68. FLASH spares lipid droplet-related lipids level in AT2 cells compared to CONV-RT 

24h after irradiation (A) Lipidomic analysis revealed a specific decrease in cholesteryl ester 

(CE) levels after CONV-RT. (B) Schematic representation of lipid metabolism response in AT2 

cells 24 hours after FLASH or CONV irradiation.  
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1.3.4 Dynamic of AT2 lipid metabolism after FLASH or CONV-RT from 1 to 5 months post 
treatment  

   We then aimed to explore the dynamics of lipid metabolism changes occurring after FLASH 

or CONV-RT, focusing not only during the acute response in the lung but also during the de-

velopment of later radiation-induced toxicities. Indeed, after a thoracic irradiation of 13 Gy at 

conventional dose rates, mice develop RIPF after 20 weeks, which is not observed following 

FLASH irradiation as described. To further investigate this, we conducted scRNA-seq analyses 

at different time points post-irradiation, from 1 to 5 months, to assess the dynamic changes in 

lipid-related transcriptional pathways after FLASH irradiation compared to conventional irradi-

ation and determine whether these changes could serve as markers for later responses in the 

lung (Figure 69A). Interestingly, at 5 months post-conventional irradiation, the expression of 

Apoe appears lower in conventionally irradiated  AT2 cell subclusters, highlighting potential 

differences in lipid metabolism between the two irradiation modalities at later timepoints (Fig-

ure 69B). 

Figure 69. Characterization of AT2 cell clusters and Apoe expressions from 24 hours to 5 

months post-irradiation. (A) UMAP visualization of AT2 cells by experimental condition (B) 

UMAP visualization of Apoe expression across the treatment conditions. The circled area 

highlights the cluster of AT2 irradiated cells at 5 months where Apoe expression appears 

decreased. 

  Interestingly, by quantifying the expression of Apoe over time following FLASH or conven-

tional irradiation, it appears that from 24 hours and 1 month, which correspond to acute re-

sponse phase, Apoe expression was decreased after both types of irradiations, with a less 

pronounced decrease following FLASH (Figure 70). From 2 to 4 months post-irradiation, Apoe 

expression in AT2 cells seems to stabilize regardless of the irradiation modality. However, at 5 

months, when fibrosis develops after conventional irradiation but not after FLASH, a loss of 

Apoe expression is observed in AT2 cells, while FLASH irradiation preserves Apoe expression 

at stable levels (Figure 70).  
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Figure 70. Dynamic of Apoe expression months following FLASH or CONV-RT. 

 

    Similarly, the expression of Plin2 follows a similar trajectory, suggesting a significant impact 

of irradiation on lipid uptake as well as storage processes in AT2 cells. This dysregulation of 

lipid metabolism in AT2 cells could serve as a potential marker for both acute responses and 

the later development of RILI, as well as a marker for the sparing effect of FLASH irradiation 

in the lung (Figure 71).  

Figure 71. Dynamic of Plin2 expression months following FLASH or CONV-RT. 

**** **** **** 

* 

**** 
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    Thus, these changes suggest a significant sparing effect on several pathways involved in 

lipid metabolism and pathway implicated in the production, transport, and secretion of pulmo-

nary surfactants, both in the acute and late phases in AT2 cells.  

     

    To conclude, through a scRNAseq analysis of murine AT2 cells, we unveiled that FLASH-

RT precociously and persistently spared the expression of genes related to lipid metab-

olism compared to CONV-RT. Some of these first insights were validated by a lipidomics 

analysis on sorted AT2 cells which revealed a preservation of cholesteryl ester levels which 

are related to lipid droplet formation after FLASH-RT compared to CONV-RT. As one of pri-

mary functions of AT2 cells is pulmonary surfactant production, it seems that CONV-RT may 

impair this process. Indeed, a lipidomics analysis carried by mass spectrometry on macaque 

model lung parenchyma 6 months after whole-thorax irradiation found a notable decrease of 

phospholipids which are the main lipids constituting the pulmonary surfactant 328,329. Lipid me-

tabolism has also been associated with stress response and cellular senescence, as well as 

aging-related diseases330. It has also been demonstrated that Apoe knockout murine models 

have dysfunctional inflammation and oxidative stress response that may result to pulmonary 

fibrosis 329. In regard to Plin2, it has been shown that oxidative stress may lead to its overex-

pression and therefore to lipid droplet formation, resulting in a stress decrease 332,333.  

 

   Our preliminary data suggests a differential impact between FLASH and conventional 

radiotherapy on these complex lipids related metabolic processes in AT2 cells, which 

present lipids and lipid metabolism pathways as an exciting new area of research that could 

help elucidate the underlying mechanisms of the FLASH effect. For now, several functional 

validation analyses of these initial lipidomic findings are currently ongoing. 
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1.3.5 Characterization of endothelial subpopulations in acute and late radiation responses 

datasets  

 

    Endothelial cells are among the most sensitive cell types to radiation. Once exposed, their 

essential protective functions are disrupted. The alteration of endothelial cells leads to their 

activation, which may eventually progress to senescence or cell death. These states can con-

tribute to the development of chronic inflammation through the secretion of SASP (Senes-

cence-Associated Secretory Phenotype) factors, pro-inflammatory cytokines, and chemo-

kines. This is why we focused on studying the response of these populations to CONV or 

FLASH-RT from 24 hours to 5 months post-treatment (Figure 72A). The identification of the 

different endothelial clusters was based on the recently published single-cell atlas of endothe-

lial cells141, which allowed us to classify five main clusters : artery endothelial cells (EC_artery), 

vein endothelial cells (EC_vein), lymphatic endothelial cells (EC_lymph), and two types of ca-

pillary endothelial cells which are general capillaries (gCap) and alveolar capillaries (aCap) 

(Figure 72B). Artery ECs were characterized by the expression of Efnb2 and Fbln5, while 

vein ECs showed high levels of Nr2f2 and Vwf (Figure 72C). Lymphatic ECs expressed Ccl2a, 

Mmrn1, and Fgl2 (Figure 72C). The two types of capillaries exhibited distinct profiles: gCap 

was defined by the expression of Ptprb and Gpihbp1, and aCap was characterized by the 

expression of Fibin, Car4, Apln, Tmcc2, and Prx (Figure 72C). 

 

    Next, we examined the distribution of endothelial subpopulations following conventional or 

FLASH irradiation (Figure 72D). Starting from 3 months post-conventional irradiation, we ob-

served a decrease in the proportion of gCap microvascular cells, coupled with an increase in 

the proportion of aCap, suggesting a possible differentiation of this population to replenish the 

aCap pool. At 5 months, in a fibrotic context, this decrease was even more pronounced, but 

we also observe a reduction in the proportion of aCap, the functional microvascular cells in-

volved in gas exchange. This reduction may correlate with the progression of fibrosis, which 

aligns with previous studies conducted with higher doses200. After FLASH irradiation, a similar 

trend of gCap depletion is observed starting from 2 to 3 months post-irradiation. However, in 

contrast to conventional irradiation, the aCap pool remains elevated from this time onward, 

without any decrease even at 5 months post-irradiation, suggesting a preservation of alveolar 

gas exchange functions. These findings suggest a differential impact of FLASH irradiation over 

time on pulmonary microvascular populations, which may be correlated with the delayed de-

velopment of radiation-induced fibrosis compared to conventional irradiation.  
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Figure 72. Identification of endothelial subpopulations and their distribution across irradiation 

conditions. (A) UMAP plot showing the distribution of endothelial cells across different 

conditions. (B) UMAP plot focusing on the identification of endothelial subpopulations.  

(C) Dot plot showing the expression of selected endothelial markers across endothelial 

subpopulations. (D) Stacked bar plot representing the relative proportions of different 

endothelial subpopulations across FLASH or CONV-RT from 24 hours to 5 months post-

treatment.  
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1.3.6 FLASH-RT spares mitochondrial genes expression in endothelial subpopulations at 24 
hours  

 

    Then, we focused on molecular analysis of DEG between FLASH and CONV-RT at 24 hours 

post-treatment in all EC populations. Among the top upregulated genes identified, we found a 

set of nine mitochondrial genes (Figure 73A). These genes encode proteins that are involved 

in the composition of various mitochondrial complexes. Specifically, this includes all the genes 

encoding the subunits of Complex I, which is involved in the transfer of electrons from NADH 

to ubiquinone, a crucial step in the mitochondrial respiratory chain for ATP production (Figure 

73B). Similarly, all the genes encoding subunits of Complex IV, which plays a key role in the 

reduction of oxygen to water during oxidative phosphorylation, were upregulated following 

FLASH irradiation (Figure 73B). Finally, the ATP synthase subunit Atp6 was also upregulated 

after FLASH irradiation (Figure 73B). Interestingly, for mostl of these genes, we observed a 

slight reduction in their expression at 24 hours post-FLASH irradiation compared to non-treated 

conditions. However, this effect is more pronounced after conventional irradiation (Figure 

73C). Moreover, this downregulation of expression was observed across almost all endothelial 

subpopulations, suggesting a common impact on the entire pulmonary endothelium. 

 

    Mitochondria has been reported to play a critical role in endothelial cell function, primarily 

through signaling mechanisms rather than energy production334. While energy demands in en-

dothelial cells are lower compared to other cell types, mitochondria regulate essential pro-

cesses like ROS production, calcium homeostasis, and cell death. Mitochondrial dynamics, 

including fusion and fission, are vital for maintaining endothelial function, especially under 

stress conditions such as oxidative stress. Thus, our results suggest, at the transcriptional 

level, a sparing effect of FLASH on mitochondrial function in endothelial cells that should 

be further explored with functional validation in situ.  
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Figure 73. FLASH-RT spares mitochondrial genes expression in endothelial subpopulations. 

(A) Volcano plot displaying the differential gene expression between FLASH  and conventional 

irradiation at 24 hours post-treatment. The plot highlights the most significant  genes, with red 

points indicating upregulated genes (log2FC > 0, p-value < 0.05), and green points 

representing downregulated genes. (B) A schematic representation of the mitochondrial 

respiratory chain complexes. Each complex which is upregulated after FLASH is boxed and 

color-coded to show the position of mitochondrial subunits, highlighting genes from the 

mitochondrial genome involved in the complexes, including Complex I, Complex IV, and ATP 

synthase.(C) Violin plots showing the expression levels of mitochondrial genes (mt-Co1, mt-

Co2, mt-Co3, mt-Nd1, mt-Nd2, mt-Nd3, mt-Nd4, mt-Nd5, mt-Atp6) across different endothelial 

subpopulations in both irradiation conditions compared to NI. 
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1.3.7 Dynamic of EC mitochondrial genes expression after FLASH or CONV-RT from 1 to 5 
months post treatment  

 

   Subsequently, we wanted to understand how this response evolved over time following con-

ventional and FLASH irradiation, from 1 month to 5 months post-irradiation. Given that we had 

shown that this response was common across endothelial subpopulations, this analysis was 

performed on the entire endothelial population. By conducting DEG analyses at each time point 

between CONV-RT and FLASH, we investigated whether there were commonly upregulated 

genes in at least 4 of the 6 conditions studied (Figure 74A). This approach allowed us to 

identify a list of 6 commonly upregulated genes, which included the mitochondrial genes pre-

viously identified (Figure 74A). Upon further examination of the dynamics of these mitochon-

drial genes over time after conventional or FLASH irradiation in endothelial cells, we found that 

all these genes followed a similar response pattern (Figure 74B). As demonstrated earlier, 

these genes are upregulated shortly after FLASH irradiation, but by 1-month post-treatment, 

their expression was downregulated compared to non-treated endothelial cells, with no signif-

icant differences between FLASH and conventional irradiation (Figure 74B). From 2 months 

onward, there was a marked upregulation of mitochondrial genes after FLASH irradiation com-

pared to CONV. By 3 months post-treatment, the expression levels of mitochondrial genes 

stabilized, with no significant differences when compared to the untreated conditions (Figure 

74B). Finally, at 4 and 5 months post-treatment, there was a significant decrease in the ex-

pression of these mitochondrial genes after conventional irradiation, which correlated with 

changes in the distribution of endothelial subpopulations and a reduction in the microvascular 

pools, an effect not observed after FLASH irradiation (Figure 74B).  

    Thus, the downregulation of mitochondrial genes could serve as an interesting marker for 

both early and late responses to FLASH compared to CONV-RT. Indeed, further exploration 

of molecular aspects could help to understand part of the underlying mechanisms of FLASH. 

Mechanistically, this could suggest that conventional irradiation may lead to a more significant 

accumulation of oxidative stress, as described. High oxidative stress is known to impair mito-

chondrial function, particularly by affecting the components of the mitochondrial respiratory 

chain. This stress could lead to more pronounced negative regulation of mitochondrial genes 

to limit ATP production and reduce the risk of excessive cellular damage. Irregularities in the 

mitochondrial respiratory chain and ATP production may also affect other metabolic pathways 

involved in mitochondrial gene regulation, which could explain the more pronounced downreg-

ulation of mitochondrial genes after conventional irradiation. 
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Figure 74. Upregulation of mitochondrial genes after FLASH is maintained across time post-

radiation. (A) Venn diagram showing the overlap of specific upregulated mitochondrial genes 

(mt-Co1, mt-Co2, mt-Co3, mt-Nd4, mt-Atp6, mt-Nd5) across different time points after FLASH 

compared to conventional irradiation. (B) Violin plots displaying the expression levels of 

specific overlap upregulated mitochondrial genes.  
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1.3.8 What append in lung dividing cells 24 hours post-radiation ?  

 

    As suggested by our studies at 24 hours post-irradiation in PCLS model, these rare popula-

tions of dividing cells in the lung appear to be differentially affected by conventional or FLASH 

irradiation. Therefore, in addition to the analyses performed on the entire AT2 and endothelial 

cell populations, we aimed to characterize the response of subpopulations actively divid-

ing in the lung. To achieve this, we examined the proportion of cells expressing active division 

markers such as Mki67 (Figure 75A). However, less than 1% of the cells in the dataset ac-

tively express these markers, and although a few cells seem to be in the cell cycle across all 

subpopulations, most of the detected cells belong to a single cluster of T cells. We then 

checked the expression of this marker in the identified lung populations and, indeed, most of 

the cells expressing it were T cells, which may have been recruited following irradiation (Fig-

ure 75). Aside from a few AT0 cells undergoing transdifferentiation process, most of the divid-

ing lung cells seem to be immune (Figure 75B). Due to the low number of selected cells in 

our dataset ,we could not perform molecular analysis on this rare population.  

 

    Subsequently, in the following part, we focused on lung dividing cells, posing several 

questions. As a potential cellular biomarker of FLASH sparing effect, we sought to identify the 

subpopulations of dividing cells in the lung that are spared at early time points post-

irradiation. We then aimed to characterize the fate of these FLASH-spared irradiated cells 

at 24 hours post-treatment. Finally, we wanted to enrich this population of interest to 

perform a scRNA-seq analysis to identify potential molecular insights into the FLASH 

sparing effect on cycling cells in the lung. To do so, during my PhD, we developed a 

transgenic Mki67 Cre ERT2 x R26 mtmG mouse model to characterize these progenitor 

subpopulations spared by FLASH radiotherapy. 
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Figure 75.  Identification of dividing cells in lung dataset. (A) UMAP plot showing the 

expression of the proliferation marker Mki67 across all lung cells in the dataset. (B) Violin plot 

showing the expression level of Mki67 across different cell types.  
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V- PART 3 – CHARACTERIZATION OF THE FLASH SPARING EFFECT 

IN LUNG DIVIDING CELLS  

1. DECIPHERING THE UNDERLYING MECHANISMS OF FLASH IN DIVIDING CELLS 

1.1 Introduction  

 

    FLASH radiotherapy has been described as protecting progenitor cell populations in the 

intestine, lung, and brain246,254,260. These cells, though relatively rare, play a crucial role in 

tissue repair and regeneration upon injury, making them highly significant in the context of 

radiation-induced damage. Due to their active division state, these cells are highly sensitive to 

irradiation, which can cause substantial DNA damage335. In the first part of the results of this 

manuscript, we demonstrated that cycling cell populations in PCLS are spared by FLASH 

compared to CONV-RT. This seemingly minor effect, which affects only a rare population of 

cells, can be crucial as these cells can initiate pulmonary regeneration following the inflicted 

damage. 

 

    In this final part of the results, we further investigated these cycling cell populations in the 

lung, which are differentially impacted by FLASH and conventional irradiation. Our objectives 

were as follows: 1) To determine which cycling cell subpopulations are spared by FLASH 

radiotherapy at 24 hours post-treatment 2) To assess the fate of these irradiated cells that 

are preserved by FLASH radiotherapy 3) To evaluate tissue regeneration dynamics or 

inflammatory responses in the weeks following either FLASH or conventional treatment 

and finally 4) To molecularly characterize the response of these cycling lung cell popula-

tions to both FLASH and conventional modalities. 

 

    Several analyses were initially performed directly on PCLS with various antibody stainings 

or smFISH techniques. However, due to the thickness of the PCLS, optimization of these pro-

tocols was insufficient for reliably labeling all cells within the pulmonary epithelial, immune, 

endothelial, and mesenchymal subpopulations. To overcome this issue, we developed a trans-

genic Mki67 Cre ERT2 x R26 mtmG mouse model, which allows us to detect cells expressing 

or that have expressed Mki67 upon tamoxifen induction. In addition to generating and validat-

ing this model, we optimized our tamoxifen induction protocols based on the applications. Our 

primary method of analysis for this part was flow cytometry (FACS), and for molecular anal-

yses, we performed scRNA-seq on sorted cells. Given that the results from this part are recent, 

they remain preliminary and require further validation, particularly by expanding our mouse 

groups for these analyses. 
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1.2 Material and method 

 

Mice and ethics statement : Studies were conducted in accordance with the European Com-

munity recommendations (2010/63/EU) for the care and use of laboratory animals. The exper-

imental procedures were specifically approved by the Ethics Committee of Institut Curie 

(CEEA-IC #118) under authorization number APAFiS#32674-2021080916494690, granted by 

the National Authority, in compliance with international guidelines. Female C57BL/6J mice, 

purchased from Charles River Laboratories (Lyon, France) at 6 weeks of age, were housed in 

the Institut Curie animal facilities. 

 

Transgenic Mouse Model for Inducible Detection of Mki67-Expressing Cells : We utilized a 

transgenic mouse model expressing Cre recombinase under the control of the endogenous 

Mki67 promoter (B6.Cg-Mki67tm1.1(cre/ERT2)Mtz/J, JAX #029803). These mice were 

crossed with a Cre-responsive GFP reporter strain (B6.129(Cg)-Gt(ROSA)26Sortm6(CAG-

ZsGreen1)Hze/J, JAX #007914), which carries a loxP-flanked STOP cassette preventing the 

expression of GFP. In the resultant offspring, administration of tamoxifen induces Cre-mediated 

excision of the STOP cassette, allowing GFP expression specifically in Mki67-expressing cells. 

This approach enabled the inducible and precise detection of proliferating cells expressing 

Mki67 through GFP fluorescence.  

 

Tamoxifen preparation and induction : For tamoxifen induction in Mki67 Cre ERT2 mice, a 

dosage of 10 µL per gram of body weight was used, with each mouse weighing approximately 

25 g, resulting in a 250 µL injection per mouse. The injections were performed one to three 

times a day, depending on readouts, before or after treatment at a dose of 100 mg/kg. To 

prepare the solution, 1000 µL was required per mouse (to account for potential pipetting 

losses), with 10 mg of tamoxifen added. For the induction, intraperitoneal (IP) injections were 

administered at 10 µL per gram of mouse weight. The tamoxifen solution was prepared fresh 

each day and stored at 4°C if necessary. To aid in dissolution, the solution was heated at 37°C 

for 10-15 minutes with orbital shaking. 

 

Mice irradiation :  Mki67 Cre ERT2 mtmG mice were used for several purposes including iden-

tification of FLASH spared lung dividing cells subpopulations, fate analysis and ScRNAseq. 

Collimation, time-resolved fluence measurement, chemical dosimetry, depth-dose distribution, 

anesthesia, and immobilization procedures were performed as described in previous part of 
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this thesis. Bilateral thoracic irradiation was performed using a 7-MeV linear electron acceler-

ator facility (Electron-Flash 4000, Sordina IORT Technologies). CONV-RT and FLASH-RT 

dose rates were 0.4 Gy/s and > 300 Gy/s respectively, while both were administrated using a 

single dose of 13 Gy.  

 

Lung dissociation for single cell suspension :  For the preliminary preparation, Dispase (50 

U/ml) was thawed from -20°C storage, with 2 ml used per mouse.  A 1% agarose solution in 

PBS (low gelling) was prepared and maintained at 42°C before perfusion. Falcon tubes (50 

ml) containing 3 ml of PBS (Mg²⁺/Ca²⁺) were prepared for each sample, and PBS with 10% 

FBS (PF10) was used for the dissociation steps. The centrifuge was set to 4°C. For lung ex-

traction, mice were anesthetized with isoflurane followed by cervical dislocation. The ribcage 

was opened, the trachea was exposed, and then perfused with 2 ml of Dispase (50 U/ml) using 

a 20G needle, followed by 0.5 ml of 1% agarose to seal the trachea. Lungs were cooled on ice 

to solidify the agarose before being removed from the ribcage, cleaned of blood and heart 

tissue, and separated into lobes. The trachea and any remaining agarose were removed, and 

the lobes were finely minced and placed into the prepared Falcon tubes on ice.For lung disso-

ciation, 320 µL of Elastase (25 U/ml) was added to the lung tissue, which was then further 

minced. The samples were homogenized and incubated at 37°C with shaking for 30 minutes. 

After homogenization with a pipette, the samples were incubated for additional periods and 

filtered through a 100 µm filter. Mechanical dissociation was performed with a 10 ml syringe, 

followed by rinsing with PF10. DNase (37.5 µL at 10 mg/ml) was added, and the mixture was 

incubated on ice for 3 minutes before filtering again through a 40 µm filter. The cells were 

centrifuged at 150g for 6 minutes at 4°C, resuspended in RBC lysis buffer for 90 seconds, and 

the lysis was stopped with PF10. For FACS or scRNA-seq analysis, RBC lysis was performed 

in cycles as required. Finally, the cells were centrifuged again at 200g for 6 minutes at 4°C and 

resuspended in 1 ml of PBS 1% SVF 1% BSA.  

 

Antibody panel for FACS analysis : Following dissociation, 5 million cells were incubated with 

a cocktail of antibodies in 500 µL of PBS containing 1% SVF and 1% BSA. The antibodies 

used for cell surface and intracellular markers were as follows: APC-conjugated anti-mouse 

CD31 (clone 390, 1/100), CD45 BUV395 (clone 104, 1/200), Alexa Fluor™ 700-conjugated 

CD117 (c-Kit) (ACK2, 1/100), PE/Cyanine7 anti-mouse CD34 (1/100). Additionally, Mki67+ 

cells were identified using GFP labeling, and all cells were labeled with Tdtomato (PE) as a 

marker for live cells. After incubation for 45 minutes at 4°C, cells were washed twice with PBS 

containing 1% SVF and 1% BSA to remove unbound antibodies.  
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FACS sorting of Mki67+ cells Mice irradiation and lung tissue dissociation was done as de-

scribed in prior steps. Dissociated cells were sorted with a BD FACSAria III sorter in order to 

isolate the Mki67+ cells with BD FACSDiva Software V8.0.3. Mki67 positive cells expressed a 

specific Cre recombinase induced by prior injection of 100 mg/kg tamoxifen which allowed the 

GFP protein expression, resulting in green fluorescence which in turn allowed specific cell 

sorting. For scRNAseq analysis, an incubation for 45 minutes at 4°C with a CD45 BUV395 

(clone 104, 1/200) antibody was done prior sorting. Only GFP+ (Mki67) Cd45- cells were sorted 

for scRNAseq.  

 

GEM generation and barcoding for scRNAseq  : Single-cell 3’-RNA-Seq samples were pre-

pared using the Single Cell V reagent kit and loaded into the Chromium Controller according 

to the manufacturer's standard protocol (10x Genomics). Depending on the experiment, 10000 

to 18000 cells were captured for each mouse. Dissociated lung single cells were encapsulated 

in nanodroplets (GEMs) using a microfluidic device. These GEMs were created by combining 

barcoded single-cell 3’ gel beads, a master mix containing reverse transcription (RT) reagents, 

single cells, and partitioning oil on the Chromium Next GEM Chip. Following cell lysis, the RNA 

was captured on gel beads coated with oligos containing an oligo-dTTT sequence, unique 

molecular identifiers (UMIs), and a specific barcode. 

 

Reverse transcription and cDNA amplification : Incubation of the GEMs results in the produc-

tion of barcoded, full-length cDNA from poly-A mRNA. Following reverse transcription, the 

GEMs are broken, and the cDNA is purified using silane magnetic beads. The purified cDNA 

is then PCR-amplified and washed before being analyzed for quality control using a Bioana-

lyzer (Agilent). The barcoded full-length cDNA is further amplified by PCR to produce sufficient 

material for library construction. After amplification, the cDNA is purified once more, and its 

quality is assessed via capillary electrophoresis on a Bioanalyzer (Agilent) prior to library prep-

aration. 

 

Library construction and sequencing  : Finally, libraries were prepared using a fixed proportion 

of the total cDNA. Enzymatic fragmentation and size selection are performed to optimize the 

cDNA amplicon size. During GEM incubation, the read 1 primer sequence is added to the 

molecules. At this stage, the P5 and P7 sequences, a sample index, and the read 2 primer 

sequence are incorporated through End Repair, A-tailing, Adaptor Ligation, and PCR. This pro-

cess ensures that the final libraries contain the P5 and P7 primers required for Illumina bridge 

amplification. The libraries were then sequenced using the NovaSeq sequencer (Illumina). 
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scRNA-seq Data Analysis : Single-cell suspensions were analyzed using the droplet-based 

single-cell RNA-seq method developed by 10x Genomics. Raw sequencing data were pro-

cessed using the CellRanger pipeline version  7.1.0. Count matrices were analyzed using Seu-

rat package version 5.0.1320. For each sample, SoupX  was employed to remove contamina-

tion by ambient RNA321, and quality controls were performed. The correct annotation of cell 

populations was validated using the expression of well-known markers.The SCTransform func-

tion was applied to the merged object, with cell cycle scores and the percentage of mitochon-

drial genes used as regressed variables. The samples from different patients were then sepa-

rated and normalized individually. The 2000 most variable features were identified and used to 

set anchors for integration.  

 

Statistical analysis : statistical analyses were performed using the ggpubr package 

(https://rpkgs.datanovia.com/ggpubr/ (accessed on 4 September 2023) in R with a Wilcoxon 

test.  
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1.3 Results 

 

1.3.1 Identification of lung dividing cells spared by FLASH-RT at 24 hours post-treatment 

 

    Initially, we aimed to identify which pulmonary subpopulations are spared by FLASH radio-

therapy within 24 hours post-treatment. To this end, we irradiated the thoraxes of Mki67 Cre 

ERT2 x R26 mtmG mice with a dose of 9 Gy, using either conventional or FLASH irradiation 

modalities (Figure 76). This dose was chosen because it is the one for which the sparing 

effect has been detected both ex vivo and in vivo336. Subsequently, the mice were induced with 

three tamoxifen injections at 100 mg/kg during a day, in alignment with the three EdU injections 

performed in part I  of the results (Figure 76). With that schedule, the goal was to induce all 

cells capable of entering the cell cycle within 24 hours post-treatment. After irradiation, pulmo-

nary dissociations were performed for each condition, followed by antibody staining to identify 

the major pulmonary compartments, including endothelial (Cd31+Cd45-), immune (Cd31-

Cd45+), and epithelial/mesenchymal (Cd31-/Cd45-). A subset of Cd31+Cd45+ cells were iden-

tified, which predominantly corresponded to B cells (Figure 76). Flow cytometry analysis was 

then conducted for each lung dissociation by condition, analyzing a total of 1 million lung cells 

(Figure 76). This strategy allowed us to analyze the proportion of Mki67+ cells, assess the 

distribution of Mki67+ cells across pulmonary subcompartments, and evaluate the proportion 

of cycling cells within each compartment. 

 

 

 

 

 

Figure 76. Experimental setup and protocol for the identification of Mki67+ cells and cell fate 

analysis.  
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    For the FACS, we defined gates that were applied across all our conditions for the analysis 

presented in the following sections of this manuscript. Briefly, we eliminated cell doublets and 

focused on the proportion of GFP+ (Mki67+) cells in the entire lung dissociation (Figure 77). 

Subsequently, we assessed: 1) the distribution of Mki67+ cells across the four previously de-

scribed pulmonary compartments and 2) the percentage of Mki67+ cells within a given popu-

lation of interest (Figure 77). This allowed us to define the impact of irradiation on Mki67+ 

cells at 24 hours post-treatment. 

 

 

 

Figure 77. Gating procedure for FACS analysis with Mki67 Cre ERT2 x R26 mtmG mice. (A) 

Gating procedure on SSC-A and SSC-H to analyse singlet cells. (B) Gating procedure for 

Mki67+ cells for each condition. (C) Gating procedure for distribution of Mki67+ cells across 

immune, epithelial/mesenchymal and endothelial compartment. (D) Gating procedure to 

evaluate proportion of Mki67+ cells in the whole endothelial and immune compartment.  

 

    At 24 hours following irradiation, we observed a notable reduction in the proportion of Mki67+ 

cells, with conventional irradiation inducing a more significant decrease compared to FLASH 

(Figure 78A). Interestingly, the proportion of Mki67+ cells relative to the total cell count was 

slightly higher than that of EdU+ cells. This is likely due to the fact that Mki67 is an earlier 

marker expressed during the entry phases of the cell cycle, whereas EdU, a thymidine analog, 

integrates into DNA specifically during the replication phase. Using this model, we were able 

to confirm the FLASH effect described earlier in results part 1, with a 43% decrease in Mki67+ 



 

252 

cells following FLASH irradiation, compared to a 69% reduction following conventional irradia-

tion at 24 hours post-treatment (Figure 78A). Through double antibody staining for Cd31 and 

Cd45, we were able to investigate the distribution of Mki67+ cells across various pulmonary 

compartments, including epithelial/mesenchymal, immune, and endothelial populations. On 

average, the majority of Mki67+ cells were immune cells (approximately 90%), with a smaller 

proportion found in the epithelial/mesenchymal compartments (around 6%) and endothelial 

cells (2.3%) (Figure 78B). A few double-positive cells for Cd31 and Cd45 were identified, 

which, according to our scRNAseq data, are most likely B cells, representing a mere 0.15% of 

the total cells analyzed (Figure 78B). In examining the impact of the two irradiation modalities 

on the distribution of Mki67+ cells, no significant differences were observed (Figure 78B). 

While there was a slight increase in the epithelial/mesenchymal pool, no substantial variations 

were found between the FLASH and conventional irradiation conditions. 

 

 

 

 

 

 

 

 

Figure 78. FLASH spares total Mki67+ cells 24 hours post-radiation but has no impact on 

Mki67+ cells distribution across lung compartments. (A) Barplot recapitulating FACS analysis 

on Mki67+ cells 24 hours results after a 9 Gy FLASH or CONV-RT in n=4 mice. (B) Distribution 

of Mki67+ cells across all lung subcompartments depending on condition. * p-value < 0.05. 
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    Through this approach, we once again confirmed that FLASH irradiation preserves cycling 

cells 24 hours post-irradiation. However, using our labeling strategy, we further explored the 

individual impact of conventional versus FLASH irradiation on immune, endothelial, and epi-

thelial/mesenchymal compartments (Figure 79). In the endothelial compartments, the number 

of Mki67+ cells decreased by half following FLASH irradiation and by 75% following conven-

tional irradiation (Figure 79). Due to the rarity of these populations and the fact that it could 

be also influenced by dissociation biases, the results were more heterogeneous. Nevertheless, 

the trend still suggests a preservation effect of FLASH within the endothelial subpopulations 

(Figure 79). In the immune compartment, which accounts for about 90% of the total Mki67+ 

cells, the results closely resembled those observed for the entire lung that demonstrate the 

protective effect of FLASH on the dissociated lung populations (Figure 79). Lastly, like the 

endothelial compartments, there was a trend showing the preservation of Mki67+ cells in the 

epithelial/mesenchymal compartments under FLASH irradiation (Figure 79). While these data 

are still preliminary, they suggest that the protective effect of FLASH on cycling cells in 

the lung extends across all epithelial, endothelial, mesenchymal, and immune subcom-

partments, indicating a global protective effect on dividing cells in the lung after FLASH.  

 

 

Figure 79. Preliminary results suggest that FLASH spares all lung dividing cells 

subpopulations at 24 hours post-radiation. Barplots shows the counts of Mki67+ cells per 

million lung cells across endothelial, immune and epithelial/mesenchymal compartment 

depending on treatment condition.  
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1.3.2 Monitoring of lung dividing cells spared by FLASH until 1-week post-treatment.   

  

    After demonstrating that FLASH-RT appeared to spare all pulmonary subpopulations that 

were actively cycling within 24 hours post-treatment, we next focused on the fate of these cells 

several days after exposure to both modalities (Figure 80). To investigate this, we repeated 

our schedule of three tamoxifen injections in the hours following irradiation. This schedule en-

sures that recombination only occurs in cells that express Mki67 during the 24-48 hours post-

treatment, depending on the recombination timing and the stability of tamoxifen once injected. 

At 72 hours post-treatment, we observed a significant increase in the proportion of Mki67+ 

cells in our lung dissociations (around 14% on average in the NI, 9% in CONV-RT, and 12.5% 

in FLASH-RT) (Figure 80). This increase could be due to the active division of the cells 

marked within the first 24 hours following treatment or to the recombination and induction of 

cells by tamoxifen at slightly later point. Although the results remain preliminary and are more 

heterogeneous, we consistently observed a significantly higher proportion of Mki67+ cells after 

FLASH irradiation compared to conventional irradiation (Figure 80). At 7 days post-treatment, 

there was a decrease in the proportion of Mki67+ cells across all conditions, likely due to the 

replenishment of cycling cell populations. Since most of these cells are immune cells, which 

tend to have a faster turnover rate, this finding could be expected. Despite considerable het-

erogeneity, there is still a consistent trend toward the preservation of cycling populations that 

were irradiated and followed within the first 24 hours post-irradiation (Figure 80). This kinetic 

pattern suggests that while these cells actively divide, they are still more persistently 

affected by conventional irradiation than by FLASH over time. 

 

 

 

 

Figure 80. Monitoring of Mki67+ cells that divided in the lung within 24 hours post-irradiation. 
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1.3.3 Dynamic of cell division across lung subpopulations after CONV or FLASH-RT from 1 
to 4 weeks post-treatment 

 
    In parallel with our studies on the short-term response to either conventional or FLASH irra-

diation at a dose of 9 Gy, which allowed us to identify and track the cycling cell populations in 

the lung that are spared by FLASH radiotherapy, we also focused on the dynamics of cell 

division for inflammatory response or tissue regeneration processes following irradiation at a 

higher dose of 13 Gy using the Mki67 Cre ERT2 x R26 mtmG  mouse model. For this proce-

dure, we examined the division rate of all Mki67+ cells, as well as zoomed in on the endothelial, 

immune, and epithelial/mesenchymal subpopulations in the weeks following treatment. To 

achieve this, we performed a series of tamoxifen injections in the week leading up to our anal-

ysis timing. These injections occurred five days a week, with the aim of encompassing and 

analyzing all cycling cells at one week, then two weeks, and continuing up to four weeks post-

irradiation (Figure 81). 

 
 

 

Figure 81. Experimental setup and protocol for studying cell division across lung 

subpopulations after CONV or FLASH-RT.  

 

   To study endothelial regeneration processes in more detail, we added antibodies for micro-

vascular markers identified during our scRNA-seq analysis (Figure 82). This approach ena-

bled us to identify gCap cells using c-Kit (Cd117) and aCap cells, which predominantly express 

Cd34 (Figure 82). 
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Figure 82. Selection of antibody panel for microvascular lung subpopulation identification in 

flow cytometry.  

 
    We first studied the proportion of cells that have expressed or are expressing Mki67 relative 

to the total number of dissociated lung cells according to the conditions at 1 week, 2 weeks, 3 

weeks, or 4 weeks post-treatment (Figure 83). Interestingly, with this injection protocol, about 

15% of the cells express or have expressed Mki67 in the non-treated conditions (Figure 83). 

At 1 week, no increase in this proportion was observed after FLASH irradiation. However, a 

drastic increase was observed, with approximately 33% of dissociated cells being Mki67+ one 

week after conventional irradiation (Figure 83). These results are similar to those obtained 

and published in the literature after one-week EdU injections into the lung following FLASH or 

CONV irradiation, again showing a dramatic increase in the proportion of cycling cells after 

conventional irradiation one-week post-treatment260. In the second week, a significant increase 

in the proportion of Mki67+ cells after FLASH irradiation was observed (26% of Mki67+ cells) 

(Figure 83). Compared to the first week, the proportion of Mki67+ cells after conventional 

irradiation decreased to 22%, suggesting slightly more cycling cells during the second week 

post-FLASH treatment (Figure 83). In the third week, this trend remains similar, with the pro-

portion of Mki67+ cells increasing between the second and third weeks to 31% in FLASH and 

27.5% in CONV (Figure 83). Finally, in the fourth week, a slight decrease was observed com-

pared to the third week, with the proportion of Mki67+ cells around 24% after both FLASH and 

conventional irradiation (Figure 83). In conclusion, these results suggest significantly dif-

ferent cell division dynamics in the lungs after 13 Gy irradiation between FLASH and 

conventional treatment. Nevertheless, a trend of induced division over the weeks post-treat-

ment is observed, which may reflect inflammatory or regenerative processes. For this reason, 

we then independently focused on each pulmonary sub-compartment. Examining the distribu-
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tion of Mki67+ cells across the major sub-compartments identified, we observed that the ma-

jority of Mki67+ cells were still immune cells, with similar rates to those observed in other anal-

yses at 24 hours post-treatment. 

 

Figure 83.  Dynamic of whole lung cell division after FLASH or CONV-RT at 13 Gy from  1 to 

4 week post-treatment.  

 
 

    Using the Cd45 marker, we were able to further investigate the division dynamics of immune 

pulmonary cells. Following irradiation, inflammatory processes are triggered, inducing the di-

vision of T cells, alveolar macrophages, and other populations that can be recruited into the 

lung. These cells represent the majority of Mki67+ cells in the lung, and we observed a similar 

trend to that seen across all lung populations (Figure 84). At 1-week post-irradiation, the sig-

nificant increase in the proportion of Mki67+ immune cells after conventional treatment com-

pared to FLASH and NI conditions. This suggests the establishment of a significant inflamma-

tory response following conventional irradiation. Subsequently, the proportion of Mki67+ im-

mune cells seem to be higher after FLASH irradiation at 2 and 3 weeks post-treatment (Figure 

84). Overall, these results suggest a potential differential dynamic of recruitment or di-

vision of immune cells in response to these two modalities, with a general trend of in-

creased cycling cell proportions in the immune population. 
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Figure 84.  Dynamic of immune lung cells division after FLASH or CONV-RT at 13 Gy from  

1 to 4-week post-treatment. 

 

 
    Then, we investigated Mki67+ cell division in the epithelial/mesenchymal compartment 

following irradiation. In the non-treated group (NI), a baseline proportion of around 2% of cells 

expressed or had expressed Mki67, several significant changes were observed post-

irradiation. At 1 week post-irradiation, CONV-RT led to a moderate increase in the proportion 

of Mki67+ cells in the epithelial/mesenchymal compartment compared to NI and FLASH 

(Figure 85). The difference suggests a higher proportion of cycling cells in this compartment 

following conventional irradiation, which could be associated to early regeneration processes 

following radiation damages. By 2 weeks, the proportion of Mki67+ cells in the FLASH group 

showed a slight rise to 3%, like CONV group (Figure 85). In the third week, the trend 

continued with the proportion of Mki67+ cells reaching around 7% in the FLASH group and 9% 

in the CONV group, indicating sustained increased in cell cycling in the epithelial/mesenchymal 

compartment (Figure 85). At 4 weeks post-treatment, the proportion of Mki67+ cells in these 

compartments decreased to 2.5% after FLASH irradiation but remained higher after 

conventional irradiation at 4.8% (Figure 85). These results suggest distinct regenerative 
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dynamics between conventional and FLASH irradiation in the epithelial and 

mesenchymal compartments. This may indicate that conventional irradiation causes more 

significant short-term damage, but also results in a more persistent effect over time. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 85. Dynamic of epithelial/mesenchymal cells division after FLASH or CONV-RT at 13 

Gy from  1 to 4-week post-treatment. 

 
   Regarding the endothelial compartment, no increase in cell division was observed during the 

first week after FLASH or CONV-RT (Figure 86). A slight increase occurs after FLASH irradi-

ation starting at 2 weeks, reaching 1.25% of total endothelial that are Mki67+ (Figure 86). At 

3 weeks, despite significant heterogeneity, a major and drastic increase in the proportion of 

endothelial cells entering cell cycle is observed following both FLASH and conventional irradi-

ation, with around 5% of endothelial cells being Mki67+ (Figure 86). Finally, at 4 weeks, this 

proportion is lower but still higher than in the untreated conditions, with a slightly higher rate 

after conventional irradiation (Figure 86). Overall, these results do not suggest major dif-

ferences in the regenerative dynamics and potential regeneration of endothelial cells 

following FLASH or conventional irradiation. However, it is interesting to note a significant 

increase in endothelial cell division during the 3 weeks following treatment. To gain more in-

sight into this peak of division, we decided to focus on the microvascular populations, which 

are known to be severely impacted by irradiation. 
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Figure 86. Dynamic of endothelial cells division after FLASH or CONV-RT at 13 Gy from  1 

to 4-week post-treatment. 

 
    Using markers identified in our previous scRNAseq analyses, we were able to identify the 

microvascular populations of aCap and gCap within the endothelial compartment (Figure 87). 

To recap, aCap play a crucial role in facilitating gas exchange within the alveoli, while gCap 

are involved in tissue homeostasis and microvascular integrity. Notably, gCap are responsible 

for regenerating the pool of aCap after damage, indicating their role as progenitor cells for this 

population. Focusing on aCap, we observed a significant increase in the proportion of aCap 

expressing or having expressed Mki67 as early as 1- and 2-weeks post-irradiation (Figure 

87). It is likely that these Mki67+ aCap originate from gCap that have divided and differentiated 

into aCap. This suggests that the proportion of Mki67+ aCap reflects capillary regeneration in 

response to irradiation-induced damage. As with all endothelial cells, we noticed a dramatic 

increase in the proportion of Mki67+ aCap, with a 4- to 5-fold rise at 3 weeks post-irradiation, 

indicating substantial regeneration of the aCap pool. When focusing on gCap, although the 

baseline proportion of Mki67+ cells is lower, a similar pattern is observed, with a slight increase 

in the first- and second-weeks post-irradiation, followed by a peak in division (Figure 87). 
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Interestingly, this peak appears more pronounced after conventional irradiation compared to 

FLASH, suggesting a greater need for regeneration in response to persistent microvascular 

damage caused by conventional irradiation (Figure 87). These data suggest a similar pattern 

of regenerative division, but with a more significant division of capillary progenitors at the criti-

cal 3-week time point in the lung. This process, although outside the scope of my thesis on 

FLASH mechanisms, is currently under investigation through scRNAseq analysis of these pul-

monary vascular populations to unravel the dynamics and underlying mechanisms of this mas-

sive regeneration three weeks post-irradiation. 

 
 
 

Figure 87. Dynamic of microvascular endothelial cells division after FLASH or CONV-RT at 

13 Gy from  1 to 4-week post-treatment. 

 
    For the continuation of this project, we decided to study the transcriptional changes that 

occur in cycling cell populations at very short-term post-treatment, aiming to investigate 

the underlying mechanisms of the FLASH effect in these populations. However, an im-

portant challenge was to correctly determine the timing of induction and the post-irradiation 

analysis. Our goal was to examine the impact on cells that are actively cycling at the time of 

irradiation, not just those that remain and will enter the cell cycle later. To achieve this, we 

chose to administer tamoxifen 24 hours prior to radiation treatment and to perform dis-

sociation and scRNA-seq analysis 24 hours after irradiation. In the following sections, I 

will present these preliminary results in detail, focusing on specific populations of interest. 
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1.3.4 Molecular insights of the FLASH sparing effect mechanisms in lung dividing cells  

 

a) Identification, characterization  and distribution of Mki67+ cells after CONV 
or FLASH-RT in lung subpopulations.  

 

    To determine the molecular changes occurring in cells that are actively dividing or will divide 

following irradiation, we induced Mki67 Cre ERT2 x R26 mtmG mice 24 hours prior to treat-

ment. The mice were then irradiated with a dose of 13 Gy, either by conventional or FLASH 

irradiation, while some mice remained untreated to serve as controls for our scRNA-seq anal-

yses. After 24 hours post-treatment and 48 hours post-induction, we sorted the Mki67+ cells 

for scRNA-seq analysis (Figure 88). Interestingly, even with this induction protocol, we were 

able to detect an impact of irradiation on the proportion of cycling cells following both FLASH 

and conventional irradiation (Figure 88). Indeed, the proportion of Mki67+ cells went from 4% 

In non-treated mice to 2.2 in FLASH and 1.5% in CONV (Figure 88). These sorting results 

suggest that the FLASH effect is still preserved under these conditions (Figure 88). Due to 

the rarity of these populations, a pooled dissociation and sorting from three mice per condition 

was performed before proceeding with the analysis. 

 

 

Figure 88. Sorting of Mki67+ cells for ScRNAseq at a dose of 13 Gy revealed a FLASH 

sparing effect.  

    Subsequently, we generated our analysis object in Seurat, which allowed us to differentiate 

the sorted cells based on their treatment condition (Figure 89A). We were able to identify the 

different subclusters using the markers we had previously defined (Figure 89B). Initially, we 

studied the distribution changes within our pulmonary subpopulations, including epithelial, im-

mune (myeloid and lymphoid), mesenchymal, and endothelial populations (Figure 89C-G). 
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Figure 89. Identification and distribution of Mki67+ cells after CONV or FLASH-RT in lung 

subpopulations. (A) UMAP plot showing the distribution of Mki67+ cells across different 
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treatment conditions.(B) UMAP plot depicting the distribution of Mki67+ cells within the various 

lung subpopulations. (C) Bar plot showing the distribution of Mki67+ cells across epithelial 

subpopulations (Ciliated, Club, AT2, AT1). (D) Distribution of Mki67+ monocyte-derived cells 

such as AM, IM, Monocytes, and DCs. (E) Bar plot showing the distribution of Mki67+ 

mesenchymal-derived cells (SMC, Mesotheliocytes, and Fibroblasts) in each treatment 

condition. (F) Distribution of Mki67+ lymphoid-derived cells (T cells, Proliferating T cells, NK 

cells, B cells) across the different treatments. (G) Distribution of Mki67+ endothelial-derived 

cells (including capillary and artery endothelial subpopulations).  

 

    These results need to be correlated with the initial rates of dividing cells by condition. Indeed, 

the impact of irradiation significantly affects the proportion of Mki67+ cells, particularly the im-

mune subpopulations, which consequently impacts the distribution in our scRNA-seq dataset. 

This is why the distribution analyses are done by sub-compartments, but it is important to keep 

in mind the initial rate of sorted Mki67+ cells and the fact that each dissociation may introduce 

a bias in the selection of certain populations. Therefore, this distribution analysis is primarily 

qualitative and requires further validation. 

 

    Concerning the distribution of epithelial cell populations, ciliated cells significantly decrease 

in both FLASH (5.9%) and CONV (10.5%) compared to NI (25.1%), indicating a potential im-

pact of irradiation on these Mki67+ ciliated cells (Figure 89C). Club cells show an increase, 

with FLASH (5%) and CONV (11.8%) values higher than the NI condition (1.1%), highlighting 

a potential division of these cells or associated progenitors following radiation exposure (Fig-

ure 89C). AT2  cells show an increase in FLASH (82.2%) compared to CONV (60.7%) and NI 

(71.2%) (Figure 89C). This is associated with a clear increase in AT0 cells expressing Mki67 

following both FLASH (5.5%) and CONV (9%) conditions compared to NI (1.9%), It could re-

flect how AT2 could divide, transition to AT0 state to regenerate alveoli, which could be more 

affected in CONV (Figure 89C). In the same manner, the proportion of AT1 cells expressing 

Mki67, which could derived from AT2 cells division is significantly upper after CONV (8%) com-

pared to NI (0.7%) and FLASH (1.4%) (Figure 89C). Overall, CONV seems to induce a 

greater loss of epithelial populations which could be associated with disrupted distribution of 

dividing cells indicating a clear transition from AT2 to AT0 and AT1 state compared to FLASH 

and non-treated conditions.  

 

    In terms of monocyte-derived populations, the distribution of Mki67+ cells varies significantly 

across the conditions. In the AM (alveolar macrophages) population, the proportion of Mki67+ 

cells is highest in non-irradiated conditions (NI), with about 85.3%, compared to 75.3% in the 
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FLASH condition and 62.2% in the CONV condition (Figure 89D). This suggests that the AM 

population is relatively preserved in terms of cell division after FLASH irradiation, though a 

slight decrease is observed with conventional irradiation (Figure 89D). In contrast, the IM 

(interstitial macrophages) population shows a notable increase after FLASH (13.2%) and  

CONV condition (21.9%) (Figure 89D). The IM population in non-irradiated conditions shows 

a much lower proportion of Mki67+ cells (3.9%), indicating that irradiation may induce 

recruitment and cell division of this subpopulation, especially after CONV-RT (Figure 89D).  

Monocytes also shows an increase in cell division in both irradiated conditions, with 14.3% 

Mki67+ cells in CONV, 10.5% in FLASH, and 5.5% in NI, further indicating a potential 

recruitment following radiation in the lung (Figure 89D). Lastly, the DC (dendritic cells) 

population that express Mki67 seems affected  by irradiation with 5.3% in NI, 1.6% in CONV, 

and 0.9% in FLASH (Figure 89D). Overall, these results suggest that in the monocyte-derived 

populations expressing or having expressed Mki67, there is a decrease in the proportion of 

resident alveolar macrophages, accompanied by an increase in pulmonary monocyte and 

interstitial populations. This shift could reflect blood recruitment and an inflammatory response 

following irradiation of monocytes, with this effect appearing more pronounced after 

conventional irradiation compared to FLASH. 

 

    The mesenchymal Mki67+ populations represent only a small fraction of the cells identified 

in our dataset. However, after both FLASH and conventional irradiation, we observed an in-

crease in the proportion of fibroblasts compared to other mesenchymal cells, possibly indicat-

ing cell division in response to irradiation (Figure 89E). This effect was slightly more pro-

nounced after conventional irradiation than after FLASH. 

 

     In the lymphoid immune populations, post-irradiation, there was a significant decrease in 

the proportion of T cells, which represent 82% of these populations in the non-irradiated (NI) 

condition and drop to 40.7% and 45.5% after FLASH and conventional irradiation, respectively 

(Figure 89F). The proportion of T lymphocytes in active division, expressing markers such as 

Top2a and Mki67, was only decreased after conventional irradiation, dropping to 3.8% (Figure 

89F). These results suggest a preservation of T cell populations in cycle after FLASH irradia-

tion, but it also seems that irradiation significantly impacted the resident T lymphocyte popula-

tions in the lungs, regardless of the irradiation modality. Variations in other populations simply 

reflect the decrease in the proportion of T cells expressing or having expressed Mki67. 
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    Finally, in the endothelial sub-compartments, we observed an increase in the proportion of 

aCap Mki67+ cells compared to other compartments after FLASH irradiation, representing 

30.8% of the endothelial cells (Figure 89G). This may suggest a rapid division of gCap cells 

in response to FLASH irradiation compared to endothelial cells irradiated with conventional 

radiation.  

 

    Subsequently, we focused on the expression of the marker Mki67 in our sorted cell popula-

tion. Indeed, although these cells were sorted based on GFP expression following recombina-

tion in the Mki67 Cre ERT2 Tdtomato/GFP model, these cells stably express GFP as soon as 

they start expressing this marker. Thus, when examining the expression of this marker in our 

population, we observed that very few cells actively express Mki67 (Figure 90A). Specifically, 

a cluster of T cells strongly expresses it, suggesting they are actively dividing, the same applies 

to some subpopulations of macrophages and monocytes (Figure 90A). Beyond this, the ex-

pression of this marker appears distributed across other subcompartments, making it difficult 

to isolate cells that are actively cycling. When performing differential analyses between our 

unsorted population at 24 hours (described in section II) and our Mki67-sorted population, we 

still observed an upregulation of genes involved in and associated with the cell cycle and its 

progression, confirming that these cells had been or were still cycling (Figure 90B). These 

findings suggest that after tamoxifen induction 24 hours before treatment, cycling cells that 

began expressing Mki67 already divided, and for the majority of them, they were likely no 

longer actively cycling at the time the scRNA-seq analysis was performed. Nevertheless, we 

checked the expression of Mki67 in these sorted cells, and interestingly, we observed a de-

crease in marker expression following both FLASH and conventional irradiation (Figure 90C). 

Furthermore, Mki67 was expressed at significantly lower levels after conventional irradiation 

compared to FLASH, once again suggesting and confirming an impact on cells capable of 

entering the cell cycle 24 hours post-treatment (Figure 90C). 
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Figure 90. Characterization of cell division markers in Mki67 sorted populations across 

conditions. (A) UMAP showing Mki67 expression level across lung sorted dividing cells. (B) 

DEG between non sorted and sorted analysis shows upregulation of cell cycle pathways in 

lung sorted Mki67 cells. (C) Violin plot showing Mki67 expression across conditions in whole 

lung Mki67 dividing cells.  

 

    Subsequently, we focused on the transcriptional changes occurring after conventional 

irradiation compared to FLASH in all pulmonary Mki67 subpopulations. It is important to 

note that for certain populations, very few cells could be sorted, which limits the detection of 

transcriptional changes. This is the case for AT1 cells, club cells, ciliated cells, and the sub-

populations of SMCs and mesotheliocytes as well. It should also be emphasized that this anal-

ysis was conducted using cells sorted as having expressed or currently expressing Mki67 in 

the lung within 24 hours before and after then 24 hours treatment. As previously identified, it 

turns out that only a small proportion of the sorted cells still actively express cell division mark-

ers like Mki67, which means that most of these cells were in the cell cycle prior to the 

scRNAseq analysis.  

 

 

 

 

** 
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b) FLASH-RT could enhances immune recruitment in endothelial Mki67+ cells 
compared to CONV-RT which favorize endothelial cells division.  

 

    At very short times post-irradiation, endothelial cells are known to be strongly impacted, 

ionizing radiation can activate TNF, which hydrolyses sphingomyelin, generating ceramide. 

This ceramide activates MAPK, ERK SEKI and c-Jun, which can modify the dynamics of the 

cell membrane and start a cascade of events that lead to EC apoptosis207. When we 

investigated the differentially expressed genes between FLASH and CONV-RT in endothelial 

cell populations expressing Mki67 (Figure 91A), we identified an upregulation of genes 

associated to angiogenic processes, such as Vegfa337, a growth factor associated with 

endothelial cells, and Kit338, which promotes the division of microvascular cells (gCap) (Figure 

91B). Thus, our data suggests a stronger induction of genes associated with pathways 

involved in endothelial regeneration after conventional irradiation compared to FLASH in 

sorted Mki67+ endothelial subpopulations. This could indicate a more significant impact of 

radiation on endothelial populations, leading to active regeneration in our sorted Mki67 

endothelial cells. In the whole lung, in section II, we observed a downregulation of genes 

involved in mitochondrial functions in endothelial cells, which could be associated with a 

stronger impact on endothelium following CONV-RT. Indeed, mitochondrial endothelial cells 

function has been reported to be involved in several processes such as inflammatory activation 

following injury334. 

 

 

Figure 91. CONV-RT induces active endothelial regeneration related genes compared to 

FLASH-RT. (A) UMAP visualization of endothelial cells by experimental conditions. The 

different colors represent the following conditions (B) Vlnplot representing the expression 

angiogenesis related genes (Kit and Vegfa) across experimental conditions in endothelial 

Mki67 cells.  

*** *** 
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    In FLASH, within Mki67+ sorted endothelial cells, we identified the upregulation of about 

twenty genes involved in various inflammatory processes (Figure 92A). We observed that 

several were associated with the recruitment and activation of different immune cell 

populations, such as Lgals3, which is involved in innate immune responses and the modulation 

of T cell activity (Figure 92B). This was also associated with the upregulation of Ly6e 

expression, which regulates T cell proliferation, differentiation, and activation (Figure 92B). 

Additionally, a few cells seemed to express Ccr2, which is involved in the attraction of 

monocytes and macrophages and regulates T cell activation and differentiation as well (Figure 

92B). These data suggest a stronger inflammatory activation profile in endothelial cells 

expressing Mki67 in the lung following FLASH-RT. This may be linked to immune cell 

recruitment and the regulation of several immune populations via endothelial cells. This was 

also associated with the upregulation of various mitochondrial genes, as noted earlier in 

section part IV-1.3.6  of the results. These data suggest a greater endothelial inflammatory 

activation after FLASH irradiation, which could be associated with distinct immune recruitment 

and modulation. Consequently, we decided to focus on the differential impact of these two 

irradiation modalities on T lymphocytes, which are rapidly recruited after irradiation and are 

involved in the establishment of the acute immune response in the lung.  

 

 

 

 

 

Figure 92. Endothelial cells exacerbate an inflammatory signature related to immune 

recruitment after FLASH-RT. (A) Boxplot showing the DEG upregulated signatures after 

FLASH vs CONV-RT in endothelial Mki67 cells. (B) Violin plots displaying the expression levels 

of immune recruitment-related genes, including Lgals3, Ly6e, and Ccr2, across different 

conditions in endothelial Mki67 cells.  
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c) FLASH-RT induces OXPHOS mitochondrial associated genes upregulation 
compared to CONV-RT in T-cells  

 

   We performed DEG analyses between our Mki67+ sorted T cells irradiated with CONV or 

FLASH in the lung, and interestingly, in addition to genes involved in classic radiation 

responses (such as P53) and T-cell division (MYC_target), we identified an upregulation of 

over 30 genes involved in mitochondrial function, particularly those encoding enzymes in the 

respiratory chain (Figure 93A). Upon closer inspection of the expression of some of these 

genes, we found a common upregulation in T-cells after irradiation, with a significantly stronger 

effect after FLASH irradiation (Figure 93B). This was the case for several genes encoding 

subunits of cytochrome c oxidase, components of complex I, and ATPase (Figure 93B). 

According to the literature, mitochondrial activity is strongly associated with activation and 

proliferation processes in T lymphocytes339. The overproduction of ROS through the 

mitochondrial pathway may play a role in T lymphocyte proliferation but may also determine 

the differentiation program of these cells339. Furthermore, it has been noted that T cell 

exhaustion can be reversed by upregulating mitochondrial functions339. These data suggest 

that after irradiation, there is an increase in mitochondrial function in T lymphocytes that 

expressed Mki67, with this effect being much more pronounced after FLASH irradiation. This 

could be associated with a more active division program after FLASH irradiation and may be 

linked to a distinct inflammatory response between the two modalities. Subsequently, we 

focused on the genes that were upregulated after conventional irradiation in T cells to 

investigate potential different mechanisms involved.  
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Figure 93. FLASH-RT induces an upregulation of mitochondrial associated OXPHOS chain 

genes compared to CONV-RT in T cells. (A) Bar plot showing the upregulated pathways in T 

cells after FLASH irradiation compared to CONV-RT, highlighting the OXPHOS pathway as the 

most significant. (B) Violin plots showing the expression levels of OXPHOS respiratory 

associated genes Cox5a, Cox5b, Ndufa1, and Atp6v1f across different conditions.  

 

d) CONV-RT induces specific upregulation of TNFa via NFKb related genes in 
various immune lung Mki67+ cells  

 
    After conventional irradiation, we observed a stronger activation of genes associated with 

cell cycle arrest (G2M_checkpoint) and the classical irradiation response (P53, UV_response) 

(Figure 94A). Additionally, there was a significant upregulation of inflammatory genes, partic-

ularly those linked to the IFNa, IFNg, and especially the TNFa via Nfkb pathway, which were 

notably elevated in T cells expressing Mki67 (Figure 94A). When we zoomed in on the genes 

upregulated within the Nfkb pathway, we identified a strong upregulation of transcription factors 

such as Junb, Fos, and Nfkb transcriptional activator (Figure 94B). The dimerization of c-Jun 

and Fos may be involved in the classical inflammatory response that is typically reported early 

after irradiation340–342. This could trigger various inflammatory pathways but also exert anti or 

pro-apoptotic effects and regulate the cell cycle. The activation of the AP-1 transcription factor 

(the Fos/Jun complex) could also be linked to the regulation of Tgfb1 expression343. These 

data suggest a distinct inflammatory profile and response in T cells expressing Mki67 after 

conventional irradiation. Subsequently, we decided to focus on other immune compartments 

to explore whether similar changes could also be observed there. 
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Figure 94. CONV-RT induce an upregulation of TNFa via NFKb related genes in T-cells 

compared to FLASH-RT. (A) Bar plot showing the upregulated pathways in T cells after 

conventional irradiation compared to FLASH-RT, highlighting the TNFα signaling via NFκB as 

the most upregulated pathway. B. Violin plots depicting the expression levels of key 

inflammatory genes (Junb, Fos, and Nfkbia) across the different conditions. 

    Through an in-depth analysis of differentially expressed genes after conventional irradiation 

compared to FLASH in the immune compartments of the lung (T cells, neutrophils, monocytes, 

DC, alveolar and interstitial macrophages), we also identified a significant common upregula-

tion of genes associated with the TNFa via Nfkb pathway, with up to 64 genes upregulated in 

alveolar macrophages (Figure 95A). We then sought to determine if any of these genes were 

common across all immune subpopulations. As a result, we identified a list of 12 genes that 

were upregulated after conventional irradiation compared to FLASH in at least 5 of the 6 im-

mune compartments analyzed (Figure 95B). Among these, we found Btg1 and Btg2, which 

have been associated with the negative regulation of T cell division and apoptotic regula-

tion344,345. Additionally, we observed a common upregulation of genes associated with the tran-

scription factors Junb, Jun, Fos, and Fosb, which together form the AP-1 transcription factor.  

 

 
 

Figure 95. TNFa via NFKb related genes are commonly upregulated after CONV-RT in 

various immune cells populations. (A) Bar plot showing the number of upregulated genes 

related to the TNFα via NFκB pathway in T cells, macrophages (AM), monocytes, neutrophils, 

and dendritic cells (DC) after conventional vs FLASH-RT. (B) Venn diagram depicting the 

overlap of upregulated TNFα-related genes across the various immune cell populations. 

Common gene names of interest are highlighted in red (e.g., Btg1, Junb, Fosb). 
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    Indeed, after FLASH-RT, across all immune sub-compartments, there is a slight, non-signif-

icant upregulation of these 4 genes compared to non-irradiated immune cells. However, after 

conventional irradiation, there was a major and common upregulation of Fos, Fosb, Jun, and 

Junb across all Mki67+ immune sub-populations (Figure 96). This effect is most pronounced 

in alveolar macrophages, which exhibited the highest upregulation of inflammatory signatures 

after conventional irradiation (Figure 96). These data suggest a potential shift towards an 

inflammatory response directed by the TNFa via NFkb pathway, particularly through the genes 

encoding the AP-1 transcription factor, which is involved in numerous mechanisms ranging 

from the regulation and modulation of inflammation to the regulation of apoptosis.  

 

 

Figure 96. Common upregulation of AP-1 transcription factor related genes in immune Mki67 

compartment after CONV-RT. VlnPlot shows the expression of Fos, Fosb, Jun and Junb genes 

in T cells, neutrophils, AM, IM, DC and Monocytes across condition.  
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    In some of these sub-compartments, particularly in neutrophils, we observe that the CONV-

irradiated cluster is transcriptionally much farther away from both the FLASH-irradiated and 

non-treated neutrophils (Figure 97A). We characterized the markers associated with this clus-

ter, and these are linked to the TNFa-mediated inflammatory response via NFkb, as previously 

described, showing a major upregulation of genes such as Fos (Figure 97B). 

 
 
 

Figure 97. Identification of an inflammatory and AP-1 related cluster of Neutrophils after 

CONV-RT. (A) UMAP plot showing the distribution of Neutrophils MKi67 sorted cells across 

different conditions. (B) UMAP plot of Fos expression across Neutrophils MKi67 sorted cells 

showing an upregulation in CONV-RT associated cluster.  

 

    In monocyte populations, we also identified a cluster specific to conventional irradiation 

(Figure 98A). Similarly, this cluster was associated with an inflammatory response via 

upregulated NFkb and exhibited higher expression levels of Fos as shown in the feature plot 

in Figure 98B.  
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Figure 98. Identification of an inflammatory and AP-1 related cluster of Monocytes after 

CONV-RT. (A) UMAP plot showing the distribution of Monocytes MKi67 sorted cells across 

different conditions. (B) UMAP plot of Fos expression across Monocytes MKi67 sorted cells 

showing an upregulation in CONV-RT associated cluster.  

 
    Finally, in alveolar macrophages, we observe a distinct separation of several clusters irradi-

ated with either conventional or FLASH treatment compared to the non-treated macrophages 

(Figure 99A). The specific cluster irradiated with conventional radiation is also associated 

with the expression of inflammatory genes linked to the TNFa pathway via NFkb, and it shows 

an increased expression of the Fos gene (Figure 99B). 

 

 
 
 

Figure 99. Identification of an inflammatory and AP-1 related cluster of AM after CONV-RT. 

(A) UMAP plot showing the distribution of AM MKi67 sorted cells across different conditions. 

(B) UMAP plot of Fos expression across AM MKi67 sorted cells showing an upregulation in 

CONV-RT associated cluster.  
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e) CONV-RT induces an upregulation of anti-proliferative T cells factors Btg1 
and Btg2 in various immune cell types 

 

 
    Regarding the two genes Btg1 and Btg2, which were identified as commonly upregulated 

across immune subpopulations after CONV-RT, we observe, similarly to Fos and Jun, a slight 

upregulation after FLASH irradiation compared to non-treated conditions (Figure 100A). 

However, in all immune subpopulations, including T cells, neutrophils, alveolar macrophages 

(AM), dendritic cells (DC), interstitial macrophages (IM), and monocytes, there was a signifi-

cant and substantial upregulation of these two genes after CONV-RT (Figure 100B). As men-

tioned earlier, these genes have been associated with the modulation of T cell division. Given 

that these genes are upregulated across all pulmonary immune populations, we focused on 

the T cell subpopulations that actively express division markers like Mki67 (Figure 100B). 

Interestingly, we observed that the number of T cells actively dividing was lower after CONV 

vs FLASH-RT, suggesting a more pronounced impact on T cell division in the lung following 

conventional irradiation, which may correlate with the stronger expression of Btg1 and Btg2 in 

other immune compartment.  
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Figure 100. CONV-RT induces an upregulation of Btg1 and Btg2 in various immune Mki67 

sorted cell types which is associated with a drop in active dividing T cells. (A) Violin plots 

showing the expression levels of Btg1 (left) and Btg2 (right) in different immune sorted Mki67 

cells across the conditions (B) UMAP plot displaying the distribution of proliferating T-cells 

across conditions. (C) Bar plot showing the count of proliferating T-cells after radiation in 

different conditions.  

 

 
f) FLASH-RT induces an upregulation of MIF factor expression in T cells  

 
 
    In addition to the observed differences in mitochondrial gene activation in T cells after 

FLASH versus conventional irradiation, we identified significant upregulation of the MIF gene. 

Firstly, after conventional irradiation, a slight upregulation of this factor was observed, which 

was even more pronounced following FLASH-RT (Figure 101). The MIF gene encodes a 

cytokine that promotes immune cell recruitment, but its functions extend beyond this and could 
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be link to epithelial regeneration in the lung346,347. Its upregulation was correlated with the up-

regulation of the gene coding for the CD74 receptor, which serves as the receptor for MIF. The 

interaction between MIF and CD74 has been shown to initiate survival and proliferation path-

ways associated with wound healing346,347. CD74 expression has been observed to increase 

in response to inflammation, injury, or cancer and can be regulated by interferon gamma346,347. 

Notably, in our dataset, the upregulation of MIF is specific to T cells expressing Mki67 in the 

lung after FLASH irradiation (Figure 101).  

 

    We then focused on the expression of its receptor, CD74, across various pulmonary sub-

populations. Indeed, this pathway has been described in the lung in the context of acute injury 

from a variety of causes. These lung injuries lead to damage of the epithelium. Type I cells are 

more susceptible to damage and are largely destroyed during lung injury, while type II cells 

work to regenerate the alveolar epithelium, contributing to the repair process. Type II cells 

express are known to express CD74 on their surface, and during acute injury, cells could re-

lease macrophage migration inhibitory factor (MIF) 346,347. Extracellular MIF has been described 

to bind to CD74 on adjacent type II cells which promote cell proliferation and differentiation to 

restore the alveolar barrier346,347.  

 
 

 

 
 
 
 

 
 
 
 
 

Figure 101. FLASH-RT induces a specific upregulation of Mif factor and Cd74 receptor in 

sorted Mki67 T cells. (A) UMAP plot showing the distribution of T cells across the conditions 

(B) Violin plots depicting the expression levels of Mif (left) and Cd74 (right) in T cells across 

conditions. 

*** ** 
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g) FLASH-RT induces an upregulation of Cd74 receptor of MIF in resident lung 
cells which could favorize epithelial regeneration upon injury  

 
 
    We focused on the expression of CD74 in various compartments within the alveolar space 

and its surrounding environment, including AT2 cells, AT0 transitional cells, alveolar macro-

phages (Figure 102A). Initially, after FLASH irradiation, we observed a significant upregula-

tion of CD74 expression in the Mki67+ alveolar macrophage populations (Figure 102B). It 

appears that the expression of the receptor is downregulated after conventional irradiation 

compared to both the controls and the FLASH-treated cells in these subtypes (Figure 102B). 

CD74 expression was noted in alveolar macrophages and was associated with the accumula-

tion of neutrophils induced by MIF in the lung during the acute response to damage348. 

 

 
 
 
 
 

Figure 102. FLASH-RT induces an upregulation of Cd74 receptor expression in alveolar 

macrophages. (A) UMAP plot showing the distribution of AM cells across conditions (B) Violin 

plots depicting the expression levels of Cd74 in AM cells across conditions. 

 

    Similarly, in Mki67 sorted epithelial cells (Figure 103A, C), particularly in AT2 and AT0 

cells, we observed the same trend of upregulation of CD74 expression after FLASH irradiation 

compared to CONV-RT (Figure 103B, D). After CONV-RT, the expression appears 

downregulated in relation to untreated cells (Figure 103B, D). This suggests a higher 

expression of the CD74 receptor in these epithelial populations, enabling an enhanced 

response to the MIF cytokine, which in turn promotes the transition and differentiation of AT2 

cells into AT1 cells in the lung shortly after lung injury.  
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    In global, these transcriptional data suggest that FLASH irradiation triggers a response 

more oriented towards alveolar regeneration via the MIF/CD74 pathway compared to 

Mki67+ sorted cells treated with conventional irradiation. 

 
 

Figure 103. FLASH-RT induces an upregulation of Cd74 receptor expression in AT2 and AT0 

Mki67 sorted cells. (A) UMAP plot showing the distribution of AT2 cells across conditions (B) 

Violin plots depicting the expression levels of Cd74 in AT2 cells across conditions. (C) UMAP 

plot showing the distribution of AT0 cells across the conditions (D) Violin plots depicting the 

expression levels of Cd74 in AT0 cells across conditions. 

 

h) Proposed hypothesis and overview of  FLASH vs CONV-RT response upon 

radiation in lung Mki67 cells  

 

 
    Based on the differential responses observed between FLASH and CONV-RT in lung 

Mki67+ sorted cells, we propose a hypothesis regarding the distinct mechanisms at play. We 

observed that FLASH irradiation may induces a more robust inflammatory response in endo-

thelial Mki67 sorted cells compared to CONV-RT which could be associated with increase 

immune recruitment and modulation. On top of that, the MIF/Cd74 pathway was upregulated 

which could be also linked to enhanced immune recruitment but also to alveolar regeneration 

processes following injury. This is evidenced by the upregulation of key inflammatory markers 

such as MIF in T cells which present a more active phenotype after FLASH vs CONV-RT. 

Indeed, after CONV-RT, cell division of T cells could be modulated via the upregulation of Btg1 
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and Bgt2 in various immune subpopulations which have an inhibitory function on T cell division. 

Finally, macrophages and alveolar populations also present an upregulation of Cd74 that could 

promote regeneration in alveoli. This date suggests that, at the transcriptional level in Mki67 

sorted cells, FLASH treatment may trigger an increased regenerative response more fo-

cused on restoring the alveolar barrier via the MIF/Cd74 pathway. Conversely, CONV-RT 

was associated with an increased expression of genes related to TNFa via NFkb path-

way in immune subcompartments. In T cells and other immune subtypes, CONV-RT could 

induce upregulation of pro-inflammatory genes like Junb, Jun, Fos, Fosb, all linked to 

expression of the AP-1 transcription factor that could be associated to many processes 

describe in literature such as inflammatory response linked to TGFb1 or IL-6 as well as pro-

apoptotic or anti-apoptotic response. These data still require experimental validation but pro-

vide an initial characterization and insights into the transcriptional mechanisms that vary in 

Mki67 sorted cells at 24 hours following FLASH or CONV treatment. 

 
 

 
 

Figure 104. Overview and scheme of proposed differential mechanisms in Mki67 sorted lung 

cells subpopulations. After FLASH, endothelial Mki67 cells present an upregulation of 

inflammatory signatures linked to immune recruitment. T cells have an active phenotype link 

to expansion and immune activation in acute response. Furthermore, they express more MIF 

factor that could be released close to other alveoli cells types that all present an upregulation 

of Cd74 receptor expression. MIF/Cd74 could be linked to immune neutrophils recruitment at 

the site of injury as well as favorize epithelial regeneration in alveoli by inducing AT2 cell 

division and differentiation to AT1 cells. 



 

282 

1.3.5 Perspectives : Is there a common response in progenitors’ cells after FLASH-RT ? 

 
    Finally, before conducting further experimental validations on the transcriptional changes 

occurring after FLASH or conventional irradiation in Mki67+ cells of the lung, we wondered 

whether a common response could be observed in these cycling cells across different organs. 

As described in the introduction of this manuscript, FLASH has been shown to protect cycling 

cells in the intestinal crypts, brain, and lung. To determine whether transcriptional changes are 

common across organs in these progenitor populations, we aimed to conduct a scRNAseq 

analysis 24 hours after FLASH or CONV irradiation treatment of the entire abdomen in Mki67 

Cre ERT2 x R26 mtmG mice. Tamoxifen injections were administered in the same manner as 

for the lung, 24 hours before treatment. A 13 Gy dose was given either at a conventional rate 

or FLASH, with some mice serving as controls (non-irradiated). Subsequently, we performed 

a dissociation of the intestinal crypts followed by sorting of the GFP+ Mki67 populations in our 

model. Interestingly, we observed a more significant reduction in the proportion of cycling cells 

in the intestine 24 hours post-irradiation after conventional irradiation (Figure 105A). We then 

performed scRNAseq analysis, aiming to study, in a similar manner to the lung, the changes 

occurring specifically after FLASH or conventional irradiation ( Figure 105B). We hope to 

potentially identify common responses. Of particular interest, the MIF/CD74 pathway has also 

been described as promoting epithelial repair in the intestine, encouraging crypt cell prolifera-

tion. The data were generated very recently, and since my thesis primarily focuses on the 

response in the lung, a detailed analysis will be carried out before my defense. 

 
 

 

Figure 105. Sorting of FLASH, CONV and non-treated crypt Mki67+ cells following radiation 

for scRNAseq analysis 24 hours post-treatment. (A) FACS gate of Mki67 GFP+ cells in 

intestinal crypt dissociation and barplot quantifying the proportion of Mki67+ cells for each 

condition. (B) UMAP presenting the annotated intestinal crypt cells object 24 hours post-

treatment.  
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VI- DISCUSSION  

    Radiotherapy is a critical therapeutic option for approximately 50% of cancer patients. 

However, while it effectively targets tumor cells, ionizing radiation can also damage healthy 

tissue, leading to acute or chronic toxicities73. In thoracic radiotherapy, radiation-induced 

damage typically manifests as pneumonitis, which may progress to lung fibrosis. To maximize 

the therapeutic index, radiation oncologists aim to deliver high doses to tumors while sparing 

surrounding tissues, a goal achieved through technologies like IMRT, SBRT, and proton 

therapy. However, certain tumors remain resistant to treatment, and highly radiosensitive 

organs remain at risk. 

 

    Recently, FLASH radiotherapy, a new modality delivering radiation dose at ultra-high dose 

rates, has been shown to spare healthy tissue while maintaining anti-tumor efficacy241. This 

effect has been demonstrated in various organs, including the lung260, brain246, skin257, 

intestine252, and heart259. Despite its promise, significant challenges remain before FLASH can 

be implemented in clinical settings. FLASH radiotherapy depends on specific irradiation 

parameters, and achieving the desired sparing effect may require more than just ultra-high 

dose rates349. It is crucial to identify the optimal parameters to induce a reproducible and 

effective FLASH effect. Furthermore, questions about common clinical practices remain, such 

as whether the FLASH effect persists when doses are fractionated or whether it can be 

preserved in cases of re-irradiation for recurrent tumors. Although many preclinical studies and 

phase I clinical trials have been initiated, solid evidence of the FLASH effect in humans is still 

lacking315,350. Finally, the underlying mechanisms remain largely unknown, particularly why it 

spares healthy tissue while remaining effective against the tumor. Better understanding and 

characterizing the FLASH effect is essential to defining its clinical applications.  

 

    Our laboratory specializes in FLASH radiotherapy, especially in the context of healthy lung 

tissue, with access to a preclinical FLASH electron LINAC318 and expertise in ScRNA 

sequencing200. While most lung studies focus on late radiation-induced toxicities such as 

fibrosis, these studies are time-consuming and not ideal for quickly screening irradiation 

parameters. Therefore, in my thesis, we developed an ex vivo PCLS model to explore these 

translational issues and perform acute transcriptional analyses to gain insights into the 

underlying mechanisms of the FLASH effect in the lung336. 
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1. PERTINENCE OF EX VIVO PCLS MODEL FOR ACUTE RADIATION INJURIES 

 

    The development of radiation-induced toxicities can vary depending on the organ, with some 

organs responding earlier than others. In the case of the lung, FLASH radiotherapy has been 

shown to protect against the development of radiation-induced fibrosis which occurs up to 5 

months post-treatment in thoracic mouse irradiation models241,336. However, in other organs 

such as the intestine, the FLASH sparing effect was observed very early, particularly in pro-

genitor cells at the base of the crypts252,254,255,309. In contrast, traditional in vitro studies and 

clonogenic assays have demonstrated limitations in showing an ultra-high dose rate depend-

ent response. Nevertheless, in vivo studies come with their own drawbacks, and in the case 

of the lung, fibrosis is a very late and complex endpoint.  

 

    We hypothesized that the mechanisms of action of conventional and FLASH irradiation 

diverge in the very early post-irradiation time points, which can lead or not to the development 

of radiation-induced toxicities. This led us to develop a relevant ex vivo model to study acute 

healthy lung toxicities. PCLS model is particularly well-suited to recapitulate the lung 

architecture and microenvironment at a relatively low cost of development224,225. Several 

studies have demonstrated the relevance of this model for studying lung physiology and the 

development of chronic obstructive diseases224,225. We choose to develop simple and relevant 

tests for dose escalation, focusing on endpoints like cell viability and cell division. By comparing 

the response 24 hours post-irradiation, we were able to observe a protective effect of FLASH 

radiotherapy on dividing cells in the lung tissue in PCLS. This effect was then confirmed in 

vivo, demonstrating that this model is physiologically relevant for replicating the healthy tissue 

response to irradiation in the short-term post-treatment. Most importantly, this allowed us to 

highlight a sparing effect on the cycling populations in the lung post-treatment, similar to what 

has been observed in the brain and intestine. Thus, PCLS enabled us to robustly identify a 

FLASH sparing effect in the lung at very early post-treatment, which could be applied at larger 

scale for radiobiology purposes. Additionally, we also tested a proof-of-concept approach by 

combining therapeutic radiation doses with chemotherapy agents used in the treatment of lung 

cancer, successfully demonstrating combined effects on our cell cycle endpoints in lung tissue. 

This could make it relevant for drug toxicity screening in combination with various radiation 

protocols.  

 

    This model does have some limitations, as it only allows us to study the short-term response 

post-treatment. Additionally, several studies suggest that the preparation of PCLS induces a 

wound healing process that does not fully replicate pulmonary physiology224,225. Furthermore, 
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in our study, we chose to focus on the response of healthy tissue, but for a more clinically 

relevant framework, particularly in the context of FLASH, could be to develop a model that 

includes the tumor microenvironment. This would mimic the environment surrounding the 

tumor and enable us to study the sparing effect between healthy tissue and the tumor more 

easily. Finally, other endpoints could also be investigated, such as DNA damage or the 

secretion of inflammatory cytokines, as has been done in the literature, which could be very 

interesting for the mechanistic study of FLASH224,225. 

 

   On our side, we chose to use this model and the assay on lung cycling cells to address 

issues related to the clinical transition of FLASH, starting with the study of optimal irradiation 

parameters to trigger the effect in our model. 

 

2. PCLS MODEL HELP TO CHARACTERIZE OPTIMAL FLASH IRRADIATION 

PARAMETERS IN THE LUNG  

 

    Since the re-discovery of the FLASH effect, several laboratories have published negative 

results regarding the sparing effect in certain organs261. Despite being administered at high 

dose rates, it appears that multiple physical parameters are important to trigger the FLASH 

effect. To provide optimal irradiation parameters for the clinical transition of FLASH, several 

groups have investigated this question, particularly with electron beams. Initial studies began 

in the brain, where irradiations were performed at various dose rates using a preclinical 

LINAC247. These studies showed that the optimal dose rate for sparing cognitive and memory 

functions in mice was above 100 Gy/s, setting the threshold for the FLASH effect higher than 

what was described in initial lung studies241. Similar results was observed in another model 

organism, the zebrafish311. In the intestine, a similar relationship was found between the mean 

dose rate and the presence of the FLASH effect, showing crypt sparing for dose rates of 280 

Gy/s or higher254.  

 

    This raises the question: How can we explain this difference regarding the mean dose rate, 

and why was the FLASH effect described in the lung at a dose rate of 40 Gy/s? To address 

this, we used our PCLS model and acute radiation injury assay. The advantage was being able 

to use a unique model to investigate various irradiation parameters that we could modulate in 

our Electron FLASH Linac. Our studies showed that we needed to be strictly above 100 Gy/s 

to observe the effect, with an irradiation time shorter than 80 ms. Moreover, the sparing effect 

on cycling cells was optimal at a dose rate of 300 Gy/s, which is consistent with findings in the 

intestine254. To test whether these findings contradict what had been initially described in the 
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literature, we repeated a thoracic irradiation experiment comparing FLASH irradiation at a dose 

rate of 40 Gy/s to FLASH irradiation described as optimal at 300 Gy/s. Interestingly, we ob-

served a sparing effect on the development of radiation-induced fibrosis at 40 Gy/s, but it was 

more pronounced at 300 Gy/s. These results suggest two things: 1) the irradiation parameters 

needed to achieve the FLASH effect still depend on the organ in question, and 2) the effect 

may depend on the endpoint being assessed, whether early or late. In fact, data in the intestine 

regarding crypt sparing suggests that higher dose rates are required for the FLASH effect, as 

seen in our PCLS model, but when looking at late-stage toxicity development, the threshold 

appears lower. However, it seems that data obtained from our PCLS model can provide valu-

able insights into other late endpoints. For example, we showed that FLASH irradiation at 300 

Gy/s resulted in a longer delay in the onset of fibrosis compared to FLASH irradiation at 40 

Gy/s. Although we cannot yet draw direct correlations between what happens in the short and 

long term in lung tissue, these data suggest that our PCLS model could be a relevant tool for 

studying FLASH irradiation parameters in the lung context. 

 

  Even though the mean dose rate appears to be the main parameter correlated with the 

FLASH effect, it seems, particularly with electron beams, that other parameters may also play 

a role, notably those related to the temporal structure of irradiation. All of this does not apply 

to other particles like protons, which have a different delivery system. A study by Ruan et al. 

in the intestine suggested that a dose delivered in a single pulse might induce a stronger 

preservation effect, particularly regarding crypt sparing. Subsequent teams have investigated 

this issue, and some have shown that the dose per pulse could also be a key factor in the 

presence of the FLASH effect254. Using our model, we examined this question and 

demonstrated that the FLASH effect on dividing cells in the lung was not enhanced by 

delivering the dose in a single pulse, suggesting that this might be specific to the intestine or 

endpoint. Additionally, we showed that regardless of the mean dose rate, a dose per pulse 

lower than 1 Gy did not spare cycling cells in the lung. We are now awaiting in vivo validation 

regarding the late endpoint of fibrosis based on these data. Other groups have also suggested 

an impact of dose per pulse independently of the mean dose rate, as demonstrated in a recent 

study by Liu et al351. These could explain in part why some laboratories did not show a FLASH 

sparing effect and this is why an extent description of beam parameters should always 

accompanied the results obtained.  

 

    Finally, we used our model and in vivo analysis to study the presence of a FLASH effect in 

context of previously irradiated lung tissue. Using our experimental protocol, we separated an 

initial 10 Gy conventional dose from a FLASH dose escalation. We found the same short-term 

response post-irradiation in the PCLS. Regarding fibrosis development, we observed a sparing 
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effect at the higher dose of 12 Gy. These data suggest that the FLASH effect remains present 

in previously irradiated tissue even if the FLASH later response seems less important. In con-

trast, the sparing effect was totally conserved. This is not necessarily the case for all organs, 

a recent study showed that FLASH reirradiation significantly preserved the intestine, skin and 

bones compared with conventional reirradiation309. Between studies, treatment planning and 

doses used vary greatly, and the validation of a protective FLASH effect in reirradiation context 

must be verified in multiple settings and organs. 

 

    In conclusion, while we are getting closer to defining the irradiation parameters that induce 

the FLASH effect using electrons, it remains complex and requires further studies to ensure a 

successful clinical transition.  

 

3. PCLS MODEL TO INVESTIGATE THE PRESENCE OF ACUTE FLASH SPARING 

EFFECT IN HEALTHY PATIENT SAMPLES  

 

    Regarding the clinical transition of FLASH-RT, although ongoing trials are ongoing, for now,  

the sparing effect has only been demonstrated in murine, zebrafish, dog or cat preclinical 

models. This is why we have chosen to apply the PCLS model to investigate the presence of 

an acute protective effect of FLASH radiotherapy in the human lung. At present, the PCLS 

model derived from human patient lung tissue is the only option that allows us to compare the 

response of healthy tissue to FLASH irradiation versus conventional irradiation. Although this 

model has its limitations, particularly regarding its relevance for anything beyond acute 

responses and the fact that we used only a cell division endpoint, our primary goal was to 

investigate the presence of a FLASH protective effect on cycling cells in human lung tissue. 

Interestingly, in the majority of the patient-derived tissue slices, we were able to observe a 

sparing effect on cycling cells 24 hours post-treatment with FLASH. Only one patient did not 

show any difference in this endpoint, which is particularly interesting because it suggests that 

there may be intrinsic or extrinsic differences (such as treatment protocols involving surgery) 

that the sparing response. Interestingly, the patients with the highest heterogeneity in basal 

division had undergone immunotherapy treatment prior to surgery. This is particularly true for 

the only patient who did not exhibit a protective FLASH effect. Future RNA sequencing studies 

on this type of patient will allow us to define and understand the differences between 

responders and non-responders 24 hours post-treatment. Although these data are limited to a 

single endpoint, a small cohort, and an ex vivo model, they support the clinical transition of 

FLASH. To gain further insight into the underlying mechanisms, we decided to conduct RNA 

sequencing on lung samples from three patients. Interestingly, we identified common 



 

289 

responses differential response involved. We validated the FLASH sparing effect in terms of 

gene expression associated with the cell cycle and even uncovered potential interesting 

differences related to genes involved in ROS generation and management Interestingly, this 

has been proposed as one of the underlying mechanisms of the FLASH effect, particularly with 

the theory concerning the recombination and diffusion of free radicals following FLASH 

irradiation. This theory suggests that FLASH induces the generation of fewer ROS compared 

to conventional radiotherapy. These data remain very preliminary, and further research is 

needed to fully validate and understand the implications of this potential mechanism. One of 

major drawback of bulk sequencing is that we cannot define a signature associated with a 

specific cell subtype. For greater relevance and a deeper understanding of the underlying 

mechanisms of the FLASH protective effect at 24 hours post-treatment in the entire lung or 

within lung dividing cells, we conducted scRNAseq analysis on murine models irradiated with 

either FLASH or conventional dose rates. 

 

4. ACUTE MOLECULAR CHARACTERIZATION OF THE FLASH SPARING EFFECT IN 

THE WHOLE LUNG AND LUNG CYCLING CELLS COMPARTMENT  

 
    Several hypotheses have been proposed regarding the mechanisms underlying the FLASH 

effect, including oxygen-related factors, protection of progenitor compartments, lipid peroxida-

tion, and inflammatory dynamics. Our transcriptional data, along with experimental data gen-

erated by other laboratories, suggest that several of these mechanisms might be at play. 

 

4.1 FLASH-RT spares lipid metabolism in AT2 cells compared to CONV-RT 

 

    Through a scRNAseq analysis of murine AT2 cells, we discovered that while both FLASH-

RT and CONV-RT triggered the expression of genes involved in the early response to 

irradiation, FLASH-RT notably and persistently spared genes associated with lipid metabolism 

compared to CONV-RT. This mechanistic network was further confirmed by lipidomics analysis 

on sorted AT2 cells, which revealed an increase in ceramide levels, a marker of oxidative 

stress and cell death352 processes following both FLASH-RT and CONV-RT. However, 

FLASH-RT preserved cholesteryl ester levels, which are linked to lipid droplet formation, in 

contrast to CONV-RT327. According to existing literature, CONV-RT is known to deplete AT2 

cells and upregulate inflammatory and fibrosis-related factors. A recent study from our lab 

examining the long-term lung response to CONV-RT found that AT2 cells were progressively 

depleted over a period of 1 to 5 months after irradiation200. This depletion was associated with 

an increased transcriptional activity related to epithelial-mesenchymal transition and AT2-to-
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AT1 transdifferentiation200. Additionally, a lipidomics study using mass spectrometry on 

macaque lung parenchyma 6 months post-whole-thorax irradiation observed a significant 

reduction in phospholipids, which are critical components of pulmonary surfactants329. Lipid 

metabolism is closely linked to stress response, cellular senescence, and aging-related 

diseases.  Apoe knockout murine models have also demonstrated defective inflammatory and 

oxidative stress responses, leading to pulmonary fibrosis, atherosclerosis, and 

neurodegenerative diseases353. In the context of Plin2, oxidative stress has been shown to 

promote its overexpression, leading to lipid droplet formation and a reduction in cellular 

stress354. This suggests that one of the mechanisms underlying the FLASH sparing effect may 

be the alleviation of oxidative stress through the accumulation of lipids in lipid droplets, which 

could serve as valuable substrates for cellular processes. In line with this, our team 

demonstrated a reduction in oxylipin levels just 5 minutes after FLASH-RT compared to CONV-

RT in normal cells and mouse lung tissue288. This was also shown in a model of liposome 

where FLASH does not induce lipid peroxidation compared to CONV-RT287. This reduction in 

lipid peroxidation products following FLASH-RT may be associated with a shift in redox-active 

metabolism. Thus, it seems that FLASH irradiation may have a differential impact on the lipid 

pools present in certain cell subtypes in AT2 cells, and it may also affect lipid metabolism, 

particularly vesicular transport pathways. Currently, validations are still underway to define an 

overview of the lipid changes associated with both modalities in the lung. However, the 

accumulation of lipid peroxides can be associated with various mechanisms of cell death, 

particularly ferroptosis, an iron-dependent form of cell death induced by the buildup of lipid 

peroxides which has been linked to both acute and chronic radiation-induced damage355. 

Interestingly, at the transcriptional level at least, the dynamics of these changes show that this 

sparing effect on Apoe or Plin2 expression was persistent at later stages, in cases where 

radiation-induced fibrosis develops after conventional irradiation but not after FLASH. In a way, 

these lipid alterations may only reflect the state of AT2 cells at short time points, in response 

to both irradiation modalities, or at later time points, where inflammatory mechanisms and EMT 

may occur, leading to a reduction in the AT2 pool in the lung. 
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4.2 Is there a FLASH sparing effect related to mitochondrial function in endothelial 

cells ?  

    After conventional irradiation, we observed a downregulation of several mitochondrial genes 

compared to FLASH, both at 24 hours and at later time points, such as 5 months post-treat-

ment. These genes encode for the constituent proteins of the various subunits of the mitochon-

drial respiratory chain, which is essential for energy production in the form of ATP. However, 

this process also generates superoxide radicals (O2−) as byproducts, which can lead to the 

formation of highly reactive molecules, such as hydrogen peroxide (H2O2) and hydroxyl radi-

cals (OH.), especially under the oxidative stress induced by irradiation. The electron transport 

chain (ETC), particularly complexes I, II, and III, is sensitive to radiation, and any disruption in 

electron flow through the ETC can elevate ROS levels, leading to oxidative damage and con-

tributing to genomic instability as well as DNA damage290. Recent studies have begun to ex-

plore how FLASH-RT may differentially affect mitochondrial metabolism compared to CONV-

RT. Mitochondrial impairment has also been associated with apoptosis through cytochrome c 

release356.  Thus, our data suggests differential impairment of mitochondrial gene expression 

in the subset of endothelial cells. Mitochondrial dynamics and autophagy/mitophagy are es-

sential for the normal angiogenic and vasodilatory functions of endothelial cells334. Mitochon-

drial ROS are important for signaling physiological responses to nutrient status, hypoxia, and 

shear stress. Physiological ROS production in endothelial mitochondria also plays a crucial 

role in promoting inflammation334. But anormal level of ROS could also lead to mitophagy, 

mitochondrial fission and apoptosis334.  In conclusion, our initial results suggest the importance 

of further investigating the impact of these two irradiation modalities on mitochondrial function. 

However, so far, only in vitro data from fibroblast cell lines have demonstrated the preservation 

of membrane potential, mtDNA copy number, and oxidative enzyme levels following FLASH 

irradiation compared to conventional irradiation357. This area shows promise for helping to bet-

ter understand some of the mechanisms related to the sparing effect of FLASH. Further re-

search is needed to clarify how these processes operate in different tissues and in tumor. 
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4.3 Characterization and proposed mechanisms of FLASH sparing effect in lung 

cycling cells  

     

    24 hours post-irradiation, we demonstrated that significantly more cells were cycling  after 

FLASH irradiation than after conventional treatment. Unlike the intestine, where regeneration 

from the base of the crypts is a well-known process, very little is known about the populations 

of cells capable of regenerating the lung after injury. We confirmed that FLASH seemed to 

spare all compartments (immune, epithelial, endothelial) of cycling subpopulations at this 

timepoint. This is consistent with data from the literature showing similar sparing effects in the 

intestine and brain. These findings suggest a common mechanism of sparing cycling cells by 

FLASH irradiation, a mechanism that remains poorly understood at the molecular level, partic-

ularly in the lung.  

 

Through an scRNAseq analysis on Mki67-sorted cells 24 hours post-irradiation, we identified 

a combination of changes occurring in lung Mki67 subcompartments, suggesting different 

mechanisms at play after FLASH versus conventional irradiation. On one hand, we observed 

that FLASH irradiation could induce an increase in alveolar regeneration via the MIF/Cd74 

pathway. This pathway has been described in several organs, such as the lung and intestine, 

as promoting regeneration346. In the lung, it contributes to the division of AT2 cells and their 

differentiation into AT1 cells in response to damage such as that caused by lung infections or 

ischemia358. Strikingly, this phenomenon has never been observed in the context of the re-

sponse to irradiation. This suggests the involvement of entirely different mechanisms following 

FLASH irradiation. In contrast, CONV-RT was associated with increased expression of genes 

related to TNFα through the NF-κB pathway in immune subcompartments. In T cells and other 

immune cell types, CONV-RT appeared to induce the upregulation of pro-inflammatory genes 

such as Junb, Jun, Fos, and Fosb. These genes are associated with the expression of the AP-

1 transcription factor and could be linked to inflammatory responses involving TGFβ1 or IL-6, 

as well as pro-apoptotic or anti-apoptotic responses. These findings can be linked to a recent 

study in the intestine, which suggested an acceleration of differentiation and regeneration of 

crypts from a stem cell population supported by the activation of an inflammatory pathway 

dependent on interferon signaling255. Interestingly, this was not observed after conventional 

irradiation. This suggests that in the lung, as in the intestine, complex signaling interactions 

and the establishment of a distinct inflammatory response might underlie the differences ob-

served following FLASH irradiation. Since our study focuses solely on a 24-hour timeframe, 

we do not yet have a dynamic view of how this distinct inflammatory response evolves between 

conventional and FLASH irradiation. Nevertheless, preliminary scRNAseq data from sorted 



 

293 

Mki67 intestinal cells also suggest an upregulation of the MIF factor, which may be related to 

the observations made in the lung. 

 

   At this stage, these data represent only a preliminary transcriptional characterization of the 

differential response to FLASH compared to conventional irradiation in Mki67 sorted cell com-

partments. Further validations in tissue are required to experimentally validate the hypotheses 

we have defined regarding the induction of alveolar regeneration processes via the MIF/Cd74 

pathway after FLASH. Additional protein-level validations will be necessary to confirm these 

transcriptional changes. However, referring to the data recently presented in the intestine or 

those generated during my thesis, it appears that regeneration processes associated with 

FLASH are complex and involve the establishment of very specific inflammatory and regener-

ation responses. 
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CHAPTER VII : PERSPECTIVES 
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VII- CONCLUSION AND PERSPECTIVES 

   The originality of this work resides in the association of an ex vivo approach and molecular 

scRNAseq analysis for an acute characterization of FLASH compared to CONV-RT in the lung. 

It aligns well with current challenges related to the clinical translation of FLASH radiotherapy. 

First, we developed a relevant ex vivo pulmonary model and highly sensitive assays capable 

of detecting the protective effects of FLASH at short post-treatment. Subsequently, we 

combined short-term approaches, using endpoints such as cell division in PCLS with late-

response studies in the lung (RIPF development) to investigate and characterize the optimal 

parameters for FLASH irradiation in this organ. These efforts demonstrated that mean dose 

rate and dose per pulse are critical factors. Additionally, this model enabled us to show, in an 

initial cohort of patients, a short-term protective effect of FLASH radiotherapy in human lungs, 

supporting its clinical translation. Finally, we provided a first molecular analysis of the 

underlying mechanisms of this protective effect, ranging from 24 hours to 5 months in whole 

lung tissue or lung dividing cells, uncovering unseen responses in AT2, endothelial and cycling 

cells. We still do not fully understand how changes occurring short time after radiation, whether 

in cycling cells, AT2 cells, or endothelial cells, can influence later outcomes and correlate with 

data obtained several months post-treatment. A deeper understanding of the molecular 

dynamics following FLASH or conventional irradiation remains essential. 

 

    Our data suggests a differential impact of FLASH radiotherapy on lipids, particularly in AT2 

cells. To validate this, we aim to sort AT2 to study lipid vesicle dynamics through microscopy 

analyses, using markers like Bodipy. Additionally, we plan to perform lipidomic analyses at 

earlier post-treatment time points, as changes in lipid pools occur much sooner than the 

transcriptional changes we have observed as suggested in some recent studies in kidney359. 

Finally, we propose to validate these changes spatially, using murine or patient tissues, 

through spatial lipidomics analysis360. 

 

    Regarding the mitochondrial impact of FLASH radiotherapy, we aim to better characterize 

this response through functional validation. Mitochondrial activity can be assessed in tissue 

sections either by measuring ATP levels or using mitochondrial markers to study mitochondrial 

function. 
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   Finally, concerning cycling Mki67+ cells, scRNAseq analyses in intestinal progenitor cells 

are ongoing. We aim to explore potential shared sparing mechanisms in these two organs, 

particularly by investigating inflammatory processes, with a focus on the Mif/Cd74 pathway. 

For in situ functional validation of these findings, selected ligand/receptor pairs can be targeted 

on lung tissue sections using smFISH (or immunohistochemistry, if antibodies are available) 

to determine whether these processes can be directly detected in tissue. Additionally, specific 

gene knockdowns, such as for Cd74 or MIF, could be performed on tissue sections using 

lentiviral systems, followed by an analysis of the response in Mki67+ cells within the lung. 

 

    In conclusion, we are confident that this work has achieved two key objectives 1) 

Contributing to the clinical translation of FLASH radiotherapy by studying the optimal irradiation 

parameters for the lung and demonstrating the presence of a FLASH effect in patients and 2) 

Providing deeper molecular characterization of the pulmonary healthy tissue response to 

FLASH compared to conventional radiotherapy, suggesting potential mechanisms involved in 

the FLASH effect. 
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ANNEX I :  Additional results and 

paper’s part 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ANNEX 1 – ADDITIONAL RESULTS AND PAPERS PART 1 

   In addition to the results presented in my this first published paper, through collaborations 

within our team or with other institutes, we have used the PCLS model for several other 

applications related to testing radioprotectors for healthy tissue, specifically the AsiDNA 
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molecule and the CAPE compound361,362. On the one hand, AsiDNA is a cholesterol-coupled 

oligonucleotide that mimics double-stranded DNA breaks, hijacking the DNA damage 

response to sensitize tumor cells to radiation and chemotherapy. It triggers a G1/S cell cycle 

arrest in normal cells, offering protection to healthy tissues by preventing further damage361.  

On the other hand, Caffeic Acid Phenethyl Ester (CAPE) has been shown to have anti-

proliferative and pro-apoptotic effects in tumor cells, making it a potential therapeutic agent for 

cancer. In contrast, it exhibits radioprotective properties in normal tissues, with anti-

inflammatory and antioxidant effects that help reduce radiation-induced damage362. These 

studies allowed have confirmed the molecular and cellular effect of these compounds using an 

ex vivo model of PCLS. These studies have also been published and are part of the work I 

contributed to as a co-author, complementing this first section on the establishment of the 

PCLS model for various studies on radiotoxicities in the lung. As the materials and methods 

associated with these studies are present in the cited articles, I will not describe them further.  

 

   Another interesting perspective, whether for the response to radiotherapy in the lung tumoral 

context or for studying the FLASH effect, is the establishment of a relevant model 

combining healthy tissue with tumoral tissue. To this end, we explored several co-culture 

approaches that did not yield successful results with PCLS. However, by using an orthotopic 

tumor model generated by injecting LL2 tumor cells intravenously, we managed to generate a 

PCLS model with tumor cells. Although this work is an appendix to my thesis work, which 

focuses on the effects of FLASH radiotherapy on healthy lung tissue, the development of a 

robust protocol, along with the establishment of relevant endpoints with tumoral PCLS, could 

allow to consider the tumor response as well as the response of the surrounding healthy 

peritumoral tissue. This would be more relevant in the clinical context of patients undergoing 

treatment for lung cancer. 

 

 

 

 

 

 

1. ADDITIONAL RESULTS  

 

1.1 Complementary studies on radioprotector of healthy lung tissue to radiation  

 
a) AsiDNA (see associated article)  
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   To investigate the AsiDNA™-induced cell cycle arrest in the lung that protect the normal cells 

from radiation, PCLS were used. PCLS were then treated for 24 hours with AsiDNA™ or Nol8, 

and EdU (a marker of replicative cell division) was co-incubated for an additional 24 hours. 

Cell nuclei were subsequently stained for EdU incorporation. A significant loss of EdU-positive 

cells was observed following AsiDNA™ treatment compared to both untreated and Nol8-

treated PCLS (Figure 52A), suggesting that AsiDNA™ similarly triggered cell cycle arrest ex 

vivo.  

 

 

b) CAPE  
 
 

   To assess the radioprotective effects of CAPE in normal tissue in a 3D model, PCLS were 

used. The slices were treated with CAPE and radiation at dose of 4 Gy, then gene expression 

levels of several pro-inflammatory and antioxidant markers was evaluated. The expression of 

interleukins (IL-6, IL-1α) and COX-2 was assessed, as they play an important role in the de-

velopment of radiation pneumonitis and subsequently fibrosis. Radiation did not significantly 

change the expression of these markers. CAPE treatment prior to radiation decreased the 

expression of IL-6 (p = 0.03) in a dose-dependent manner, while the effect on the expression 

of COX-2 was less pronounced (p = 0.11). 

 
 

1.2 Proof of concept of PCLS-tumor model obtention  

 

Generation of orthotopic LL2-Luc mouse model and generation of PCLS : Briefly, orthotopic 

LL2-Luc tumors mice were generated by injecting 500000 low passage LL2-Luc cells at 70% 

confluency in IV by the tail of mice. These LL2 cells were modified to express constitutively 

luciferase, which in presence of luciferin, which was injected in IP at 150 mg/kg per mice, that 

can be detected by light emission and measured by IVIS. IVIS measurements were performed 

daily until tumors could be detected in the lungs. Then, once the lung were harvested, PCLS 

were performed according to the same method described in Article 1. The first proof of concept 

analysis of cell division was done using EdU assay as described in Article 1.  

   To generate a PCLS model containing tumor cells, LL2-Luc cells were intravenously injected 

into the tail vein of C57BL6/J WT mice. Subsequently, the luminescence emitted by tumor 

growth was measured daily using IVIS. Starting from day 28 post-injection, at least two tumor 

masses could be detected in the lungs of 20% of the injected mice. After lung harvest, macro-

scopic examination revealed 4 tumor masses distributed across the left, lower, and upper 

lobes. Despite technical challenges, some PCLS containing tumor tissue were successfully 
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generated, and as proof of concept, they were cultured in the presence of EdU for 24 hours. 

By visually examining the tumor localization in PCLS, we qualitatively analyzed the presence 

of EdU+ cells in the tumor, the peri-tumoral healthy region, and the healthy tissue. Interestingly, 

the proportion of EdU+ cells was higher in the peri-tumoral tissue, which could indicate immune 

recruitment or the presence of disseminated tumor cells. In the tumor mass, a large proportion 

of cells at its margins were EdU+, indicating they were in an active cell cycle phase, charac-

teristic of tumor cells. Finally, EdU+ tumor cells were only found at the tumor margins, with no 

dividing cells at the center, a feature also commonly observed in solid tumors. In conclusion, 

this first generation of PCLS containing tumor cells allowed us to recapitulate several morpho-

logical and cellular aspects of the tumor as well as the peri-tumoral tissue, making it an inter-

esting model for studying adiation responses in the future. 

 

 

 

 

 

 

 

 

 

 

Figure 106. 

Generation of PCLS-

tumor from orthotopic LL2-Luc tumor mouse model. (A) Schematic representation of the 

experimental procedure showing the engraftment of 500,000 LL2-Luc cells into the tail vein of 

mice. The cells express luciferase and, upon administration of luciferin (150 mg/kg, IP), can 

be detected through light emission measured by IVIS imaging. (B) IVIS imaging showing light 

emission corresponding to tumor growth in the lung, measured at d28  where tumors became 

visible. (C) Image of lung with tumors (circled in yellow) visible on macroscopic examination. 

(D) Image PCLS-tumor. (E) Representative 3D-reconstruction of images obtained after 24h 

incubation of PCLS-tumor in presence of EdU.  
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2. THE ASIDNA™ DECOY MIMICKING DSBS PROTECTS THE NORMAL TISSUE 

FROM RADIATION TOXICITY THROUGH A DNA-PK/P53/P21-DEPENDENT 

G1/S ARREST 
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Supplementary figures are accessible here :  

https://academic.oup.com/narcancer/article/6/1/zcae011/7626441#supplementary-

data 

https://academic.oup.com/narcancer/article/6/1/zcae011/7626441#supplementary-data
https://academic.oup.com/narcancer/article/6/1/zcae011/7626441#supplementary-data
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3. CAFFEIC ACID PHENETHYL ESTER (CAPE), A NATURAL POLYPHENOL TO 

INCREASE THE THERAPEUTIC WINDOW FOR LUNG ADENOCARCINOMAS 
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Supplementary materials are available here :  

https://www.thegreenjournal.com/article/S0167-8140(23)09328-3/fulltext 
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ANNEX 2 – OTHER CO-AUTHOR CONTRIBUTIONS 

1. RADIOTHERAPY TRIGGERS PRO-ANGIOGENIC SIGNALING IN HUMAN LUNG  
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2. LIPID POLYUNSATURATED FATTY ACID CHAINS IN MOUSE KIDNEYS WERE 

INCREASED WITHIN 5 MIN OF A SINGLE HIGH DOSE WHOLE BODY 

IRRADIATION 
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