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RÉSUMÉ ÉTENDU EN FRANÇAIS 

 

Le poumon est un organe complexe composé de plusieurs populations cellulaires 

spécialisées interagissant entre elles pour remplir sa fonction principale : effectuer les 

échanges gazeux entre l'air extérieur et le sang afin d’absorber l'oxygène qui sera apporté aux 

différents tissus et organes du corps, et évacuer les déchets transportés par le sang, composés 

principalement de dioxyde de carbone. Ces échanges gazeux sont réalisés par les unités 

fonctionnelles des poumons : les alvéoles. Ces dernières sont composées de cellules 

épithéliales, endothéliales, mésenchymateuses et immunitaires qui jouent toutes un rôle 

crucial dans la fonction pulmonaire. Ces différentes populations sont organisées de manière 

spécifique, ce qui permet une surface maximale pour les échanges gazeux, une protection 

contre les menaces extérieures, et des interactions intercellulaires entre les différentes 

populations. Cependant, en cas de blessure, agression ou maladie, cette organisation peut 

être perturbée et la fonction pulmonaire peut être compromise. Différents mécanismes de 

réparation et de régénération des blessures existent pour que le poumon revienne à un état 

d'homéostasie. 

Les radiations peuvent causer de telles lésions aux poumons. La réponse à une lésion 

pulmonaire radio-induite (LPRI) débute par une étape inflammatoire, avec une implication 

importante des cellules immunitaires, notamment des macrophages. Si la réparation de la 

blessure échoue, la lésion peut alors évoluer vers une fibrose pulmonaire radio-induite (FPRI) 

avec accumulation de tissus cicatriciels, composés principalement de fibroblastes, de 

myofibroblastes et de matrice extracellulaire, avec une destruction de la structure des 

alvéoles. Bien que les principaux événements du développement de la fibrose pulmonaire 

radio-induite aient été décrits, les événements cellulaires et moléculaires détaillés survenant 

au cours de la progression de la maladie restent inconnus. Une meilleure compréhension de 

ces processus permettrait de développer des stratégies ou des traitements pour prévenir ou 

ralentir le développement de la FPRI. 

Dans ce but, nous avons ici quatre objectifs principaux : 1) identifier les principales 

altérations cellulaires et moléculaires et leur temporalité affectant trois populations cruciales 
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du poumon : les cellules épithéliales, les cellules endothéliales et les macrophages, 2) 

identifier les différences dans la réponse du poumon lorsqu'ils sont exposés à une dose 

d'irradiation fibrogène ou non fibrogène, 3) étudier la réponse du poumon humain à la 

radiothérapie et la comparer aux évènements observés chez la souris, 4) développer et 

donner accès à des atlas et bases de données des réponses des tissus pulmonaires de la souris 

et de l'homme aux lésions radiologiques à l’échelle de la cellule unique. 

Pour étudier la temporalité des événements conduisant à la fibrose pulmonaire et 

l'effet de différentes doses d'irradiation, nous avons utilisé un modèle murin d'irradiation 

thoracique complète, à dose fibrogène de 13Gy ou non fibrogène de 10Gy. De plus, nous 

avons obtenu des échantillons de lobectomies de six patients souffrant d'une tumeur de 

Pancoast. Ces patients ont subi une radiothérapie néoadjuvante six à huit semaines avant 

l'intervention chirurgicale. Pour chaque patient, un échantillon a été obtenu d'une région 

irradiée du poumon et un témoin d'une région non irradiée du poumon. Ces échantillons ont 

été analysés à l’aide de la technologie de séquençage d’ARN de cellule unique (scRNA seq), 

un outil permettant une meilleure compréhension de la diversité cellulaire et de la variabilité 

du transcriptome des échantillons analysés. Nous avons par la suite utilisé des techniques de 

bio-informatique pour analyser les données générées et identifier les différents processus 

induits par l’irradiation des tissus sains des poumons. 

Dans un premier temps, nous avons observé une importante activité inflammatoire 

durant les premiers points de temps post irradiation, avec une production accrue de cytokines 

par plusieurs populations immunitaires, Les macrophages semblent jouer un rôle important 

à différents moments de la réponse à l’irradiation. Juste après l’irradiation, des macrophages 

interstitiels sont recrutés depuis les monocytes circulants. Au cours des mois suivant la lésion, 

les macrophages alvéolaires développent un profil M2 pro fibrotique, et les macrophages 

interstitiels un profil M1 pro inflammatoire. De plus, nous observons une modification du 

transcriptome des macrophages alvéolaires après une irradiation pro- fibrogène vers une 

augmentation du métabolique lipidique. 

Nous avons ensuite étudié la régénération des populations épithéliales à la suite des 

dommages causés par l’irradiation. En effet, l’épithélium pulmonaire (et plus précisément les 

pneumocytes de type I et II) est particulièrement vulnérable et susceptible à la destruction 
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ou à l'apoptose en cas d'infection ou d'agression. Nous avons identifié un premier processus 

de réparation durant les premières heures suivant l’irradiation via une dédifférenciation des 

pneumocytes de types II en pneumocytes de type 0, qui ont la capacité de se multiplier et se 

redifférencier en pneumocytes de type I ou II. Lors des points de temps plus tardifs de 

l’irradiation, nous observons également un processus direct de transdifférenciation des 

pneumocytes de type II en pneumocytes de type I. Cependant, une forte dose d’irradiation 

peut impacter de manière plus durable le profil des pneumocytes de type II : en effet, après 

une irradiation fibrogenic, différents éléments indiquent une possible transition épithéliale à 

mésenchymateuse de cette population. Les cellules épithéliales montrent également des 

signes de senescence en réaction à l’irradiation. 

Pour finir, nous avons étudié les cellules endothéliales et les processus de réparation 

vasculaire après irradiation. Les lésions vasculaires en sont une conséquence majeure. 

L'irradiation provoque la mort des cellules endothéliales et la désorganisation du réseau 

vasculaire, comme cela a été démontré à la fois chez des patients humains et chez des 

modèles murins. Le remplacement de ces cellules et capillaires endothéliaux endommagés 

est principalement déclenché par une signalisation pro-angiogénique ainsi que via la 

spécialisation des cellules endothéliales en deux états différents : les cellules « tip » et les 

cellules « stalk ». Les cellules « tip » développent des filipodes et peuvent migrer, suivant un 

gradient extracellulaire de VEGFA. Ces cellules occupent une position dominante dans la 

formation du nouveau vaisseau et sont suivies par les cellules « stalk » qui forment les parois 

du vaisseau. Après irradiation, nous observons une augmentation de la proportion de cellules 

d’identité « tip » chez les gCap, la population progénitrice des cellules endothéliales 

capillaires. Ces cellules « tip » présentent également un phénotype migratoire accru. Nous 

avons de plus montré une conservation de ces processus chez les patients humains ayant subi 

une radiothérapie. Enfin, les cellules endothéliales et particulièrement les aérocytes 

présentent de manière similaire aux cellules épithéliales des signes de sénescence induite par 

l’irradiation. 

Dans l’ensemble, nous sommes convaincus que ces travaux ont considérablement 

amélioré notre compréhension des lésions pulmonaires induites par les radiations, jetant 

ainsi de solides bases pour de nouvelles recherches sur de nombreuses questions non 

résolues. L’utilisation du séquençage d’ARN de cellule unique a fourni un outil puissant pour 



 26 

élucider les diverses réponses cellulaires tissulaires normales et les interactions 

intercellulaires initiées par les lésions pulmonaires induites par les radiations. De plus, nos 

résultats mettent en évidence de nouvelles cibles thérapeutiques potentielles et ouvrent la 

voie à une utilisation innovante de médicaments pour lutter contre cet effet secondaire 

mortel de la radiothérapie. 
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CHAPTER I – Introduction 

1. Physiology of the respiratory system 

a) Structure of the lung and the alveoli 

The lung is the organ responsible for the gas exchanges between the outside 

environment and the blood, with the absorption of oxygen and the release of waste gas, such 

as carbon dioxide.  

The upper airways are composed of several structures. The nose and the mouth are 

the entry and exit point for the air into the respiratory system. The nasal hairs are also the 

first filter for the pathogens and particles inhaled with the outside air. The sinuses heat and 

humidify the air before its entry into the lower airways. The pharynx and the larynx allow the 

air to go between the upper and lower airway and protect the lower airway from 

contamination by food or liquids. 

The lower respiratory airway starts with the lower part of the larynx and is then 

constituted by several structures with diverse functions. The trachea is an elastic and 

cartilaginous pipe with a diameter of 1.5 to 2 cm and a length of 10 to 12 cm that starts by 

the larynx and ends with the two main bronchi. The trachea transports the air to the lungs 

and also heats it and humidifies it. The two main bronchi are the first division of the 

respiratory systems and bring the air into the left and the right lungs. They are supported by 

cartilage and then further divide into smaller bronchi that bring the air to the different parts 

of the lung. The last subdivision of the bronchi gives rise to the bronchioles, smaller tubes of 

less than a millimeter in diameter that are not supported anymore by cartilage. The end of 

the bronchioles, called the respiratory bronchioles, are the first structure that performs gas 

exchanges (Albertine 2016). They can also change in diameter in order to reduce or increase 

airflow through processes called bronchodilatation and bronchoconstriction. The terminal 

bronchioles secrete a substance called surfactant that allows the bronchioles to expand 

during inhalation and prevents them from collapsing during expiration. The bronchioles end 

by the alveoli, the functional unit of the lungs that allows most of the gas exchanges (FIGURE 

1.1, (Ahmad and Balkhyour 2020)). The alveoli are composed of a unique layer of different 

cells that forms a small air sac that allows the gas exchange, with cells producing surfactant, 
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immune cells that protect the body against outside threats, and cells performing the gas 

exchange (FIGURE 1.2, (Curras Alonso 2021)). The alveoli are highly vascularized: they are 

coated with capillaries vessels. On average, human lungs contain 300 to 500 million alveoli, 

for a gas exchange surface of 100 to 150 m2.  

 These terminal structures are also supported by other tissues. The diaphragm 

is the main respiratory muscle that contracts and relaxes to bring the air inside and out of the 

lungs. The ribs form a protective cage surrounding the lungs and the heart, protecting it from 

outside mechanical threats. 

 

 

 
 

b) Cellular composition 

The lungs are composed of various types of cells that participate in its function: 

epithelial cells, endothelial cells, mesothelial cells, mesenchymal cells, myeloid cells and 

lymphoid cells. Most of them are resident cells that stay in the lung, but circulating immune 

cells also interact with the lung cell populations. In physiological conditions, the lung is a lowly 

proliferating organ, with a low cell turnover (I. Y. R. Adamson 1985). However, when the lungs 

FIGURE 1.1. schematic representation of the human airway and the alveoli  

(Ahmad et Balkhyour 2020) 
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terminal bronchioles, perform a support function. The goblet cells are the main secretory cells 

of the lung, producing mucus. This is a substance mainly composed of mucin glycoproteins 

and it has surfactant properties as well as antibiotic properties and it collects small outside 

particles that managed to enter the lungs (Ma, Rubin, and Voynow 2018). The ciliated cells, 

as their name suggests, are cells whose apical end is covered with cilia which with their 

movement can move the mucus within bronchioles, and evacuate the debris and pathogens 

trapped in it. Finally, the basal cells have the ability to proliferate and differentiate into 

ciliated or goblet cells, to replace them in case of injury, for example (Tilley et al. 2015). Single 

cell RNA sequencing allowed great progresses in the identification and molecular 

characterization of the cellular diversity of the different organs in different organisms, notably 

thanks to global initiative like the mouse cell atlas (MCA) (R. Wang et al. 2023) or the human 

cell atlas (HCA) (Regev et al. 2017). The different lung epithelial subsets can be identified using 

their characterized profiles and their expression of described characteristic markers (ANNEXE 

I, table 5.1). 

Alveolar epithelial type I (AT1) and type II (AT2) cells are fundamental for the function 

of the lungs. However, AT1 cells are fragile and susceptible to destruction or apoptosis upon 

infection or aggression (Kuwano 2007). Both new AT1 and AT2 cells can be produced in 

physiological or pathological conditions to replace missing cells or repair injured areas. AT2 

cells, besides their function as surfactant producer cells, have the ability to de-differentiate 

into cells called type 0 pneumocytes (AT0 cells). These AT0 cells are then able to proliferate 

and differentiate into new AT1 or AT2 cells (Kadur Lakshminarasimha Murthy et al. 2022). 

This regeneration process allows the maintaining of the alveoli structure and the gas 

exchange function of the lungs. The other types of epithelial cells are also able to regenerate. 

Basal cells can proliferate and re-differentiate into club cells and ciliated cells. Furthermore, 

club cells also have self-renewal abilities and can re-differentiate into ciliated and basal cells 

(F. Chen and Fine 2016; Alysandratos, Herriges, and Kotton 2021).  

Other cell populations may appear under pathological conditions. This is the case of 

the aberrant basaloid cells, that have been described in lungs of patients with idiopathic 

pulmonary fibrosis or chronic obstructive pulmonary disease. These cells express only some 

of the basal cell markers (Adams et al. 2020) but they overexpress genes involved in epithelial 

to mesenchymal transition, cytokine response, senescence, thus they might play a role in 
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injury repair (Selman and Pardo 2020). Other studies describe that these aberrant cells can 

also be characterized by the expression of the KRT8 markers, and that they might then enter 

different states: either senescence or transition to AT1 cells (F. Wang et al. 2023). 

A direct type II to type I pneumocyte trans-differentiation process has also been 

described after a LPS injury. After the injury, AT2 cells proliferate to replenish the pneumocyte 

pool, then a subset of these cells goes into cell cycle arrest and trans-differentiate. This cell 

cycle arrest has been shown to be induced by TGF- signaling, but it is then inactivated in 

order to proceed with the trans-differentiation to AT1 cells (Riemondy et al. 2019).  

 

 
 
 
 
 

FIGURE 1.3. schematic representation of the regeneration of the lung epithelial cells 
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ii. Mesenchymal cells 

The mesenchymal cells are responsible for the structure of the lungs, forming the 

connective tissue and secreting extracellular matrix (ECM).  

In physiological conditions, fibroblasts are the most abundant mesenchymal cells. 

They sustain the structure of the alveoli and secrete extracellular matrix, which is also crucial 

for intercellular communication (White 2015).  Different sub-populations of fibroblasts have 

been described according to their location in the lung and their proximity to certain 

structures. The peri bronchial fibroblasts are located in the walls of the bronchi and other 

conducting airways, the adventitial fibroblasts are surrounding the bronchi vascular bundles, 

and the alveolar fibroblasts are located near the alveoli (Tsukui et al. 2020) (FIGURE 1.4). 

 

 
 

There is a subset of fibroblasts that have a high lipid content that seems to have an 

important role in AT2 cells homeostasis (Habiel and Hogaboam 2017). Pericytes are a less 

FIGURE 1.4. schematic representation of the mesenchymal lung cells localization  

(Tsukui et al. 2020). 
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abundant population located near the small vessels of the lungs and provide them with 

mechanical and biochemical support (Garrison et al. 2023). Myofibroblasts are almost absent 

during physiological conditions and can derive from fibroblasts or pericytes after injury. They 

are involved in wound healing mainly through ECM deposition and restoration of the tissue 

barrier integrity (Hung 2020). Furthermore, after injury, myofibroblasts are thought to be able 

to de-differentiate back to lipofibroblasts (El Agha et al. 2017). 

Smooth muscle cells (SMC) are cells with contractile properties that control the 

diameter of the different bronchi, bronchioles and vessels, thus controlling the airflow and 

blood pressure (Q. Gu and Lee 2006). They can be divided into airway smooth muscle cells 

(ASM) and vascular smooth muscle cells (VSM). ASM seems to have more rapid contraction 

velocity than VSM and be more implicated in different pathologies like asthma (Fernandes et 

al. 2004). 

Mesenchymal cells play a major role in the lung response to injury and regeneration. 

Upon acute lung injury, fibroblasts differentiate into activated myofibroblasts. Different 

signaling pathways are activated, like the TGF-, mTOR or EGFR. An increased amount of 

collagen and ECM is produced to repair the damaged tissues. However, if an excessive amount 

of it is produced it can lead to pathologies like idiopathic pulmonary fibrosis (IPF) (Whitsett et 

al. 2019). The different lung mesenchymal subsets can be identified using their characterized 

profiles and the expression of described characteristic markers (ANNEXE I, table 5.2). 

iii. Endothelial cells 

Endothelial cells are the cells forming the walls of capillaries that bring the blood in 

contact with the alveoli to perform the gas exchanges through the AT1 cells. Capillary 

endothelial cells can be subdivided into several subtypes performing distinct functions. The 

aerocytes (aCap) are the endothelial cells responsible for the gas exchange. They are large 

cells with ramifications in close contact to AT1 cells to present the maximum surface for gas 

exchange. They are thought to not be able to proliferate or self-renew. The other type of 

capillary endothelial cells is the general capillaries (gCap), they also perform gas exchange but 

have also been predicted to be able to proliferate for self-renewal and differentiation to aCap 

(Gillich et al. 2020). Other small vessels are in charge of transporting the blood between the 
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lung capillaries and the main circulation: the artery endothelial cells (artery EC) form the 

vessels that carry the unoxygenated blood from the circulation to the capillaries in contact to 

the alveoli, and then the vein endothelial cells (vein EC) form the vessels that carry the 

oxygenated blood back to the circulation (Trimm and Red-Horse 2023). Finally, the lymphatic 

endothelial cells (lymphatic EC) form the lymphatic vessels that carry lymph out of the lungs 

(Lorusso et al. 2015). 

During a lung injury, the lung vessels can also be damaged, especially the smaller 

capillaries vessels. gCap cells have been described to be able to proliferate and produce new 

aCap and gCap cells (Gillich et al. 2020). The process of vessel regeneration is called 

angiogenesis. This process involves a complex signaling network involving the reception of 

vascular endothelial growth factor (VEGF) molecules (Abhinand et al. 2016). Angiogenesis has 

been shown to involve the differentiation of the endothelial cells into two cell states: tip cells 

and stalk cells.  

 

FIGURE 1.5. schematic representation of the tip and stalk cells involvement in 

angiogenesis (Pasut et al. 2021) 
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Tip cells express the VEGF receptor KDR, therefore are able to receive the VEGF 

signaling. Tip cells develop filipodia and can migrate, following an extracellular gradient of 

VEGFA and occupy a leading position in the new vessel formation. They are followed by the 

stalk cells that divide to form the walls of the growing new vessel (Jakobsson et al. 2010). Tip 

cells receive the VEGF signaling, which triggers the expression of several genes including DLL4. 

DLL4 acts then as a ligand for the NOTCH receptor expressed by the stalk cells. In stalk cells, 

NOTCH activation inhibits the expression VEGFR2 and activates the expression of VEGFR1, 

maintaining the stalk cell identity (W. Chen et al. 2019; Pasut et al. 2021; Hellström, Phng, 

and Gerhardt 2007) (FIGURE 1.5). 

The different lung endothelial subsets can be identified using their characterized 

profiles and the expression of described characteristic markers (ANNEXE I, table 5.3). 

iv. Mesothelial cells 

The lung mesothelial cells are part of the pleura, a layer of cells that envelop the lungs, 

and they have a role of protection (H. Batra and Antony 2015).  The mesothelial cells can be 

identified with the expression of Msln, Wt1 and Upk3b in mice or MSLN, UPK3B and WT1 in 

human (Travaglini et al. 2020). 

v. Myeloid cells 

The myeloid cells are the first responder in the lung, they are crucial for the innate 

immune response and the initiation of the adaptative response (Cook and MacDonald 2016; 

Zaynagetdinov et al. 2013). Some myeloid cells of the lung are stably present in the tissue, so 

they are called resident cells, while others are circulating in the blood and travel through the 

lungs within the vessels. Monocytes are immune cells from the innate immune system that 

can be circulating or tissue resident (Rodero et al. 2015). They have phagocytosis properties 

and can proliferate and differentiate into interstitial macrophages under physiological 

conditions, and into alveolar macrophages under pathological conditions (F. Li et al. 2022). 

Monocytes can be distinguished between two subtypes: classical monocytes and non-

classical monocytes. Classical monocytes account for 90 percent of monocytes, the rest of the 

monocytes being non-classical monocytes and intermediate monocytes sharing features of 

both categories. Non classical monocytes derive from classical monocytes and are considered 
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the most mature form of monocytes. These two monocyte populations have different roles 

in inflammation and injury response. Classical monocytes have been shown to be highly 

inflammatory and secrete pro-inflammatory cytokines, whereas non classical monocytes 

secrete more anti-inflammatory cytokines and are involved in repair processes (Anbazhagan 

et al. 2014). 

Interstitial macrophages (IM) are located in the parenchyma of the lung. They are 

phagocytic cells, have an antigen-presenting activity and have an important 

immunoregulatory role (Schyns, Bureau, and Marichal 2018). In mice, we can distinguish two 

subsets of interstitial macrophages based on the structures nearby: the nerve-associated IM 

located near nerve bundles, and vessel-associated IM, located close to blood vessels (Ural et 

al. 2020). 

Alveolar macrophages (AM) also have phagocytosis capabilities, are located in the 

alveoli and are the first responders in the lungs against the threats coming with the outside 

air. They can be pro-inflammatory or anti-inflammatory and have a role in the clearing of the 

infection by secreting factors through processes of efferocytosis. In physiological conditions 

the AM compartment can self-renew, but in case of their depletion monocytes can also 

differentiate into AM (Hou et al. 2021).  

Dendritic cells (DC) are phagocytic and antigen-presenting cells that are mainly 

present in the tissues surrounding the blood vessels and pleura (Lambrecht et al. 2001). DC 

can be divided into three categories: the conventional DC (cDC), plasmacytoid DC (pDC) and 

non-conventional monocyte-derived DC (moDC) (Cook and MacDonald 2016). 

Neutrophils are very abundant in the blood stream, but they also exist as resident cells 

in certain organs, including the lung. Lung resident neutrophils are part of the innate immune 

response through phagocytosis activity. They also regulate inflammation to protect the lungs 

from injury or infection (Bae et al. 2022). Basophils are another agent of the immune response 

and can induce inflammation in the lung (Schwartz, Eberle, and Voehringer 2016). 

 The resident myeloid cells compartment can also be damaged or destroyed 

upon injury. In physiological conditions, IM are produced by the differentiation of circulating 

monocytes, and resident AM can proliferate and self-renew. However, during injury if there 
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is an important destruction of the AM compartment, circulating monocytes can also 

differentiate into new recruited AM (Shi et al. 2021) (FIGURE 1.6). 

 

 

The different lung myeloid subsets can be identified using their characterized profiles 

and the expression of described characteristic markers (ANNEXE I, table 5.4). 

vi. Lymphoid cells 

The lymphoid cells are part of the adaptative immune response and play an important 

role in the fight against pathogens or threats and in the processes of inflammation. During 

lung diseases, T cells are essential for the initiation and the maintaining of inflammation and 

the recruitment of other agents of the immune response (Cosio, Majo, and Cosio 2002). 

Indeed, T cells, as well as other immune cell types, can secrete chemokines that have a 

chemoattractant effect on neutrophils, monocytes or macrophages (Barnes 2016). There are 

two main populations of T cells: CD4+ helper T cells and CD8+ cytotoxic T cells (Xiong and 

FIGURE 1.6. schematic representation of the origin of AM and IM subsets in mice.  

Resident AMs, derived from embryo (yolk sac and/or fetal liver), are capable of self-
replicating during homeostasis and challenge in lung. During steady state, the maintenance 
of AM pool rarely needs the contribution of bone marrow -derived monocytes, but in the 
circumstance of inflammation, monocytes are strongly recruited to areas of inflammatory 
alveoli and differentiated into recruited monocyte-derived AMs (Shi et al. 2021). 
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Bosselut 2012). The CD4+ T cells express MHC-II genes, they play a support function in the 

immune response by activating cells from the innate immune system through cytokine 

expression (Luckheeram et al. 2012). The CD8+ T cells are able, upon contact with an antigen, 

to activate, proliferate, recognize virus-infected cells, bacteria or cancer cells, and kill them 

(N. Zhang and Bevan 2011). 

Natural killer cells (NK cells) are mainly involved in the innate immune response 

(Hervier et al. 2019), but a subset of lymphoid cells share characteristics of both NK cells and 

T cells, called natural killer T cells (NK T cells), and are a bridge between innate and adaptative 

immune cells (Hodge and Hodge 2019).  

The B cells are part of the adaptative immune system and can differentiate into 

memory cells for a faster response to infections. Some B cell subsets are also involved in the 

resolution of inflammation (Polverino et al. 2016). We can also distinguish the plasma cells, 

which are terminally differentiated antibody-secreting B cells (Kunkel and Butcher 2003). The 

different lung lymphoid subsets can be identified using their characterized profiles and the 

expression of described characteristic markers (ANNEXE I, table 5.5). 
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2. Pathology of the respiratory system 

a) Chronic respiratory diseases 

In 2017, more than half a million people worldwide were living with a chronic 

respiratory disease and it was the third cause of death, with an 18 increase since 1990 

(‘Prevalence and Attributable Health Burden of Chronic Respiratory Diseases, 1990–2017: A 

Systematic Analysis for the Global Burden of Disease Study 2017’ 2020). Patient living with a 

chronic respiratory disease can present a shortness of breath, chronic cough, lack of energy 

and endurance. These symptoms are disabling and affect the quality of life. Furthermore, 

these patients are more vulnerable to respiratory infections, such as the flu or the COVID 19 

virus (Z. He, Zhong, and Guan 2022). The most common chronic respiratory diseases are 

chronic obstructive pulmonary disease (COPD), asthma, interstitial lung disease (ILD) and 

idiopathic pulmonary fibrosis (IPF). 

i. Chronic obstructive pulmonary disease 

COPD is a chronic respiratory disease characterized by the obstruction of the airflow 

form the lungs. While the exposure to chemicals like cigarette smoke or the presence of 

infections are important factors, the risk of developing COPD is also strongly influenced by 

the expression of some genetic variants (Silverman 2020). COPD arises from the abnormal 

resolution of airway inflammation caused by long-term chemical exposure. Once this process 

starts, it continues even if the exposure to the chemical stops. Different phenomena are 

known to be part of the physiopathology of COPD. Oxidative stress elevates during the 

development of COPD, mainly due to chemical exposure and oxidant production by immune 

cells during inflammation.  Indeed, the number of immune cells in the lung is increased in 

patients with COPD, particularly for the neutrophils. When activated, these cells produce 

cytokines and reactive oxygen species (ROS) which contribute to inflammation. Furthermore, 

pulmonary macrophages also become more abundant and release several pro-inflammatory 

molecules, such as H2O2, superoxide anion, proteases and growth factors and chemokines, in 

addition to the recruitment of leukocytes. These changes are linked with structural changes, 

such as the loss of parenchyma, endothelial and epithelial cells, and an increase of smooth 

muscle cells (Bourdin et al. 2009). Furthermore, the inflammation and oxidation are self-

sustaining, inducing the secretion of more mucus with an increased expression of the Muc5b 
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and Mu5ac genes and the aggregation of more neutrophils, a phenomenon that has been 

described to help the reduction of the inflammation by degrading cytokines and chemokines 

(Hahn et al. 2019). Neutrophils also express matrix metalloproteinase (MMP) genes and 

elastase, leading to remodeling of the airway. The activated macrophages also lead to the 

production of cytokines like tumor necrosis factor (TNF)α and different types of interleukins. 

In particular, the secretion of interleukin-6 can induce production of oxygens radicals and 

elastase, leading to permeabilization and destruction of the lung tissue (Guo et al. 2022). 

Different molecular targets and drugs are under investigation along with clinical trials 

to try to slow down the development of COPD or cure it. As oxidative stress is one of the main 

mechanisms in the development of COPD, several clinical trials have tested N-acetylcysteine 

(NAC) to reduce oxidative stress in the lungs of COPD patients. The different clinical trials have 

shown that NAC can help improve the airway function, but the results are very variable 

between patients and clinical trials. Like oxidative stress, several cytokines are involved in the 

development of COPD and are under investigation as a potential druggable target. However, 

these promising targets have shown limited results during the different studies and clinical 

trials. Different pathways inhibitors are being tested, like TNFα inhibitors, interleukins 

inhibitors, MMP inhibitors (Guo et al. 2022). So far, the most efficient target seems to be 

NLRP3. The NRLP3 inflammasome is a macromolecular complex sensing cell stress or danger 

signals and initiating inflammation and has been shown to be a critical regulator of 

inflammation in different lung diseases (Sayan and Mossman 2016). Different in vitro and in 

vivo experiments in mice show that the inhibition of NLRP3 leads to decrease of inflammation 

without any side effect (Guo et al. 2022). 

ii. Asthma 

Asthma is the most common chronic disease in developed countries, affecting up to 

10% of adults (Barnes 2017). It is characterized by a lung chronic inflammatory disorder 

resulting in recurrent episodes of wheezing, chest tightness or coughing. The most common 

type of asthma is allergen induced. Non-allergic asthma can be caused by upper airway 

infection, gastroesophageal reflux, airborne irritant exposure, cold air or intense emotion 

(Padem and Saltoun 2019). Two lung cell types are known to be the main elements involved 

in the physiopathology of asthma: epithelial cells and smooth muscle cells. Upon exposure to 
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contaminants or asthma triggers, epithelial cells secrete cytokines and interleukins, which 

activate various immune cells, such as dendritic cells, basophils or T helper 2 cells. 

Furthermore, nerves are also activated by this signaling (Erle and Sheppard 2014). 

Several genetic factors have been shown to predispose to allergic asthma: 60 to 80 

percent of asthma susceptibility can be explained by genetic variations. Furthermore, 

dysregulation of the immune barrier is a crucial factor in the triggering of asthma. A leaky 

epithelium leads to faster infiltration of outside particles in the lungs, thus can trigger a more 

intense immune reaction. This is one of the reasons why the incidence of asthma has 

increased during the last decades: during that period, the presence of chemical and physical 

threats polluting the air has increased: microorganisms, diesel, cigarette smoke, 

nanoparticles, microplastics or other pollutants. All these elements have been shown to 

damage the lung epithelium barrier (Komlósi et al. 2022).  

iii. Interstitial lung diseases 

Interstitial lung diseases represent a group of more than 200 diseases (Demedts et al. 

2001). They are characterized by a restrictive ventilatory defect due to a reduced distensibility 

of the lung parenchyma (Chetta, Marangio, and Olivieri 2004). ILD patients present 

inflammation of the lung tissues, and some also develop fibrosis decreasing the efficiency of 

the gas exchanges (Wijsenbeek, Suzuki, and Maher 2022). Various factors are known to 

increase the susceptibility to developing an ILD. Some patients present genetic 

predispositions (Devine and Garcia 2012), but external factors also play an important role. ILD 

can be caused by infection, certain drugs, radiation, cigarette smoke or chemical exposure. 

However, for the majority of the patients the cause remains unknown (Raghu, Nyberg, and 

Morgan 2004). ILD cellular and molecular mechanisms are still not fully understood, however 

some key mechanisms have been described. The chronic damage to the lungs leads to AT2 

cells presenting an increased activity and proliferation in order to repair the structure of the 

alveoli, however failure to repair the injury leads to pulmonary fibrosis (Antoniou et al. 2014; 

Guler and Corte 2021). 
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iv. Idiopathic pulmonary fibrosis 

Idiopathic pulmonary fibrosis is a severe form of ILD. Like many others respiratory 

diseases, the main risk factor is exposure to airborne chemicals like cigarette smoke, dust, 

fumes, fibers or other pollutants and particles. Infections, and in particular viral infections are 

also an important risks factor for IPF (Phan et al. 2021). 

After diagnosis, the median survival is three to five years. On the cellular level, this 

disease is characterized by the accumulation of mesenchymal cells (fibroblasts and 

myofibroblasts) and an increase in their production of ECM. The activation of these cells 

occurs in foci and leads to the formation of scar tissues in different parts of the lung. 

Furthermore, other cell types participate in the development of fibrosis during IPF. There is 

an accumulation of alveolar macrophages and neutrophils that release cytokines, 

interleukins, recruit other immune cells like monocytes, secrete profibrotic agents like 

platelet-derived growth factor (PDGF) or transforming growth factor beta (TGFβ). Non-

immune cells are also involved in this disease. AT1 cells are damaged during the development 

of IPF but are not properly replaced by AT2 cells differentiating to new AT1 cells. Instead, 

fibroblasts migrate to these damaged areas, destroying the alveolar structure. Blood vessels 

are also damaged early in the disease, before the development of fibrosis. It is mainly the 

capillary cells that are affected with a loss of barrier function, a decrease of angiogenic factor 

and an increase of anti-angiogenic factors (Bagnato and Harari 2015). 

b) Lung cancer 

i. Epidemiology and risk factors 

Lung cancer is the leading cause of cancer-related death worldwide (GBD 2017 Disease 

and Injury Incidence and Prevalence Collaborators 2018). In 2018, more than two million new 

cases of lung cancer were diagnosed. Even if there has been a lot of progress in cancer 

treatment possibilities and efficiency during the last decades, the mortality of lung cancer is 

still high: the five-year survival is on average 25 percent (Ettinger et al. 2010). However, when 

detected early, the outcome improves drastically: the five-year survival rises to 70-85 percent. 

Therefore, the current effort is put on prevention, education of public and primary health 

care providers, and early screening (Myers and Wallen 2024). 
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The incidence of lung cancer varies greatly between regions of the world. In countries 

where there is a high incidence of cigarette smoking among the population, there is an 

average 20-fold increase in the incidence of lung cancer, and more than 80% of lung cancer 

cases in the developed countries are thought to be attributable to cigarette smoking. Other 

environmental risk factors include cannabis smocking, asbestos exposure, radon exposure, 

air pollution, exposure to arsenic, or inflammation and damages caused by infection. COPD 

patients are also at a higher risk of developing lung cancer. Furthermore, men are twice as 

likely to suffer from lung cancer than woman. Certain ethnicities present also a higher risk, 

like African American, or a lower risk, like Hispanics. Finally, several genes or chromosomal 

regions have been shown to be implicated in predisposition of certain patients and families 

to develop lung cancer (Thandra et al. 2021). 

Lung cancer can be divided into two categories according to the appearance of the 

cells with a histopathology analysis: cells from small cell lung cancer (SCLC) are flatter and 

smaller than cells in non-small cell lung cancer (NSCLC). 

ii. Non-small cell lung cancer 

Non-small cell lung cancer is the most frequent form of lung cancer, accounting for 85 

percent of the cases (Ettinger et al. 2010). Two main subtypes of NSCLC exist: adenocarcinoma 

and squamous cell carcinoma.  

Adenocarcinoma accounts for 40 percent of the primary lung cancer, it is the most 

frequent subtype (Hutchinson et al. 2019). Its diagnosis requires the presence of neoplastic 

gland formation, pneumocyte marker expression in the form of TTF-1 with or without napsin, 

or intracytoplasmic mucin (Clark and Alsubait 2024). It has its origin in distal epithelium and 

grows following the epithelial wall (P. Hao et al. 2020). Different hypotheses have been made 

about the cell population of origin, but the definitive answer remains unclear. Probably, 

adenocarcinoma has the ability to start from different progenitor cell populations, and that 

can be influenced by the microenvironment or oncogenic drivers (Seguin, Durandy, and Feral 

2022). After the primary development in the distal epithelium, lung adenocarcinoma can 

spread to the pleura, diaphragm, pericardium, bronchi, and then in more distant locations 

like vessels, lymph nodes, or other lobes.  
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Squamous cell carcinoma is the other most common type of NSCLC, and it is diagnosed 

when there is the presence of keratin producing tumor cells, with histochemistry analysis 

which shows expression of p40, p63, CK5 or desmoglein (Clark and Alsubait 2024). In the 

development of squamous cell carcinoma, we can also observe intracellular bridging and 

squamous pearl structures (W. D. Travis 2011). Approximately half of squamous cell 

carcinoma arise from the central region of the lungs, and the other half originates from the 

periphery (Sung, Cho, and Lee 2020).  

iii. Small cell lung cancer 

Small-cell lung cancer accounts for 15 percent of the cases of lung cancer. It is more 

aggressive than NSCLC, with patients presenting a poorer prognosis. It presents a high 

proliferative rate and a high rate of early metastasis, which are more frequently found in the 

lung lymph nodes, other parts of the lung, but also the liver, brain, adrenal glands or 

circulating in the blood vessels. Genomic analysis of the tumors showed a high mutational 

burden, with inactivation of the tumor suppressing genes TP53 and RB1 in most cases. We 

can also observe that 20 percent of the SCLC cases present a combination of SCLC cells and 

NSCLC cells, but the presence of these NSCLC cells does not seem to affect the survival rate 

of the patients.  

iv. The particularity of the Pancoast tumor 

The first case of Pancoast tumors was described in 1838 by Hare (Hare 1838). Then in 

1924 Henry K. Pancoast reported several cases of patients with “shadow of growth in extreme 

left apex and destruction of posterior portions of left second and third ribs and adjacent 

transverse processes” (PANCOAST 1924). 

These tumors are also known as superior sulcus tumors and are characterized by their 

localization at the apex of the lung, invading the parietal pleura. They can also invade muscles, 

ribs, thoracic vertebral bodies, vessels and other surrounding structures, rending them very 

complex to treat (Panagopoulos et al. 2014).  

Most Pancoast tumors can be classified as NSCLC and affects mainly men over sixty 

years old with a history of heavy smocking. They represent three to five percent of all lung 
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cancers, thus they are a relatively rare subset. However, due to the localization and the tissue 

implication of the tumor, it is a very challenging disease with high mortality: the median 

survival time of patients is only 2,6 years.  

c) Treatments possibilities of the pathologies of the respiratory system 

The pathologies of the respiratory can be treated in different ways. First, the different 

lung cancers are usually treated with a combination of treatment modalities: surgery, 

chemotherapy, immunotherapy and radiotherapy. 

i. Surgery 

For most of the types of lung cancer, surgery is the first treatment modality if the 

cancer is diagnosed at an early stage (before the spread of metastasis). The operation consists 

of the resection of the tumor and the surrounding margins in order to remove a maximum of 

the tumor mass (Hoy, Lynch, and Beck 2019). However, the latest stages with metastasis are 

often consider unresectable and are treated with other modalities. 

ii. Chemotherapy 

Chemotherapy is one of the main treatment modalities used for lung cancer, alone or 

combined with other therapeutic options. One of the main chemotherapeutic agents used to 

this day is Cisplatin, but other molecules like Etoposide, Mitomycin, Ifosfamide are used, 

according to the patient situation (Bernhardt and Jalal 2016; Artal Cortés, Calera Urquizu, and 

Hernando Cubero 2015). However, numerous tumors develop resistance to 

chemotherapeutic agents, requiring the use of other molecules or another treatment 

modality (Kim 2016). 

iii. Immunotherapy 

Recently, immunotherapy approaches have been used to treat lung cancer and have 

shown great promises. Specifically, anti-PD1 antibodies have been reported to increase the 

proportion of good patient outcome in both first line and second line treatment of tumors 

presenting more than fifty percent of PDL1 positive cells (accounting for approximately 30% 

of the tumors) (Giroux Leprieur et al. 2017). 
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iv. Targeted treatment options 

The cancer is usually tested for different mutations and, in combination with different 

treatments, personalized treatment can be implemented according to the tumor’s genetic 

profile (Myers and Wallen 2024) For example, in some situations anti-angiogenic agents can 

be used (Ang, Tan, and Soo 2015). 

v. Radiotherapy 

Radiotherapy can be used to treat cancer in various situations. When the cancer is 

detected at an early stage, radiotherapy is often used after surgery (in combination with 

chemotherapy or not) to kill the potential remaining cancer cells. For more advanced stages 

of cancer, when the surgery is not an option, radiotherapy can be used to reduce the size of 

the tumor, therefore alleviating the symptoms and potentially prolongating the life of the 

patients (Choi et al. 2001; Vinod and Hau 2020). Similarly, the recurrences are usually treated 

with radiotherapy, possibly in combination with chemotherapy. In the case of the Pancoast 

tumor, due to the complexity of the localization of the tumor, a unique protocol has been 

implemented. The patient is treated with neoadjuvant chemotherapy and radiotherapy prior 

to the surgery, with an average total radiation dose of 60Gy, which is a high dose radiation, 

to reduce the complexity of the tumor. The surgery then consists most of the time in a 

lobectomy, sometimes a pneumonectomy (Kwong et al. 2005). From the point of view of 

research, Pancoast tumors offer a unique opportunity to collect non-tumoral irradiated 

human lung tissues. 

Different particles are used to deliver radiotherapy: photons, electrons or protons. 

The most frequently used are proton and photon, and they can be delivered through different 

modalities. The conventional irradiation method uses x-ray films to guide the irradiation 

(Pfeiffer et al. 2002). For a more precise targeting of the tumor, it is now possible to use a CT-

scanner to guide the therapy. This method is called 3D conformal radiotherapy (Schlegel 

2006). Another advanced irradiation method is the intensity-modulated radiotherapy (IMRT) 

that is using 3D mapping with CT scan to delimit the tumor and then with several beams 

delivers a maximum intensity of irradiation to the tumor while the surrounding tissues only 

receive a low dose of irradiation (Taylor and Powell 2004). Stereotactic Radiation is another 
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method that uses 3D CT scanning to deliver precise high radiation dose to the tumor. It can 

be delivered through stereotactic body radiation therapy (SBRT) or stereotactic radiation 

surgery (SRS) (C. W. Song et al. 2021). Another possible way to deliver the radiation directly 

to the tumor is the use of brachytherapy (or curie therapy). It consists of putting the radiation 

source directly in or next to the tumor through surgery (Chargari et al. 2019). 

As electrons release their energy close to the surface of the treated tissue, it is often 

used to treat superficial tumors, such as skin cancer, but it can also be used intraoperatively 

to treat directly the tumor (Petersen et al. 2002). 

While radiotherapy is a very efficient tool to control tumor growth and kill cancer cells, 

part of the normal tissue also receives a significant dose of irradiation, and some patients 

develop normal tissues toxicities to irradiation. 

vi. Treatment of early normal tissue toxicity to irradiation 

In the first days/weeks following the radiotherapy, or even during the treatment, 

some patients develop signs of normal tissue radiation toxicity, also named radio induced 

lung injury (RILI): shortness of breath, coughing, chest pain and other chest or respiratory 

symptoms. When these first symptoms appear, the radiotherapy is reduced or suppressed, 

antibiotic can be given in case of infection, the patient is also given anti-inflammatory and 

drugs to treat the symptoms. If the condition of the patient worsens, the radiotherapy 

treatment is stopped, glucocorticoids and antibiotics are administered and according to the 

difficulties breathing the patient can be hospitalized with respiratory support (Yan et al. 

2022). 

vii. Treatment of late normal tissue toxicity to irradiation 

In a small percentage of patients, the symptoms persist and worsen through the 

weeks/months following the radiotherapy, and scare tissues appear in the lungs. This late, 

chronic and irreversible state of radiation toxicity is called radio induced pulmonary fibrosis 

(RIPF). At the state of pulmonary fibrosis, no improvement can be expected, and the life 

expectancy of the patient is from a few months to a few years (Mehta 2005). However, several 

treatments are being investigated that could alleviate or prevent the development of RIPF. 
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Most of these treatments are similar to the ones used for treatment of IPF. There is clinical 

evidence that the administration of statins helps slow the progression of IPF. Different 

mechanisms have been proposed to explain this effect, the main theory being the inhibition 

of the fibroblast to myofibroblast differentiation (Dolivo et al. 2023). Senolytics shows also 

some potential in the treatment of IPF (Merkt et al. 2020). A first clinical study with 14 

patients showed the feasibility of the senolytic treatment of IPF patients and some 

encouraging first results (Justice et al. 2019). Other clinical trials are ongoing, like the trial 

GKT137831 that targets specifically senescent myofibroblasts (Duncan 2023). However, these 

treatments are targeting IPF patients, so it might show different outcomes for RIPF patients. 

Numerous preclinical studies have been conducted targeting specifically the prevention and 

treatment of RIPF. For example, in mice, inhibition of HIF-1 before irradiation inhibits the 

development of RIPF (Nam et al. 2021). Others promising druggable targets are the ROS, the 

cytokines and chemokines, TGF-, PDGF or CTGF (H. Jin et al. 2020).  
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3. Physiopathology of normal tissue radiation toxicities 

a) Models of fibrosis and lung injury in mice 

i. Thoracic irradiation model 

To study RIPF, it is interesting to use the model of mouse thorax irradiation. Indeed, 

mice are a well-studied organism that share a lot of characteristics with humans for the 

development of RILI and RIPF. After thoracic irradiation, the lungs of mice go through an acute 

inflammation phase that evolves after four to five months post irradiation into an irreversible 

pulmonary fibrosis, leading to respiratory failure (E. L. Travis 1980). The use of the mouse 

model allows us to follow and study the different stages of RILI and RIPF, in order to 

understand the cellular and molecular events that lead to the development of RIPF. 

ii. Bleomycin injury model 

Bleomycin is a chemotherapeutic drug that can induce pulmonary fibrosis in 

experimental animals, making it a widely used model to study the mechanisms of lung fibrosis 

and evaluate potential therapies (Gul et al. 2023). It causes DNA damage, leading to lung 

injury, inflammation, and subsequent interstitial fibrosis (Miura et al. 2022). The bleomycin 

model exhibits histopathological changes similar to those seen in human idiopathic 

pulmonary fibrosis, including decrease in the proportion of AT1 cells, proliferation of AT2 

cells, vascular endothelial damage, alveolar infiltration, collagen deposition, and interstitial 

and pleural fibrosis (Della Latta et al. 2015). While a single intratracheal dose of bleomycin in 

C57BL/6 mice can induce acute inflammatory changes, it often does not lead to the 

development of chronic fibrosis (Miura et al. 2022). Furthermore, contrary to RIPF, bleomycin 

induced fibrosis in mice is reversible. Spontaneous regression of the fibrosis typically occurs 

3-4 weeks after the initial intratracheal administration of bleomycin (S. Zhang et al. 2023). 

iii. Lipopolysaccharide injury model 

Lipopolysaccharide (LPS)-induced lung injury is one of the most commonly used 

rodent models for acute respiratory distress syndrome (ARDS) and mimics the neutrophilic 

inflammatory response observed in ARDS patients (Asti et al. 2000). LPS has the ability to 

induce the release of numerous inflammatory mediators, including TNF-α, IL-1β, IL-6, NO and 
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superoxide anions, and can activate the Toll-like receptor 4 (TLR4) signaling pathway, leading 

to the activation of NF-κB and MAPK pathways. This results in the accumulation of 

inflammatory cells like neutrophils and macrophages in the lungs, increased vascular 

permeability, and pulmonary edema (Hu et al. 2017). Additionally, the LPS-induced lung injury 

model has been used to study long-term pulmonary functional outcomes and changes in 

angiogenic signaling pathways involving VEGF up to 4 weeks after the initial injury (Tsikis et 

al. 2022). 

b) Biological events implicated in RILI and leading to RIPF 

The aim of radiotherapy is to impact and cause death of the cancer cells while sparing 

the surrounding healthy tissues. However, there is always toxicity to a certain extent in the 

non-tumoral tissues. After lung radiotherapy, 5 to 20 percent of the patients will develop 

radiation pneumonitis (RP), an early form of radiation-induced lung injury (RILI) that can 

develop hours to days after radiation treatment. The damage responsible for this pathology 

has been described to be caused by DNA damage and the generation of ROS. This can cause 

inflammation and cell death, destruction of the alveolar structure and the vascular integrity, 

the development of a hypoxic environment. This damage can either resolve and heal after 

the end of the radiotherapy treatment or worsen and evolve into RIPF during the few months 

to years after lung irradiation. RIPF is characterized by the destruction of the alveolar 

structure of large portions of the lung and the development of scar tissues compose of 

fibroblasts, myofibroblasts and ECM deposition, that thicken the walls of the lungs and limits 

the gas exchanges. The development of RILI and RIPF can be followed by CT scanning the 

lungs of the patients and looking for changes in density of the lung parenchyma (Giuranno et 

al. 2019). 

i. Initial inflammatory response of the lung to a radiation injury 

Radiotherapy causes direct cytotoxic effects to the normal lung tissue, leading to the 

death of alveolar epithelial and endothelial cells. This disrupts the alveolar barrier function 

and increases vascular permeability, allowing the influx of inflammatory cells and fluid into 

the alveolar spaces. Cell death also induces a sterile inflammatory response. Within hours to 

days after radiation exposure, there is vascular congestion, leukocyte infiltration, and intra-

alveolar edema. This early phase is characterized by the release of pro-inflammatory 
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cytokines and mediators such as TNFα, interleukin (IL)-1, and IL-6. These cytokines contribute 

to the recruitment and activation of immune cells, including neutrophils and macrophages, 

to the site of injury.  

Neutrophils are among the first responders to tissue injury, including radiation-

induced damage to the lung. Upon activation, they migrate to the site of injury guided by 

chemokines and adhesion molecules. Then they release ROS, proteases, and pro-

inflammatory cytokines, contributing to tissue damage and inflammation. Excessive 

neutrophil activation can exacerbate lung injury and promote the development of fibrosis. 

Radiation exposure causes the release of damage-associated molecular patterns 

(DAMPs) such as HMGB1, cytosolic DNA, and ATP from damaged lung cells. These DAMPs are 

recognized by toll-like receptors (TLRs) on macrophages and dendritic cells, leading to their 

activation and the production of pro-inflammatory cytokines like TNFα, IL-1, and IL-6 (Dar, 

Henson, and Shiao 2019; de Andrade Carvalho and Villar 2018). Macrophages are key 

regulators of the inflammatory response and tissue repair processes following radiation-

induced lung injury. Both resident alveolar macrophages and recruited monocyte-derived 

macrophages contribute to tissue homeostasis and immune surveillance in the lung. Upon 

exposure to radiation-induced damage signals, macrophages become activated and 

phagocytose cellular debris, apoptotic cells, and pathogens. Different populations of 

macrophages play different roles in the reaction to radiation injury. Activated macrophages 

secrete pro-inflammatory cytokines (e.g., TNFα, IL-1, IL-6) and chemokines, recruiting other 

immune cells to the site of injury. Other macrophage populations also play a role in resolving 

inflammation and promoting tissue repair by producing anti-inflammatory mediators and 

growth factors. Globally, macrophage accumulation and activation contribute to the 

development of hypoxia, stimulating the production of additional inflammatory, 

profibrogenic, and proangiogenic cytokines that can sustain the non-healing tissue response 

(Arroyo-Hernández et al. 2021; Hill 2005). 

Other immune cells play a role in the response to radiation injury and inflammation of 

the lungs. T cells and B cells are important components of the adaptive immune response to 

radiation-induced lung injury. T cells are involved in regulating inflammation, tissue repair, 

and fibrosis. Subsets of T cells, such as regulatory T cells, can suppress excessive inflammation 
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and promote tissue healing. Dysregulation of lymphocyte responses can influence the 

severity and progression of lung injury and fibrosis (Wirsdörfer and Jendrossek 2016). 

Radiation can also directly activate NK cells, enhancing their cytotoxic function against 

stressed or damaged lung cells. This NK cell activation contributes to the initial inflammatory 

response following radiation exposure (Boopathi, Den, and Thangavel 2023). 

This initial inflammatory phase, known as radiation-induced pneumonitis, typically 

occurs within 1-3 weeks of radiation exposure and is characterized by clinical symptoms like 

shortness of breath, dry cough, fever, and chest pain (Hill 2005). 

ii. Regeneration of the endothelial compartment 

The lung endothelium is highly radiosensitive, and endothelial cell death is an 

important initiating event during the early stage of RILI. Furthermore, like for other cell 

populations, irradiation causes DNA damage, oxidative stress, and mitochondrial dysfunction 

in endothelial cells, leading to even more apoptosis. Radiation exposure upregulates adhesion 

molecules on endothelial cells, promoting increased interaction with inflammatory cells and 

their trafficking into the lung tissue (Wijerathne et al. 2021). 

Irradiation also impairs the barrier function of endothelial cells by disrupting tight and 

adherent junctions, resulting in increased vascular permeability and extravasation of proteins 

into the lung interstitium. As a consequence, endothelial cell dysfunction impairs 

angiogenesis and vascular remodeling required for proper wound healing in irradiated lung 

tissue (Korpela and Liu 2014). 

Animal studies have shown that targeted protection of lung endothelial cells can 

mitigate radiation pneumonitis and fibrosis, highlighting the central role of endothelial 

damage in RILI pathogenesis (Rannou et al. 2015). 

iii. Regeneration of the epithelial compartment 

Radiation-induced lung injury (RILI) has a significant impact on the alveolar epithelial 

cells. Radiation exposure causes direct DNA damage and the generation of reactive oxygen 

species, which can lead to apoptosis and death of AT1 and AT2 cells. This disrupts the 

epithelial-endothelial barrier function and compromises the integrity of the lung tissue (Yan 
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et al. 2022). Dysfunction of the epithelial barrier allows for increased permeability, leading to 

leakage of fluid, proteins, and inflammatory cells into the lung interstitium and alveolar 

spaces. It contributes to the development of pulmonary edema and inflammation. The 

release of pro-inflammatory cytokines induces the recruitment and activation of immune 

cells, such as neutrophils and macrophages, amplifying the inflammatory response in the 

lung. 

 Furthermore, while the epithelial cells show some ability to recover over time, the 

damaged induced by radiation-induced injury to the AT2 cells in particular can prevent full 

regeneration as they are the main source of new AT1 and AT2 cells (Kadur Lakshminarasimha 

Murthy et al. 2022). 

Radiation exposure can also induce epithelial to mesenchymal transition (EMT) in lung 

epithelial cells, contributing to tissue remodeling, fibrosis, and metastasis in certain cases. 

Transitioned cells lose epithelial markers and gain mesenchymal markers, facilitating their 

migration and invasion into the surrounding tissue (Almeida et al. 2013). 

iv. Proliferation of mesenchymal cells and accumulation of extracellular 

matrix 

Radiation-induced lung injury can have significant effects on mesenchymal cells, 

which play key roles in maintaining lung structure and function, as well as in the response to 

tissue injury and repair. Radiation exposure can stimulate lung fibroblasts to become 

activated and differentiate into myofibroblasts. Myofibroblasts play a central role in the 

development of fibrosis, a pathological process characterized by excessive deposition of 

collagen and other ECM proteins, leading to tissue scarring and remodeling. Activated 

fibroblasts/myofibroblasts contribute to the fibrotic response by proliferating, migrating to 

the site of injury, and secreting profibrotic factors such as TGF-β and connective tissue growth 

factor (CTGF). Radiation-induced injury alters the composition and organization of the lung 

extracellular matrix, which provides structural support to the lung parenchyma and regulates 

cellular behavior. Mesenchymal cells, including fibroblasts, myofibroblasts, and pericytes, 

participate in remodeling the extracellular matrix by synthesizing and degrading matrix 

proteins such as collagen, elastin, and fibronectin. Dysregulated ECM remodeling can 
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contribute to tissue stiffness, impaired gas exchange, and aberrant wound healing processes 

in the irradiated lung. 

Mesenchymal cells can also modulate the inflammatory response to radiation-

induced lung injury by secreting cytokines, chemokines, and other immunomodulatory 

factors. Radiation-exposed mesenchymal cells may exhibit altered expression profiles of 

inflammatory mediators, influencing the recruitment and activation of immune cells and 

contributing to the perpetuation of inflammation and tissue damage (Y. Huang et al. 2017). 

v. Failure of the healing processes and irreversible fibrosis 

The initial stage of RILI and the events described above can evolve in two ways. If the 

damage is not too extensive, the healing processes are successful, the inflammation is 

cleared, and the lungs return to a homeostasis situation. However, if the dose of irradiation 

is too high or the tissues are too radiosensitive, the inflammation can persist, and the 

conditions evolve to RIPF. 

The late stage of radiation-induced pulmonary fibrosis involves a dysregulated wound 

healing process leading to excessive deposition of extracellular matrix proteins like collagen 

by activated myofibroblasts. Overall, a persistent inflammatory response can be detected in 

the lungs affected by RIPF, with recruitment of inflammatory cells like macrophages and 

lymphocytes to the irradiated lung tissue. These populations contribute to the release of pro-

fibrotic cytokines and growth factors like TGF-β by inflammatory cells, which stimulate 

fibroblast proliferation and differentiation into myofibroblasts. These cells produce excessive 

amounts of extracellular matrix proteins, especially collagen, leading to fibrosis and 

architectural distortion of the lung parenchyma. Furthermore, an impaired re-

epithelialization of damaged alveolar epithelial cells contributes to the failed resolution of the 

wound healing process and vascular injury and remodeling also play a role by causing hypoxia 

and promoting fibroblast activation (Jarzebska et al. 2021; Hanania et al. 2019). 

The end result of this process is the replacement of normal lung parenchyma with 

fibrous scar tissue, leading to loss of lung volume, impaired gas exchange, and potential 

complications like pulmonary hypertension and respiratory failure. The fibrotic changes are 

irreversible (Y. W. Choi et al. 2004). 
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Different elements are used to diagnose RIPF. The patients present a persistent dry 

cough, shortness of breath, and chest pain, typically developing 6-12 months after completing 

radiation therapy to the thoracic region (Y. W. Choi et al. 2004). When a radiotherapy-treated 

patient presents some of these symptoms, an assessment is done with imagery. A CT scan a 

the chest of a patient suffering from RIPF can show a volume loss of the irradiated lung 

parenchyma, parenchymal opacities, traction bronchiectasis, and honeycombing (a specific 

radiological pattern seen in advanced pulmonary fibrosis, characterized by the presence of 

clustered cystic air spaces with thick, fibrous walls, typically distributed in the peripheral and 

subpleural regions of the lungs) (Jarzebska et al. 2021). Other affections also need to be ruled 

out in order to confirm the diagnosis of RIPF, like other causes of pulmonary fibrosis, 

tuberculosis (if lung apices irradiated) or tumor recurrence. 

Initially, these different events were studied with classical experimental methods, like 

immunostaining or in vitro experiments. However, these techniques fail to recapitulate the 

complexity of the condition, as the lung is a complex organ composed of multiple cell 

populations presenting a coordinated response to aggressions or diseases. During the past 

years, modern tools have been developed and allow a more complex and detailed 

understanding of the lung response to irradiation. Single cell RNA sequencing is particularly 

powerful to study the numerous lung population, their complex changes in transcriptome 

after irradiation and their interactions with each other. 

  



 57 

4. Single cell RNA sequencing: experimental method and tools 
for analysis 

a) Numerous single cell RNA sequencing experimental methods 

Different technologies exist to perform single cell RNA sequencing analysis on 

samples. Generally, a scRNAseq experiment comprises two steps: single cell isolation and 

sequencing. 

Single cell isolation can be performed using various techniques. The most commonly 

used is the 10X Chromium method, based on a fluidic droplet-based technique. Once the 

tissue is dissociated to as single cell suspension, cells are injected into a fluidic system and 

each cell is encapsulated with barcoded gel beads and enzyme using partitioning oil. Within 

the droplets, the cells are lysed, the barcodes attach to the 3’ polyA end of the mRNA and 

then undergo reverse transcription to generate barcoded cDNA, with all the generated cDNA 

from one individual cell sharing a common barcode. The cDNA can then be pooled together 

to be sequenced. With this method, only the 3’ end of the mRNA is sequenced and only 

mRNAs with a polyA end are sequenced. Another widely used method is Smart-seq2. After 

the creation of the single cell suspension, the cells are separated into the individual wells of 

a plate using a fluorescence-activated cell sorting (FACS) sorter or a specialized machine, with 

one cell per well. After that, the process is similar to the 10X Chromium method. However, in 

the case of Smart-seq2, the mRNAs are fully sequenced (Picelli et al. 2014). Other techniques 

that need less equipment are being developed. For instance, the start-up Scipio developed a 

gel-based method called Asteria. After the creation of the single cell suspension, barcode 

beads are put into the tube with the cells and each bead will attach to a single cell. The cells 

are then diluted into a gel solution that after jellification will physically isolate the cell-bead 

pairs from each other. The cells can then be lyzed and the mRNAs are captured by the nearby 

bead. They can then be recovered and undergo reverse transcription, amplified and 

sequenced. 

b) Pre-processing: in silico removal of contaminating mRNA, doublets 

ScRNAseq data analysis is a growing field with many new tools being developed 

continuously for all the different steps of the analysis workflow. 
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After the sequencing of the sample, the first step of the analysis of scRNAseq data is 

the demultiplexing of the data, the alignment and the transcript quantification. The 

demultiplexing of the data is the attribution of each RNA sequenced to its droplet, and each 

droplet sequenced to its sample of origin, using the hashtag oligos (HTO) that were sequenced 

with the RNA. The reads are then aligned to the chosen reference genome or transcriptome. 

Finally, the expression matrix can be created by counting the number of reads that share both 

a unique cell barcode and a unique molecular identifier (UMI), that are assigned to the same 

gene. The tools performing these different steps are usually grouped in ready-to-use 

pipelines. The pipeline most frequently used for the 10X generated data is Cell Ranger (Zheng 

et al. 2017).  

Optional steps can then be performed for the pre-processing of the single cell RNA 

sequencing data. The most common one is the removal of contaminating mRNA. Indeed, 

when the single cell suspension is generated during the experimental phase, some cells die 

or are destroyed and release mRNA in the medium. These free mRNA molecules are then 

encapsulated with the cells in the droplets and are labelled as belonging to this cell. Tools 

have been developed to informatically remove these background reads that add noise to the 

data. SoupX (Young and Behjati 2020) is the most frequently used one. This method uses the 

content of empty droplets (as determined by cellranger through the EmptyDrops method 

(Lun et al. 2019))  that have been sequenced to characterize the profile of the mRNA 

contamination of a sample, then determine the percentage of contamination of the data by 

the mRNA soup, and finally correct the expression profile of each cell by removing the 

ambient mRNA contamination. The ambient mRNA contamination has been estimated to be 

approximately five percent.  

During the encapsulation process, two cells are sometimes encapsulated in the same 

droplet. Therefore, they are labelled and sequenced as one unique cell. There are several 

ways to filter out these cells that can perturb the analysis. First, as two cells contain more 

mRNAs than one, a first filter can be applied to remove the cells with the highest number of 

mRNAs. Furthermore, the cells presenting markers for several populations in combination 

with a high number of mitochondrial genes are also excluded. The value of the threshold is 

very dependent on the type of tissue, as the number of transcripts considered “normal” can 

vary greatly between tissues. A threshold that can be used is mean + 2SD (standard 
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deviations), but it is important to verify that some populations of the experiment don’t 

present a lower or higher transcriptional activity, like cancer cells, to avoid deleting them by 

accident (AlJanahi, Danielsen, and Dunbar 2018). Tools have also been developed to 

automatically remove the doublet cells, like DoubletFinder (McGinnis, Murrow, and Gartner 

2019). It first generates simulated doublets by combining cells from different clusters and 

then uses these artificial doublets to identify the real ones and remove them. 

c) Quality controls 

Different types of quality controls must be performed on single cell RNA sequencing 

data in order to obtain reliable results during subsequent analyses. First, the remaining empty 

droplets are eliminated by filtering out the cells with a low number of transcripts (usually less 

than 20 transcripts). Then, we can also look at the percentage of mitochondrial mRNA per cell 

to assess the quality of the cells. Cells expressing a high number of mitochondrial mRNA are 

often damaged or dying cells, therefore they are removed (Q. Zhao et al. 2002). Similarly to 

the high number of transcripts threshold, “normal” percent of mitochondrial genes depend 

on the tissue studied and the population considered, so it is better to set not to stringent 

cutoff values and refine them further in the analysis (AlJanahi, Danielsen, and Dunbar 2018). 

Several methods have recently been developed to automatically perform these quality 

controls, like validDrops (Kavaliauskaite and Madsen 2023) or ddqc (Ayshwarya Subramanian 

et al. 2022). However, these algorithms can have difficulties with the heterogeneity of 

transcriptional profiles of complex tissues like the lung. 

d) Visualization of single cell RNA sequencing data 

A single cell RNA sequencing data object can be summarized to a table with a very 

high dimension (thousands of genes and thousands of cells). Therefore, dimension reduction 

techniques are needed to be able to visualize the data in a two-dimensional space. Different 

methods have been developed.  

One of the first methods used is the t-distributed stochastic neighbor embedding 

(tSNE) method (van der Maaten and Hinton 2008). This method is based on the SNE method 

(Hinton and Roweis 2002) that converts the high-dimensional Euclidean distances between 

data points into conditional probabilities that represent similarities. Then t-SNE added 
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symmetry to the matrix and uses a t student distribution to calculate the similarity between 

two points (FIGURE 1.7A). 

Another method was later developed: the uniform manifold approximation and 

projection (UMAP) method (McInnes, Healy, and Melville 2020). This algorithm works in two 

steps: first, it builds a k-neighbor graph and then computes the low-dimensional 

representation. It has been shown to allow a more accurate visualization of the structure of 

the data, together with a better separation of the biologically relevant clusters, with a faster 

computation time (Becht et al. 2019; Xiang et al. 2021) (FIGURE 1.7B). UMAP is currently the 

most widely used dimension reduction algorithm for single cell RNA seq analysis data 

visualization. 

 

 
 

e) Merging or integration of the single cell RNA sequencing data 

When working with single cell RNA sequencing data, there is often more than one 

sample, corresponding to different experimental conditions and/or to biological replicates. 

Therefore, the different samples need to be gathered in a single object for further analysis. 

FIGURE 1.7. tSNE and UMAP visualization of the scRNA seq data from Curras-

Alonso et al. 2023. 

A: tSNE plot of the single cell RNA sequencing data from mice lungs annotated by cell 
population; B: UMAP plot of the single cell RNA sequencing data from mice lungs 
annotated by cell population. 
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There are two ways of grouping the samples into one object: either merging or integration. 

The merging of the data will simply put the samples together without modification, while the 

integration of the data will correct for an eventual batch effect. Batch effect is the difference 

between the data from two different experiments that is not due to biological variability, but 

rather to differences between the different experimental setups (like sample handling, 

preparation). However, the integration of different samples also masks some of the biological 

variability (Argelaguet et al. 2021). Therefore, it is important to integrate data only when the 

presence of a batch effect directly compromises the analysis of the data. 

i. Determination of the presence or absence of batch effect 

There are several ways to determine whether or not there is batch effect in a dataset. 

The simplest way is to merge the data and generate a UMAP plot of the data labeled with the 

experiment of origin. If the cells from different experiments (carried out under the same 

laboratory conditions) cluster and are mixed together, we can usually conclude that there is 

no batch effect. However, if the same cells from different experiments (but carried out under 

the same laboratory conditions) are separated, there is likely a strong batch effect in the 

dataset, and integration of the data is needed before performing analysis. However, with this 

method, if there are no biological replicates or if the biological replicates have been generated 

within the same experiment, it can be difficult to distinguish the biological variation and an 

eventual batch effect. 

Therefore, methods have been developed to quantify batch effect and used to decide 

to merge or integrate the data. The kBET method checks if different random groups of cells 

present the same distribution of batch labels as the full dataset (Büttner et al. 2019). Another 

method, CellMixS, fits a linear model for each gene to determine the variability that can be 

explained by either the cell type or the batch (Lütge et al. 2021). These methods can help to 

make the decision to integrate or merge the different samples. 

ii. Different integration methods 

Different methods for integration of single cell RNA sequencing data exist. The most 

frequently used are the methods developed by Seurat in R (Stuart et al. 2019), and Harmony 

in Python (Korsunsky et al. 2019). The Seurat method first selects the most variable features 
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for each dataset (one dataset per experiment), then identifies anchors from the different 

datasets (anchors are two cells coming from different datasets that are predicted to come 

from the same cell state), filters, scores, and weighs these anchor correspondences and finally 

uses these anchors to produce a corrected data matrix. The Harmony algorithm iteratively 

learns a cell-specific linear correction function. For each iteration, the cells are assigned to a 

cluster (with favoring of cluster mixing datasets), then the centroid of each cluster is 

calculated, the cells for the cluster are corrected to cluster next to the centroid, and a new 

iteration is started with this new data matrix. 

A comparative analysis of the different integration methods existing for single cell RNA 

sequencing data showed that both these methods are very efficient for batch removal, with 

an acceptable equilibrium with biological variability conservation (Luecken et al. 2022). 

f) Annotation: manual, automatic (different methods) 

The annotation of the data is a very critical step in the analysis. Indeed, an incorrect 

identification of the different populations will decrease the quality of all the following steps 

of the analysis. The first method to annotate the cell populations is to look at the expression 

of the known markers in the different cell clusters. A cluster expressing markers specific of a 

given population will be assigned to this given identity. This method is effective but can be 

time consuming and subject to the interpretation of the person performing the analysis. 

That is why automatic annotations tools have been developed. These tools rely on 

different methods and require different inputs (Pasquini et al. 2021). 

Some automatic annotation tools take as a reference a list of markers characteristic 

of the populations that need to be identified. They then use a scoring system to assign the 

different cell identities. ScCATCH (Shao et al. 2020) and SCSA (Y. Cao, Wang, and Peng 2020) 

are two of the tools that allow such analysis in R. Other algorithms for automatic cell type 

annotation based on list of markers exists. For example, CellAssign relies on a probabilistic 

Bayesian model (A. W. Zhang et al. 2019). However, the quality of the output of these 

methods relies on the quality of the marker list and on the expression of these markers in the 

pathological conditions. The expression of some genes can be modified in a non-physiological 

condition, therefore degrading the quality of results of this type of automatic annotation. 
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To take into account the complexity of the transcriptional profile of the cell 

populations, other tools are based on the correlation between the query dataset and a 

reference database. Some of these methods use bulk RNA seq data as a database, like SingleR 

(Aran et al. 2019). SingleR uses reference datasets of pure cell types sequenced by bulk RNA 

seq and performs correlation analysis between the bulk references and the query dataset. 

The most recently developed methods are based on supervised classification and 

machine learning. The identities of the cell populations are learned on reference objects to 

be reapplied on new object that need annotation. Different algorithms can be used: 

SingleCellNet is based on a random forest algorithm (Tan and Cahan 2019), OnClass uses a k-

nearest-neighbor algorithm (S. Wang et al. 2019), as well as scClassify (Lin et al. 2020). 

However, the accuracy of these methods can suffer from a noisy reference, or technical 

differences between the reference and the query data. Finally, we can use deep learning and 

transfer learning methods to learn annotation algorithms from the reference. For example, 

SuperCT is based on an artificial neural networks algorithm and uses the Mouse Cell Atlas as 

a reference (Xie et al. 2019), and scArches uses fine tuning and architecture surgery (Lotfollahi 

et al. 2022). 

To summarize, if the choice of the automatic annotation tool is crucial, the choice of 

the reference is even more important: to obtain a quality annotation, the reference needs to 

be extensive, contain healthy samples but also samples from individuals affected by different 

conditions or diseases, that can be sequenced using different technologies. The reference 

needs to be carefully annotated, with precision. 

g) Methods for differentially expressed gene analysis 

Once the different populations of the object have been annotated, one of the first 

analysis that is interesting to perform is the comparison of groups of cells: either by 

comparing two cell populations, or by comparing two experimental conditions within one cell 

populations. Thus, we can detect the differentially expressed genes (DEG) between two 

conditions. Different methods have been developed in that purpose (T. Wang et al. 2019). At 

first, the tools developed for bulk RNA sequencing data analysis have been used to analyze 

single cell RNA sequencing data, like DESeq (Anders and Huber 2010) or edgeR (Robinson, 

McCarthy, and Smyth 2010). However, due to the low capture efficiency of single cell RNA 
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sequencing methods, a phenomenon known as “drop-out”, we can observe transcripts highly 

expressed in some cells and absent in other, and the data present a high sparsity. So, methods 

developed of bulk RNA sequencing data might not work very efficiently. Therefore, new 

methods have been developed to consider the particularities of the data. The MAST (Justice 

et al. 2019) method has been specifically developed to take into account these drop-out 

events, as well as DEsingle (Miao et al. 2018) that uses a zero-inflated negative binomial 

regression model to estimate the proportion of drop-out events. Other methods use distance 

metrics between the matrices corresponding to the two compared conditions to perform the 

differential gene expression analysis, like SigEMD (T. Wang and Nabavi 2018) or EMDomics 

(Nabavi et al. 2016). 

h) Trajectory analysis 

When studying a biological process and how it is influenced by a perturbation (like a 

disease or injury), it can be interesting to look at cell differentiation or regeneration. To that 

purpose, some tools have been developed to perform trajectory analysis: it is the study of the 

connection that different cell populations can have together. When cells are differentiating 

into another population, the expression of some genes increases and others decreases. 

Trajectory analysis uses this information to link together populations that could be deriving 

from one another. Furthermore, with previous knowledge about the cell population of origin, 

the cells can be ordered in a pseudo time scale to see the order of events from the cell 

population of origin to the terminal cell population. Different tools allow to do this kind of 

analysis, like Monocle3 (J. Cao et al. 2019) or Slingshot (Cannoodt, Saelens, and Saeys 2016). 

i) RNA velocity analysis 

Trajectory analysis can predict relation between cells at a given time (the moment of 

the sample collection). However, cells can change state or differentiate in response to a 

stimulus, and it can be very informative to investigate these dynamics. RNA velocity is an 

analysis method that allows to make prediction on the next state of a cell (La Manno et al. 

2018). This tool uses the results of the sequencing of the different mRNA molecules for the 

different genes for each cell. For each mRNA molecule, it looks for the presence or absence 

of introns in the mRNA molecule to determine if the mRNA has already been spliced or not. 

It then postulates that it is possible to use the balance between the quantity of spliced and 
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unspliced mRNA molecules for a given gene in a given cell to determine if the expression of 

this gene is increasing or decreasing. Indeed, if unspliced mRNA molecules of a given gene 

accumulate in a cell, it means that the process of RNA splicing did not have time to occur yet, 

and all of these newly produced mRNA are the sign of an increasing expression of the gene. 

On the contrary, if a cell contains a lot of mature mRNAs for a gene, but only a few unspliced 

mRNA, it means that the cell used to express the gene highly, but it is decreasing. This 

increasing or decreasing gene expression is calculated for all genes and all individual cells. 

With this information, it is possible to predict how the transcriptome of the cells will evolve 

in the near future, and therefore if the cells are transitioning to a different state. 

The RNA velocity analysis is performed in two steps: first the identification of the 

spliced and unspliced mRNAs, and second the prediction of the next state of the cells. There 

are different tools that have been developed to perform RNA velocity analysis, and they can 

do one or both steps of the analysis. The first package to allow the RNA velocity analysis was 

velocyto (La Manno et al. 2018); others have been developed since, like scVelo (Bergen et al. 

2020), or cellDancer that uses a deep neural network to predict individual cells kinetics (S. Li 

et al. 2024). 

j) Gene regulatory network analysis 

In the different cells of an organism, genes participate in complex networks of 

regulation. Transcription factors are proteins able to bind to specific DNA sequences and 

control the transcription of one or several genes, by increasing or decreasing their expression. 

Genes encoding for transcription factors can be detected in single cell RNA sequencing data 

and used to reconstruct the network of gene regulation through analysis of changes after a 

perturbation. That is the purpose of gene regulatory network (GRN) analysis. SCENIC is a 

method developed with that objective and consists of three steps. First, a gene correlation 

analysis is performed to identify the genes whose expression is correlated with the 

transcription factors expression. Then the second step allows the identification of the direct 

binding targets. This is done through regulatory motifs analysis: the enriched DNA motives 

around the transcription start site of the gene of interest are identified and associated to the 

corresponding transcription factors. Finally, a score is computed for each regulon (group of 

genes or operons that are regulated by a single regulatory protein or transcription factor) to 
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quantify their activity. These scores can be compared between the different experimental 

conditions (Aibar et al. 2017). 

k) Intercellular interactions 

Intercellular interactions can be predicted using single cell RNA sequencing data, and 

several tools have been developed to that purpose (Dimitrov et al. 2022).  

These methods rely on the use of curated databases of ligands and receptors. The 

results of the analysis can vary greatly with the composition of the databases. So, when 

choosing a particular tool, it is important to investigate the process of creation of these 

databases. Some tools can consider the interactions between a ligand and a receptor formed 

by a complex. Most can differentiate the secreted versus membrane bound ligands and can 

predict both autocrine and paracrine interactions. Some of the developed packages also allow 

the user to input a custom database of ligand-receptor interactions.  

Another difference between the packages used for intercellular communication 

prediction is the scoring methods. The tools use the average expression of the ligand in a 

given cluster and the proportion of cells from this cluster that express it, and the same 

parameters for the expression of a receptor in another cluster, to predict if these two clusters 

are likely to interact through this ligand and receptor. Cellchat (S. Jin, Plikus, and Nie 2023) 

and CellPhoneDB (Troulé et al. 2023) are the two most widely used tools. 

CellChat uses a database of ligand-receptor interactions manually curated from 

literature that comprises multi-subunits receptors, soluble and membrane-bound ligands, 

agonists, antagonists and co-receptors. For two given cell populations and one given ligand-

receptor pair, an interaction score is calculated with the average expression value of the 

ligand by one cell population and the average expression value of the receptor by the other 

cell population, as well as the expression of the possible cofactors. Significance of the 

interactions is calculated based on a statistical test that randomly permutes the cell 

populations labels. 

CellPhoneDB uses as well different peer-reviewed databases that they then manually 

curated, like Reactome (Jassal et al. 2020), UniProt (UniProt Consortium 2023) and HMRbase 

(Rashid et al. 2009), that includes autocrine, paracrine and juxtracrine interactions, with 
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receptors that can be heterodimer or homodimer complexes. For a given pair of cell 

populations interacting and ligand-receptor, CellphoneDB returns the mean expression of the 

interacting partners, and calculates the significance of the interaction by performing random 

permutations between the population labels. 
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5. Main objectives 

Radio-induced pulmonary fibrosis is a progressive, irreversible disease that can occur 

as a side effect of thoracic radiotherapy treatment for cancer. It results in fatal respiratory 

failure for most patients in the few months to years after the radiotherapy. In order to find 

potential treatments to either cure or slow the progression of RIPF, we need a better 

understanding of the cellular and molecular events leading to fibrosis. Although some of these 

mechanisms have been described, the complexity of the implication of the different lung 

populations and molecular pathways remains to be understood. 

My PhD supervisors are the first to propose the study of RILI and RIPF using the single 

cell RNA sequencing technique. This together with the expertise of my research group in 

radiobiology as well as our collaborations in the domain of myeloid cells reaction to radiation 

injury (de Leve et al. 2017), and in the domain of spatial transcriptomics (Defard et al. 2024, 

ANNEXE VII) allowed me to conduct my project in a very favorable environment. 

Furthermore, the Curie Institute BioinfoHub provided expertise and a place of exchange to 

share experience and knowledge in bioinformatic procedures.  

This support allowed me to develop my project that aims to gain a better 

understanding in the cellular and molecular mechanisms involved in RILI and RIPF, and more 

especially to identify the regenerative events involved in lung healing after a radiation injury 

and decipher the intercellular communication network changes induced by irradiation. In that 

objective, I used a model or full thoracic mouse irradiation with fibrogenic or non-fibrogenic 

irradiation dose. We also had access to unique samples of irradiated lung from patients that 

underwent radiotherapy prior to surgical resection of one lung lobe. These samples were 

analyzed with the help of the single cell RNA sequencing technology, a valuable tool allowing 

a better comprehension of the cellular diversity and variability of transcriptome of the 

samples analyzed. 

 

  





 70 

CHAPTER II - Material and methods 
1. Human samples 

Human samples were obtained from patients suffering from Pancoast tumor. This kind 

of tumor is defined by its location at the apex of the lung and the invasion of neighboring 

tissues. Due to the high complexity of the tumor, the Institut Mutualiste Montsouris (as well 

as other hospitals) has devised a treatment protocol in which surgery is preceded by local 

radiotherapy. The patients receive neoadjuvant chemotherapy and radiotherapy (40-45Gy 

delivered in daily 2Gy fractions, considered sufficient to trigger radio-induced pulmonary 

fibrosis). The last session of radiotherapy is received six to eight weeks prior to the surgery 

(therefore, after the acute inflammation phase and before the fibrotic phase). The surgery 

consists of a lobectomy of the pulmonary lobe containing the tumor. After the surgery, with 

the help of the dosimetric CT-scans of the patients, areas in the lobe that received little, or 

no irradiation are identified, and control samples are taken. Irradiated samples of non-tumor 

tissue are taken from areas closest to the tumor (but avoiding the tumor itself) that received 

the highest dose of radiation. Samples of 2 cm3 from each of these regions are immediately 

placed in cold 1x phosphate buffered saline (DPBS) (Gibco, 14190-094) and transported on 

ice directly to the research lab for single cell dissociation procedures. 

These samples were obtained in collaboration with Institut du Thorax (a joint structure 

between Institut Curie and Institut Mutualiste Montsouris), as well as Cochin Hospital. 

Informed consent was obtained from each patient before the surgery. 

2. Mice irradiation 

To study the sequence of events that occur during the period preceding the 

installation of full radio-induced pulmonary fibrosis, we used a C57BL/6J female mouse model 

of lung radiation toxicity. The processes of irradiation, time-resolved fluence measurement, 

chemical dosimetry, depth-dose distribution, anesthesia of the mouse, mouse immobilization 

and irradiation of mouse thorax were performed by our physicist Sophie Heinrich according 

to previous experiments conducted in the lab (Vincent Favaudon et al. 2014; Fouillade et al. 

2020). The irradiations were conducted on mice aged 10 to 12 weeks old. To summarize, the 
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mice were anesthetized with a nose cone using 2.5% isoflurane in air, without adjunction of 

oxygen. Then the mice were installed for irradiation: they were immobilized in a dorsal 

position and in a vertical position at a distance of 50cm from the electron source.  

Two groups of mice were irradiated using two different irradiators. The first group of 

mice is composed of five control non-irradiated mice, mice irradiated at 10Gy and sacrificed 

at one, two, three, four or five months post irradiation (one mouse per time point), and mice 

irradiated at 17Gy and sacrificed at one, two, three, four or five months post irradiation (two 

mice per time point), for a total of twenty mice. These mice were irradiated with the Kinetron 

irradiator, and the dose of irradiation was calculated with a dosimetric film at the exit of the 

beam, where it enters the lungs. The results of the single cell RNA seq analysis of these mice 

have been published (Curras-Alonso et al. 2023) and are presented in the chapter III 2). 

The second group of mice is composed of two control non-irradiated mice, mice 

irradiated at 10Gy and sacrificed at one, two, three, four or five months post irradiation (two 

mice per time point), and mice irradiated at 13Gy and sacrificed at 24 hours, one, two, three, 

four or five months post irradiation (three mice at 24h, two mice per time point for the 

months one to four, and one mouse at five months), for a total of twenty-four mice. In 

addition, three mice were irradiated at 10Gy and sacrificed nineteen months post irradiation, 

at the same time as four age-matching non-irradiated controls. These mice were irradiated 

with the new Collimation irradiator, and the dosimetry was performed at entry of the 

machine the using a gafchromic film. With this method, the mice irradiated at 13Gy present 

a similar evolution (development of fibrosis five months post irradiation) than the mice 

irradiated at 17Gy with the Kinetron. The results of the single cell RNA seq analysis of these 

mice are presented in the rest of this manuscript. 

During the few months following the irradiation, the presence or absence of 

pulmonary fibrosis in the mice lung as well as its level, were monitored using three-

dimensional X-ray on the cone beam computed tomography (CBCT) module of the Small 

Animal Radiation Research Platform (SARRP, Xstrahl). In order to immobilize the mice for 

imaging, 1.5%-2% isoflurane was used. The mice were maintained in vertical upright position 

using a poly methyl methacrylate (PMMA) vertical stand. Then a 3D reconstruction of the 

images was performed with 1,440 projections using the integrated software Murislice 
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(XStrahl). Then, ImageJ/FIJI (ImageJ, NIH, Bethesda, MD) was used to reconstruct the slices. 

With the imaging of the mice lungs, the level of fibrosis of the mice lungs were determined, 

as published previously by the lab (Fouillade et al. 2020). 

3. Single cell RNA sequencing data generation 

a) Tissue dissociation of the human and mice samples 

The tissue dissociation of the mouse and human lung samples were conducted as 

described in the thesis of Sandra Curras Alonso (Alonso), a former PhD student of the lab:  

“Mice were killed by cervical dislocation and the ribcage was opened to clear the 

trachea. Mouse trachea was perfused with 1.5 ml of 50 U/ml dispase (Serlabo, WO-LS02100; 

Sigma Corning, DLW354235) using a 20G needle, followed by 0.5 ml of 1% agarose (Invitrogen, 

15510-027) to block the exit of the dispase. Lungs were resected, minced with a scalpel into 

small pieces and added into 3 ml of 1x DPBS MgCl2+ and CaCl2+ (Gibco, 14040-091). Then 320 

μl of 25 U/ml elastase (Worthington, LS002292) were added and the suspension was 

homogenized and incubated for 30 min (45 min for human samples) at 37°C with orbital 

shaking. Enzymatic activity was inhibited with 5 ml of PF10 (1x DPBS containing 10% fetal 

bovine serum (FBS)) and 20 μl of 0.5 M ethylenediaminetetraacetic acid (EDTA) pH 8 

(Invitrogen, AM9260G). Cell suspension was filtered through 100 μm nylon cell strainer (Fisher 

Scientific, 22363549), which was rinsed with 5 ml of PF10. This was followed by 37.5 μl of 10 

mg/ml DNase I (Sigma, D4527-40KU) treatment and incubation on ice for 3 min. Cell 

suspension was filtered again through a 40 μm nylon cell strainer (Fisher Scientific, 087711) 

and 5 ml of PF10 were added to rinse it. Samples were centrifuged for 6 min at 150 g and 4°C, 

pellet was resuspended in red blood cell (RBC) lysis buffer (Roche, 11814389001) and incubated 

for 90 s at room temperature before stopping the lysis with 6 ml of PF10. Then, 500 μl of pure 

FBS were placed at the bottom of the sample, prior to a final centrifugation for 6 min at 150 g 

and 4°C. The pellet was resuspended in 1 ml of 1x DPBS containing 0.02% bovine serum 

albumin (BSA) (Sigma, D4527-40KU) and cell counting was done in a Malassez. Finally, 

concentration of the samples was adjusted to 1 million cells/ml in 1x DPBS containing 0.02% 

BSA.” 

b) FACS sorting of the CD45 negative cells of human samples 

The samples from one human patient were sorted to enrich the CD45 cells (non-

immune cells) using FACS sorting. The samples were stained using a human anti-CD45 
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antibody conjugated to the PE fluorophore (368510) diluted 1/100 in 1 ml of phosphate-

buffered saline (PBS) with 1% FBS and 1% BSA. Sorting was performed at 4°C using a FACS 

ARIA sorter (BD Bioscience). A negative sort was performed, allowing us to collect only the 

cells not marked by the CD45 antibody. Approximately 200,000 to 1 million cells were sorted 

depending on the samples, and the cell suspensions were then centrifuged at 4°C and 150g 

for 6 minutes before performing two washes in PBS with 0.02% BSA. Finally, a cell count was 

performed to adjust the final cell concentration to 1 million/ml for loading onto the 

Chromium chip. 

c) Droplet based single cell RNA sequencing of the mouse and human 

samples 

To analyze the transcriptome of the human and mouse lung samples, we used the 10x 

genomics chromium droplet-based chemistry V3 reagent kit. The samples were loaded into 

the Chromium controller (10x Genomics, PN-120237) to capture 6.000 cells. To summarize 

the procedure, the individual cells from the single cell suspension of lung are encapsulated in 

droplets called gel beads-in-emulsions (GEMs) with barcoded gel beads using a microfluidic 

chip. The barcoded gene beads solution contains the reverse transcription (RT) reagents. 

After encapsulation, the cells are lysed, the gel beads dissolve and the 3’ end of the RNAs 

binds to the poly-dT sequences that coated the gel beads. Then the RNAs undergo reverse 

transcription to form cDNA. All cDNA from the same cell shares the same 10X barcode, but 

each individual oligo also comprises a unique molecular identifier (UMI), allowing the 

distinction between each RNA captured.  

After the RT, the droplets are broken and the barcoded cDNAs are purified with silane 

magnetic beads. Then the cDNAs are amplified by polymerase chain reaction (PCR), re-

washed and analyzed on a Bioanalyzer (Agilent) for quality control. 

Finally, the last step is the preparation of the libraries using a fixed proportion of the 

cDNAs. To optimize the cDNA amplicon size by enzymatic fragmentation and size selection. 

During the GEM incubation, the read 1 primer sequence is added to the molecules. At this 

step, P5, P7, a sample index and the read 2 primer sequence are added via End Repair, A-

tailing, Adaptor Ligation, and PCR. This way, the final libraries contain the P5 and P7 primers 
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used in Illumina bridge amplification. Finally, libraries were sequenced using a HiSeq 2500 

(Illumina) or NovaSeq sequencer (Illumina). 

4. Single cell RNA sequencing data analysis 

a) Cell ranger 

After the obtention of the raw sequencing data, the first step was to process the data 

with the Cell Ranger pipeline (10X Genomics) version (V) 3.2.0, 6.0.0 or 7.1.0 depending on 

the sample (see ANNEXE II for the human samples and ANNEXE III for the mouse samples) 

and the reference genome mm10-2020-A for the mouse samples or GRCh38-3.0.0 or GRCh38-

2020-A for the human samples (see ANNEXE II). The Illumina sequencing bcl2 files were 

demultiplexed and mapped on the mm10 mouse reference genome or the GRCh38 human 

reference genome. This pipeline creates a count matrix for each sample and performs a first 

filtering of the data to identify the empty droplets that were sequenced. 

b) Seurat 

We analyzed the single cell RNA sequencing data in R V4.3.0 using Seurat V5.0.1 (Y. 

Hao et al. 2024). Seurat is an R package that allows the manipulation of the single cell RNA 

sequencing data manipulation, and also integrates different analysis tools thanks to the 

packages SeuratData V0.2.2.9001, SeuratDisk V0.0.0.9020, SeuratObject V5.0.1 and 

SeuratWrappers V0.3.19. The data was loaded in R using the Read10X function. 

c) SoupX 

As explained in the introduction, at the encapsulation step of the experimental 

generation of the data, cell-free mRNAs are encapsulated with the cells. We used SoupX 

V1.6.2 (Young and Behjati 2020) to informatically correct the data for this “mRNA soup”. This 

step generates a new corrected count matrix for each sample analyzed that will then be used 

for the following analysis. 

d) Data pre-processing  

The Seurat object was created for each sample using the function CreateSeuratObject. 

The mitochondrial genes were identified using the “mt-” prefix for the mouse samples or the 

“MT-” prefix for the human samples, and the percentage of mitochondrial transcripts was 
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calculated for each cell. A first filtering was then performed to eliminate the cells with more 

than 15 percent of mitochondrial mRNA, expressing more than 6000 different genes or less 

than 200 transcripts. However, different cell populations can present a very variable profile 

of number of transcripts expressed, number of different genes expressed, or percentage of 

mitochondrial transcripts expressed. Therefore, we did another round of quality controls 

analysis for each cluster, once the different samples are put together. For each cluster, we 

eliminated the cells presenting both a high percentage of mitochondrial mRNA and a small 

number of transcripts or different genes expressed. Finally, we eliminated the cells expressing 

markers characteristics of different populations, in order to eliminate the remaining doublets. 

e) Cell cycle scoring 

We identified the phase of the cell cycle the cell is currently in (G1, S or G2-M). This 

was done with the method described by Tirosh et al. (2016) and computed by the 

AddModuleScore function from the Seurat package. This tool returns a score for the S related 

genes and a score for the G2-M related genes, as well as a prediction of the phase of the cell 

cycle for each cell.  

f) Merging of the mouse samples 

As the data from the mouse samples presented no batch effect between the samples 

sequenced in different experiments, we choose to just merge the samples in order to retain 

a maximum of biological variability. First, all the mouse samples were merged together in one 

object. Then we used the SCTransform function (Hafemeister and Satija 2019) to regress the 

cell cycle scores and normalize the data. The heterogeneity coming from the difference in the 

phase of the cell cycle in the different cells can complicate the identification of the different 

cell populations, as the cells can tend to group together based on their phase of the cell cycle 

instead of the cell population. Therefore, we corrected the count matrix by regressing the 

effect of the cell cycle on the different genes. Then the data was normalized using the 

SCTransform method. 

On this merged dataset, we performed a dimension reduction analysis using a 

principal component analysis (PCA) with a number of principal components of 20. Using this 

result, we computed the 20 nearest neighbors for the dataset using the FindNeighbors 
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function, and finally we use the FindClusters function to identify different clusters of cells 

based on similarities or differences in the transcriptome profile. 

g) Cell annotation 

We used two different methods to annotate the mouse data and the human data. 

For the human data, we performed an automatic annotation of the different cell types 

using the ScArches V0.3.5 python package (Lotfollahi et al. 2022). ScArches is a transfer 

learning algorithm that has been trained notably on the Human Lung Cell Atlas (HLCA) 

database (Sikkema et al. 2023), a dataset of human lung samples that have been carefully 

annotated with various levels of precision. We used ScArches to annotate our human samples 

one by one. The different identities predicted were then verified using the expression of 

known cell population markers described in the introduction. 

To annotate the mouse data, we tried several automated annotation methods, 

however none of them gave accurate enough results, probably due to the absence of an 

extensive database of healthy and disease samples that have been carefully annotated with 

all the currently known mouse lung populations. Therefore, we performed a manual 

annotation of the object containing the mouse samples merged together, using the 

expression of the known markers described in the introduction. In order to identify the 

markers characteristic of the different clusters determined by Seurat, we used the 

FindAllMarkers function with a Wilcoxon rank sum test. We obtained a list of genes that have 

been calculated to be specific of the different clusters, with the log fold change of the 

expression in the cluster compared to all the other cells, the percentage of cells of the cluster 

expressing the gene, and the percentage of cells outside of the cluster expressing this gene, 

as well as a p-value for the specificity of the marker. With all this information, matched with 

the known markers for the main populations, we were able to annotate the clusters. Then for 

each population of interest, we extracted the cells of the population and re-did this process 

to identify the different sub-populations and cell states. 

h) Integration of the human samples 

Contrary to the mouse data, we found a marked batch effect between the different 

human patients. This could be due to the difference in treatment of the different patients 
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and/or the differences between the patients (age, smocking habit, environment differences, 

genetic background). Therefore, we chose to integrate the different patients using the 

method developed by Seurat (Stuart et al. 2019). First, we grouped the different samples by 

patients. For each patient, we normalized the data using the NormalizeData function and we 

identified the most variable features for each patient using the FindVariableFeatures 

function. Then, we selected the features that are repeatedly variable across patients. Finally, 

for the integration itself, we first identified the anchors for integration with the 

FindIntegrationAnchors and then the IntegrateData function was used to calculate the 

integrated matrix that will later be used for further analysis. 

i) Differential gene expression analysis and gene set enrichment analysis 

To compare different conditions during the analysis (for example compare two cell 

states, compare irradiated cells to non-irradiated cells), we performed DEG analysis using the 

function FindMarkers and the MAST method (Justice et al. 2019). The adjusted p-value 

threshold was set to 0.05. This adjusted p-value was also used to determine significant 

changes in expression for different genes of interest. Then, the genes with the highest positive 

fold change (= the upregulated genes) or the genes with the lowest negative fold change (= 

the downregulates genes) were studied by performing a gene set enrichment analysis (GSEA) 

(Aravind Subramanian et al. 2005; Mootha et al. 2003). This allows us to identify the enriched 

pathways from different databases in one experimental condition compared to another. 

j) Data visualization 

In order to visualize the single cell RNA sequencing objects, we performed a dimension 

reduction technique specialized in scRNA seq data: the visualization called UMAP method 

(McInnes, Healy, and Melville 2020). This method produces a 2-dimensional representation 

of the scRNA seq data that groups the cells with similar transcriptome profile and separates 

the cells with more different transcriptome. 

We visualized the expression of the genes of interest using violin plots and the VlnPlot 

function. The gene expression can also be projected to a UMAP using the FeaturePlot 

function. To visualize the expression of several genes in several conditions, we also used dot 

plots using the DotPlot function. 
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The heatmaps for the plotting of gene expression were created using the 

ComplexHeatmap package, that allows clustering of the cells or the genes based on the 

similarity of expression of a chosen set of genes (Z. Gu 2022). 

To visualize the result of DEGs analysis, we generated volcano plots using the 

EnhancedVolcano package (Blighe [2018] 2024). This allowed us to plot the fold changes and 

the p-values of the DEG analysis. 

Finally, diverse kinds of plots (bar plots, scatter plots, dot plots) were created using 

the ggplot2 package (Wickham 2016). 

k) Scoring of pathways 

In order to estimate the prevalence of a pathway in individual cells under certain 

conditions, we used the scoring method provided by Seurat. The different lists of genes 

corresponding to the pathways, processes or cell states were found in the GSEA databases or 

different publications. The function AddModuleScore calculates and assigns a score for each 

cell according to the global expression of the cell of the different genes corresponding to the 

pathway of interest. This value can then be plotted using violin plots or feature plots. 

The statistical comparison of the score between two conditions is computed using a 

Wilcoxon rank sum test. 

l) Data analysis 

The trajectory analysis was performed using the Monocle3 V1.3.4 (J. Cao et al. 2019). 

The intercellular interactions analysis was performed with the CellChat V1.1.3 package (S. Jin, 

Plikus, and Nie 2023) or the CellPhoneDB V4.0.0 (Troulé et al. 2023). The gene regulatory 

network analysis was performed using the SCENIC V1.3.1 package (Aibar et al. 2017).  
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CHAPTER III – Results part I 
The lung is a complex organ composed of several specialized cell populations 

interacting with each other to fulfill its main function: perform the gas exchanges between 

the outside air and the blood, to absorb the oxygen that will then be brought to the different 

tissues and organs of the body, and evacuate the waste carried by the blood, mainly 

composed of carbon dioxide. These gas exchanges are performed by the functional units of 

the lungs: the alveoli. These terminal structures of the lung are composed of epithelial, 

endothelial, mesenchymal and immune cells that all play a crucial role in the lung function. 

These different populations are organized in a specific way that allows a maximum surface 

for gas exchanges, protection from outside threats and intercellular interactions. However, 

upon injury, this organization can be disrupted, and the lung function can be compromised. 

Different mechanisms of injury repair and regeneration exist for the lung to return to a 

homeostasis state. 

Radiation can cause such an injury to the lungs. RILI starts with an inflammation stage, 

with an important involvement of the immune cells, particularly macrophages. If the repair 

of the injury is not successful, it can then develop into pulmonary fibrosis with the 

accumulation of scar tissues, composed mainly of fibroblasts, myofibroblasts and 

extracellular matrix, with a destruction of the structure of the alveoli. While the main events 

of the development of radio-induced pulmonary fibrosis have been described, the detailed 

cellular and molecular events occurring along the progression of the disease remain 

unknown. A better understanding of these processes would help to develop strategies or 

treatments to prevent or slow down the development of radio-induced pulmonary fibrosis. 

In that mindset, we have here four main objectives: 1) identify the key cellular and 

molecular alterations and their temporality affecting three crucial populations of the lung: 

epithelial cells, endothelial cells and macrophages, 2) identify the differences in the response 

of the lung when exposed to a fibrogenic or a non-fibrogenic dose of irradiation, 3) investigate 

which of these events are conserved in the response of human lung to radiotherapy, 4) 

develop and provide access to single cell atlases and datasets of the mouse and human lung 

tissues responses to radiation injury. 
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To study the temporality of the events leading to pulmonary fibrosis and the effect of 

different irradiation doses, we used a mouse model of full thoracic irradiation, at fibrogenic 

13Gy dose or non fibrogenic 10Gy dose. After a 13Gy irradiation, all the mice developed 

pulmonary fibrosis four to five months post irradiation, while 10Gy irradiated mice did not 

develop pulmonary fibrosis. Samples were collected each month, one to five months post 

irradiation (FIGURE 3.1). The details about the different samples can be found in ANNEXE III. 

 

 

Samples were analyzed using the droplet-based single-cell RNA sequencing method 

developed by 10X genomics with the V3 protocol.   

FIGURE 3.1. mouse model used for the analysis of radio-induced pulmonary fibrosis. 

Collection of 24 time-series mouse samples from full thorax irradiated mice from 24h (24 
hours post irradiation) to 5M (5 months post irradiation). 
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1. Single cell atlas of the mouse lung response to irradiation 

 

 
  FIGURE 3.2. identification of the different cell populations of the mouse lung. 

A: UMAP plot of the single cell RNA sequencing data of the samples from the lungs of 24 
mice (123.147 cells), after merging, with the different lung cell populations annotated; B: 
expression of the canonical markers by the different lung populations; C: Bar plot of the 
proportion of the different cell populations at the different time points after a 10Gy 
irradiation (one month-1M to five months-5M post irradiation); D: Bar plot of the proportion 
of the different cell populations at the different time points after a 13Gy irradiation  (one 
month-1M to five months-5M post irradiation), IR = irradiated 
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To study the temporality of the events leading to radio toxicity and pulmonary fibrosis, 

we chose to use a full thoracic irradiation mouse model. As stated above, mice were either 

irradiated at 10Gy (non fibrogenic dose) or 13Gy (fibrogenic dose), and two non-irradiated 

mice served as a control. The twenty-four mice were sacrificed at different time points post 

irradiation (one to five months post irradiation), and the lungs were taken for single cell RNA 

sequencing analysis. The data obtained were processed with cellranger (Zheng et al. 2017). 

The different samples were then processed with SoupX (Young and Behjati 2020) for removal 

of the contaminating mRNA. Then quality controls were performed with filtration of the cells 

with high mitochondrial content (more than 20% of mitochondrial mRNA, more than 6000 

different features expressed, less than 200 different features expressed). All the samples 

were merged into one Seurat object. As we saw no batch effect between the different 

experiments, we chose not to integrate the data to preserve a maximum of biological 

variability. Finally, the different cell populations were annotated using the expression of well-

known canonical markers (Travaglini et al. 2020), (FIGURE 3.2A,B).  

Then, we analyzed the proportion of the different cell populations and their evolution 

at the different time points after a 10Gy (FIGURE 3.2C) or a 13Gy (FIGURE 3.2D) irradiation. 

Contrary to what was expected, the proportion of the mesenchymal population does not 

present any change during the fibrotic stage (four to five months post 13Gy irradiation). This 

could be due to the difficulties of dissociation of the extracellular matrix embedded 

mesenchymal cells. This issue underlines the necessity to be careful when interpreting the 

changes in population proportions in single cell RNA sequencing experiments. 

Furthermore, we observe a drop in the proportion of endothelial cells after irradiation, 

confirming the observations made for the human samples. Remarkably, 24 hours after a 13Gy 

irradiation there is an important increase in the proportion of epithelial cells that is consistent 

within the three replicates. 

However, due to dissociation bias (either due to difficulties of dissociation of tissues 

with high content of extracellular matrix, or destruction of more fragile cell populations), it is 

difficult to draw strong conclusions from the analysis of cell populations proportions. 

Therefore, we focused the next analysis on the changes of transcriptome of the different cell 

populations after irradiation. More precisely, we will focus on several populations that have 
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been shown to experience major changes during the development of pulmonary fibrosis: the 

endothelial cells, epithelial cells and macrophages.  

Some of the results of these transcriptomic changes happening after irradiation have 

been published in April 2023 in Nature Communication in the following publication (Curras-

Alonso et al. 2023) (see ANNEXE IV for the supplementary figures).  

In the following publication, we described several populations and how they are 

affected by irradiation. The samples analyzed are from a previous experiment with mice 

irradiated using the Kinetron irradiator (see chapter II 2) for more precisions). 
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2. An interactive murine single-cell atlas of the lung responses 
to radiation injury (publication)  
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Later during my PhD, I performed a deeper analysis of the phenomena described in 

the publication above, as well as described new ones, using a new group of mice irradiated 

with the new Collimation irradiator (see chapter II 2) for more precisions). 

3. Processus of inflammation induced by irradiation 

a) Immune cells in the healthy mouse lung 

Immune cells are the main actor of the response to outside threat and the maintaining 

and clearing of inflammation.  

 

 

We identified different populations of immune cells from the lymphoid and myeloid 

lineages in the lungs of non-irradiated mice (FIGURE 3.3A): The B cells, T cells, NK cells, NK T 

FIGURE 3.3. identification of the different immune cell population in the non-

irradiated control mouse lung. 

A: UMAP plot of the different immune cell populations (2 samples, 5.243 cell); B: 
Expression of the markers used for the identification of the immune cell populations; C: 
Proportion of the different immune cell populations in the non-irradiated mouse lung. 
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cells, neutrophils, dendritic cells, monocytes, two different populations of interstitial 

macrophages (the nerve IM and the vessel IM), and alveolar macrophages. These populations 

have been identified using markers described in the literature (FIGURE 3.3B). Contrary to the 

IM, the AM form one homogenous population. 

The main immune population detected is the B cells, accounting for 43 percent of the 

pool of immune cells. Altogether, lymphoid cells represent 75 percent of the immune cells we 

detected in the lungs of non-irradiated cells. The other 25 percent are the myeloid cells: 

mainly monocytes and macrophages, with also neutrophils and dendritic cells. Most of the 

IM are nerve IM, but a few cells were also identified as vessel IM (FIGURE 3.3C). 

b) Upregulation of inflammatory pathways in the immune populations after 

irradiation in mouse lungs 

Inflammation is a major process in the initial reaction of the lung to irradiation and 

the development of pulmonary fibrosis. Therefore, we investigated the changes in 

transcriptome of the main immune populations of the lung. First, we identified in the T cells 

an upregulation of oxidative phosphorylation, the MAPK signaling, oxidative stress and TGF 

signaling after both a 10Gy and a 13Gy irradiation. Other upregulated pathways are specific 

to the 13Gy condition: the p53 signaling pathway and the IL-5 signaling pathway (FIGURE 

3.4A). Similarly, in B cells, most of the pathways are upregulated after both a 10Gy and a 13Gy 

irradiation: oxidative phosphorylation, WNT, IL5, TGF signaling pathways. There doesn’t 

seem to be upregulation of pathways specific to a 13Gy irradiation (FIGURE 3.4B). Dendritic 

cells exhibit less changes post irradiation, with fewer pathways upregulated, the main one 

being oxidative phosphorylation (FIGURE 3.4C). Finally, in the neutrophils, several signaling 

pathways are upregulated after both 10Gy and 13Gy irradiation: several interleukins signaling 

pathways, the TGF signaling pathway. Interestingly, the IFN signaling pathway and oxidative 

phosphorylation are specifically upregulated after a 13Gy irradiation (FIGURE 3.4D). 

As expected, these different immune populations show an upregulation of diverse 

pathways related to inflammation, like interleukins or TGF. Furthermore, all four 

populations present an upregulation of oxidative phosphorylation, a process that has been 

shown to be induced by irradiation and that is an indicator of possible mitochondrial damage 

(Yin et al. 2019). 



 103 

 

 
 

c) M1 or M2 activated phenotypes of the macrophages after irradiation 

Distinct types of macrophages have been shown to play different roles during the 

development of radio-induced pulmonary fibrosis: M1-activated macrophages promote 

FIGURE 3.4. pathways upregulated in the different immune populations after 

irradiation: inflammation, oxidative phosphorylation, cytokines 

Pathways (from the GSEA WikiPathways database) significantly upregulated (false 
discovery rate (FDR) adjusted p-value < 0.05) compared to controls at the different time 
points post irradiation in A:  T cells, B: B cells, C: dendritic cells, D: neutrophils. 
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inflammation, whereas M2-activated macrophages present a pro-fibrotic activity (Ying, Fang, 

and Chen 2021). Therefore, we investigated the profile of the macrophages in our model of 

mouse full thoracic irradiation (Curras-Alonso et al. 2023). We found a sub population of 

alveolar macrophages appearing in the latest months after a fibrogenic dose of irradiation 

that expresses genes characteristic of the M2 activated macrophages state. Similarly, the 

interstitial macrophages become M1-activated four to five months post irradiation. So, in our 

model, interstitial macrophages seem to have a pro-inflammatory activity, whereas alveolar 

macrophages present a pro-fibrotic activity. These results are presented in the publication 

displayed in chapter III 2). 

d) Identification of different sub populations of macrophages 

To better characterize the different populations of macrophages, we investigated how 

they are affected by irradiation injury and the changes they experience during the healing 

mechanisms and the processes leading to pulmonary fibrosis. 

We can identify the classical macrophage lung cell populations: the alveolar 

macrophages and the interstitial macrophages (FIGURE 3.5A) using well known markers 

(FIGURE 3.5C) (Travaglini et al. 2020). Furthermore, the interstitial macrophage population 

can be sub-divided in three populations: nerve-associated interstitial macrophages 

expressing H2-Aa H2-Ab1 Lgals3 and Cd81, vessel-associated interstitial macrophages 

expressing Prg4 and Tgfb2, and an intermediate population composed of cells expressing 

markers characteristics of both interstitial macrophages and monocytes (FIGURE 3.5B, D). 

The intermediate monocyte – interstitial macrophages are mainly present 24 hours after a 

13Gy irradiation. We can make the hypothesis that they are part of the early healing 

processes, during which the monocytes are able to differentiate into interstitial macrophages 

to replenish the pool of this population (Shi et al. 2021). However, due to the lack of samples 

irradiated at 10Gy at the same time point, it is not possible to determine whether this process 

is specific for pro-fibrotic condition.  The other two populations of interstitial macrophages 

present a stable proportion after 10Gy and 17Gy irradiation (FIGURE 3.5F,G). 
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  FIGURE 3.5. identification of the different macrophage populations in the mouse lung 

before and after irradiation. 

A: UMAP plot of the different lung macrophage and monocyte populations (24 samples, 
17.517 cells); B: UMAP plot of the different lung macrophage and monocyte sub 
populations; C: Expression of the markers used for the identification of the alveolar 
macrophages, interstitial macrophages and monocytes; D: Expression of the markers used 
for the identification of the sub populations of interstitial macrophages; E: Expression of 
markers characteristics of the sub populations of alveolar macrophages determined using the 
function FindAllMarkers; F: Bar plot of the proportion of the different macrophage and 
monocyte populations at the different time points after a 10Gy irradiation; G: Bar plot of the 
proportion of the different macrophage and monocyte populations at the different time points 
after a 13Gy irradiation. 
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Finally, the alveolar macrophages can also be divided into four sub-populations. Each 

sub-population appears to be specific to a timepoint post irradiation and/or an intensity of 

irradiation (FIGURE 3.5F,G): the AM healthy are mainly found in the controls, the AM 24h are 

only found in the samples 24h post irradiation, the AM IR are found across all irradiated 

samples but not in the controls, and finally the AM fibrotic are only found in the samples five 

months post 13Gy irradiation. Using the function FindAllMarkers from Seurat, different 

markers characteristics of these populations were determined (FIGURE 3.5E). 

e) Interstitial macrophages regeneration  

We had a closer look at the intermediate monocyte and IM population. With a 

trajectory analysis, we identified a single trajectory line connecting the interstitial 

macrophages and monocytes, going through this intermediate population (FIGURE 3.6A).  

 

 

Furthermore, when placing the origin of the pseudo-time in the monocytes, we find 

the nerve-associated interstitial macrophages at the end of the pseudo-time (FIGURE 3.6B). 

Finally, the RNA velocity analysis shows cells velocities going from the monocytes to the 

intermediate population and from this population to the nerve interstitial macrophages 

(FIGURE 3.6C). Therefore, we can hypothesize that after irradiation there is a recruitment of 

FIGURE 3.6. a potential recruitment of interstitial macrophages from monocytes 24 

hours post irradiation 

A: trajectory analysis of the IM and monocytes in the samples taken 24 hours after irradiation 
(3 samples, 1.122 cells); B: pseudo-time analysis of the IM and monocytes in the samples 
taken 24 hours after irradiation with the AT2 cells as the population of origin; C: RNA 
velocity analysis of the IM and monocytes in the samples taken 24 hours after irradiation 
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circulating monocytes that will differentiate into interstitial macrophages, particularly during 

the early response to irradiation, since the intermediate monocytes-IM population is mainly 

present at 24h post irradiation (FIGURE 3.6G). 

f) Increased catabolism and lipid metabolism in alveolar macrophages after 

irradiation 

Then, we investigated the differences between the subsets of alveolar macrophages 

detected in different conditions after irradiation. We computed the different markers specific 

to each sub cluster of alveolar macrophages and ran a GSEA analysis to identify the biological 

processes (from the gene ontology database GO-BP) enriched in the different subsets after 

irradiation.  

First, in the population that appears one day after irradiation, there is an upregulation 

of the cellular response to stress and of the processes of regulation of programmed cell death 

(FIGURE 3.7A). One month after a 10Gy or 13Gy irradiation, the proportion of alveolar 

macrophages in the lung is divided by three compared to the control samples (FIGURE 

3.7B,C). This observation strongly suggests that alveolar macrophages undergo strong acute 

damage after irradiation, which triggers the removal of a significant proportion of the alveolar 

macrophage pool. In both in the mice that underwent a 10Gy and 13Gy irradiation, the 

proportion of alveolar macrophages is restored to a control level at two months post 

irradiation. However, at five months post 13Gy irradiation the proportion of alveolar 

macrophages increase by 7-fold while in the case of a 10Gy irradiation it remains close to the 

control.  
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We also identified a population of alveolar macrophages specific of irradiated samples 

that have not reached the state of fibrosis (five months post 13Gy irradiation). There is in 

these samples a similar increase in cellular response to stress, but with the addition of 

increased catabolic and catalytic activity (FIGURE 3.7D). It has been shown that alveolar 

FIGURE 3.7. increase of cell death and lipid metabolism in the different populations 

of alveolar macrophages after irradiation. 

A: Top 10 GO-BP enriched significantly upregulated (FDR adjusted p-value < 0.05) 
pathways in the AM early IR cluster; B: proportion of AM in the lungs after a 10Gy 
irradiation; C: proportion of AM in the lungs after a 13Gy irradiation; D: Top 10 GO-BP 
enriched significantly upregulated (FDR adjusted p-value < 0.05) pathways in the AM IR 
cluster; E: Top 10 GO-BP enriched significantly upregulated (FDR adjusted p-value < 0.05) 
pathways in the AM fibrotic cluster. Pathways for A, D and E are ranked by the number of 
genes in the pathway upregulated. 
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macrophages have high catabolic potential, especially concerning lipid catabolism. In 

homeostasis, one of the functions of alveolar macrophages is the clearing of pulmonary 

surfactant. When exposed to an increased quantity of lipids in pathological conditions, 

alveolar macrophages can become activated and increase their catabolic activity (Wculek et 

al. 2022). Models of bleomycin and silica injury in mice have shown accumulation of some 

phospholipids in broncho-alveolar lavage fluids (BALF) (Milad and Morissette 2021). This 

could explain the increased catabolism of alveolar macrophages after irradiation. This 

tendency is even increased at the stage of fibrosis: the alveolar macrophages population 

specific of the four to five months post 13Gy irradiation timepoints still show these increased 

catabolic processes as well as lipid metabolisms processes (FIGURE 3.7E). This increased in 

lipid metabolism is characteristic of the foamy macrophages, a state of macrophages that 

have been described in several diseases, like tuberculosis (Russell et al. 2009), spinal cord 

injury (Kong et al. 2020) or atherosclerosis (Yu et al. 2013).  

In order to gain a better understanding of the mechanisms driving the differences 

between the different populations of alveolar macrophages (FIGURE 3.8A) after the different 

conditions of irradiation, we performed a gene regulatory network analysis (FIGURE 3.8B). 

This allowed us to identify the main regulators responsible for the difference in transcriptome 

of the different AM populations. The main transcription factor expressed in the AM healthy 

population is Nfia, known to be involved in myeloid cell differentiation (L. Chen et al. 2020). 

In the AM IR, there is an upregulation of the activity of the transcription factor Nfkb1, a key 

regulator of inflammatory response (S. Batra, Balamayooran, and Sahoo 2011), which is 

consistent with the observations already made in macrophages and other populations in 

reaction to irradiation. Interestingly, the AM 24h presents a strong activity of transcription 

factors not found in other populations, like Xbp1, involved in inflammation by promoting the 

expression of genes like Il6 and Tnf (S.-M. Park, Kang, and So 2021).  

Finally, many transcription factors present a high activity in the AM fibrotic, specific of 

five months post 13Gy irradiation. Stat1 has already been shown to be upregulated in the AM 

after radiation exposure of the lungs (J. Chen et al. 2016). Similarly, Fosl2 expressing 

macrophages has been shown to contribute to the development of fibrosis, notably by 

secreting collagen (Ucero et al. 2019). These results show the pro-fibrotic and pro-

inflammatory profiles of the AM during the latest stages of fibrosis. 
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g) Late changes in phenotype in the macrophages after a RILI 

Finally, radio-induced lung injury does not lead to radio induced pulmonary fibrosis 

for all patients, however it has been shown that patients treated with radiotherapy can suffer 

from side effects like reduced pulmonary function years after the treatment (Miller et al. 

2003). These late side effects have not been studied extensively and can impact the quality 

of life of former radiotherapy patients. Therefore, in order to gain a better understanding of 

the late cellular and molecular events occurring after a non fibrogenic dose of irradiation, we 

analyzed with single cell RNA sequencing lungs from mice nineteen months post 10Gy 

irradiation, as well as age matching controls. 

The macrophages are important players of the wound healing process and the 

maintaining or clearing of inflammation. In the different samples collected after a 10Gy 

irradiation, as well as in the young and old control mice lungs, we were able to identify the 

monocytes, alveolar macrophages and interstitial macrophages (FIGURE 3.9A). However, the 

samples nineteen months post 10Gy irradiation show a difference in the proportion of the 

different populations compared to the others irradiated samples or the controls. Indeed, 

there is in these samples a low percentage of monocytes (five times less than the average of 

the other samples), and an important increase in the proportion of alveolar macrophages 

(two to three times more than the other samples) (FIGURE 3.9B).  

FIGURE 3.8. gene regulatory network analysis of the alveolar macrophages 

A: DimPlot of the different populations of alveolar macrophage (AM) identified according 
to the irradiated conditions where they appear (24 samples, 5.237 cells); B: gene regulatory 
network analysis of the different populations of AM. In parenthesis, the number of genes 
regulated by the transcription factor. 



 111 

 

 

Furthermore, these alveolar macrophages nineteen months post irradiation present a 

similar upregulation of lipidic processes (compared to the old control mice) as the samples 

after a 13Gy irradiation (FIGURE 3.9C), therefore they might also be “foamy macrophages” 

and contribute to the maintaining of inflammation. They also show a significant upregulation 

FIGURE 3.9. alveolar macrophages nineteen months post irradiation present a foamy 

phenotype. 

A. UMAP plot of the lung alveolar macrophages, interstitial macrophages and monocytes in 
the samples after a 10Gy irradiation (19 samples, 13.369 cells); B: Bar plot of the proportion 
of the different lung alveolar macrophages, interstitial macrophages and monocytes at the 
different time points after a 10Gy irradiation; C: number of genes related to biological lipid 
processes significantly upregulated in the alveolar macrophages nineteen months post 
irradiation compared to the old controls (23 months old mice); D: expression of Spp1 in the 
alveolar macrophages in the different samples post 10Gy irradiation 
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of Spp1 compared to old controls, one of the described markers of m2-like profibrotic alveolar 

macrophages (Willemsen and de Winther 2020) (FIGURE 3.9D). 
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4. Regeneration of the epithelial cells: early bipotent progenitor 
and late processus of transdifferentiation  

The lung epithelium is fundamental for the lung to perform its function. It constitutes 

the surface of gas exchanges between the outside air and the blood. Furthermore, the 

epithelium contains cells that secrete surfactant, allowing the lungs not to collapse, evacuate 

the debris and participate in the primary immune response. However, the AT1 cells, the cells 

that are in charge of the gas exchanges, are fragile and susceptible to destruction or apoptosis 

upon infection or aggression (Kuwano 2007). Therefore, it is interesting to study their fate 

after irradiation injury and their potential regeneration. 

a) Identification of the epithelial population in healthy mouse lungs 

 

 

FIGURE 3.10. identification of the different epithelial cell population in the non-

irradiated control mouse lung. 

A: UMAP plot of the different epithelial cell populations (2 samples, 1.169 cells); B: 
Expression of the markers used for the identification of the epithelial cell populations; C: 
Proportion of the different epithelial cell populations in the non-irradiated mouse lung. 
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Using single cell RNA sequencing, we were able to identify in the non-irradiated mouse 

lungs the main epithelial cells populations: AT1 cells, AT2 cells, AT2 Lyz1 positive cells, ciliated 

cells and club cells (FIGURE 3.10A), using markers described in the literature (FIGURE 3.10B). 

The most abundant population we detected are the AT2 cells, accounting for 71 

percent of the epithelial cells (AT2 cells + AT2 Lyz1 positive cells). The other populations 

appear to be equally represented in the lungs of non-irradiated control mice. 

b) The late AT2 response to irradiation: AT2 to AT1 transdifferentiation  

We first identified a Krt8+ AT2 cells population expressing genes characteristics of AT2 

to AT1 differentiation, so that presents the capacities to regenerate the AT1 population 

(Riemondy et al. 2019; Curras-Alonso et al. 2023). This AT2 to AT1 transdifferentiation 

signature was found to be mainly upregulated four to five months post irradiation in a small 

Krt8+ AT2 cells population. These results are presented in the publication displayed in chapter 

III 2).  

c) The AT0 cells, a population involved in the early regeneration of the lung 

epithelium 

In order to investigate more deeply this regeneration potential of the mouse 

epithelium after an irradiation injury, we used the new mouse samples that were irradiated 

with the Collimation irradiator, with samples sequenced 24 hours post 13Gy full thorax 

irradiation. In addition to the classical AT1 and AT2 populations, we were able to identify a 

Lyz1+ AT2 population that has been shown to be mouse specific (Hurskainen et al. 2021), and 

the Sftpb+ Scgb1a1+ Scgb3a2+ AT0 population (FIGURE 3.11A,B). The AT0 population has 

been recently described and has been shown to derive from AT2 cells after irradiation and act 

as a bipotent progenitor that can differentiate into AT1 cells or back to AT2 cells (Kadur 

Lakshminarasimha Murthy et al. 2022).  

The analysis of the cell cycle score of the different epithelial cells populations shows 

that the AT0 cells present the highest S phase score and G-2M phases score (FIGURE 3.11C), 

which is another argument for the involvement of the AT0 cells in the regeneration of the 

lung epithelium after an irradiation injury. Furthermore, this AT0 population appears as an 
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early response, as they are specific of the 24 hours post irradiation timepoint, when they 

represent more than half of the epithelial cells (FIGURE 3.11D). 

 

 

With a trajectory analysis of the samples 24h after a 13Gy irradiation, we can predict 

a connection between the AT2 cells and the AT0 cells, and then another one between the AT0 

cells and the AT1 cells (FIGURE 3.12A). Furthermore, if we place the origin of the node of 

origin in the AT2 cells, the pseudo time analysis predicts an order of the populations of 1) AT2 

cells, 2) AT0 cells and 3) AT1 cells (FIGURE 3.12B). 

FIGURE 3.11. identification of the AT0 cells, an epithelial cell progenitor population 

involved in the early lung response to injury. 

A: UMAP plot of the different lung pneumocyte populations 24h post irradiation (3 samples, 
4.165 cells); B: expression of the markers used to identify the pneumocyte populations 24 
hours post irradiation; C: Cell cycle phase scores: S score and G2-M score for the cells of 
the different pneumocyte populations 24 hours post irradiation; D: Bar plot of the proportion 
of the different pneumocyte populations at the different time points after a 10Gy or 13Gy 
irradiation. 
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 To study the potential mechanisms involved in these transitions, we studied 

the gene regulatory network (GRN) of the different pneumocytes populations. First, the AT1 

cells do not show a change in the activity of the different regulons after a 10Gy irradiation 

compared to the non-irradiated control (FIGURE 3.13A). However, after a 13Gy irradiation, 

there is an increase in some regulons starting at one month post irradiation, notably Xbp1, a 

transcription factor shown to be involved in the induction of cytokines production (Ribeiro 

and Lubamba 2017). Other regulons became upregulated during the late stage of fibrosis after 

a 13Gy irradiation. The AT0 cells express a different set of transcription factors (FIGURE 3.13B) 

not found in the other pneumocytes populations, like Cebpb and Atf3, two transcription 

factors promoting epithelial cell proliferation (Hsueh, Kuo, and Chen 2013). Finally, the AT2 

cells display similar regulons activity after a 10Gy or a 13Gy irradiation (FIGURE 3.13C). 

  

FIGURE 3.12. prediction of the differentiation of AT2 to AT0, then to AT1 early after 

irradiation injury. 

A: trajectory analysis of the AT2, AT1 and AT0 cells in the samples taken 24 hours after 
irradiation (3 samples, 4165 cells); B: pseudo-time analysis of the AT2, AT1 and AT0 cells 
in the samples taken 24 hours after irradiation with the AT2 cells as the population of origin. 
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d) Epithelial to mesenchymal transition induced by alveolar macrophages 

We identified a TGFβ1-TGFβR2 interaction, specifically received by the AT2 cells in the 

early time points (24 hours and one month) or late time point (five months) post 13Gy 

irradiation, and not after a 10Gy irradiation. This TGFβ1 signaling appears to be sent by the 

AM at 24h post irradiation as well as by radiation-specific AM during the fibrotic state (FIGURE 

3.14A). This intercellular interaction has been shown to induce endothelial to mesenchymal 

transition (EMT) in various contexts, including fibrosis (Nagaraja and Nagarajan 2018). 

Furthermore, the result of a clustering based on the expression of EMT markers in AT2 cells 

(FIGURE 3.14B) shows a reduced expression of EMT suppressors genes or genes 

FIGURE 3.13. gene regulatory network analysis of the AT1, AT2 and AT0 cells after 

irradiation. 

Gene regulatory network analysis with of the different pneumocytes populations. Red means 
a high activity of the transcription factor, and green a low activity. A: analysis of the AT1 
cells; B: analysis of the AT0 cells; C: analysis of the AT2 cells. 
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downregulated by EMT in the samples after a 13Gy irradiation, and particularly the samples 

five months post 13Gy irradiation. Indeed, in the top left panel of the heatmap in FIGURE 

3.14B, we see a lower expression of Id2 (Wen et al. 2018), Cadm1 (Sawada et al. 2020), Ppib 

(Sun et al. 2021), Gja1 (James et al. 2018), Sdc1 (Kumar-Singh et al. 2021) and Cdh1 (Aban et 

al. 2021) compared to the others panels more enriched in non-irradiated cells and 10Gy 

irradiated cells. 

 

 

For example, the expression of E-cadherin (Cdh1) in AT2 cells is significantly decreased 

after irradiation (FIGURE 3.14C). The decrease in expression of E-cadherin by epithelial cells 

FIGURE 3.14. increase of the EMT-inducing TGFβ1-TGFβR2 interaction between the 
AM and AT2 cells after irradiation. 

A: TGFβ1-TGFβR2 interaction received by the AT2 cells and sent by the different alveolar 
macrophage sub populations; B: heatmap of expression of EMT markers (from the Hallmark 
database) by the AT2 cells. Only markers expressed in at least 20% of AT2 cells were kept; 
C: expression of Cdh1 by the AT2 cells (upper panel), and fold change of the comparison 
with the non-irradiated control, all the conditions being significantly downregulated 
compared to non-irradiated (lower panel). 
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is an early sign of EMT. This decrease is more important after a 13Gy irradiation than after a 

10Gy irradiation, especially at one month and five months post irradiation. Therefore, we can 

make the hypothesis that a radiation induced subpopulation of AM contributes to the 

observed EMT-like process in AT2 at late stages of RIPF. AM could also be involved in the 

induction of an EMT-like state in AT2 at earlier stages post-irradiation. However, it is possible 

that these transitions serve different purposes (regeneration versus survival).  
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5. Regeneration of the endothelial cells: pro-angiogenic 
signaling 

a) Identification of the different endothelial population in non-irradiated 

samples 

Endothelial cells can be subdivided in different populations that we identified in the 

non-irradiated mouse lungs.  

 

 

FIGURE 3.15. identification of the endothelial cells populations in the non-irradiated 

mouse lungs. 

A: UMAP visualization of the different mouse endothelial cell subpopulations annotated by 
sub cell type (2 samples, 1.499 cells); B: Expression of the markers used for the 
identification of the endothelial cell populations; C: Proportion of the different epithelial cell 
populations in the non-irradiated mouse lung; D: tip and stalk score in the non-irradiated 
mouse endothelial cells. 
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Endothelial vessels are composed of the endothelial vein cells, the endothelial artery 

cells and the endothelial lymphatic cells. Furthermore, we identified two populations of 

capillary cells: the aerocytes or aCap, in charge of the gas exchanges, and the general capillary 

cells or gCap, that act as progenitors (FIGURE 3.15A). These different populations were 

identified using markers described in the literature (FIGURE 3.15B).  In the non-irradiated lung 

samples, the main EC subtypes identified are the gCap, accounting for 64% of EC and the aCap 

accounting for 18% (FIGURE 3.15C). 

Two endothelial cell states have been described to be involved in vessel growth and 

repair, physiologically and after injury: tip and stalk cells. As described in the introduction, tip 

cells present motility properties and take the lead of the sprouting of the new vessel, while 

stalk cells proliferate behind and build the walls of the new vessel. The tip or stalk status can 

be evaluated using a score based on markers found un the literature (FIGURE 3.15D). 

b) Vascular damage and repair after a radiation induced lung injury 

Vascular damage is a major consequence of lung irradiation. Irradiation causes death 

of endothelial cells, disorganization of the vascular network, as it has been shown in both 

human patients and mouse models (Venkatesulu et al. 2018). The replacement of these 

damaged endothelial cells and vessels is mostly triggered by pro-angiogenic signaling (Boussat 

et al. 2000). 

Angiogenesis is the physiological process through which new blood vessels form from 

pre-existing vessels. This process is crucial for growth, development, and wound healing. It 

involves the proliferation, migration, and differentiation of endothelial cells, which line the 

interior surface of blood vessels. Pro-angiogenic signaling is essential for re-establishing an 

adequate blood supply to the damaged tissue, ensuring the delivery of oxygen and nutrients 

necessary for tissue repair and regeneration. Endothelial cells play a pivotal role in 

angiogenesis, responding to pro-angiogenic signals such as VEGF by proliferating, migrating, 

repairing damaged endothelial vessels and forming new capillary networks. 

Therefore, we studied here the pro-angiogenic molecular and cellular mechanisms 

triggered by radiation injury in the lungs. We identified the different populations of 

endothelial cells in the different conditions and time points post irradiation (FIGURE 3.16A), 
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using markers described in the literature (FIGURE 3.16B). After either a 10Gy or a 13Gy 

irradiation there is an increase in the proportion of aCap, mainly at three months post 10Gy 

or 13Gy irradiation (FIGURE 3.16C). Finally, the decrease in the proportion of gCaps is similar 

after a 10Gy irradiation and a 13Gy irradiation (FIGURE 3.16D).  

 

 

The tip and stalk identities were then assessed using a score of the expression of lists 

of markers of tip and stalk cells published (W. Chen et al. 2019). The score levels are presented 

in FIGURE 3.17A. The tip score is significantly upregulated for all conditions, with a higher fold 

change five months post 13Gy irradiation. On the contrary, the stalk score is downregulated 

compared to irradiation in all the time points after a 10Gy irradiation, and one to three 

FIGURE 3.16. decrease of the proportion of gCap cells in mouse lungs after 

irradiation. 

A: UMAP visualization of the different mouse endothelial cell subpopulations annotated by 
sub cell type (24 samples, 11.091 cells); B: DotPlot of the markers used for the identification 
of the different endothelial cell populations; C: proportion of aCaps among the endothelial 
cells in the non-irradiated samples and one to five months post 10Gy or 13Gy irradiation; 
D: proportion of gCaps among the endothelial cells in the non-irradiated samples and one to 
five months post irradiation a 10Gy or 13Gy irradiation. 
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months post 13Gy irradiation. In the end, at the time point when we see the development of 

fibrosis (five months post 13Gy irradiation), the stalk score is increased and upregulated 

compared to the control. These results suggest that irradiated gCap cells respond to the 

increase in pro-angiogenic signaling by acquiring “tip”-like characteristics. 

 

 

However, as tip and stalk cells are dynamic cell states, it can be difficult to quantify 

exactly the quantity of tip or stalk cells at each point after irradiation. Indeed, the tip or stalk 

FIGURE 3.17. increase of the tip and stalk identity of the gCap cells in mouse 

irradiated lungs. 

A: Violin plots of the tip and stalk scores in the gCaps, black lines represent the median; 
stars represent the p-value of the wilcox test compared to the non-irradiated (n.s.: non-
significant, *: p-value < 0.05, **: p-value < 0.01, ***: p-value < 0.001); B: heatmap of the 
expression of the different tip and stalk markers used for the score calculation of the panel 
A of this figure. 
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identity is defined by the upregulation of an ensemble of genes, rather than just one marker 

(FIGURE 3.17B).  

c) Populations sending VEGFA signaling 

The main interaction that has been shown to trigger angiogenesis-related processes 

is the VEGFA-VEGFR2 (also known as KDR) interaction. Therefore, we used CellphoneDB to 

predict which cell populations are sending this signaling to the gCap, the endothelial cell 

populations that have been described as the progenitor for the capillary cells (Gillich et al. 

2020). Overall, the main sources of the VEFGA signaling received by the gCaps through the 

VEGFR2 receptor are predicted to be the artery endothelial cells, the AT2 cells, the fibroblasts 

Col13a1+ as well as an autocrine pathway (FIGURE 3.18).  

 

 

Furthermore, although this signaling is present both after a 10Gy irradiation and a 

13Gy irradiation, it disappears at five months post 10Gy irradiation. We can make the 

hypothesis that the vascular repair has been completed a few months after a 10Gy irradiation, 

while the signaling persists five months after a fibrogenic dose, suggesting that pro-

angiogenic activities are associated with the fibrotic state. Whether these activities directly 

participate in the fibrotic process or are just a consequence of tissue remodeling remains to 

be demonstrated. 

FIGURE 3.18. AT2 cells, fibroblasts and endothelial cells are the main sources of the 

VEGFA signaling received by the gCap cells 

VEGFA-KDR interaction received by the gCap and sent by different cell populations. 
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d) Late pro-angiogenic signaling of endothelial cells after RILI healing 

In order to understand the late consequences of a healed RILI, we analyzed the 

different endothelial cells populations nineteen months post a 10Gy irradiation and via 

clustering of the endothelial cells we identified a population of gCaps that is only present in 

this specific condition (FIGURE 3.19A,B), and not in any other 10Gy irradiated samples or in 

the old non irradiated lungs.  

 

 

Then, we compared this gCap IR old cells with the classical gCap population and 

identified an upregulation of different inflammation and stress related pathways: TNF 

signaling, IL2 STAT5 signaling and IFN signaling. Furthermore, there is also an upregulation 

of genes involved in hypoxia response (FIGURE 3.19C), suggesting abnormalities in the 

capillary network, or a possible perturbation of the AT1-aCap function, maybe through tissue 

FIGURE 3.19. identification of a gCap population specific of the mice nineteen months 

post 10Gy irradiation. 

A. UMAP plot of the different lung endothelial cell populations (19 samples, 8.867 cells); 
B: Bar plot of the proportion of the different endothelial cell populations at the different time 
points after a 10Gy irradiation; C: significantly upregulated (FDR adjusted p-value < 0.05) 
Hallmark pathways in the gCap IR old population compared to the classical gCap 
population. 
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disorganization and loss of contact between the partners. Therefore, we investigated the 

evolution of the pro-angiogenic signaling in the endothelial cells, and more specifically gCaps, 

in the lungs from old mice, nineteen months post irradiation or non-irradiated. 

During the early time points post 10Gy irradiation (one to five months) we see an 

increase, regarding the non-irradiated control, in the proportion of gCap tip cells. However, 

this increase is two-fold lower than in the mice irradiated at 13Gy. Regarding the proportion 

of gCap among the endothelial cells, the 10Gy irradiation triggers a decrease one to five 

months post irradiation. However, the proportion of gCap does not recover nineteen months 

post irradiation (FIGURE 3.20B), while the aCap proportion returns to a level comparable to 

the one found in non-irradiated young and old mice (FIGURE 3.20A). Furthermore, nineteen 

months post irradiation we still see an increased tip score after irradiation compared to the 

old control (FIGURE 3.20C).  

 

 

FIGURE 3.20. analysis of the dynamics of the tip, stalk and senescent endothelial cells 

in the old mice irradiated or non-irradiated. 

A: proportion of mouse aCap among the endothelial cells in the non-irradiated samples and 
one to nineteen months post irradiation, with each dot representing replicate; B: proportion 
of mouse gCap among the endothelial cells in the non-irradiated samples and one to nineteen 
months post irradiation, with each dot representing replicate; C: tip score in the old gCap, 
stars represent the p-value of the wilcox test compared to the non-irradiated (***: p-value < 
0.001) 
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Even if mice irradiated with a 10Gy dose recover after an early phase of pneumonitis 

and present a normal lifespan, we can still see an impact of the radiation on the endothelial 

cells nineteen months after the treatment. This could have long term implication on the 

health and quality of life of the patients that underwent radiotherapy, and it could be 

interesting to study the impact of radiotherapy decades after the treatment.  
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6. Processes of RIPF induced senescence 

Senescence has been described in the progression of RIPF, mainly in AT2 cells, 

macrophages and fibroblasts (Y. He et al. 2019; Su et al. 2021). Senescence can be an 

advantage in the fight against cancer, as senescence induces cell cycle arrest thus can prevent 

cancer cells to proliferate (Jha et al. 2024). However, senescent cells secrete pro-

inflammatory cytokines and other molecules, called senescence-associated secretory 

phenotype (SASP) (W. Huang et al. 2022). Therefore, if senescent cells accumulate, they can 

lead to a pro-inflammatory environment either in the tumor itself, promoting tumor growth, 

or in the surrounding tissues in response to irradiation. We investigate here the presence and 

particularities of senescence in the different lung populations after irradiation. 

a) Senescence of the AT1 and AT2 cells after irradiation 

As stated previously, the last stage of RIPF is characterized by the irreversible 

destruction of the alveolar structure (Wynn 2011). Therefore, we wondered if there could be 

an impairment of the epithelial cells repair processes. It has already been published that AT2 

cells express the senescence marker p21 after high dose of irradiation (Citrin et al. 2013), and 

during fibrosis (Chung et al. 2021) but never using single cell RNA sequencing.  

In our model, after irradiation, there is a significant increase of the expression of p21 

in the AT1 only five months post 13Gy irradiation (FIGURE 3.21A). Similarly, this population 

presents an increase of a score representing a global expression of SASP associated genes 

only after a 13Gy irradiation, with a maximum fold change compared to control five months 

post 13Gy irradiation (FIGURE 3.21B). This is the time point during which the lungs are 

fibrotic, with a disorganization of the lung architecture and loss of the alveoli structure 

(Knudsen, Ruppert, and Ochs 2017). We can make the hypothesis that the late AT1 

senescence phenotype might be the consequence of the loss of the epithelial-endothelial 

contact with the aCap. 

On the contrary, in the AT2 cells the increase starts as soon as 24 hours post 13Gy 

irradiation or one month post 10Gy irradiation (FIGURE 3.21A), with also a SASP score 

significantly upregulated compared to irradiation for all time points except four months post 

10Gy irradiation and two months post 13Gy irradiation (FIGURE 3.21B). This consistent 
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increase after irradiation is the sign of a global response of this population, however it is not 

restricted to fibrogenic condition, therefore it is difficult to evaluate the consequences of this 

process. 

 

 
 
 
 
  

FIGURE 3.21. expression of senescence marker by the epithelial cells after irradiation 

injury. 

A: expression of p21 by the AT1, AT2 and AT2 Lyz1 cells at the different timepoints poste 
10Gy or 13Gy irradiation (24 samples). *** indicates a significant upregulation of 
expression compared to the control with an adjusted p-value of the MAST test inferior to 
0.001; B: score based on the reactome senescence associated secretory phenotype (SASP) 
dataset in the AT1 or in the AT2 cells, stars represent the p-value of the wilcox test compared 
to the non-irradiated (n.s.: non-significant, *: p-value < 0.05, **: p-value < 0.01, ***: p-
value < 0.001, >*: p-value < 0.05 downregulated compared to control) 
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b) Senescence of the myeloid cells 

Senescence has been detected in RIPF in macrophages and these processes have been 

shown to be detrimental during the development of RIPF (Su et al. 2021).  

 

 

FIGURE 3.22. expression of senescence markers by the macrophages after irradiation 

injury. 

A: SASP score based on the GO-PB positive regulation of cellular senescence dataset in the 
AM; B: SASP score based on the positive regulation of cellular senescence dataset in the 
IM, stars represent the p-value of the wilcox test compared to the non-irradiated (n.s.: non-
significant, *: p-value < 0.05, **: p-value < 0.01, ***: p-value < 0.001, >: downregulated 
compared to control); C: p21 expression by the AM; D: p21 expression by the IM; E: 
Mmp12 expression by the AM; F: Mmp12 expression by the IM, stars represent the adjusted 
p-value of the MAST test compared to the non-irradiated (n.s.: non-significant, *: p-value < 
0.05, **: p-value < 0.01, ***: p-value < 0.001, >: downregulated compared to control). 
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Therefore, we investigated the presence or not of senescence in our model, and the 

temporality of it. First, a score of positive regulation of cellular senescence showed some 

mixed results in the AM. The score was significantly increased one month post 10Gy 

irradiation and 24h, one- and five-months post 13Gy irradiation, and downregulated or non-

significant for the rest of the time points (FIGURE 3.22A). Similarly, in the IM compartment, 

there was a significant upregulation of the senescence score 24h, one- and five-months post 

13Gy irradiation (FIGURE 3.22B). Therefore, there seemed to be two waves of radiation 

induced senescence in the macrophages: one during the first weeks after irradiation, and one 

at the latest timepoint of fibrosis. The expression of other senescence markers follows a 

similar temporality: p21 (FIGURE 3.22C,D) and Mmp12 (FIGURE 3.22E,F), a pro-fibrotic SASP 

matrix metalloproteinase (Su et al. 2021; Freitas-Rodríguez, Folgueras, and López-Otín 2017). 

c) Senescence of the endothelial cells 

Endothelial cells are a vulnerable population that sustains damages induced by 

irradiation as demonstrated above. Therefore, we investigated the presence of radiation-

induced senescence. First, we identified that p16, a classical marker of senescence (Rayess, 

Wang, and Srivatsan 2012) is expressed in the endothelial cells only after irradiation, and 

specifically in the aCap (FIGURE 3.23A). Indeed, there is a tendency of increase of expression 

of p16 during the latest time points after irradiation, however this increase is not significant 

(FIGURE 3.23B). We then computed a SASP score accounting for the global expression of 

senescence genes by the aCap. We found an initial significant increase of the score one-two 

month post 10Gy irradiation and 24 hours-one month post 13Gy irradiation, with then a 

return to levels comparable to controls and a final significant increase of the score five months 

post 10Gy or 13Gy irradiation, with a higher fold change compared to controls after a 13Gy 

irradiation (FIGURE 3.23C). 

Previously, we made the hypothesis that a loss of contact between aCaps and AT1 

cells due to alveolar structure destruction might be one of the reasons for the senescence of 

AT1 cells. Considering these results, it might also participate in the senescence of the aCaps 

after irradiation. However, this explanation cannot account for the senescence observed in 

the aCap at the earlier timepoints or after a 10Gy irradiation, therefore there are probably 

other processes involved in the induction of this phenotype. 
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FIGURE 3.23. radiation-induced endothelial cell senescence. 

A: density plot of the expression of p16 in endothelial cells in non-irradiated samples, 10Gy 
irradiated samples or 13Gy irradiated samples; B: violin plots of p16 expression in the non-
irradiated post a 10Gy or 13Gy irradiation in aCaps; C: SASP score based on the reactome 
senescence associated secretory phenotype dataset in the aCap, stars represent the p-value 
of the wilcox test compared to the non-irradiated (n.s.: non-significant, *: p-value < 0.05, 
**: p-value < 0.01, ***: p-value < 0.001). 
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We then investigated whether this SASP phenotype persisted in the long term after a 

10Gy irradiation. The expression of p16 in the samples nineteen months post 10Gy irradiation 

was significantly upregulated compared to both the age-matching control mice and the young 

control mice (FIGURE 3.24A). 

 

 

Indeed, the expression of p16 is significantly upregulated in the samples nineteen 

months post 10Gy irradiation compared to both the young and old non-irradiated controls 

(FIGURE 3.24A). Furthermore, the SASP score is upregulated in the irradiated sample 

compared to both controls. Interestingly, there is also a significant upregulation of the score 

in the old control compared to the young control (FIGURE 3.24B). Senescence has been 

shown to be a hallmark of aging (McHugh and Gil 2017), thus we can make the hypothesis 

that, in the long term, irradiation accelerates the aging processes.  

FIGURE 3.24. long term senescence of the aerocytes after irradiation. 

A: violin plots of p16 expression in the non-irradiated and one to nineteen months post 
irradiation mouse aCaps, stars represent the p-value of the MAST test compared to the non-
irradiated (n.s.: non-significant, *: p-value < 0.05, **: p-value < 0.01, ***: p-value < 0.001).; 
B: SASP score based on the reactome senescence associated secretory phenotype dataset in 
the aCap, stars represent the p-value of the wilcox test compared to the non-irradiated (n.s.: 
non-significant, *: p-value < 0.05, **: p-value < 0.01, ***: p-value < 0.001). 
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As presented above, endothelial cells repair processes are activated after a radiation-

induced lung injury, in response to the damage done to the micro-vasculature.  We must 

verify that similar processes can be observed in humans, to determine to which extent the 

mouse model is clinically significant. 

Therefore, during the next chapter, I will present the analysis of single cell RNA 

sequencing data from irradiated human lungs, starting with the endothelial repair processes 

triggered by pro-angiogenic signaling.
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CHAPTER IV – Results part II 
To achieve these objectives, we chose to use the single cell RNA sequencing 

technology. We obtained samples from lobectomies from patients suffering from Pancoast 

tumor. These patients underwent neoadjuvant radiotherapy six to eight weeks prior to 

surgery. From each patient, one sample was obtained from an irradiated region of the lung 

and one control from a non-irradiated region of the lung (FIGURE 4.1). The details about the 

different samples can be found in ANNEXE II. 

 

 
  

FIGURE 4.1. models used for the analysis of radio-induced pulmonary fibrosis. 

Collection of the non-tumoral human lung samples from Pancoast patients. 
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1. Single cell analysis of the human lung response to irradiation 

As explained above, we obtained irradiated and non-irradiated samples from 6 

patients who underwent neoadjuvant radiotherapy six to eight weeks prior to surgery. The 

control and irradiated samples from one of the patients were sorted to enrich the CD45 

negative cells (the non-immune cells). Indeed, in non-sorted samples, we can see an elevated 

level of inflammation in the lungs of the patients as revealed by an overwhelming proportion 

of immune cells. The samples from the other five patients were sequenced entirely. This data 

set constitutes a unique resource for the study and the understanding of the cellular and 

molecular mechanisms of radio-induced injury in human lung tissue. 

 

 

After sequencing, the data was processed with 10X Genomics Cell Ranger. One Seurat 

object for each patient was created and processed with SoupX (Young and Behjati 2020) for 

removal of the contaminating mRNA. Then quality controls were performed with filtration of 

FIGURE 4.2. integration of the data from the six patients. 

A: UMAP plot of the single cell RNA sequencing data of the samples from the lungs of the 
six patients, after merging; B: UMAP plot of the single cell RNA sequencing data of the 
samples from the lungs of the six patients, after integrating. 
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the cells with high mitochondrial content (more than 20% of mitochondrial mRNA, more than 

6000 different features expressed, less than 200 different features expressed). The cell 

populations for each patient object were then annotated using the transfer learning tool 

scArches (Lotfollahi et al. 2022), and the HLCA (Sikkema et al. 2023) as a reference. Finally, 

the different objects were merged together to form a Seurat object containing the data from 

all six patients. When we merged the data from the different patients, we noticed an 

important batch effect (FIGURE 4.2A). Therefore, we chose to integrate the different patients 

together using the Seurat package for integration (Y. Hao et al. 2024) to correct for the batch 

effect (FIGURE 4.2B).  

We were able to identify in the samples from human lungs the different lung cell 

populations: epithelial cells, endothelial cells, mesenchymal cells, myeloid cells and lymphoid 

cells (FIGURE 4.3A). These different cell populations can also be identified by the expression 

of canonical markers (FIGURE 4.3B), (Travaglini et al. 2020; Zilionis et al. 2019). Thus, this 

dataset allows us to analyze the human lung response to irradiation at the single cell level. 
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First, we analyzed the proportion of the different main cell populations before and 

after irradiation in the fully sequenced samples (FIGURE 4.4). We can notice the high 

variability between the different patients, especially in the proportion of immune cells. 

However, we can still make some observations. There is a decrease in the proportion of 

epithelial and endothelial cells after irradiation. This is coherent with the already shown 

vulnerability of these populations to irradiation (Trott, Herrmann, and Kasper 2004; Fuks et 

al. 1994).  

FIGURE 4.3. identification of the different cell populations of the human lung. 

A: UMAP with the different lung cell populations annotated (12 samples, 77.048 cells); B: 
expression of the canonical markers by the different lung populations. 
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FIGURE 4.4. increase of the proportion of immune cells and decrease of the 

proportions of epithelial and endothelial cells after irradiation. 

Bar plot of the mean percentage of the different cell populations before and after irradiation, 
each dot representing a different sample 
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2. Regeneration of the endothelial cells: processus of 
angiogenesis 

a) Vascular damage and repair after a radiation induced lung injury 

Vascular damage is a major consequence of lung irradiation. Irradiation causes death 

of endothelial cells, disorganization of the vascular network, as it has been shown in both 

human patients and mouse models (Venkatesulu et al. 2018). Pro-angiogenic signaling has 

been shown to promote vascular repair and capillary growth (Pecoraro et al. 2021). 

Pro-angiogenic signaling promotes the sprouting of vessels and can occur in different 

situations, such as during embryonic development or in response to an injury. This process is 

crucial for growth, development, and wound healing. It involves the proliferation, migration, 

and differentiation of endothelial cells, which line the interior surface of blood vessels. 

Angiogenesis is essential for re-establishing an adequate blood supply to the damaged tissue, 

ensuring the delivery of oxygen and nutrients necessary for tissue repair and regeneration. 

Endothelial cells play a pivotal role in angiogenesis, responding to pro-angiogenic signals such 

as VEGF by proliferating, migrating, and forming new capillary networks. 

Therefore, we studied here the molecular and cellular mechanisms triggered by 

radiation injury in the human lungs. 
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3. Processes of inflammation induced by radiotherapy in non-
tumoral lung tissue 

a) Identification of the different immune cell populations in the human 

lung 

The use of single cell RNA sequencing allowed us to identify the different immune 

populations in both the irradiated and non-irradiated human lung: the B cells, T cells, NK cells 

and NK-T cells, neutrophils, dendritic cells, alveolar macrophages and interstitial 

macrophages. All of these populations were present in both the irradiated and non-irradiated 

samples (FIGURE 4.5A,B). The different cell types were identified using markers from 

literature (Travaglini et al. 2020) (FIGURE 4.6A). We can observe some differences in the 

proportion of the different immune populations in the irradiated and non-irradiated samples: 

an increase in the proportion of NK-T cells, dendritic cells and alveolar macrophages, and a 

decrease in the proportion of NK cells and neutrophils (FIGURE 4.6B,C). 

 

 
 
 
 
 

FIGURE 4.5. immune cells in the non-irradiated and irradiated human lung. 

A: UMAP visualization of the cells from the different human immune cell subpopulations 
annotated by sub cell type in the non-irradiated human samples (6 samples, 21.527 cells); 
B: UMAP visualization of the cells from the different human immune cell subpopulations 
annotated by sub cell type in the irradiated human samples (6 samples, 34.467 cells). 
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b) Upregulation of different pathway in the irradiated human lung 

We identified various pathways upregulated in the immune cells from irradiated 

human samples compared to the non-irradiated samples. Similarly to the mouse samples, 

several inflammation related pathways are upregulated:  the IL-24 signaling pathway in most 

immune cell populations and other interleukin signaling pathways in diverse immune 

populations, the MAPK and chemokine signaling pathway (FIGURE 4.7).  

 

FIGURE 4.6. markers and proportion of the immune cell in the non-irradiated and 

irradiated human lung. 

A: Expression of the markers used for the identification of the immune cell populations; B: 
Proportion of the different immune cell populations in the non-irradiated human lung; C: 
Proportion of the different immune cell populations in the irradiated human lung. 
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Furthermore, as in the mouse samples, we also found upregulated several pathways 

related to oxidative phosphorylation (OXPHOS) and mitochondrial functioning (FIGURE 4.7). 

Several studies have demonstrated the presence of mitochondrial dysfunction and changes 

in mitochondrial gene expression in several models of radiation induced fibrosis (Yin et al. 

2019; Livingston et al. 2020). In the case of liver radiation induced fibrosis, it has been shown 

that mitochondrial dysfunction contributes to the development of fibrosis (Melin et al. 2022), 

therefore it could be interesting to investigate this process in lungs. 

 

 

FIGURE 4.7. overview of overexpressed pathways in human immune cells after 

irradiation. 

GSEA WikiPathways significantly upregulated (FDR adjusted p-value < 0.05) in irradiated 
samples compared to non-irradiated samples in the different immune cell populations. 
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c) Macrophages  

As shown previously with the mouse data analysis, macrophages play an important 

role in the lung’s reaction to irradiation. Therefore, we investigated the possible changes in 

the human macrophages in the irradiated samples compared to the non-irradiated samples. 

 

 
 

As in mice, we were able to identify the two macrophage populations: the interstitial 

macrophages and the alveolar macrophages (FIGURE 4.8A). Furthermore, a distinct 

FIGURE 4.8. proliferation of the alveolar macrophages in the irradiated and non-

irradiated human lungs. 

A: UMAP visualization of human macrophages (12 patients, 11.168 cells); B FeaturePlot of 
the expression of MKI67 by the macrophages; C: proportion of proliferating alveolar 
macrophages among the total alveolar macrophages; D: RNA velocity analysis with scvelo 
of the irradiated and non-irradiated macrophages. 
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population of alveolar macrophages express a proliferation marker: MKI67 (FIGURE 4.8B). 

Therefore, we labelled this population “proliferating alveolar macrophages”. The proportion 

of alveolar macrophages that are proliferating in irradiated samples does not seem to be 

different than in non-irradiated samples (FIGURE 4.8C). However, an RNA velocity analysis 

showed more connections between the non-proliferating and proliferating alveolar 

macrophages in the non-irradiated samples than in the irradiated samples (FIGURE 4.8D). 

With this result, we can make the hypothesis that the replenishment of the alveolar 

macrophage population might be impaired after irradiation. 
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4. Regeneration of the epithelial cells after an irradiation injury 

a) Identification of the different epithelial cell populations in the human lung 

 
 
  FIGURE 4.9. epithelial cells in the non-irradiated and irradiated human lung. 

A: UMAP visualization of the cells from the different human epithelial cell subpopulations 
annotated by sub cell type (12 samples, 11.348 cells); B: Expression of the markers used for 
the identification of the epithelial populations; C: Proportion of the different epithelial 
populations in the non-irradiated human lung; D: Proportion of the different epithelial cell 
populations in the irradiated human lung. 
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As for the other cell compartments, we were able to identify the different epithelial 

cells population in the human lungs using single cell RNA sequencing: the ciliated cells, basal 

cells, secretory cells and the two pneumocytes populations, the AT1 and AT2 cells (FIGURE 

4.9A). These populations were identified using markers described in the literature (Travaglini 

et al. 2020; Kadur Lakshminarasimha Murthy et al. 2022) (FIGURE 4.9B). We didn’t detect any 

important changes in proportion of the epithelial cells in the irradiated samples compared to 

the non-irradiated samples. The AT2 cells are the majority of the population, followed by the 

AT1 cells and the other epithelial cell types (FIGURE 4.9C,D). 

b) A shift in the pneumocytes transcriptome 

 

 

We then analyzed the differences between the irradiated and non-irradiated 

conditions for the two pneumocytes populations. In the AT1 cells, we see different pathways 

FIGURE 4.10. enrichment of hypoxia and EMT related pathways in the different AT1 

and AT2 cells. 

A: Top 10 HALLMARK pathways significantly upregulated (FDR adjusted p-value < 0.05) 
(ranked by the number of genes in the pathway upregulated) in the AT1 from the irradiated 
samples compared to the non-irradiated samples; B: Top 10 HALLMARK pathways 
upregulated (ranked by the number of genes in the pathway upregulated) in the AT2 from 
the irradiated samples compared to the non-irradiated samples  
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upregulated indicating of damages to the population and a remodeling of the environment: 

apoptosis, epithelial to mesenchymal transition, response to hypoxia that could indicate a 

loss of contact with the aCap and p53, a marker of senescence (Zhou et al. 2022) (FIGURE 

4.10A). Similar pathways are upregulated in the irradiated samples in the AT2 cells: the TNF 

signaling pathway, apoptosis and EMT (FIGURE 4.10B). 

  



 170 

  





 172 

CHAPTER V – Discussion 

 

The side effects of radiotherapy on healthy tissues are complex and many of the 

mechanisms leading to RILI and RIPF remain to be understood. Through the use of single cell 

RNA sequencing analysis, we gained new insights in the processes occurring in the different 

lung cell populations leading to fibrosis after an irradiation of healthy lung tissues. In this 

work, the focus was put mainly on epithelial cells, fibroblasts, macrophages and endothelial 

cells (FIGURE 5.1) as these populations has been shown to be particularly affected by 

irradiation and play an important part in the development or radiation induced pulmonary 

fibrosis (Ding, Jian Li, and Sun 2013; I. Y. Adamson and Bowden 1983).  

These populations were studied using an extensive dataset of 34 single cell RNA seq 

samples from irradiated and control mice of 123.147 cells, with the addition of 37.292 cells 

from 6 irradiated and control samples from twenty-three-month-old mice. The comparison 

of the effect of non-fibrogenic (10Gy) and fibrogenic (13Gy) doses allowed us to compare the 

effect of irradiation on the lungs to the events leading to radiation-induced pulmonary 

fibrosis.  

Furthermore, through the analysis of single cell RNA seq of non-irradiated and 

irradiated non tumoral lungs samples data from 6 patients and 77.048 cells, we were able to 

gain unique insight in the mechanisms of human lung response to irradiation. 
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FIGURE 5.1. recapitulative figure of the thesis results 
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1. Impairment of the epithelial cell functions 

Different processes are affecting the epithelial cells in reaction to irradiation. First, in 

the first hours after irradiation, a new population of epithelial cells appears: the AT0 cells. 

This population is characterized by the co-expression of the genes Sftpb, Scgb1a1 and 

Scgb3a2 and is thought to be derived from the AT2 cells through a “dedifferentiating” process 

(Kadur Lakshminarasimha Murthy et al. 2022). This AT0 population then acts as a progenitor 

population that can proliferate and differentiate to new AT1 and AT2 cells to restore the 

damage alveoli epithelium. During the weeks and months following irradiation, another 

process participates in the restoration of the population of AT1 cells: the transdifferentiation 

of AT2 cells to AT1 cells (Riemondy et al. 2019). It is the direct transformation of AT2 cells to 

AT1 cells, and we observe an increase of this process in the AT2 cells populations during the 

months leading to fibrosis after a 13Gy irradiation, but not a 10Gy irradiation. However, as 

after a 13Gy irradiation there is not a recovery of the lung and alveoli structure, the 

transdifferentiation might not allow an efficient reconstruction of the alveoli epithelium.  

Finally, we observe processes of epithelial to mesenchymal transition (EMT) in the AT2 

cells mainly after 13Gy irradiation and we identified two alveolar macrophages sub 

populations as the potential populations triggering this process through the TGFβ1-TGFβR2 

interaction. EMT has been shown to be central in the pathogenesis of fibrosis development, 

and part of the myofibroblast population is demonstrated to be of epithelial origin (Willis, 

duBois, and Borok 2006). Finally, activated macrophages seem to promote these processes 

(H.-R. Park, Jo, and Jung 2019). 

The epithelial population has been shown to be a major driver in the development of 

lung fibrosis in the context of idiopathic pulmonary fibrosis (Selman and Pardo 2020; 2006), 

through diverse processes. Notably, an important AT2 cell death has been observed, in 

reaction to endoplasmic reticulum stress or mitochondrial dysfunction. Furthermore, in the 

context of IPF, AT2 cells present impaired renewal and progenitor capacity (Parimon et al. 

2020) and have been shown to express senescence markers, especially p21 and p16 (Zhou et 

al. 2022). However, in our data the AT2 cells only show a slight upregulation of the expression 

of p21, but not p16. The observations made in the other studies were mainly done in the 

context of idiopathic pulmonary fibrosis (Yao et al. 2021), and one study using X-ray mouse 
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thoracic irradiation (Citrin et al. 2013). The epithelial cell senescence induced by electron 

irradiation could present with a different phenotype than the senescence observed in IPF 

patients or in X-ray irradiated mice. 

All these mechanisms participate in the loss of structure of the alveoli and a loss of 

function of the lungs in the terminal stages of fibrosis (Z. Chen, Wu, and Ning 2019). 

2. Crucial role of the different subtypes of lung macrophages 

The macrophages also play an important role in events leading to RIPF. Early after 

irradiation, the damaged interstitial macrophage compartment is replenished through 

differentiation of circulating macrophages, mainly into nerve interstitial macrophages. The 

transcriptome profile of the alveolar macrophages is as well affected by irradiation: different 

sub populations appear at different time points post irradiation and develop a “foamy” 

phenotype, characterized by the expression of genes involved in the lipidic metabolism and 

implicated in various diseases (Kong et al. 2020; Russell et al. 2009; Yu et al. 2013). We found 

this phenotype after both a fibrogenic and non fibrogenic dose of irradiation, but it is 

increased during the timepoints where we observe the development of fibrosis. Indeed, it has 

been shown that these foamy macrophages present a possible pro-fibrotic role in the context 

of atherosclerosis (Thomas et al. 2015). Furthermore, in the context of tuberculosis, it has 

been shown that the accumulation of lipid droplet and the increase of cholesterol content in 

alveolar macrophages can lead to apoptosis and necrosis of this population, releasing toxins 

in the tissues and participating in a chronic pro-inflammatory feedback loop (Russell et al. 

2009; S. N. et al. 2019). However, other evidence shows a possible protective role of foamy 

macrophages in smocking-induced emphysema (Hirama et al. 2007), underlining the already 

demonstrated ambivalent role of macrophages in the development of pulmonary fibrosis 

(Yang et al. 2023). 

Recent studies have also highlighted the role of senescent macrophages in RIPF. 

Irradiation has been shown to induce cellular senescence in macrophages, leading to an 

increased expression of senescence-associated secretory phenotype genes (Su et al. 2021). 

These factors contribute to a pro-fibrotic environment by promoting inflammation and ECM 

remodelling, thereby facilitating the progression of fibrosis. The presence of senescent 
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macrophages in the lung tissue post-radiation suggests that they may serve as a therapeutic 

target for preventing or treating RIPF. 

In this work, we showed the more important change in transcriptome of the alveolar 

macrophages compared to the interstitial macrophages. However, a study showed that 

depletion of alveolar macrophages didn’t allow any improvement in the development of 

radiation induced pulmonary fibrosis, whereas the depletion of interstitial macrophages in 

mice blocked the development of fibrosis (Meziani et al. 2018). More needs to be done to 

understand these apparently contradictory results. 

3. Damages and changes of the endothelial cells in response to 
irradiation 

Finally, endothelial cells present major alterations after irradiation and undergo 

extensive regeneration mechanisms, mainly through pro angiogenic signaling. These 

processes start shortly after irradiation through changes in the proportion of two endothelial 

capillaries cell states: the tip cells and stalk cells. These sub-populations are activated by the 

reception of VEGF signaling. Furthermore, the VEGFA secretion in the sites of vascular 

damages triggers the recruitment of a particular population of circulating FLT1 expressing 

alveolar macrophages that also triggers angiogenesis through a IL1B-IL1 receptor interaction. 

However, four to five months after irradiation the endothelial capillary cells express markers 

of senescence that could indicate replicative exhaustion and failure to regenerate a proper 

microvasculature and participating into the improper healing of the lung after a RILI, leading 

to RIPF. Overall, these findings support the demonstrated role of the vasculature in the 

development of radiation induced pulmonary fibrosis, with a loss of capillary and a 

permeabilization of the micro vasculature (Engelbrecht, Kooistra, and Knipe 2022; 

Caporarello and Ligresti 2023). 

Furthermore, it has been shown that endothelial cells can undergo endothelial-to-

mesenchymal transition, similarly as epithelial cells, where they lose their endothelial identity 

and acquire characteristics typical of mesenchymal cells. This transition has been shown to 

contribute significantly to the accumulation of fibroblasts and extracellular matrix in the lungs 

(W. Zhao et al. 2023). A study with a bleomycin-induced fibrosis model indicated that 
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approximately 16% of fibroblasts in fibrotic lung tissues originated from endothelial cells 

through endothelial-to-mesenchymal transition (Hashimoto et al. 2010). These processes 

need to be further investigated and could be potential therapeutic targets, as the maintaining 

of the endothelial barrier and network is crucial for lung function. 

4. Spatial context of the changes induced by irradiation 

The lung is a complex tissue composed of different cell populations interacting with 

each other. Therefore, it is important to put back the finding of this study in the context of 

the tissue. We already described several intercellular interactions between different cell 

populations of the lung and their possible consequences. The interactions between alveolar 

macrophages and epithelial cells have been shown to trigger epithelial to mesenchymal 

transition (Nagaraja and Nagarajan 2018). We also identified an interaction sent by the FLT1 

positive alveolar macrophages and received by the gCap tip cells that participates in the 

induction of pro-angiogenic signaling. 

Another couple of populations that are of great relevance for the function of the lungs 

are the aerocytes and AT1 cells. Indeed, in normal conditions, these two populations are in 

close contact with each other to perform the function of the lungs: the gas exchanges 

between the blood and the outside air (L. Song et al. 2024). After irradiation, we observe a 

disorganization and a collapse of the structure of the alveoli (Knudsen, Ruppert, and Ochs 

2017). Therefore, we can make the hypothesis that there might be a loss of contact between 

the two populations. At the late stages after irradiation, during fibrosis, we observe evidence 

of senescence in both aerocytes and AT1 cells. This senescence could be a consequence of 

the disruption of the lung tissue, the inflammatory context, or possibly replicative 

senescence. However, the loss of contact between the aerocytes and the AT1 cells could also 

partly be a consequence of the senescence of the populations: it has been shown that the 

presence of senescent cells can disrupt tight junctions and disorganize monolayers of cells 

(Krouwer et al. 2012). Like many other processes occurring during the development of 

radiation-induced pulmonary fibrosis, it is a difficult task to determine if a particular event is 

a cause or a consequence. In order to identify potential treatments, it is important to 

elucidate the sequential activation of the distinct pathways and how they are spatially 

connected to each other. 
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CHAPTER VI – Perspectives 
 

All the results presented in this study are based on the analysis of single cell RNA 

sequencing data. While this type of analysis is a great way to obtain a better understanding 

of the complexity of a tissue and its response to a stimulus using a low number of samples, 

the results obtained need to be validated using other methods: in vivo or in vitro experiments, 

immunostaining, co-culture experiments, spatial transcriptomics (Curras-Alonso et al. 2021), 

FACS. Therefore, we plan to perform these experiments in order to verify the previous 

conclusions made during this thesis. 

1. Study of the spatial context of the changes induced by 
irradiation 

First, we will use the spatial transcriptomics technique Xenium from 10X Genomics to 

analyze the spatial changes induced by irradiation to the human lungs from Pancoast patients 

we already analyzed with single cell RNA sequencing. 

Furthermore, we are in collaboration with a research group in Institut Pasteur to 

develop an in-house sequential single molecular FISH method called autoFISH (FIGURE 5.2) 

that we are planning to use to map the human and mouse lungs and the structural changes 

triggered by radiotherapy or irradiation.  

 

 

The first step of autoFISH is the overnight hybridization of the primary probes for all 

the genes of interest. The probes are composed of a segment specific to the mRNA of the 

FIGURE 6.1. principle of the autoFISH method 
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gene and binding to it, and of a gene-specific segment. This first step is followed by several 

rounds of hybridization, imaging and stripping allowing the analysis of two targets per round. 

During each round, the secondary gene specific probe partly hybridizes with the gene-specific 

segment and partly with a readout fluorescent probe. The tissue is then images, and stripping 

probes are used to remove the secondary probes before the next round. This innovative 

method will allow us to image the presence of mRNAs of the different cell population markers, 

as well as cell states markers. Furthermore, we will be able to validate the predicted 

intercellular communications by analyzing the position of the partners of the communication 

as well as the expression of the ligands and receptors. The computational analysis of the 

results of the autoFISH is challenging, especially the cell segmentation. Indeed, the cells of 

the lungs present various shapes that can be very difficult to delimitate. Therefore, as part of 

our collaboration with Institut Pasteur, a new computational method called ComSeg was 

developed for a more efficient segmentation (Defard et al. 2024, ANNEXE VII). 

2. Lineage tracing study of the endothelial cells 

Endothelial cells appear to have a decisive role in the regeneration of the lung and the 

development of pulmonary fibrosis. In order to precise the fate of the progenitor gCap cells 

and study the origin of the senescent aCap cells, we are developing mouse models of aCap 

(Apln Cre) and gCap (Aplnr Cre). This will allow us to perform lineage tracing analysis and 

obtain an unprecedented understanding of the role of the different populations of 

endothelial cells in the development of RIPF. 

3. Senescence and the use of senolytiques 

As we saw in this study, regenerative processes and its dysfunction play a major role 

in the failure to heal properly after a RILI, leading to pulmonary fibrosis. The single cell RNA 

sequencing data from both the epithelial cells and the endothelial cells indicated the possible 

presence of senescence at the stage of pulmonary fibrosis. These two populations play a 

major role in the proper functioning of the lungs, and senescence could have a great impact 

on their functioning. Senescence is characterized by a cell cycle arrest and metabolic changes 

including the secretion in the cell environment of pro-inflammatory cytokines and other 

molecules, called senescence-associated secretory phenotype (SASP) (W. Huang et al. 2022). 
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Senescence can be a defense mechanism against tumor cells, to prevent their proliferation 

and accumulation. Senescent cells have also been shown to play a role in physiological 

condition, and elimination of p16 high cells reduces the lifespan of mice (Grosse et al. 2020). 

However, in some pathological cases, senescence can be detrimental. Secretion of SASP by 

senescent cells can induce the neighboring cells to turn senescent as well.  In this manner, 

senescence can spread across the tissue and impair the normal functioning of the organ.  

Senescence can be cause by different processes. Telomeres are protective caps at the 

ends of chromosomes that shorten with each cell division. When telomeres become critically 

short, it triggers a DNA damage response and senescence. Various forms of DNA damage, 

such as double-strand breaks, can activate the DNA damage response pathways and induce 

senescence as a protective mechanism against propagating damaged cells. Excessive 

production of ROS or deficiencies in antioxidant defences can cause oxidative damage to 

cellular components, including DNA, leading to senescence. Changes in chromatin structure 

and epigenetic modifications, such as DNA methylation and histone modifications, can 

contribute to the induction of senescence through the p16-RB pathway. Impaired 

mitochondrial function and increased mitochondrial oxidative stress can trigger senescence 

through various mechanisms, including DNA damage and metabolic dysregulation. Chronic 

inflammation and the associated secretion of pro-inflammatory cytokines can promote 

cellular senescence, particularly in the context of aging and age-related diseases.  

These causes often interact and reinforce each other, creating a complex network of 

signaling pathways that ultimately lead to a global senescence of the tissue. This seems to be 

the case of RIPF, with diverse mechanisms leading to senescence and failure to heal the RILI. 

Therefore, one of the possibilities to prevent RIPF is the use of senolytics, a class of drugs that 

selectively eliminate senescent cells (Kirkland and Tchkonia 2020). This is currently under 

investigation in the context of IPF and various studies present positive results. A first human 

open label pilot study involving fourteen patients suffering from IPF treated with a 

combination of two senolytic drugs (dasatinib and quercetin) showed an alleviation of the 

respiratory symptoms (Justice et al. 2019). Other studies have shown the potential of 

senolytics in the context of IPF (Lee et al. 2024; de Godoy, Macedo, and Gambero 2024; 

Lehmann et al. 2017). A few studies using a mouse model of ionizing thoracic radiation also 

show some alleviation of pulmonary symptoms (Meng et al. 2021; Nguyen et al. 2018; Zhou 
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et al. 2022) and even a reversion of the fibrosis in one study (Pan et al. 2017). However, the 

effect of senolytics on the development of RIPF is still poorly understood and was never 

studied using scRNAseq. Therefore, we plan to test the administration of senolytics to mice 

at various time points before, after or at the moment of irradiation, in order to determine the 

most efficient moment for the administration of the drugs, as well as perform scRNAseq 

experiment on irradiated mice treated with senolytics in order to obtain a better 

understanding of the mechanisms of fibrosis alleviation after administration of senolytics. 

4. The use of FLASH radiotherapy to spare the healthy tissues 

Another possibility for the reduction of radiotherapy side effects is the use of 

innovative radiotherapy modality. The FLASH radiotherapy method is one of them, and was 

developed by Vincent Favaudon in my research group (V. Favaudon, Fouillade, and Vozenin 

2015; Fouillade et al. 2020). FLASH radiotherapy delivers radiation at ultra-high dose rates, 

typically greater than 40 Gy/s, to treat tumors, with the entire radiation dose delivered in less 

than 200 milliseconds. FLASH radiotherapy treatment shows reduced radiation-induced 

toxicity in healthy tissues with the same tumoral control as conventional radiotherapy. 

Preclinical studies have shown that FLASH radiotherapy can control tumors while minimizing 

normal tissue toxicity compared to CONV radiotherapy. This effect has been shown in 

different organisms (mouse, cat, dog, pig, zebrafish) and different organs (lung, skin, brain, 

gut) (Limoli and Vozenin 2023) and the first results on human patients are very promising 

(Bourhis et al. 2019). Currently, the mechanisms of radioprotection of FLASH are under 

investigation in my research group, using a similar approach as the one presented in this 

manuscript with single cell RNA sequencing data analysis of mice irradiated with the FLASH 

radiotherapy method, at several time points post irradiation, and with the study of irradiated 

lung slices from human and mice (Dubail et al. 2023).  

5. Tutorials for single cell RNA sequencing data analysis 

This project allowed us to gain a better understanding of the complex mechanisms of 

lung response to radiation injury and development of radiation induced pulmonary fibrosis, 

thanks to the use of single cell RNA sequencing data analysis. This method is very effective to 

decipher the events occurring in complex tissues composed of numerous cell types and 
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states. However, it can be difficult to start the analysis of this very complex data. Therefore, I 

wrote tutorials for the analysis of single cell RNA sequencing data for beginners that can be 

found in ANNEXE V. They should allow more people to exploit the full potential of single cell 

RNA sequencing. 

6. Conclusion 

Overall, we are confident that this work has significantly advanced our understanding 

of radiation-induced lung injuries, laying a strong foundation for further investigation into 

many unresolved questions. The application of single-cell RNA sequencing has provided a 

powerful tool for elucidating the diverse normal tissue cellular responses and intercellular 

interactions initiated by radiation-induced lung injury. Furthermore, our findings highlight 

potential new therapeutic targets and pave the way for innovative drug use to combat this 

deadly radiotherapy side effect. 
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ANNEXE I – Markers used for the 
identification of the lung populations.  

 

TABLE 1 – markers used for the identification of the lung epithelial cells populations. 

Cell type Markers human Markers mouse Reference 
AT1 AGER, PDPN, CLIC5 Ager, Clib5, Pdpn 

(Travaglini et al. 

2020) 

AT2 SFTPB, SFTPC, 
SFTPD 

Sftpc, Muc1, Etv5 

Club cells CYP2F2, SCGB3A2, 
CCKAR 

Scgb3a2, Cyp2f2, Cckar 

Goblet cells MUC5B, MUC5AC, 
SPDEF 

Tff2, Muc5b, Spdef 

Ciliated cells FOXJ1, TUBB1, TP73 Foxj1, Ccdc78, Fam183b 
Basal cells KRT5, KRT14, TP63, 

DAPL1 
Krt5, Trp63, Dapl1 

Aberrant 
basaloid cells 

TP63, KRT17, 
LAMB3, LAMC2 

 
(Adams et al. 

2020) 

AT0 SFTPB, SFTPC, 
SCGB3A2 

Sftpb, Sftpc, Scgb3a2 
(Kadur 

Lakshminarasimh

a Murthy et al. 

2022) 

Secretory cells SFTPB, SCGB3A2, 
SCGB1A1 

Sftpb, Scgb3a2, Scgb1a1 
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TABLE 2 – markers used for the identification of the lung mesenchymal cells populations. 

Cell type Markers human Markers mouse Reference 
Fibroblasts COL1A1, PDGFRA Pdgfra 

(Travaglini et al. 
2020) 

Myofibroblasts COL1A1, PDGFRA, 
ELN, ACTA2 

Wif1, Fgf18, Aspn 

Adventitial 
fibroblasts 

 Serpinf1, Pi16, Entpd2 

Alveolar 
fibroblasts 

 Fgfr4, Slc7a10, Slc38a5 

Pericytes  Trpc6, Higd1b, Vtn 
Pericytes CSPG4, TRPC6, 

PDGFRB 
 

Vascular smooth 
muscle cells 

CNN1, ACTA2, 
TAGLN, RGS5 

 

Airway smooth 
muscle cells 

CNN1, ACTA2, 
TAGLN, DES, LGR6 

 

Smooth muscle 
cells 

 Acta2, Cnn1, Tagln 

Peribronchial 
fibroblasts 

 Fgf8, Hhip (Tsukui et al. 
2020) 

Lipofibroblasts COL1A1, PDGFRA, 
PLIN2, APOE 

 (Travaglini et al. 
2020), (Liu et al. 
2021) 
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TABLE 3 – markers used for the identification of the lung endothelial cells populations. 

Cell type Markers human Markers mouse Reference 
aCap SOSTDC1, EDNRB, 

HPGD  
Car4, Ednrb, Fibin 

(Gillich et al. 
2020) 

gCap FCN3, EDN1, SLC6A4 Gpihbp1, Pvalp, Cd93, 
Ptprb 

Vein EC CPE, PTGDS, C7, 
PLA1A 

Nr2f2, Vwf 

Artery EC CXCL12, GJA5, DKK2 Gja5, Bmx, Vwf 
Lymphatic EC CCL21, TFF3, 

MMRN1 
Pdpn, Prox1 

Tip cells ADM, ANKRDd37, C1QTNF6, 
CLDN5, COL4A1, COL4A2, 
COTL1, DLL4, EDNRB, 
FSCN1, GPIHBP1, HSPG2, 
IGFBP3, INHBB, JUP, 
KCNE3, KCNJ8, LAMA4, 
LAMB1, LXN, MARCKSL1, 
MCAM, MEST, N4 BP3, 
NID2, NOTCH4, PLOD1, 
PLXND1, PMEPA1, PTN, 
RAMP3, RBP1, RGCC, RHOC, 
TRP53ILL, UNC5B, KDR, 
FLT4 

Adm, Ankrd37, C1qtnf6, Cldn5, 
Col4a1, Col4a2, Cotl1, Dll4, 
Ednrb, Fscn1, Gpihbp1, Hspg2, 
Igfbp3, Inhbb, Jup, Kcne3, Kcnj8, 
Lama4, Lamb1, Lxn, Marcksl1, 
Mcam, Mest, N4 bp3, Nid2, 
Notch4, Plod1, Plxnd1, Pmepa1, 
Ptn, Ramp3, Rbp1, Rgcc, Rhoc, 
Trp53ill, Unc5B, Kdr, Flt4 

(W. Chen et al. 
2019) 

Stalk cells ACKR1, AQP1, C1QTNF9, 
CD36, CSRP2, EHD4, FBLN5, 
HSPB1, LIGP1, IL6ST, JAM2, 
LGALS3, LRG1, MEOX2, 
PLSCR2, SDPR, SELP, 
SPINT2, TGFBI, TGM2, 
TMEM176A, TMEM176B, 
TMEM252, TSPAN7, FLT1, 
VWF 

Ackr1, Aqp1, C1qtnf9, Cd36, 
Csrp2, Ehd4, Fbln5, Hspb1, 
Ligp1, Il6st, Jam2, Lgals3, Lrg1, 
Meox2, Plscr2, Sdpr, Selp, 
Spint2, Tgfbi, Tgm2, Tmem176a, 
Tmem176b, Tmem252, Tspan7, 
Flt1, Vwf 

 

  



 227 

TABLE 4 – markers used for the identification of the lung myeloid cells populations. 

Cell type Markers human Markers mouse Reference 
Conventional 
DC 

CD1C, CD141 Cd45, Cd8, Cd4, Cd11b (Cook and 
MacDonald 2016; 
Merad et al. 
2013) 

Plasmacytoid 
DC 

LILRB4, IRF8, 
LILRA4 

Siglech, Cd300c, Klk1 

(Travaglini et al. 
2020) 

Monocyte 
derived DC 

MHCII, CLEC9A, 
LAMP3, CD1C, PLD4 

MHCII, Cd24a, Clec9a, 
Sirpa, Itgam 

Classical 
monocytes 

CD14, S100A8 Cd14, F13a1, Ly6c2 

Non classical 
monocytes 

S100A8, CD16 Emr4, Itgax, Treml4 

Macrophage MARCO, MSR1, 
MRC1 

 

Neutrophils S100A8, S100A9, 
IFITM2, FCGR3B 

Retnlg, S100a8, S100a9 

AM CYP27A1, MARCO, 
FABP4 

Marco, Msr1, Mcr1 
(Sikkema et al. 
2023) IM F13A1, FOLR2 MHCII, C1qa, Trem2 

Resident AM  Siglec-F, Cd11c (Shi et al. 2021) 
Recruited AM  Cd11b 
Vessel 
associated IM 

 Lyve1, Prg4, Tgfb2 
(Ural et al. 2020; 
Gibbings et al. 
2017) 

Nerve 
associated IM 

 MHCII 
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TABLE 5 – markers used for the identification of the lung lymphoid cells populations. 

Cell type Markers human Markers mouse Reference 
B cells CD79A, CD24, 

MS4A1, CD19 
Cd79a, Cd19, Ms4a1 

(Travaglini et al. 
2020) 

Plasma cells CD79A, CD27, 
SLAMF7 

Cd79a, Cd27, Slamf7 

T cells CD3E CD3e, Lck 
CD8+ T cells CD8, GZMH Cd8e 
CD4+ T cells CD4 Cd4 
NK cells KLRD1, NKG7, 

TYROBP 
Klrb1a, Tyrobp, Gzma 

Basophils MS4A2, CPA3, 
TPSAB1 

Cpa3, Ms4a2, Mcpt8 
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ANNEXE II – Metadata of the human 
samples sequenced.  

TABLE 6 – metadata of the human samples sequenced. 

SAMPLE 

NAME 

SEXE AGE IR 

STATUS 

SORTED CONDITION NUMBER 

OF 

CELLS 

CELLRANGER 

VERSION 

REFERENCE 

GENOME 

PATIENT1_NI M 64 NI NO Pancoast_NI 4833 3.1.0 GRCh38-3.0.0 

PATIENT1_IR M 64 IR NO Pancoast_IR 3675 3.1.0 GRCh38-3.0.0          

PATIENT2_NI M 61 NI NO Pancoast_NI 6184 3.1.0 GRCh38-3.0.0 

PATIENT2_IR M 61 IR NO Pancoast_IR 5881 3.1.0 GRCh38-3.0.0          

PATIENT3_NI M 53 NI CD45neg Pancoast_NI 1984 3.1.0 GRCh38-3.0.0 

PATIENT3_IR M 53 IR CD45neg Pancoast_IR 1479 3.1.0 GRCh38-3.0.0          

PATIENT4_NI M 42 NI NO Pancoast_NI 5894 6.0.0 GRCh38-2020-A 

PATIENT4_IR M 42 IR NO Pancoast_IR 25175 6.0.0 GRCh38-2020-A          

PATIENT5_NI M 42 NI NO Pancoast_NI 3376 7.1.0 GRCh38-2020-A 

PATIENT5_IR M 42 IR NO Pancoast_IR 1876 7.1.0 GRCh38-2020-A          

PATIENT6_NI F 75 NI NO Pancoast_NI 11057 7.1.0 GRCh38-2020-A 

PATIENT6_IR F 75 IR NO Pancoast_IR 5634 7.1.0 GRCh38-2020-A 
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ANNEXE III – Metadata of the mouse 
samples sequenced. 

 TABLE 7 – metadata of the mouse samples sequenced.  

SAMPLE NAME EXPERIMENT IR 

DOSE 

TIME 

POINT 

CONDITION NUMBER 

OF 

CELLS 

CELLRANGER 

VERSION 

NI_YOUNG_1 M51 NI NI NI 4241 7.1.0 

NI_YOUNG_2 M51 NI NI NI 4062 7.1.0 

IR_CONV_10GY_1M_1 M48 10Gy 1M IR_CONV_10Gy_1M 5673 7.1.0 

IR_CONV_10GY_1M_2 M48 10Gy 1M IR_CONV_10Gy_1M 4622 7.1.0 

IR_CONV_10GY_2M_1 M46 10Gy 2M IR_CONV_10Gy_2M 3947 7.1.0 

IR_CONV_10GY_2M_2 M46 10Gy 2M IR_CONV_10Gy_2M 5003 7.1.0 

IR_CONV_10GY_3M_1 M47 10Gy 3M IR_CONV_10Gy_3M 8105 7.1.0 

IR_CONV_10GY_3M_2 M47 10Gy 3M IR_CONV_10Gy_3M 3901 7.1.0 

IR_CONV_10GY_4M_1 M45 10Gy 4M IR_CONV_10Gy_4M 4508 7.1.0 

IR_CONV_10GY_4M_2 M45 10Gy 4M IR_CONV_10Gy_4M 4383 7.1.0 

IR_CONV_10GY_5M_1 M51 10Gy 5M IR_CONV_10Gy_5M 4284 7.1.0 

IR_CONV_10GY_5M_2 M51 10Gy 5M IR_CONV_10Gy_5M 7802 7.1.0 

IR_CONV_13GY_24H_1 M42 13Gy 24H IR_CONV_13Gy_24H 6599 6.0.0 

IR_CONV_13GY_24H_2 M42 13Gy 24H IR_CONV_13Gy_24H 7215 6.0.0 

IR_CONV_13GY_24H_3 M42 13Gy 24H IR_CONV_13Gy_24H 4991 6.0.0 

IR_CONV_13GY_1M_1 M48 13Gy 1M IR_CONV_13Gy_1M 4527 7.1.0 

IR_CONV_13GY_1M_2 M48 13Gy 1M IR_CONV_13Gy_1M 3587 7.1.0 

IR_CONV_13GY_2M_1 M46 13Gy 2M IR_CONV_13Gy_2M 5984 7.1.0 

IR_CONV_13GY_2M_2 M46 13Gy 2M IR_CONV_13Gy_2M 6285 7.1.0 

IR_CONV_13GY_3M_1 M47 13Gy 3M IR_CONV_13Gy_3M 5846 7.1.0 

IR_CONV_13GY_3M_2 M47 13Gy 3M IR_CONV_13Gy_3M 4424 7.1.0 

IR_CONV_13GY_4M_1 M44 13Gy 4M IR_CONV_13Gy_4M 4622 7.1.0 

IR_CONV_13GY_4M_2 M44 13Gy 4M IR_CONV_13Gy_4M 3805 7.1.0 

IR_CONV_13GY_5M_1 M41 13Gy 5M IR_CONV_13Gy_5M 4731 6.0.0 

NI_OLD_1 M37 NI 19M NI_19M 5578 6.0.0 

NI_OLD_2 M37 NI 19M NI_19M 5754 6.0.0 

NI_OLD_3 M43 NI 26M NI_26M 2550 7.1.0 

NI_OLD_4 M43 NI 26M NI_26M 3274 7.1.0 

IR_CONV_10GY_19M_1 M37 10Gy 19M IR_CONV_10Gy_19M 5073 6.0.0 

IR_CONV_10GY_19M_2 M37 10Gy 19M IR_CONV_10Gy_19M 6579 6.0.0 

IR_CONV_10GY_19M_3 M37 10Gy 19M IR_CONV_10Gy_19M 8484 6.0.0 
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ANNEXE IV – An interactive murine 
single-cell atlas of the lung responses to 

irradiation injury (publication) – 
supplementary figures. 
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ANNEXE V – Tutorials to start in 
single cell RNA seq data analysis. 

 

Single cell RNA sequencing data analysis can be challenging at first, with the variety of 

tools and methods that exist. Therefore, I wrote tutorials for beginners to more easily start 

the analysis, with the different steps, why they are done, what are some of the alternatives 

and links to additional resources to better understand the different scripts. These tutorials 

were shared through the Bioinfo-Hub of Curie Institute, a grouping of the Institute 

bioinformaticians that aims to share and mutualize knowledge and experience on 

bioinformatic and biostatistics. 

1) Pre-processing of the data 

2) Merging of several samples 

3) Integration of several samples to correct batch effect 

4) Cell populations identification 

5) Visualization and simple analysis 

6) Trajectory analysis with Monocle3  
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ANNEXE VI – Spatial transcriptomics 
for respiratory research and medicine 

(publication). 
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ANNEXE VII – A point cloud 
segmentation framework for image-

based spatial transcriptomics 
(publication). 
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RÉSUMÉ POUR LE GRAND 
PUBLIC 

La radiothérapie est l’un des traitements principaux du cancer du poumon. 

Cependant, les tissus entourant la tumeur reçoivent également une dose d’irradiation. 

Certains patients ont en réaction une pneumopathie qui peut se compliquer pour les cas les 

plus graves en fibrose pulmonaire. Cette maladie présente une évolution progressive, 

irréversible et mortelle en raison des tissus cicatriciels se développant dans les poumons et 

empêchant la respiration. Le but de mon projet est d’étudier les mécanismes encore mal 

connus de cette maladie en utilisant une technologie permettant d’analyser la réponse de 

chaque cellule à la radiothérapie. En utilisant des échantillons provenant de patients ayant 

subi une radiothérapie et également de modèles de souris, nous avons permis l’avancée des 

connaissances des processus cellulaires et moléculaires impliqués dans la fibrose pulmonaire 

radio-induite. L’optique étant de trouver des traitements afin d’améliorer la qualité de vie des 

patients. 
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ABSTRACT FOR THE GENERAL 
PUBLIC 

Radiotherapy is one of the main treatments for lung cancer. However, the tissues 

surrounding the tumor also receive a dose of radiation. Some patients in reaction have a 

pneumonia, which for the most serious cases can complicate to pulmonary fibrosis. This 

disease has a progressive, irreversible and fatal evolution due to the scar tissue developing in 

the lungs and preventing breathing. The aim of my project is to study the still poorly 

understood mechanisms of this disease by using a technology that allow the analysis of the 

response of each individual cell to radiotherapy. By using samples from patients who 

underwent radiotherapy and also from mouse models, we have advanced knowledge of the 

cellular and molecular processes involved in radiation-induced pulmonary fibrosis. The aim is 

to find treatments to improve the quality of life of patients.   
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RÉSUMÉ 
 
La radiothérapie est l’une des principales options thérapeutiques pour le traitement du 

cancer thoracique, y compris le cancer du poumon, première cause de mortalité par cancer dans le 
monde. Cependant, cinq à vingt pour cent des patients qui subissent une radiothérapie souffriront 
de toxicités pulmonaires liées aux radiations, allant de la pneumopathie à l’irréversible fibrose 
pulmonaire radio-induite (FPRI). La FPRI se caractérise par une destruction progressive et 
irréversible de la structure des alvéoles, ainsi que par un dépôt de collagène. Ce développement de 
tissu cicatriciel altère la fonction normale du poumon : les échanges gazeux entre l’air et le sang, 
et l’évacuation des déchets gazeux, conduisant à une insuffisance respiratoire et finalement à la 
mort. Certains des principaux événements moléculaires et cellulaires survenant au cours du 
développement de cette pathologie ont été décrits, mais les mécanismes détaillés et leur temporalité 
restent largement inconnus. Par conséquent, l’objectif de mon projet est de mieux comprendre les 
événements cellulaires et moléculaires précis induits par les radiations, du stade initial de la 
pneumopathie au stade terminal de la fibrose pulmonaire. 

L'utilisation du séquençage d'ARN de cellules uniques (scRNA seq) nous a permis de 
décrire avec des détails inédits les processus induits par l'irradiation au sein des tissus non tumoraux 
et l'interaction entre les différentes populations cellulaires, ainsi que la dynamique de ces processus. 
Dans un premier temps, nous avons utilisé un modèle murin pour comparer l'effet d'une dose 
d'irradiation fibrogène ou non fibrogène et analyser la séquence temporelle du développement des 
événements après l'irradiation. Nous avons observé l'initiation de divers processus d'inflammation 
et de réparation de différentes populations (cellules endothéliales, épithéliales et myéloïdes) de 
manière similaire après une dose d'irradiation fibrogène ou non fibrogène : régénération des 
pneumocytes par dédifférenciation des pneumocytes de type II ou transdifférenciation, 
signalisation pro-angiogénique induisant des processus de réparation de la microvasculature, 
différenciation des monocytes en macrophages interstitiels. Cependant, trois mois après 
l'irradiation, les souris irradiées avec une dose non fibrogène guérissent, tandis que les souris 
irradiées avec une dose fibrogène entrent dans une inflammation chronique, présentent un 
changement dans le phénotype des fibroblastes qui se différencient en myofibroblastes et 
produisent une matrice extracellulaire, induisent une transition épithéliale vers mésenchymateuse 
des pneumocytes. 

De plus, ce projet présente la première analyse scRNA seq d'échantillons de tissus 
pulmonaires non tumoraux de patients ayant subi une radiothérapie pour un cancer du poumon. Les 
résultats ont mis en évidence l'activation importante de la signalisation pro-angiogénique par 
l'irradiation dans les tissus pulmonaires non tumoraux et nous ont permis de décrire certains des 
processus de réparation de la microvasculature, à travers différents états cellulaires endothéliaux 
tels que les cellules « tip » et « stalk », avec une communication intercellulaire importante avec un 
sous-type spécifique de macrophages alvéolaires recrutés depuis la circulation. 

Ce travail a permis de mieux comprendre les mécanismes conduisant à la FPRI, avec un 
aperçu unique de la réponse pulmonaire du patient à la radiothérapie. De plus, la disponibilité des 
données temporelles de souris et des données humaines pourrait faciliter d’autres études. Dans 
l’ensemble, mon projet a participé à l’effort visant à accroître les connaissances sur la 
physiopathologie de la fibrose pulmonaire radio-induite afin de trouver des options thérapeutiques 
pour prévenir, arrêter le développement ou traiter l’évolution de cet effet secondaire mortel de la 
radiothérapie. 
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ABSTRACT 
 

Radiotherapy is one of the main therapeutic options for thoracic cancer treatment, 
including lung cancer, the first cause of cancer-related death worldwide. However, five to 
twenty percent of the patients that undergo radiotherapy will suffer from lung radiation 
toxicities, from pneumonitis to irreversible radiation induced pulmonary fibrosis (RIPF). RIPF 
is characterized by a progressive and irreversible destruction of the alveoli structure, along 
with collagen deposition. This scar tissue development impairs the normal function of the 
lung: the gas exchanges between the air and the blood, and the evacuation of gaseous waste, 
leading to pulmonary failure and ultimately death. Some of the main molecular and cellular 
events occurring during the development of this pathology have been described, however 
the detailed mechanisms and their temporality remain largely unknown. Therefore, the 
objective of my project is to gain a better understanding of the precise cellular and molecular 
events induced by radiation, from the initial stage of pneumonitis to end-stage pulmonary 
fibrosis. 

The use of single cell RNA sequencing (scRNA seq) allowed us to describe with 
unprecedented details the processes induced by irradiation in the non-tumoral tissue and the 
interplay between the different cell populations, as well as the dynamics of these processes. 
First, we used a mouse model to compare the effect of a fibrogenic dose of irradiation or a 
non fibrogenic dose of irradiation and the temporal sequence of events development after 
irradiation. We observed the initiation of various processes of inflammation and repair of 
different populations (endothelial, epithelial and myeloid cells) in a similar way after either a 
fibrogenic or non-fibrogenic dose of irradiation: regeneration of the pneumocytes through a 
dedifferentiation of the type II pneumocytes or transdifferentiation, pro-angiogenic signaling 
inducing processes of microvasculature repair, monocyte differentiation to interstitial 
macrophages. However, three months post irradiation, the mice irradiated at a non-
fibrogenic dose recover, whereases the mice irradiated at a fibrogenic dose enter chronic 
inflammation, present a shift in the phenotype of fibroblasts that differentiate into 
myofibroblasts and produced extracellular matrix, induce epithelial to mesenchymal 
transition of the pneumocytes. 

Furthermore, this project presents the first scRNA seq analysis of non-tumoral lung 
tissue samples from patients who underwent radiotherapy for lung cancer. The results 
highlighted the important activation of pro-angiogenic signaling by irradiation in non-tumoral 
lung tissue and allowed us to describe some of the repair processes of the micro-vasculature, 
through different endothelial cell states such as the tip and stalk cells, with important 
intercellular communication with a specific subtype of recruited alveolar macrophages. 

This work provided a better understanding of the mechanisms leading to RIPF, with 
unique insight about the patient's lung response to radiotherapy. Furthermore, the 
availability of both the mouse temporal dataset and the human dataset could facilitate 
further studies. Overall, my project participated in the effort increase knowledge on the 
physiopathology or radiation-induced pulmonary fibrosis in order to find therapeutic options 
to prevent, stop the development or treat the advancement of this deadly side effect of 
radiotherapy. 
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