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Abstract: Induced pluripotent stem cells (iPSCs) are 
generated by reprogramming adult cells back into an 
embryonic-like state. iPSCs can be differentiated into various 
cell types, making them a valuable tool for regenerative 
medicine, disease modeling and drug discovery.  

In case of monogenic or malignant diseases where a driver 
gene has been identified, it is possible to use both patient-
derived iPSCs and their CRISPR-corrected isogenic control iPSCs 
to identify the distinct characteristics linked to the mutation. 
We have used this strategy to unravel the effect of REarranged 
during Transfection (RET), a tyrosine kinase receptor, during 
iPSC differentiation within two different contexts. We first 
studied the potential role of RET in the induction of 
hematopoietic cells. In the second part, the objective was to 
replicate a malignant lung carcinoma in vitro by generating lung 
organoids and lung progenitor cells (LPC) from these iPSCs. For 
these purposes we have used an iPSC derived from a patient 
carrying the RETC634Y somatic mutation (iRETC634Y) which is 
responsible for the autophosphorylation of the protein RET and 
therefore the constitutive activation of its signaling pathway. 
We have completed our studies with the generation of a 
RETC634Y knock-in iPSC (PB68-RETC634Y). 

In the first part of this manuscript, these iPSCs were 
differentiated into hematopoietic cells to investigate the role of 
RET in iPSC-derived hematopoiesis. Indeed, previous studies 
have shown that RET plays a role in mice hematopoiesis as 
demonstrated by RET knock-out mice exhibiting significant 
deficiencies in hematopoiesis. In the context of cord blood (CB) 
cells, RET activation led to a significant amplification of 
hematopoietic stem cell (HSCs). These published results 
prompted us to analyze the potential role of RET in iPSC-derived 
hematopoiesis. We have studied this potential by using in vitro 
hematopoietic induction strategies allowing reproducible 
generation of hematopoietic cells with HSC markers using 
control versus RET-activated or overexpressed iPSCs. As 
opposed to the reports in mice and adult CB cells, we report an 
inhibitory effect of RET activation in the context of iPSCs. 
Transcriptomic analyses revealed a specific activated expression 
profile in iRETC634Y, including overexpression of genes associated 
with the MAPK network and negative hematopoietic regulator 
activities. These findings suggest that RET activation might be 
associated with inhibitory effects on iPSC-derived 
hematopoiesis, potentially through MAPK activation. 

 

In the second part of this work, we have asked whether 
we could reproducibly generate LPCs from patient-derived 
iPSCs carrying the RETC634Y somatic mutation using a 16-day 
protocol with the purpose to generate a model of RET-driven 
non-small cell lung cancer (NSCLC). Indeed, RET oncogenic 
rearrangements can occur in 1-2% of lung adenocarcinomas 
and only a few models for studying this disease are available. 
We have shown the successful generation of LPCs expressing 
expected lung progenitor markers. LPCs generated from 
RETC634Y iPSCs displayed an overexpression of cancer-
associated markers as compared to control iPSCs. 
Transcriptomic analysis revealed distinct signatures indicating 
lung multilineage dedifferentiation in NSCLC tumors, along 
with an upregulated signature associated with the RETC634Y 
mutation, potentially linked to worse NSCLC prognosis. The 
findings were further validated using the RETC634Y knock-in 
iPSC model, highlighting key cancerous targets PROM2 and 
C1QTNF6, known for their association with poor prognostic 
outcomes. Moreover, LPCs derived from RETC634Y iPSCs 
showed a positive response to the RET inhibitor Pralsetinib, 
evidenced by the downregulation of cancer markers. This 
study establishes the first model of RET-driven NSCLC LPCs 
generated from patient-derived iPSCs. 

Due to their theoretically unlimited differentiation 
potential under the appropriate cues, iPSCs represent a major 
tool to study different diseases starting from the same 
oncogene-bearing clone. This work also demonstrates the 
versatility of iPSCs, as a single iPSC line can be utilized to 
investigate various mechanisms and serve as model for 
different tissues. 

 

  



 

 

 

Titre : Cellules souches pluripotentes induites (CSPi) exprimant RET pour la modélisation de l'hématopoïèse et du 
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Résumé : Les cellules souches pluripotentes induites 

(CSPi) sont générées en reprogrammant des cellules adultes 
pour les ramener à un état semblable à l’état embryonnaire. Les 
CSPi ont la capacité de se différencier en divers types de cellules, 
ce qui en fait des outils précieux pour la médecine 
régénératrice, la modélisation des maladies et la découverte de 
médicaments. 

Lorsqu’un gène « driver » a été identifié dans le cas d’une 
maladie monogénique ou maligne, il est possible d'utiliser à la 
fois une CSPi dérivée d’un patient et de générer une CSPi 
isogénique contrôle pour identifier les caractéristiques 
spécifiques liées à la mutation. Nous avons utilisé cette stratégie 
pour étudier l'effet du gène REarranged during Transfection 
(RET), un récepteur de tyrosine kinase, au cours de la 
différenciation des CSPi dans deux contextes. Nous avons 
d'abord étudié le rôle potentiel de RET dans l'induction des 
cellules hématopoïétiques. Dans la deuxième partie, l'objectif 
était de reproduire un carcinome pulmonaire malin in vitro en 
générant des cellules progénitrices pulmonaires (CPP) et des 
organoïdes à partir de ces CSPi. Pour répondre à ces deux 
objectifs, nous avons utilisé des CSPi dérivées d'un patient 
porteur de la mutation somatique RETC634Y (iRETC634Y), causant 
l'autophosphorylation de la protéine RET et donc l’activation 
constitutive de sa voie de signalisation. Nous avons complété 
nos études avec la génération d'une CSPi RETC634Y knock-in 
(PB68-RETC634Y). 

Dans la première partie de ce manuscrit, ces CSPi ont été 
différenciées en cellules hématopoïétiques pour étudier le rôle 
de RET dans l'hématopoïèse dérivée des CSPi. En effet, des 
études antérieures ont montré que RET joue un rôle dans 
l'hématopoïèse murine, comme en témoigne l’importante 
dérégulation de l’hématopoïèse chez les souris RET knock-out. 
Dans le contexte des cellules hématopoïétiques du cordon 
ombilical (CO), l'activation de RET conduit à une amplification 
significative des cellules souches hématopoïétiques (CSH). Ces 
résultats nous ont incités à analyser le rôle potentiel de RET 
dans l'hématopoïèse dérivée des CSPi. Nous avons étudié le rôle 
de RET en utilisant des stratégies d'induction hématopoïétique 
in vitro permettant de générer de manière reproductible des 
cellules hématopoïétiques avec les marqueurs de CSH. Les CSPi 
témoins ont été comparées aux CSPi exprimant la version mutée 
de RET ou surexprimant RET. Contrairement aux données sur les 
souris et les cellules de CO adultes, nous montrons un effet 
inhibiteur de l'activation de RET dans le contexte des CSPi. Les 
analyses transcriptomiques ont révélé un profil d’expression 

spécifique dans les cellules hématopoïétiques dérivées de la 
CSPi iRETC634Y, comprenant la surexpression de gènes associés 
à la voie des MAPKs et de protéines régulant négativement 
l’hématopoïèse. Ces résultats suggèrent que l'activation de 
RET pourrait être associée à un effet inhibiteur sur 
l'hématopoïèse dérivée des CSPi, potentiellement par 
l'activation de la voie des MAPKs. 

Dans la deuxième partie de ce travail, nous nous sommes 
demandé si nous pouvions générer de manière reproductible 
des CPP à partir de CSPi dérivées de patients porteurs de la 
mutation somatique RETC634Y. Nous avons utilisé un protocole 
de 16 jours dans le but de générer un des progéniteurs 
pulmonaires pouvant reproduire un modèle de carcinome 
pulmonaire non à petites cellules (CPNPC) lié à l’activation de 
la protéine RET. En effet, les réarrangements oncogéniques 
de RET peuvent survenir dans 1 à 2% des adénocarcinomes 
pulmonaires et seuls quelques modèles d’études pour cette 
maladie sont disponibles. Nous avons généré des CPP 
exprimant les marqueurs caractéristiques des progéniteurs 
pulmonaires. Les CPP dérivées de CSPi porteur de la mutation 
RETC634Y ont montré une surexpression de marqueurs associés 
au cancer par rapport aux CSPi témoins. L'analyse 
transcriptomique a révélé des signatures distinctes indiquant 
une dédifférenciation pulmonaire dans les tumeurs CPNPC, 
ainsi qu'une signature suractivée associée à la mutation 
RETC634Y, potentiellement liée à des mauvais pronostics de 
CPNPC. Les résultats ont été validés ultérieurement en 
utilisant le modèle de CSPi où la mutation RETC634Y avait été 
knock-in, mettant en évidence les marqueurs de cancer 
PROM2 et C1QTNF6, connus pour leur association avec des 
pronostics défavorables. De plus, les CPP dérivées de CSPi 
porteur de la mutation RETC634Y ont montré une réponse 
positive à l'inhibiteur de RET, le Pralsetinib, comme en 
témoigne la régulation à la baisse des marqueurs de cancer. 
Cette étude établit le premier modèle de CPNPC lié à 
l’activation de l’oncogène RET généré à partir de CSPi 
dérivées de patients. 

En raison de leur potentiel de différenciation 
théoriquement illimité en présence de facteurs appropriés, 
les CSPi représentent un outil majeur pour étudier différentes 
maladies à partir du même clone porteur d’une mutation. Ce 
travail démontre également la polyvalence des CSPi, car une 
seule lignée de CSPi peut être utilisée pour étudier divers 
mécanismes et servir de modèles pour différents tissus. 
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scRNA-Seq – Single-cell RNA sequencing  

αSMA – Smooth Muscle Actin 

SOX – SRY-Box transcription factor 

SR1 – StemRegenin-1 

SSEA-3/4 – Stage-Specific Embryonic Antigen ¾ 

STAT – Signal Transducers and Activators of 

Transcription 

ST-HSC – Short-Term Hematopoietic Stem Cell 

TBXT – T-Box transcription factor T 

TGF-β – Transforming Growth Factor-β 

TK – Tyrosine Kinase domain 

TKI – Tyrosine Kinase Inhibitor 

TMD – Transmembrane Domain 

TNK – T/NK progenitor 

TPO – Thrombopoietin 

TRA-1-60 – T cell Receptor Alpha locus-1-60 

TTF-1 – Thyroid Transcription Factor 1 

UCB – Umbilical Cord Blood 

VE-cadherin – Vascular-Endothelial Cadherin 

VEGF – Vascular Endothelial Growth Factor 

YS – Yolk Sac
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 SUMMARY 

Les cellules souches pluripotentes induites (CSPi) sont générées en reprogrammant des cellules 

adultes pour les ramener à un état semblable à l’état embryonnaire. Les CSPi ont la capacité de se 

différencier en divers types de cellules, ce qui en fait des outils précieux pour la médecine 

régénératrice, la modélisation des maladies et la découverte de médicaments. 

Lorsqu’un gène « driver » a été identifié dans le cas d’une maladie monogénique ou maligne, il est 

possible d'utiliser à la fois une CSPi dérivée d’un patient et de générer une CSPi isogénique contrôle 

pour identifier les caractéristiques spécifiques liées à la mutation. Nous avons utilisé cette stratégie 

pour étudier l'effet du gène REarranged during Transfection (RET), un récepteur de tyrosine kinase, au 

cours de la différenciation des CSPi dans deux contextes. Nous avons d'abord étudié le rôle potentiel 

de RET dans l'induction des cellules hématopoïétiques. Dans la deuxième partie, l'objectif était de 

reproduire un carcinome pulmonaire malin in vitro en générant des cellules progénitrices pulmonaires 

(CPP) et des organoïdes à partir de ces CSPi. Pour répondre à ces deux objectifs, nous avons utilisé des 

CSPi dérivées d'un patient porteur de la mutation somatique RETC634Y (iRETC634Y), causant 

l'autophosphorylation de la protéine RET et donc l’activation constitutive de sa voie de signalisation. 

Nous avons complété nos études avec la génération d'une CSPi RETC634Y knock-in (PB68-RETC634Y). 

Dans la première partie de ce manuscrit, ces CSPi ont été différenciées en cellules 

hématopoïétiques pour étudier le rôle de RET dans l'hématopoïèse dérivée des CSPi. En effet, des 

études antérieures ont montré que RET joue un rôle dans l'hématopoïèse murine, comme en témoigne 

l’importante dérégulation de l’hématopoïèse chez les souris RET knock-out. Dans le contexte des 

cellules hématopoïétiques du cordon ombilical (CO), l'activation de RET conduit à une amplification 

significative des cellules souches hématopoïétiques (CSH). Ces résultats nous ont incités à analyser le 

rôle potentiel de RET dans l'hématopoïèse dérivée des CSPi. Nous avons étudié le rôle de RET en 

utilisant des stratégies d'induction hématopoïétique in vitro permettant de générer de manière 

reproductible des cellules hématopoïétiques avec les marqueurs de CSH. Les CSPi témoins ont été 

comparées aux CSPi exprimant la version mutée de RET ou surexprimant RET. Contrairement aux 

données sur les souris et les cellules de CO adultes, nous montrons un effet inhibiteur de l'activation 

de RET dans le contexte des CSPi. Les analyses transcriptomiques ont révélé un profil d'expression 

spécifique dans les cellules hématopoïétiques dérivées de la CSPi iRETC634Y, comprenant la 

surexpression de gènes associés à la voie des MAPKs et de protéines régulant négativement 

l’hématopoïèse. Ces résultats suggèrent que l'activation de RET pourrait être associée à un effet 

inhibiteur sur l'hématopoïèse dérivée des CSPi, potentiellement par l'activation de la voie des MAPKs. 
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Dans la deuxième partie de ce travail, nous nous sommes demandé si nous pouvions générer de 

manière reproductible des CPP à partir de CSPi dérivées de patients porteurs de la mutation somatique 

RETC634Y. Nous avons utilisé un protocole de 16 jours dans le but de générer un des progéniteurs 

pulmonaires pouvant reproduire un modèle de carcinome pulmonaire non à petites cellules (CPNPC) 

lié à l’activation de la protéine RET. En effet, les réarrangements oncogéniques de RET peuvent survenir 

dans 1 à 2% des adénocarcinomes pulmonaires et seuls quelques modèles d’études pour cette maladie 

sont disponibles. Nous avons généré des CPP exprimant les marqueurs caractéristiques des 

progéniteurs pulmonaires. Les CPP dérivées de CSPi porteur de la mutation RETC634Y ont montré une 

surexpression de marqueurs associés au cancer par rapport aux CSPi témoins. L'analyse 

transcriptomique a révélé des signatures distinctes indiquant une dédifférenciation pulmonaire dans 

les tumeurs CPNPC, ainsi qu'une signature suractivée associée à la mutation RETC634Y, potentiellement 

liée à des mauvais pronostics de CPNPC. Les résultats ont été validés ultérieurement en utilisant le 

modèle de CSPi où la mutation RETC634Y avait été knock-in, mettant en évidence les marqueurs de 

cancer PROM2 et C1QTNF6, connus pour leur association avec des pronostics défavorables. De plus, 

les CPP dérivées de CSPi porteur de la mutation RETC634Y ont montré une réponse positive à l'inhibiteur 

de RET, le Pralsetinib, comme en témoigne la régulation à la baisse des marqueurs de cancer. Cette 

étude établit le premier modèle de CPNPC lié à l’activation de l’oncogène RET généré à partir de CSPi 

dérivées de patients. 

En raison de leur potentiel de différenciation théoriquement illimité en présence de facteurs 

appropriés, les CSPi représentent un outil majeur pour étudier différentes maladies à partir du même 

clone porteur d’une mutation. Ce travail démontre également la polyvalence des CSPi, car une seule 

lignée de CSPi peut être utilisée pour étudier divers mécanismes et servir de modèles pour différents 

tissus.  
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 ABSTRACT 

Induced pluripotent stem cells (iPSCs) are generated by reprogramming adult cells back into an 

embryonic-like state. iPSCs can be differentiated into various cell types, making them a valuable tool 

for regenerative medicine, disease modeling and drug discovery.  

In case of monogenic or malignant diseases where a driver gene has been identified, it is possible 

to use both patient-derived iPSCs and their CRISPR-corrected isogenic control iPSCs to identify the 

distinct characteristics linked to the mutation. We have used this strategy to unravel the effect of 

REarranged during Transfection (RET), a tyrosine kinase receptor, during iPSC differentiation within 

two different contexts. We first studied the potential role of RET in the induction of hematopoietic 

cells. In the second part, the objective was to replicate a malignant lung carcinoma in vitro by 

generating lung organoids and lung progenitor cells (LPC) from these iPSCs. For these purposes we 

have used an iPSC derived from a patient carrying the RETC634Y somatic mutation (iRETC634Y) which is 

responsible for the autophosphorylation of the protein RET and therefore the constitutive activation 

of its signaling pathway. We have completed our studies with the generation of a RETC634Y knock-in 

iPSC (PB68-RETC634Y). 

In the first part of this manuscript, these iPSCs were differentiated into hematopoietic cells to 

investigate the role of RET in iPSC-derived hematopoiesis. Indeed, previous studies have shown that 

RET plays a role in mice hematopoiesis as demonstrated by RET knock-out mice exhibiting significant 

deficiencies in hematopoiesis. In the context of cord blood (CB) cells, RET activation led to a significant 

amplification of hematopoietic stem cell (HSCs). These published results prompted us to analyze the 

potential role of RET in iPSC-derived hematopoiesis. We have studied this potential by using in vitro 

hematopoietic induction strategies allowing reproducible generation of hematopoietic cells with HSC 

markers using control versus RET-activated or overexpressed iPSCs. As opposed to the reports in mice 

and adult CB cells, we report an inhibitory effect of RET activation in the context of iPSCs. 

Transcriptomic analyses revealed a specific activated expression profile in iRETC634Y, including 

overexpression of genes associated with the MAPK network and negative hematopoietic regulator 

activities. These findings suggest that RET activation might be associated with inhibitory effects on 

iPSC-derived hematopoiesis, potentially through MAPK activation. 

In the second part of this work, we have asked whether we could reproducibly generate LPCs from 

patient-derived iPSCs carrying the RETC634Y somatic mutation using a 16-day protocol with the purpose 

to generate a model of RET-driven non-small cell lung cancer (NSCLC). Indeed, RET oncogenic 

rearrangements can occur in 1-2% of lung adenocarcinomas and only a few models for studying this 

disease are available. We have shown the successful generation of LPCs expressing expected lung 
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progenitor markers. LPCs generated from RETC634Y iPSCs displayed an overexpression of cancer-

associated markers as compared to control iPSCs. Transcriptomic analysis revealed distinct signatures 

indicating lung multilineage dedifferentiation in NSCLC tumors, along with an upregulated signature 

associated with the RETC634Y mutation, potentially linked to worse NSCLC prognosis. The findings were 

further validated using the RETC634Y knock-in iPSC model, highlighting key cancerous targets PROM2 

and C1QTNF6, known for their association with poor prognostic outcomes. Moreover, LPCs derived 

from RETC634Y iPSCs showed a positive response to the RET inhibitor Pralsetinib, evidenced by the 

downregulation of cancer markers. This study establishes the first model of RET-driven NSCLC LPCs 

generated from patient-derived iPSCs. 

Due to their theoretically unlimited differentiation potential under the appropriate cues, iPSCs 

represent a major tool to study different diseases starting from the same oncogene-bearing clone. This 

work also demonstrates the versatility of iPSCs, as a single iPSC line can be utilized to investigate 

various mechanisms and serve as model for different tissues.  
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 INTRODUCTION 

1. Induced Pluripotent Stem Cells and Embryonic Stem Cells 

1.1. Stem cells: Definition 

Stem cells are undifferentiated cells that have the unique ability to both self-renew and 

differentiate into various specialized cell types. Self-renewal is a process where stem cells can 

proliferate indefinitely without modifications, essentially maintaining a population of undifferentiated 

cells.  Differentiation is the process by which stem cells give rise to specialized cell types, according to 

their tissues of origin, making up the various tissues and organs of the body during embryogenesis. 

Stem cells exist both at the embryonic and adult stages. There are several types of stem cells that are 

classified based on their developmental potential and the types of specialized cells they can 

differentiate into. 

• Totipotent stem cells are the most versatile type of stem cells and can differentiate into any 

type of cell, including both embryonic and extra-embryonic tissues. Totipotent stem cells are 

only found in the earliest stages of development, such as in the zygote (the fertilized egg) and 

in the first few cell divisions of the embryo. 

• Pluripotent stem cells can differentiate into any cell type of the three germ layers (ectoderm, 

mesoderm, and endoderm) found in embryos, including the germinal lineage, but not into 

extra-embryonic tissues (e.g., placenta). 

• Multipotent stem cells can differentiate into a limited range of cell types within a particular 

tissue or organ. For example, hematopoietic stem cells (HSCs) found in bone marrow can 

differentiate into distinct types of blood cells, but not into other types of cells. Multipotent 

stem cells represent the most abundant type of stem cells. 

• Oligopotent cells can differentiate into only a few closely related cell types. They are typically 

found in tissues that require constant replenishment or repair, such as the blood circulation 

system.  

With their self-renewal capacity, stem cells can indefinitely divide while maintaining their 

phenotypic, genotypic, and epigenetic properties. It is made possible by the combination of two 

processes: asymmetric cell division and stochastic differentiation (Morrison & Kimble 2006). When a 

mother stem cell undergoes an asymmetric division, it divides into two daughter cells that have 

different fates. One daughter cell remains a stem cell and retains the ability to divide and differentiate 

into different cell types, while the other one differentiates into a specialized cell type. Asymmetric 
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division is thought to be regulated by internal and external cues. It is important for maintaining a 

balance between stem cells and differentiated cells. On the other hand, stochastic differentiation 

produces two identical daughter stem cells from the mitosis of a mother stem cell. This type of division 

plays a crucial role in generating more stem cells. Together, these mechanisms ensure the stability of 

the stem cell population.  

The cell stemness potential decreases during embryonic development. After the fusion of an egg 

and sperm cell, totipotent stem cells will constitute the first stages of embryonic development. 

Pluripotent stem cells originate from inside the blastocyte, and they will be at the origin of the three 

germ layers. Multipotent stem cells will then give rise to the different cells of the body, while unipotent 

stem cells will differentiate into a single specialized cell type.  

While stem cells are crucial for embryonic development, they are also present in adult tissues and 

organs, where they play a role in tissue regeneration and repair. However, adult stem cells are more 

limited in their differentiation potential than embryonic stem cells. 

1.2.  Embryonic stem cells (ESCs) 

Embryonic stem cell (ESC) research in mice has been ongoing since the early 1970s when the first 

stem cell of a tumor was generated and successfully transplanted (Stevens 1970). In 1981, the first 

mouse embryonic stem cell (mESC) lines were established from cells isolated from the inner mass of 

the blastocyst (Evans & Kaufman 1981). The cells were cultured in medium conditioned by 

teratocarcinoma cells with fetal calf serum (FCS), on mitotically inactivated murine embryonic 

fibroblasts (MEFs), still used today for providing critical factors that could promote self-renewal while 

inhibiting differentiation (Martin 1981). The pluripotency of mESCs was demonstrated in vivo by a now 

gold standard assay called chimera-forming ability. Mouse ESCs were injected into pre-implanted 

embryos and showed contribution to the three cell lineages including the germ line of the live-born 

animals (Bradley et al. 1984). The preservation of pluripotency in these cells was improved by the 

discovery of specific factors, such as leukemia inhibitory factor (LIF) (Smith et al. 1988).  

Another type of mESC can be derived from embryos at 5.5-6.5 days post-conception (Brons et al. 

2007). They are called epiblast stem cells. Although they are pluripotent, they cannot generate 

chimeras when transplanted into mouse blastocysts. Additionally, one of their X chromosomes is 

inactivated, making it challenging to maintain them as a clonal population. These cells express both 

pluripotency and differentiation genes at higher levels than pluripotent stem cells from the inner cell 

mass. As a result, the term "naive" pluripotent stem cells has been used to describe mouse ESCs 

derived from the blastocyst, whereas epiblast stem cells are called "primed". 
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In 1998, the first human ESC lines were derived by Thomson et al, including the H1 and H9 lines, 

which became the most widely used human ESC (hESC) lines for research purposes (Thomson et al. 

1998). This breakthrough was significant because it provided a new source of pluripotent cells for 

research and potential therapeutic applications. Prior to this, the only source was from fetal tissue, 

which raised ethical concerns and was limited in supply. 

Murine ESCs have been extensively utilized to study the signaling pathways involved in ESC 

differentiation into different tissue lineages and have been crucial for disease modeling. Similarly, 

human ESCs have also been used for disease modeling and more recently, for therapeutic purposes. 

Human and murine ESCs share some common characteristics, such as their pluripotency. However, 

there are also significant differences between the two. Mouse ESCs are easier to culture and maintain 

in vitro contrary to hESCs that need basic fibroblast growth factor (bFGF) and serum-free medium 

where LIF is insufficient to inhibit their differentiation (Amit et al. 2000a; Dahéron et al. 2004). Mouse 

ESCs are also more genetically stable whereas hESCs tend to accumulate more genetic abnormalities 

during long-term culture (Lamm et al. 2016). Moreover, hESCs have a “primed” pluripotent state closer 

to the mouse epiblast stem cells than to the one of “naive” mESCs. Specific culture conditions are 

required to obtain naive hESCs comparable to mESCs (Hanna et al. 2010). Therefore, epiblast stem cells 

serve as a useful experimental model to investigate whether the differences observed between mouse 

and human embryonic stem cells reflect species differences or diverse temporal origins. 

Since the derivation of the first hESC line, researchers have continued to study and refine the 

process of growing and differentiating these cells, with the aim of using them to treat a range of 

diseases. However, the use of hESCs, raises many ethical and practical challenges which creates the 

need for alternative sources of pluripotent cells, such as induced pluripotent stem cells (iPSCs). 

1.3.  Induced pluripotent stem cells (iPSCs) 

1.3.1. History of iPSCs 

The research for reprogramming adult somatic cells into pluripotent cells started in 1962 with the 

work of John Gurdon in Cambridge (UK). In his experiment, the nucleus from a differentiated intestinal 

cell taken at the tadpole stage was transplanted into an enucleated Xenopus oocyte (Gurdon 1962). 

The egg developed into a tadpole, indicating that the transplanted nucleus had been reprogrammed 

to a pluripotent state by the factors contained in the cytoplasm of the oocyte. This experiment also 

demonstrated that the embryonic genetic information in a differentiated cell is not irreversibly lost 

and can be reactivated to generate pluripotent cells. This groundbreaking revolutionary experiment 

represented the first milestone in this field (Gurdon 2006). 
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In 1976, cellular fusion was developed as another reprogramming method for generating 

pluripotent cells (Miller & Ruddle 1976). Cellular fusion between pluripotent embryonic stem cells and 

somatic cells can result in hybrid tetraploid cells where the pluripotency state is maintained. These 

hybrid synkaryons acquire properties of pluripotent cells such as self-renewal and the capacity of 

differentiation in the three germ layers (Cowan et al. 2005; Piccolo et al. 2011). 

In 2006, Yamanaka and Takahashi made a groundbreaking discovery by showing that adult mouse 

fibroblasts could be reprogrammed to an embryonic-like state by the overexpression of the 4 

pluripotency factors OCT4, SOX2, KLF4, and c-MYC (known as OKSM) (Takahashi & Yamanaka 2006). 

Soon after, they showed that this method could also be used to reprogram human adult cells into 

pluripotent stem cells (Takahashi et al. 2007). Their initial hypothesis was based on previous 

experiments of reprogramming by nuclear transfer or fusion suggesting that the pluripotency factors 

of stem cells could confer pluripotency to differentiated somatic cells. They selected 24 pluripotency 

genes identified in transcriptomic analyses of ESCs and with retroviral transduction they showed that 

only 4 of them were necessary and sufficient for inducing pluripotency and reprogramming adult 

differentiated cells. Therefore, cells generated by this technique are called induced pluripotent stem 

cells (iPSCs). 

It overturned the central dogma that adult cells are irreversibly committed to their fate and that 

their differentiation is irreversible. For this major discovery, Shinya Yamanaka, alongside with John 

Gurdon, was awarded the Nobel Prize in Medicine in 2012. 

iPSCs have emerged as a crucial tool for modeling diseases and exploring the cellular and molecular 

mechanisms that contribute to their development. They offer the ability to generate patient-specific 

cells and tissues that are histocompatible for cell replacement therapy. Additionally, iPSCs can be 

utilized in drug discovery and development, enabling large-scale screening of molecules in a more 

physiologically relevant context. Consequently, the development of iPSC reprogramming protocols 

paves the way for making iPSC technology more accessible.  

1.3.2. Reprogramming of adult cell into iPSCs 

For a cell to become pluripotent, it must overcome various obstacles such as apoptosis, 

senescence, metabolic and mesenchymal-to-epithelial transition, acquisition of early pluripotency 

genes, and activation of the complete epigenetic and transcriptional network of pluripotency. 

Consequently, the reprogramming process is not very effective as less than 1% of somatic cells 

expressing the necessary OKSM factors are able to become iPSCs after 30 days (Rao & Malik 2012). 
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The first step is the introduction of the reprogramming factors (OKSM) into the somatic cell. There 

are several techniques of introduction that can be classified in two categories: integrative and non-

integrative techniques: 

• Integrative retroviruses were the first tools used to induce the expression of the OKSM 

factors. The transgenes are randomly and permanently integrated into the genome leading to 

potential risks such as insertional mutations and altered differentiation potentials of the iPSCs. 

This can lead to pathologies like tumorigenesis due to the reactivation of c-MYC oncogene 

(Okita et al. 2007). Therefore, new non-integrative techniques have been developed.  

• Non-integrative vectors regroup Sendai virus (Fusaki et al. 2009), episomal vectors (Yu et al. 

2011), RNA transfection (Warren et al. 2010; Yakubov et al. 2010) or protein injection (Zhou et 

al. 2009). The Sendai virus is the most common technique for cell reprogramming and the one 

we are using in our laboratory. It is a non-integrating RNA virus capable of delivering the OKSM 

factors inside the cell. Since it cannot replicate itself at 37°C, the expression of the exogenous 

factors will decrease over time (Ban et al. 2011). 

 

After their introduction, the reprogramming factors will initiate the activation of genes associated 

with pluripotency and the inhibition of the genes defining the somatic cell identity. These 

transcriptional changes are mediated by the remodeling of the chromatin and epigenetic modifications 

(Maherali et al. 2007). The first changes related to these modifications are a metabolic shift from 

oxidative phosphorylation to glycolysis, helping to increase the glucose uptake and reducing the 

quantity of reactive oxygen species (ROS) (Varum et al. 2011). Moreover, it has been shown that 

hypoxia is beneficial for the maintenance of hESC and for increasing the reprogramming efficiency of 

iPSCs (Yoshida et al. 2009; Forristal et al. 2010). The discontinuation of the somatic program is also 

associated with major morphologic changes. Reprogrammed cells will undergo mesenchymal-

epithelial transition (MET) mediated by the OKSM factors (Figure 1). Indeed, SOX2/OCT4 and c-MYC 

inhibit Snail, a repressor of adhesion molecules, whereas KLF4 induces epithelial protein such as E-

cadherin (Li et al. 2010). This transition is essential to produce epithelial stem cells.  

Finally, as the iPSCs become more pluripotent, the expression of the viral reprogramming factors 

is replaced by the expression of the endogenous OKSM, leading to the stable maintenance of the 

pluripotency (Figure 1). For example, endogenous OCT4 expression regulates the Wnt/β-catenin 

signaling and therefore the balance between pluripotency and differentiation (Abu-Remaileh et al. 

2010). Moreover, the expression of LIN28 in TRA-1-60 positive cells (one of the most specific markers 

of hESCs) inhibits the reversion of the reprogramming by the upregulation of pluripotency-associated 

microRNAs (Qiu et al. 2010; Zhang et al. 2016). This step is critical because it is the shift from an 
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exogenous induced pluripotency to an ES-like pluripotency resulting in colonies of iPSCs cells after 

reseeding (Tanabe et al. 2013). 

 
Figure 1: Sequential events and changes of gene expression during the reprogramming of somatic cells into 
iPSCs. (Adapted from Teshigawara et al. 2017). 

To this day, iPSC reprogramming remains a complex and challenging process with relatively small 

chance of success. The effects of the induced pluripotent factors are heavily correlated with the 

chromatin state. Indeed, in somatic cells the chromatin is usually condensed making it difficult for the 

reprogramming factors to bind to their target genes (Li et al. 2017). Cells in division are much easier to 

reprogram because the chromatin is partially decondensed during mitosis (Hanna et al. 2009). The 

addition of chromatin-modifier molecules has been shown to improve the efficiency of iPSCs 

generation (Onder et al. 2012; Federation et al. 2014). Moreover, the expression of p53, a protein 

described as the guardian of the genome, is also problematic for reprogramming as it inhibits the 

cellular cycle and the MET (Marión et al. 2009; Brosh et al. 2013).  

It is worth noting that in the past few years new chemical reprogramming techniques have been 

developed and seem to be more efficient than the conventional OKSM factors induction. The chemical 

stimulation by the exposition of somatic cells to small molecules can create an intermediate plastic 

state exhibiting key features of ESC (Guan et al. 2022). This protocol enabled a more direct 

reprogramming process and can shorten the reprogramming time to a minimum of 16 days (Liuyang 

et al. 2023). 

Once iPSCs are generated, it is necessary to evaluate their morphology and their stemness 

potential. This evaluation encompasses an analysis of their cellular characteristics, including their 

ability to maintain their pluripotency and to differentiate into various cell lineages. 
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1.3.3. Characterization and maintenance of iPSCs 

iPSCs morphology is similar to that of hESCs. They are small-round cells with a high nuclear-to-

cytoplasmic ratio and prominent nucleoli. They form tightly packed colonies and have a distinct 

flattened shape with a well-defined border (Figure 2A). They exhibit a short cell cycle, related with a 

shortened G1 cell cycle phase, with a doubling time of approximately 16-20h which supports their 

pluripotency and makes them easy to expand at large scale (Becker et al. 2006; Hanna et al. 2010). 

To maintain their pluripotency, iPSCs need to be cultivated in defined conditions. Initial methods 

for cultivating hESC were modeled on techniques originally developed to culture mESCs. As previously 

described, it involved a culture on a layer of MEFs feeder cells, in medium supplemented with 20% of 

FCS (Martin 1981). Refinement of cultivation techniques has permitted the removal of serum and non-

human components in favor of the addition of growth factors and small molecules such as FGF-2, TGF-

β, and CHIR99021 in a defined medium (Ludwig et al. 2006; Yao et al. 2006). MEFs feeder were also 

replaced by MEF-conditioned medium, human feeders and more recently by extracellular matrix 

surface coating (Amit et al. 2000b; Hovatta et al. 2003; Amit et al. 2004). Today in the laboratory, iPSCs 

are cultivated in true feeder/serum-free conditions with Essential 8™ Medium (Gibco; A1517001) and 

Geltrex™ (Gibco; A1413302) as extracellular matrix. Essential 8™ Medium is xeno-free and contains 

only the 8 essential components needed for stem cell culture (Chen et al. 2011). iPSCs are prone to 

spontaneous differentiation if their environment is altered, therefore they must be carefully 

monitored every day.  

iPSCs express intra and extracellular makers of pluripotency. Immunostaining can be used to assess 

the expression of extracellular markers such as glycolipids SSEA-3 and SSEA-4 or the keratan sulfate 

antigen TRA-1-60 (International Stem Cell Initiative et al. 2007) (Figure 2B-C). It is also possible to 

detect their intracellular counterparts such as Nanog, SOX2 or OCT4 by immunofluorescence or to 

quantify their expression with qRT-PCR (Figure 2B-D). Furthermore, iPSCs are characterized by their 

potential of differentiation. The “gold standard” test for evaluating this ability is the teratoma forming 

assay where iPSCs are injected into immune-compromised mice in which they form teratoma. Their 

pluripotency is confirmed after the pathological identification of tissues from the 3 embryonic germ-

layers (endoderm, mesoderm, and ectoderm) (Wesselschmidt 2011). However, this technique has 

been debated due to animal welfare and ethical concerns and candidate alternatives have been 

proposed such as differentiation of iPSCs into organotypic cells with trilineage differentiation kits or 

embryonic bodies (Figure 2E-G) (Buta et al. 2013). 
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Figure 2: Characterization of iPSCs pluripotency by immunofluorescence. (A) Morphology of an iPSC colony in 
brightfield with highly packed cells and well-defined borders. (B-D) Immunofluorescence staining of pluripotency 
markers: (B) SSEA-4 (green) and Nanog (red), (C) TRA-1-60 (green) and OCT4 (red), (D) SOX2 (red) and DAPI (blue). 
(E-G) Immunofluorescent staining of markers from each germ layer after the differentiation of iPSCs into the three 
germ layers. (E) Ectoderm: PAX6 is transcription factor expressed in the early human fetal neuroectoderm, which 
remains strongly expressed in certain regions of the adult brain and Tuj1 antibody reacts with the neuronal form 
of tubulin (Beta-III). (F) Mesoderm: Smooth muscle actin (αSMA) is expressed in skeletal myoblastic cells, smooth 
muscle cell precursors, and pericytes. TBXT is a key transcription factor involved in the early development and 
specification of the posterior mesoderm. (G) Endoderm: SOX17 is an HMG-box transcription factor necessary for 
definitive endoderm development. Personal communication from Dr. Imeri (Inserm U1310). 

The characterization of iPSCs is also complemented by safety tests if they are intended for 

therapeutic purposes. These tests include checking for the absence of mycoplasma infection, the 

absence of viral infection and the disappearance of reprograming factors, especially c-MYC. It is also 

important to check for the genomic stability with a karyotype and comparative genomic hybridization 

(CGH) because iPSCs can accumulate genetic abnormalities during the reprogramming or the cell 

culture (Tosca et al. 2015; Liu et al. 2020). 

Finally, iPSCs must be evaluated for their capacity to differentiate into the desired cell types and 

to perform their intended functions in vitro and in vivo. The mechanisms and protocols of iPSC 

differentiation are described in the chapters dedicated to the specific tissues discussed in this 

manuscript (see section 2.3. HSCs generation from iPSCs and section 4.4.4.3. iPSC-derived lung 

organoid models). 
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1.4. Utilization of iPSCs for disease modeling and therapy    

iPSCs have revolutionized the field of disease modeling and regenerative medicine by providing a 

potentially limitless source of patient-specific cells for studying disease mechanisms, drug discovery, 

and personalized cell-based therapies (Figure 3) 

1.4.1. iPSC-based disease modeling   

Disease derived-iPSCs provide a unique opportunity to study diseases from tissues and cells that 

have limited lifespan in culture or are difficult to obtain from patients, such as brain tissue or pancreatic 

cells. Additionally, they can be used to model gene activity associated with diseases that are too 

complex to model with classical gene editing techniques. Cells differentiated from patient-derived-

iPSCs exhibit the features inherent to the disease and demonstrate a strong reproducibility (Robinton 

& Daley 2012). For example, Ebert and her colleagues generated iPSCs from a patient suffering from 

spinal muscular atrophy and were able to generate motor neurons that maintained the disease 

genotype and showed selective deficits (Ebert et al. 2009). Another study shows iPSCs derived from 

individuals with FGFR3 skeletal dysplasia could be differentiated into degraded cartilage. Interestingly, 

statin treatment, a commonly used medication for hypertension, was effective in repairing this 

deteriorated cartilage (Yamashita et al. 2014). Therefore, in addition to being an efficient disease 

modeling tool, this study shows iPSCs disease derived-iPSCs can be used in drug screening including 

drug repositioning (Avior et al. 2016). 

However, iPSCs present an unpredictable variability in their potential to differentiate into 

functional cells of a given lineage because of their genetic background. It can be problematic to 

compare cells differentiated from a patient and control iPSCs when studying subtle phenotypic 

variations of a given disease (Soldner & Jaenisch 2012). Therefore, isogenic pairs of disease-specific 

and control iPSCs have been generated to address this variability and isolate the impact of the disease-

causing mutation (Soldner et al. 2011). The generalization of genome editing tools such as CRISPR/Cas9 

system has helped to overcome the resilience of pluripotent stem cells to conventional gene targeting 

approaches and allows for the generation of control iPSCs whose mutation is corrected by exploiting 

homologous recombination (Byrne & Church 2015; Johnson & Hockemeyer 2015; Li, Zhou, et al. 2019). 

For example, Li and colleagues have corrected an iPSC derived from a Duchenne muscular dystrophy 

patient and showed that the muscle cells differentiated from these corrected iPSCs express the full-

length dystrophin protein (Li, Fujimoto, et al. 2015). Another example is the correction of a MYO15A 

mutation which is responsible for abnormal morphology and dysfunction of the derived hair cell-like 

cells, resulting in deafness. Derived hair cell-like cells from corrected iPSCs had a normal morphology 

and function demonstrating the potential therapy of genetic correction on this disease (Chen et al. 

2016). Finally, this genome editing approach in iPSCs is promising for studying polygenic diseases and 
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demonstrating the involvement of alleles or allele associations in pathophysiology (Hockemeyer & 

Jaenisch 2016). 

The concept of "personalized medicine" in which each patient receives a tailored treatment, is 

becoming increasingly important to minimize adverse side effects and to identify potential non-

responders to conventional therapies. Adverse side effects of drugs have resulted in millions of 

hospitalizations and hundreds of thousands of deaths annually, highlighting the critical need for 

precision medicine  (Doss & Sachinidis 2019). Therefore, iPSC-based disease models are promising 

candidates due to their unlimited supply of clinically relevant cells of human origin, and their easy 

accessibility. 

In the specific context of cancer research, iPSCs present several advantages. They are specific to a 

patient thus oncogenic mutations can be studied within a specific genomic context. Furthermore, their 

unlimited proliferation and self-renewal capacities make them very attractive for high-throughput 

screening of anti-tumor agents or for toxicological studies. Moreover, the use of genome editing tools 

allows the introduction of known and/or suspected oncogenes in iPSCs, thus the creation of custom 

oncogenesis models.  

1.4.2. Limits of iPSC disease modeling 

Although progress has been made in comprehending diseases, 2D iPSC models are still highly 

restrictive as they do not consider the intricacy of the tissue where diseases arise. Researchers are 

actively working on the development of whole organ models that aim to recreate the intricate 

interactions between different tissues involved in oncogenesis, precisely imitating human tissue and 

organ dysfunction. This approach involves the in vitro generation of "mini organs" known as organoids. 

For example, organoids replicating organs such as the brain or digestive tract have already been 

successfully generated (Spence et al. 2011; Lancaster et al. 2013). This will be described further in the 

section 4.4.4. Organoid models. 

Moreover, many protocols developed for differentiating iPSCs into functional tissues result in 

embryonic rather than adult human cell types (Spence et al. 2011; Hrvatin et al. 2014). This can be 

problematic for studies aiming to understand human disease and pathologies in the context of the 

adult. Indeed, iPSC differentiation experiments suffer from a lack of cellular maturity and a relatively 

short time lifespan limited by culture conditions. Progress has been made in developing co-culture 

experiments and protocols for differentiating iPSCs into tissue stem cells or organoid cultures to 

investigate cell non-autonomous biological problems. 
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Figure 3: Potential application of iPSCs in cell therapy and disease modeling. Adapted from Stadtfeld & 
Hochedlinger 2010) 

1.4.3. iPSC-based therapies 

A proof of concept regarding the potential therapeutic application of iPSCs was published in 2007. 

The study utilized a mouse model of sickle-cell anemia, which is a genetic blood disorder resulting from 

a β-globin gene mutation. In this study based on a humanized mouse model of sickle cell anemia, the 

authors have shown that mice can be rescued after transplantation with hematopoietic progenitors 

obtained from gene-corrected autologous iPSCs (Hanna et al. 2007). The utilization of iPSC-based 

autologous method has several advantages over allografts from donors, as it eliminates the risk of 

immunological rejection and infection from unknown viruses or pathogens (Araki et al. 2013; Guha et 

al. 2013). It has however now been established that even autologous iPSCs can generate immune 

rejection in the host due to the genetic and epigenetic modifications appearing during the iPSC 

generation and culture (Scheiner et al. 2014). More recently, several groups have established several 

protocols for mice in vivo transplantation of stem cell-derived pancreatic islet (SC-islet) capable of 

producing insulin-secreting β cells (Maxwell & Millman 2021). They reported a successful glucose 

homeostasis in diabetic immunocompetent mice after transplantation opening the way for potential 

SC-islets graft treatment in diabetic patients, overcoming the current limitations of donor islets. 

Moreover, with CRISPR/Cas9, it is possible to edit a gene in a patient specific iPSCs and use it for 

autologous transplant providing an ideal therapeutic solution for genetic diseases such as β-

thalassemia and recessive dystrophic epidermolysis bullosa (Xie et al. 2014; Jacków et al. 2019). 

Overall, this shows the potential of iPSCs for cell replacement therapy. 
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However, there are several challenges that must be overcome before making iPSCs applicable for 

therapy. The two other major issues are tumorigenicity and heterogeneity (Yamanaka 2020). 

Tumorigenicity is a concern as undifferentiated iPSCs can generate benign tumors, and residual PSCs 

can result in teratoma formation. Heterogeneity represents a typical characteristic of pluripotent stem 

cell lines and makes it difficult to predict which cell line will be more prone to exhibit efficiency in 

generating specific cell lineages. There are several approaches to address these challenges, such as the 

generation of HLA haplotype banks of iPSCs, the HLA cloaking approach or the “priming” of PSCs 

(Yamanaka 2020). Moreover, it is expensive to generate and use iPSCs which may limit their 

accessibility for patients who could not afford such therapies (Doss & Sachinidis 2019). 

In conclusion, iPSC-based therapies hold great promise for the treatment of a wide range of 

diseases and disorders, and ongoing research in this field is expected to lead to the development of 

new and innovative treatments in the years to come. 
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2. Hematopoiesis and Hematopoietic Stem Cells 

2.1. Definitions 

In mammals, 100 to 1000 billion new blood cells are generated each day in the bone marrow (BM) 

to replace the senescent cells and maintain the number of circulating cells constant throughout the 

life of the individual (Ogawa 1993). This constant and tightly regulated process is ensured by the 

activity of a very rare subset of stem cells called hematopoietic stem cells (HSCs). HSCs are multipotent 

cells therefore they have the capacity of self-renewal and generate offspring of increasingly 

differentiated cells with specific functional activities. This mechanism of differentiation is called 

hematopoiesis and it can generate all the cellular constituents of the blood. This represents more than 

ten distinct mature cell types including red blood cells (erythrocytes), megakaryocytes, myeloid cells 

(monocytes/macrophages and granulocytes), dendritic cells (DCs), B and T lymphocytes as well as 

natural killer cells (NKs) cells (Weissman 2000). Cell surface marker phenotype analysis by flow-

cytometry has been used to identify and isolate discrete sub-populations of developing blood cells, 

suggesting a hierarchical structure in hematopoietic development in which multi-potency is 

progressively restricted (Figure 4). Four compartments can be described:  

• Multipotent stem cells are capable of self-renewal and differentiation in all hematopoietic 

lineages (e.g., HSC). 

• Primitive progenitor cells are mostly committed to a hematopoietic lineage. They are capable 

of proliferation and differentiation without the possibility of self-renewal. For example, the 

Common Myeloid Progenitor (CMP) or the Common Lymphoid Progenitor (CLP). 

• Committed precursor cells represent the end of differentiation with limited proliferative 

capacity. For instance, megakaryocyte–erythroid progenitor (MEPs), granulocytes and 

macrophages progenitor (GM), bipotent T/NK progenitor (TNK) and B-Cell precursor (BCP). 

• Lineage committed cells are mature, differentiated, and functional cells with a limited life span 

(NK, DCs, monocytes/macrophages, erythrocytes, …). 
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Figure 4: Classical model of hematopoiesis. Hematopoietic stem cells (HSCs) are multipotent stem cells, which 
differentiate towards primitive progenitors such as the common myeloid progenitor (CMP) and the common 
lymphoid progenitor (CLP). These oligopotent progenitors give rise committed precursor cells including 
megakaryocyte–erythroid progenitor (MEPs), granulocytes and macrophages progenitor (GM), bipotent T/NK 
progenitor (TNK) and B-Cell precursor (BCP). Collectively, these progenitors give rise to all the lineage-committed 
cells of the hematopoietic system: Progenitors for megakaryocytes (MkP), erythrocytes (EP), monocytes (MP), 
granulocytes (GP), T cells (TCP), NK cells (NKP) and B cells (BCP) (Kaushansky 2006). 

2.2. Hematopoietic Stem Cells (HSCs) 

Beside their major characteristics of long-term and lifelong self-renewal, HSCs can undergo 

terminal differentiation towards all blood cell types, including red blood cells, white blood cells, and 

platelets. In adult, they are found exclusively in the BM. Additionally, they can be obtained from 

umbilical cord blood (UCB) and peripheral blood for the purpose of transplantation, following 

mobilization through the administration of growth factors. HSCs are unique in that they can self-renew, 
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meaning they can divide and produce more HSCs, or differentiate into progenitor cells that can further 

differentiate into diverse types of blood cells. HSCs play a crucial role in maintaining the body's immune 

system and are therefore important in treating a wide range of diseases, such as leukemia, lymphoma, 

and other blood disorders. 

2.2.1. Historical discovery of the HSC 

The existence of HSCs was initially demonstrated by Till and McCulloch in 1963 through their 

groundbreaking experiment conducted in mice (Becker et al. 1963). In this study, they transplanted 

mouse BM cells into irradiated recipient mice and, instead of waiting for long-term reconstitution, 

mice were sacrificed at day +10. This approach allowed them to identify distinct individual spleen 

colonies. They dissected and analyzed these individual spleen colonies cytologically, and revealed the 

presence of various cell lineages, including erythroid, granulocytic, and megakaryocytic cells. These 

findings provided evidence that a single stem cell can give rise to these differentiated hematopoietic 

cells within the context of clonogenic growth. Some spleen colonies were capable of being transferred 

to secondary hosts and subsequently reconstituting all blood cell lineages (Siminovitch et al. 1963). 

These specific stem cells were named colony-forming unit-spleen (CFU-S). These experiments 

introduced the two defining criteria of stem cells: self-renewal and multipotency (Wu et al. 1968). In 

1988, with the combination of monoclonal antibodies and multi-color Fluorescence Activated Cell 

Sorting (FACS), the purification of hematopoietic stem cells from mouse BM became possible. The 

mouse HSCs had a Thy-1low Lin- (Lineage-markers) Sca-1+ c-Kit+ phenotype (LSK) and account for 0.05% 

of the total BM cells (Muller-Sieburg et al. 1986; Spangrude et al. 1988). In 1994, the HSC population 

was separated into at least 3 multipotent populations: Long-Term (LT)-HSCs, Short-Term (ST)-HSCs, 

and Multi-Potent Progenitors (MPP, progenitors without the self-renewal capacity of HSCs) (Morrison 

& Weissman 1994). The LT subset keeps its self-renewal capacity throughout the life of the mouse 

while the ST subset self-renews for only 8 weeks. In 1996, HSC transplants from adult mouse BM to a 

previously irradiated host have shown that a single HSC can reconstitute an individual's hematopoietic 

system (Osawa et al. 1996). 

The first clues to the existence of HSC in humans have been obtained by the analysis of leukemic 

hematopoiesis using X-linked clonality markers in chronic myeloid leukemia (Fialkow et al. 1967). With 

the development of FACS technology, similar techniques to those used for mouse HSCs have been 

employed to isolate human HSCs i.e., isolation of cells according to their cell-surface marker and 

subsequent functional assays. Their capacity for long-term reconstitution was evaluated using 

xenotransplantation models (McCune et al. 1988). Human hematopoiesis is very close to the mouse 

model although the surface markers used to characterize the progenitors are significantly different. 

Historically, the surface marker used to study human HSCs was CD34 (cluster of differentiation), a 
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ligand for L-selectin. CD34+ population is heterogenous but contains all the stem cell activity in the BM 

(DiGiusto et al. 1994). Most of the CD34+ cells co-express CD38 but only the CD38- fraction can generate 

multi-lineage colonies in immune-deficient mice (Huang & Terstappen 1994; Bhatia et al. 1997). Baum 

et al showed that the presence of the surface marker CD90 (Thy-1) as well as the absence of surface 

marker of hematopoietic commitment (Lin-) in CD34+ cells can generate colonies both in vitro and in 

vivo (Baum et al. 1992; Miller et al. 1999). Moreover, all CD34+ CD90+ Lin- cells reside in the CD38- 

fraction. These studies show the human HSCs population is enriched in Lin- CD34+ CD38- CD90+. 

Markers of human HSCs will be described in detail in the upcoming section 2.2.3.1 Markers of HSCs.  

2.2.2. Ontogeny of HSCs 

HSCs are generated during embryonic development as indicated by their presence in UCB within 

three successive waves of hematopoiesis. The primitive wave of hematopoiesis appears in the yolk sac 

(YS) and produces transitory primitive blood cells. A second wave from the YS generates lympho-

myeloid progenitors (LMPs) and erythro-myeloid progenitors (EMPs). Then, the definitive waves of 

hematopoiesis, occurring in the aorta-gonad-mesonephros (AGM) region, progressively colonize the 

fetal liver, the spleen, and finally the bone marrow which is the site of adult hematopoiesis (Demirci 

et al. 2020). 

2.2.2.1. The primitive wave of hematopoiesis 

The primitive wave of hematopoiesis in mammals is the earliest stage of blood cell production in 

developing animals. It occurs in the YS from the blood islands during the earliest stages of 

development, at embryonic day E7.25 in the mouse and at 3-4 weeks in humans (Haar & Ackerman 

1971). During this stage, a group of cells called hemangioblasts give rise to two types of cells: HSCs and 

endothelial cells, which form the lining of blood vessels (Choi 2002; Kennedy et al. 2007). The HSCs 

produced during the primitive wave of hematopoiesis are called primitive HSCs. Primitive HSCs 

differentiate into primitive erythroblasts which are larger and expressing embryonic hemoglobin 

(Ferkowicz et al. 2003), primitive megakaryocytes, and primitive macrophages (Figure 5). At E8.5, with 

the establishment of the blood circulation system, primitive cells start to circulate into the embryo to 

distribute nutrients and oxygen to the developing organs. They also assure the first irrigation and 

immune defense of the embryo (Palis et al. 2010). Primitive cells of the three-blood lineage rapidly 

mature, losing their ability to proliferate and remain in the neonatal blood for only a few days after 

birth (Kingsley et al. 2004). 

2.2.2.2. The transient second wave of hematopoiesis  

The transient second wave of hematopoiesis also occurs in the YS. It originates from another 

subset of endothelial cells called hemogenic endothelium (HE) after their conversion into 

hematopoietic cells. During this process, erythro-myeloid progenitors (EMP) are generated and 
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expanded in number. Afterward, they seed the fetal liver and generate definitive erythroid, 

macrophages, megakaryocytes, neutrophils, and mastocytes (Figure 5) (Frame et al. 2013). The second 

wave generates the first mature blood cells and committed progenitors within an HSC-independent 

process. It also provides long-lasting self-renewing population of macrophages in multiple adult organs 

(microglia in the brain, Langerhans cells in the skin, Kupffer cells in the liver, and alveolar macrophages 

in the lungs) (Hoeffel & Ginhoux 2015). The first and second waves are essential to sustain the survival 

of the embryo until AGM-derived HSC emergence, engraftment, and expansion during the third wave 

(McGrath et al. 2015).  

 
Figure 5: Model of hematopoietic ontogeny during mouse embryonic development. The process begins with 
HSC-independent hematopoiesis involving two waves of hematopoietic progenitors originating in the yolk sac. 
The first wave, or "primitive" wave, gives rise to primitive erythroid (EryP), megakaryocyte (Mk), and macrophage 
lineages (Mac). The second wave, referred to as the "erythro-myeloid progenitor" (EMP) wave, generates 
definitive erythroid (EryD), megakaryocyte, macrophage, neutrophil (Neu), and mast cell lineages (Mast). Finally, 
during the third wave, HSCs emerge from the aorta in the aorta‐gonad‐mesonephros (AGM) region. Both EMP 
and HSC arise from hemogenic endothelium (HE). (Palis 2016). 

2.2.2.3. The third and definitive wave of hematopoiesis 

The third and last wave of hematopoiesis originates from specialized embryonic vascular cells also 

called HE cells but in the aorta-gonad-mesonephros (AGM) region at E11, or 5-week human embryo 

(Tavian et al. 1996). These cells will undergo a trans-differentiation process called endothelial-to-

hematopoietic transition (EHT) where they give rise to a bulging structure and emerge from the ventral 

domain of the human dorsal aorta in the AGM region (Ivanovs et al. 2014). At this stage, HSCs have 
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robust long-term multilineage reconstitution potential and extreme proliferation capacity. These HSCs 

then migrate via circulation to the fetal liver, where they continue to differentiate and give rise to the 

various blood cell lineages necessary to support the growing embryo (Christensen et al. 2004). It makes 

the fetal liver the main hematopoietic organ during the sixth and seventh post-conception week in 

humans. Finally, HSCs will initiate a migration and seed the BM via an active recruitment mechanism 

involving the CXCL12 (SDF-1) chemokine receptor CXCR4 (Ma et al. 1998). The BM will become the 

primary site of hematopoiesis after birth (Crisan & Dzierzak 2016). 

2.2.2.4. Regulation of HSCs ontology 

HSCs ontology is controlled by a variety of intrinsic mechanisms, including transcription factors and 

signaling pathways. Transcription factors such as RUNX1 or GATA-2 and signaling pathways such as 

Notch are critical for regulating the emergence, proliferation, differentiation, and survival of 

hematopoietic stem progenitor cells (HSPCs) during embryonic hematopoiesis. 

The role of RUNX1 in hematopoietic development has been studied extensively, and it has been 

shown to be essential for definitive hematopoiesis (Yzaguirre et al. 2017). Its expression in HE is 

necessary for the generation of HSCs during EHT (Chen et al. 2009). Indeed, RUNX1 deletion with 

endothelial-specific Cre-recombinase resulted in complete loss of definitive hematopoiesis and the 

embryonic death by E13.5. In the endothelial cells, RUNX1 is activated by Notch signaling (Burns et al. 

2005) and interacts with other transcription factors such as GATA2 for inducing the expression of key 

hematopoietic genes such as TAL-1/SCL, and LMO2 (Nottingham et al. 2007; Lichtinger et al. 2012). 

TAL-1/SCL protein is a transcription factor belonging to the basic helix-loop-helix (bHLH) family 

which regulates the blood formation and the multipotency of HSC (Shivdasani et al. 1995; Vagapova et 

al. 2018). The TAL-1/SCL complex needs LMO2 during the HE stage to locate regulatory elements that 

are crucial for the establishment of the hematopoietic developmental program. When LMO2 is absent, 

TAL-1/SCL encounters difficulties to recognize its target sites resulting in impaired gene expression 

(Stanulović et al. 2017). 

GATA2 is initially expressed in the HE after being activated by both RUNX1 and Notch signaling 

(Robert-Moreno et al. 2005). GATA2 is required for HSC generation because specific deletion results in 

deficiency of long-term repopulating HSCs (de Pater et al. 2013). It has been shown that RUNX1 and 

GATA2 could serve redundant roles for HSC production ensuring this critical function in case of failure 

of one or the other (Bresciani et al. 2021). 

At a cellular level, the HE cells express vascular-endothelial cadherin (VE-cadherin) (Taoudi et al. 

2008). The Notch induction of the transcription factor RUNX1 and the subsequent proteins described 
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above will lead to the conversion of endothelial cells to hematopoietic cells expressing hematopoietic 

markers such as CD41, CD43, and CD45 during EHT (Figure 6) (Rybtsov et al. 2011).  

 
Figure 6: A simplified scheme of the sequential step of HSC ontogeny. HSCs originate from a precursor that 
expresses genes associated with endothelial cells, known as hemogenic endothelium (HE). HE undergoes a 
transition from an endothelial to a hematopoietic state, called endothelial hematopoietic transition (EHT). During 
this process, there is a precise regulation of genes initiated by Notch induction. The expression of key players 
during EHT, including RUNX1 and GATA2, is responsible for the epithelial-mesenchymal transition (EMT). During 
this process, hematopoietic markers such as CD41, CD43, and CD45 are upregulated. (Adapted from Kim et al. 
2013; Hamidi & Sheng 2018). 

HSCs ontology can be summarized by three main steps: first the generation of HSCs from the HE, 

then the expansion inside the fetal liver and finally the maturation and differentiation of HSCs inside 

the adult BM. 

2.2.3. Adult HSCs 

Adult HSCs must be capable of self-renewal to maintain the existing pool of HSCs generated at 

birth, as well as to maintain the appropriate amount of functional mature blood cells throughout life. 

2.2.3.1. Markers of HSCs 

Adult human HSCs are characterized by the expression of specific cellular markers that distinguish 

them from other cell types.  As described previously, the identification and isolation of HSCs rely on 

the detection of these markers. The selection of specific markers may vary depending on the research 

protocol, the source of HSCs (BM, UCB, peripheral blood), and the intended application.  

NB: In the context of HSCs, "Lin-" refers to a population of cells lacking lineage-specific markers 

(mature blood cell markers) which is used as a criteria to enrich for HSCs. 

• CD34, the marker historically associated with human HSCs, was initially reported in 1984 (Civin 

et al. 1984). It is a cell surface glycoprotein involved in cell-cell adhesion and acting as a ligand 

for the L-selectin (Baumheter et al. 1993). CD34 may facilitate the attachment of 

hematopoietic stem cells to the extracellular matrix of the BM or directly to stromal cells. It is 
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expressed by all the stem cells in the BM as well as other progenitor cells in peripheral blood, 

and UCB (DiGiusto et al. 1994). In clinical settings, CD34 is closely associated with the selection 

and enrichment of HSCs for BM transplantation. CD34 is not exclusive to HSCs and is expressed 

by various other cell types such as endothelial cells, epithelial progenitors, fibrocytes, 

keratocytes, and muscle satellite cells (Sidney et al. 2014). Therefore, additional markers are 

required to fully characterize HSCs.  

• CD38, also known as cyclic ADP-ribose hydrolase, is a transmembrane protein expressed on 

various lymphoid cells, including CD4+, CD8+, B lymphocytes, and NK cells (Kung et al. 1979). In 

the context of HSCs, low or negative levels of CD38 expression are often associated with the 

most primitive and undifferentiated HSCs population. Indeed, it has been observed that only 

the fraction lacking CD38 (CD38-) can generate multi-lineage colonies in immune-deficient 

mice (Huang & Terstappen 1994; Bhatia et al. 1997). Therefore, CD38 is frequently employed 

as a marker to identify LT-HSCs with high self-renewal potential (Hao et al. 1995).  

• CD90, also known as Thy-1, is a glycosylphosphatidylinositol (GPI) anchored protein found on 

the surface of various cell types, including human HSCs. It is a positive marker used for the 

enrichment and identification of HSC populations. CD90 expression has been associated with 

primitive hematopoietic stem and progenitor cells, including those with high repopulating 

potential. (Baum et al. 1992; Miller et al. 1999). Previous studies suggested that CD90 plays a 

role in maintaining quiescence in stem cells, thereby improving their functionality (Mayani & 

Lansdorp 1994). 

• CD45RA is a specific isoform of the CD45 protein, which is a tyrosine phosphatase found on 

the surface of leukocytes. The CD90+ CD45RA- subpopulation was found to contain HSCs 

capable of long-term engraftment and successful secondary transplantation whereas the 

CD90- CD45RA- subpopulation was identified as candidate for MPPs, exhibiting reduced and 

incomplete self-renewal capacity (Majeti et al. 2007). The study also revealed a hierarchical 

relationship among the subpopulations, with CD90+CD45RA- cells positioned upstream of 

CD90-CD45RA- cells. 

• CD49f is an integrin subunit (Integrin Subunit Alpha 6, ITAG6) expressed on the surface of 

human HSCs and it is involved in cell adhesion and signaling. It has been suggested to mark a 

subpopulation of HSCs with enhanced long-term multilineage grafts potential and self-renewal 

capacity (Notta et al. 2011). Combination of CD49f with other markers such as 

CD34+CD38−CD45RA−CD90+ enhances the enrichment of HSC isolation in terms of purity. 

Contrariwise, low CD49f expression characterizes a subtype of hematopoietic progenitor cells 
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with transient engrafting activity. Gene expression analysis confirmed that CD49fhigh cells 

represent HSCs, while CD49flow cells are erythroid-biased HPCs (Xu et al. 2019).  

 

These markers allow for the separation of the HSC pool into three subsets based on their 

pluripotency capacity (Figure 7): 

• LT-HSCs (Long Term HSCs) are identified by the marker profile including Lin- CD34+ CD38- 

CD90+ CD45RA- CD49f+. They possess self-renewal and differentiation capabilities for all 

mature blood cell types over an extended period. LT-HSCs are quiescent and contribute to the 

replenishment of the ST-HSC pool. 

• ST-HSCs (Short-Term HSCs) are characterized by Lin- CD34+ CD38- CD90+ CD45RA- CD49f-, 

exhibiting a more limited capacity for self-renewal and differentiation compared to LT-HSCs. 

They represent an intermediate state between LT-HSCs and committed progenitor cells, 

playing a crucial role in replenishing progenitor cells, and maintaining hematopoietic system 

balance. 

• MPPs (Multipotent Progenitor Cells) are downstream of HSCs and have a more restricted 

differentiation potential. Their marker profile is Lin- CD34+ CD38- CD90- CD45RA- CD49f-. MPPs 

serve as an intermediate stage between HSCs and committed progenitor cells in terms of 

lineage commitment. While MPPs have lost some self-renewal capacity, they are more 

committed to specific hematopoietic lineages. 
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Figure 7: Cellular markers of the human hematopoiesis hierarchy. LT-HSC: Long Term-HSCs; ST-HSC: Short Term-
HSC; MPP: Multipotent Progenitor; OPP: Oligopotent Progenitor; Common Lymphoid Progenitor (CLP); Common 
Myeloid Progenitor (CMP); Megakaryocyte-Erythrocyte Progenitor (MEP); Granulocyte-Macrophage Progenitor 
(GMP). Restricted lineage progenitor cells: Megakaryocyte Progenitor (MkP); Erythrocytic Progenitor (EryP); 
Granulocytic Progenitor (GrP); Monocyte Progenitor (MncP); Dendritic Progenitor Cell (Pro DC); Progenitor Cell-T 
(Pro-T); Progenitor Cell-B (Pro-B); Progenitor Cell-Nk (Pro-Nk). (Adapted from Ribeiro-Filho et al. 2019). 

More recently, several other markers of HSCs have been identified. For example, the 

transmembrane protein CD201, also called Endothelial Protein C Receptor (EPCR). Studies have 

indicated that EPCR+ HSCs occupy a top position in the hematopoietic hierarchy and can give rise to all 

the HSC populations observed upon transplantation (Anjos-Afonso et al. 2022; Vanuytsel et al. 2022).  

2.2.3.2. Functional assessment methods for HSCs 

As discussed previously, HSCs are characterized by their unique properties of self-renewal and 

multilineage differentiation potential. After their isolation and characterization based on their specific 

cellular markers, their functional capabilities must be evaluated by various assays.  

The transplantation assay serves as the gold standard test for evaluating HSC function. By 

transplanting HSCs isolated from a donor into an irradiated recipient mouse, it is possible to assess 

their capacity for long-term engraftment and hematopoietic reconstitution (Weissman & Shizuru 

2008). Indeed, only multipotent HSCs possess the capacity to restore the entire hematopoietic system 

in irradiated recipients and sustain long-term survival. Transplantation assays are often associated with 



 

35 

limiting dilution assay which involves diluting HSCs to different concentrations before transplantation 

(Szilvassy et al. 1990). This protocol allows the estimation of the frequency of functional HSCs from the 

donor and provides a precise quantification. 

A version of this assay has been developed for human HSCs by the group of John Dick in Toronto 

using NOD/SCID mice (non-obese diabetic/ severe combined immunodeficiency) (Bhatia et al. 1998). 

NOD/SCID mice are used as recipient strains due to their immunodeficient nature, which allows 

successful engraftment of human HSCs without rejection. In this assay, purified HSCs obtained from 

the BM or PBMC of human donors are transplanted into the BM or the bloodstream of the SCID/NOD 

mice. This allows the HSCs to establish and regenerate a fully functional human hematopoietic system. 

The objective of the SCID/NOD repopulating assay is to assess the self-renewal and differentiation 

capabilities of HSCs into various blood cell lineages (e.g., T cells, B cells, myeloid cells, etc.). The 

engraftment and repopulation process are closely monitored over a period of weeks to months using 

techniques like flow cytometry, immunohistochemistry, and other molecular and cellular analyses. In 

certain cases, the assay may extend for several months or more to evaluate the long-term repopulating 

potential of the transplanted HSCs.  

LT-HSCs are typically defined by stable multilineage reconstitution that persists for more than 4 

months post-transplantation. The method for identifying LT-HSCs is serial transplantation, where 

donor cells from a primary recipient are transplanted into a secondary irradiated recipient (Iscove & 

Nawa 1997). Only LT-HSCs can reconstitute both primary and secondary recipients whereas ST-HSCs 

can only sustain primary reconstitution for approximately 4 months and fail to reconstitute secondary 

recipients, indicating limited self-renewal potential. 

There are also in vitro assays for evaluating the multilineage potential of HSCs. In the Colony-

forming unit (CFU) assays, hematopoietic cells originating from BM or blood are cultured in semisolid 

media that support the growth and differentiation of hematopoietic progenitor cells (Siminovitch et 

al. 1963). The proliferation and differentiation ability of individual cells can be evaluated by observing 

the colonies formed by each progenitor cell. The colonies, consisting of differentiated cells such as 

erythroid, myeloid, and lymphoid, are counted and analyzed after a culture period of about 14 days. 

The long-term culture-initiating cell (LTC-IC) assay consists in culturing HSCs in conditions that mimic 

the BM microenvironment. The first experiment demonstrating the requirement of stromal cells were 

provided by the experiments of Suda and Dexter both in mouse and humans (Suda & Dexter 1981). A 

quantitative version of this assay was first developed at the Terry Fox Laboratory by the team of Connie 

Eaves and represents the only in vitro test to detect and quantify primitive HSC in humans (Sutherland 

et al. 1989). This assay has been later extensively used to analyze hematopoietic potential of single 
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cells (Verfaillie & Miller 1995). The culture conditions include the presence of horse serum, 

hydrocortisone and supportive stromal cells such as MS-5 providing signals necessary for HSCs 

maintenance and differentiation. After 5 weeks of culture with weekly half-medium changes, the most 

clonogenic and differentiated cells are discarded from the culture and the remaining clonogenic cells 

are evaluated by performing CFC assays in both adherent and non-adherent fractions.  The colonies 

observed in CFUs are therefore the progeny of long-term persisting HSCs, as ST-HSCs present initially 

would have already completed their differentiation process and eliminated by half-medium changes 

and would no longer form colonies.  

2.2.3.1. Challenges of the classical hierarchical model 

The traditional model of hematopoiesis, characterized by discrete bifurcating cell-fate decisions 

and relatively homogeneous progenitor stages, has been a guiding framework in hematopoietic 

research. 

However, recent research has revealed that this model does not fully capture the complexity of 

hematopoietic stem and progenitor populations (Müller-Sieburg et al. 2002; Morita et al. 2010; 

Yamamoto et al. 2013). These studies have shown that HSCs and progenitors are in fact 

heterogeneous. Most HSCs exhibit a lineage-biased output rather than producing balanced lineages. 

Lineage tracing experiments using different strategies have demonstrated the extent of this 

heterogeneity (Naik et al. 2013; Sun et al. 2014). For example, these experiments have shown that 

megakaryocytes can be directly generated from HSCs (Rodriguez-Fraticelli et al. 2018). 

 
Figure 8: The model of continuous differentiation. The boxes represent various progenitor states identifiable 
through phenotypic markers, highlighting the diversity within each of these populations. These include MPP 
(multipotent progenitor), CMP (common myeloid progenitor), CLP (common lymphoid progenitor), MEP 
(megakaryocyte-erythroid progenitor), and GMP (granulocyte-macrophage progenitor) (From Olson et al. 2020). 
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Single-cell technologies have further illuminated these findings by showing that hematopoietic 

cells acquire lineage-specific characteristics along a continuous spectrum (Nestorowa et al. 2016; 

Velten et al. 2017). This challenges the traditional tree-like model of hematopoiesis, suggesting that 

differentiation trajectories may be established early in development (Figure 8). In summary, the 

traditional hematopoietic model, characterized by discrete cell-fate decisions and uniform progenitor 

stages, is evolving into a more intricate comprehension of hematopoietic differentiation. This 

emerging perspective portrays hematopoiesis as a continuous process shaped by initial lineage 

preferences (Laurenti & Göttgens 2018).   

2.2.4. Control of self-renewal and differentiation of adult HSCs 

2.2.4.1. Regulatory factors influencing HSCs quiescence and activation 

HSCs are mostly quiescent or dormant, meaning they are in a state of low metabolic activity and 

are not actively dividing (Rumman et al. 2015). By remaining in a quiescent state, HSCs are able to 

preserve their genomic integrity and avoid accumulating DNA damage. Moreover, HSCs in the G0 

phase of the cell cycle have a very slow metabolism and a greater capacity for long-term reconstitution 

than HSCs in the cycle (Passegué et al. 2005). Quiescent HSCs can also respond to environmental cues 

and signals. According to the need of the organism (blood loss, infection, injury...), HSCs can be 

activated to proliferate and differentiate into the necessary cell types. This process is tightly regulated 

and involves the interaction of various signaling molecules and factors that influence HSCs behavior 

(Figure 9). Several examples are presented below:  

• Cell cycle regulators such as cyclin-dependent kinase inhibitors (CKIs) suppress the activity of 

cyclin-dependent kinases (CDKs) and prevent HSCs from progressing through the cell cycle 

(Sherr & Roberts 1999). For example, absence of p21Cip1 (CDK2 and CDK4 inhibitor) increases 

cell cycling thus HSCs proliferation but it leads to stem cell exhaustion and compromised 

stemness. (Cheng et al. 2000). Moreover, combined deficiency of p27Kip1 and p57Kip2 in HSCs 

reduces bone marrow reconstitution ability by increasing their proliferation (Zou et al. 2011). 

• Transcription factors play a key role in regulating the self-renewal and differentiation capacity 

of HSCs. One example is GATA3, which is required for the maintenance of HSCs in a quiescent 

state (Ku et al. 2012). Another transcription factor, FOXO3A, has been shown, in a Foxo3a−/− 

mouse model, to promote HSC quiescence by inhibiting cell cycle progression and inducing the 

expression of cell cycle inhibitors such as p27Kip1 and p21Cip1 (Miyamoto et al. 2007; Du et al. 

2016). The last example is C/EBPα, a transcription factor that regulates the differentiation of 

HSCs into more mature blood cell types. It promotes myeloid differentiation and suppresses 

HSC self-renewal. Loss of C/EBPα leads to the expansion of HSCs and the depletion of more 

mature blood cell types (Ye et al. 2013; Ohlsson et al. 2016). 
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• Signaling pathways are involved in regulating HSC quiescence, including the Notch, Wnt, and 

PI3K/AKT pathways. Notch signaling promotes HSC quiescence by upregulating the expression 

of CKIs such as p21Cip1 and p57Kip2, which prevent HSCs from entering the cell cycle. Loss of 

Notch signaling increases HSCs differentiation and depletion in vivo (Duncan et al. 2005). The 

inhibition of Wnt pathway results in a loss of HSC quiescence while its activation by Wnt ligands 

promotes HSC self-renewal. Wnt signaling could be mediated by the regulation of p21 (Reya 

et al. 2003; Fleming et al. 2008). Finally, the PI3K/AKT pathway is involved in regulating cell 

growth and survival. Activation of this pathway can induce HSC proliferation and 

differentiation.  When the PI3K/AKT pathway is activated, FOXO proteins (like FOXOA3) are 

phosphorylated and excluded from the nucleus, leading to a decrease in CDKi expression and 

an increase in HSC proliferation (Tothova et al. 2007). 

• The metabolic state of HSCs plays an important role in regulating their quiescent state. HSCs 

have low metabolic activity and rely on oxidative phosphorylation and anaerobic glycolysis for 

energy production (Morganti et al. 2022). Alterations in metabolism, such as the switch to 

glycolysis, can lead to the activation and proliferation of HSCs. For example, activation of the 

PI3K/AKT pathway can promote aerobic glycolysis and increase HSC metabolism, which in turn 

can stimulate HSC proliferation and differentiation. Conversely, inhibition of the PI3K/AKT 

pathway can promote oxidative phosphorylation and decrease HSC metabolism, leading to 

enhanced HSC quiescence and self-renewal (Juntilla et al. 2010). 

• Epigenetic regulators control gene expression by modifying DNA and histone proteins. One 

example of an epigenetic regulator involved in regulating HSC quiescence is Polycomb group 

proteins, which suppress the expression of genes involved in cell cycle progression and 

promote HSC quiescence (Lu et al. 2018). 

• Growth factors and cytokines are produced by other cells in the BM microenvironment and 

act on HSCs to promote their survival, proliferation, and differentiation. For instance, stem cell 

factor (SCF) and thrombopoietin (TPO) are growth factors that promote the survival and 

proliferation of HSCs (Carver-Moore et al. 1996; Broudy 1997), while interleukin-6 (IL-6) and 

granulocyte-macrophage colony-stimulating factor (GM-CSF) promote the differentiation of 

HSCs into the myeloid lineage (Liu et al. 1997). Another key chemokine is CXCL12 (SDF-1) which 

is required for HSC maintenance and HSC retention in the BM (Ara et al. 2003; Sugiyama et al. 

2006). Other cytokines, such as vascular endothelial growth factor (VEGF), promote the 

expansion and differentiation of HSCs and progenitor cells by regulating the proliferation and 

survival of endothelial cells (Gerber et al. 2002). Bone morphogenetic protein (BMP) signaling 

is necessary to maintain functional adult HSCs in vivo as its absence is linked with a significant 
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reduction in the number of HSCs. Moreover, serial transplantation experiments demonstrated 

that BMP4-deficient recipients had a defect in their microenvironment (Goldman et al. 2009). 

 

Figure 9: Cell cycle regulation of HSCs. The entry of quiescent HSCs from the G0 phase into the G1 phase of the 
cell cycle is regulated by a complex network of factors. This regulation involves a balance between activating and 
inhibitory mechanisms that control the activity of cyclin–CDK complexes. Activation of the PI3K/AKT/mTOR 
pathway a central role in promoting HSC cell cycle activity by activating the cyclin D–CDK4/6 complex. Transition 
from the G1 to the S phase of the cell cycle is regulated by the Cyclin E–CDK2 complex. Its activity is modulated 
by the CIP/KIP family of CDK inhibitors and the Rb family. The expression of CIP/KIP family members is regulated 
by transcription factors like JunB, and FOXO3A, which are activated by external signals that repress cell growth. 
Functionally related groups of cell cycle activators are shaded in green, while functionally related groups of cell 
cycle inhibitors are shaded in pink. (adapted from Pietras et al. 2011). 

2.2.4.2. Regulation of hematopoiesis by receptor tyrosine kinases (RTKs) 

Receptor tyrosine kinases (RTKs) are known to play a crucial role in the regulation of 

hematopoiesis. RTKs are a family of cell surface receptors that transmit signals from extracellular 

growth factors and cytokines to intracellular signaling pathways. RTKs participate in the maintenance, 

proliferation, differentiation, and survival of HSCs and progenitor cells (Reilly 2003; Fares et al. 2022). 
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2.2.4.2.1. Importance of RTKs for hematopoietic regulation 

One prominent RTK involved in hematopoiesis is the receptor for SCF, known as c-Kit or CD117 

(Yarden et al. 1987). Binding of SCF to c-Kit activates downstream signaling pathways such as 

RAS/MAPK, PI3K/AKT, and JAK/STAT, which regulate the self-renewal and survival of HSCs, as well as 

the differentiation of hematopoietic progenitors into various blood cell lineages (Figure 9) (Linnekin 

1999). Disruptions in c-Kit signaling can lead to hematopoietic disorders, including impaired HSCs 

function and abnormal blood cell development (Gari et al. 1999; Cairoli et al. 2003). 

Another essential RTK in hematopoiesis is the receptor for TPO, known as MPL. In addition to its 

role in HSC regulation, TPO-MPL signaling is crucial for the maintenance and expansion of 

megakaryocyte-erythroid progenitors and the production of platelets and red blood cells (Figure 9)  

(Besancenot et al. 2014). Activation of MPL triggers signaling pathways such as JAK/STAT and PI3K/AKT, 

which regulate cell survival, proliferation, and differentiation in the megakaryocytic and erythroid 

lineages (Miyakawa et al. 2001). 

Other RTKs, such as FLT3 and Flt3-like receptor, also contribute to hematopoiesis by modulating 

the development of specific blood cell lineages and regulating the balance between self-renewal and 

differentiation of hematopoietic progenitor cells (Rosnet et al. 1993). 

2.2.4.2.2. Role of the RET RTK during hematopoiesis  

RET (REarranged during Transfection) is an RTK that transmits a proliferative signal in the presence 

of its co-receptor GFR-alpha (GFRα1) and in response to GDNF family ligands (GFLs). As a RTKs, RET 

regulates various downstream signaling pathways, including JAK/STAT, PI3K/AKT and ERK (Mulligan 

2014). Its roles and function will be described in detail in the chapter dedicated to the RET protein (see 

3. The RET proto-oncogene). 

RET is expressed by human HSCs derived from UCB, with a notable enrichment in the CD49f+ 

population (Grey et al. 2020). It is also known to be expressed in intermediate mature myeloid cells 

and in acute myeloid leukemia (Gattei et al. 1997; Nakayama et al. 1999). 

Previous investigations have provided evidence suggesting the importance of RET in the 

generation and expansion of HSCs. Notably, RET has been identified as a critical factor in the 

development of hematopoietic potential in mice, emphasizing its role in HSC development (Fonseca-

Pereira et al. 2014). The neurotrophic GFLs that partner with RET are produced within the HSCs 

environment and contribute to the stimulation of HSCs survival, expansion, and functionality. 

Disruption of RET through null mutation results in the loss of important survival cues provided by Bcl2 

and Bcl2l1. 
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Another study shows that the provision of GDNF/GFRα1 plays a crucial role in maintaining UCB-

derived HSC potential in vitro (Grey et al. 2020). The activation of RET signaling pathway in these cells 

reveals an anti-apoptotic and anti-inflammatory program, leading to enhanced survival and expansion 

of UCB-derived HSCs. Moreover, the stimulation of RET signaling has been shown to reduce the 

accumulation of ROS in HSCs, preserving their potency, and promoting further expansion in vitro. 

These findings suggest that by augmenting RET activation, the signaling cascades involved in HSCs 

function can be strengthened and diversified, resulting in improved HSC performance. 

Overall, RTKs play diverse roles in hematopoiesis, acting as critical regulators of HSCs maintenance, 

proliferation, and differentiation, as well as lineage-specific hematopoietic cell development. 

Understanding the intricate signaling networks mediated by RTKs is crucial for unraveling the 

molecular mechanisms underlying normal hematopoiesis and may provide insights for the 

development of novel therapeutic strategies for hematopoietic disorders. 

2.2.4.3. The hematopoietic niche 

The hematopoietic niche, a concept proposed by Schofield in 1978, is a specialized 

microenvironment within the BM that provides essential support and regulatory cues for the 

maintenance and function of HSCs (Schofield 1978). The niche consists of various cellular components, 

extracellular matrix (ECM), and soluble factors that collectively maintain HSCs (Figure 10). 

The cellular components provide structural support and secrete regulatory factors. They consist of 

osteoblasts, endothelial cells, mesenchymal stromal cells (MSCs), and macrophages that collectively 

create a microenvironment for HSC maintenance. Osteoblasts provide physical support to HSCs and 

secrete factors such as angiopoietin-1 (ANGPT1), osteopontin (OPN), and TPO, which promote HSC 

quiescence (Arai et al. 2004; Stier et al. 2005; Yoshihara et al. 2007). Blood vessel endothelial cells 

within the niche produce factors like SCF, Notch ligands (such as Jagged-1) and CXCL12, which regulate 

HSC quiescence, self-renewal, and homing (Butler et al. 2010; Ding et al. 2012; Greenbaum et al. 2013; 

Poulos et al. 2013). MSCs interact with HCS and contribute to the niche by secreting factors like CXCL12 

and SCF (Méndez-Ferrer et al. 2010). Tissue-resident macrophages also produce CXCL12 and therefore 

promote the retention of HSC in the niche (Chow et al. 2011; Winkler et al. 2010). Moreover, 

nonmyelinating Schwann cells, found in proximity to HSCs, have been demonstrated to play a role in 

maintaining the quiescence of HSCs through the activation of transforming growth factor-β (TGF-β)-

SMAD signaling pathway (Yamazaki et al. 2011). 

The ECM within the hematopoietic niche has a crucial role in HSC regulation. Components such as 

fibronectin, collagen, and hyaluronic acid provide structural support and act as reservoirs for growth 

factors and signaling molecules. The interaction between HSCs and ECM components involves various 
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cell receptors, including integrins and other receptors such as CD44. CD44 is known to cooperate with 

CXCL12 in the homing of CD34+ HSCs to the BM (Avigdor et al. 2004). Integrins can bind to ECM and 

activate downstream signaling through PI3K and focal adhesion kinase (FAK) (Buitenhuis 2011; Lu et 

al. 2012). 

Soluble factors such as SCF are secreted by niche cells as presented above. CXCL12 binds to the 

CXCR4 receptor on HSCs, promoting their retention within the niche and quiescence (Ara et al. 2003; 

Sugiyama et al. 2006). TGF-β regulates HSC quiescence and exhibits immunomodulatory effects (Blank 

& Karlsson 2015). Notch ligands activate Notch signaling in HSCs, impacting their fate decisions and 

self-renewal (Lampreia et al. 2017). Interestingly, TPO, CXCL12 and TGF-β have been shown to 

modulate p21Cip1 and p57Kip2 expressions, suggesting a role for the BM niche in regulating expression 

of these CKIs in HSCs (Scandura et al. 2004; Qian et al. 2007; Nie et al. 2008). 

 
Figure 10: Regulation of HSC maintenance by the cells of the hematopoietic niche. Different cell types are 
implicated in the maintenance of HSCs. These include perivascular stromal cells expressing CXCL12 (CXCL12-
abundant reticular, CAR) cells, endothelial cells (ECs), macrophages, sympathetic neurons, and nonmyelinating 
Schwann cells. HSC maintenance is regulated by numerous factors, including CXCL12 and SCF, as well as additional 
factors like pleiotrophin, angiopoietin 1 (ANGPT1), and TGF-β. In addition, signaling pathways such as Notch and 
Wnt contribute to the regulation of the microenvironment (Mendelson & Frenette 2014). 

The physical properties of the niche, such as stiffness and oxygen tension may also influence HSC 

fate decisions and functional properties (Zhang et al. 2019). Moreover, emerging evidence suggests 

that the niche can dynamically respond to physiological and pathological conditions, adapting its 

properties to support HSC homeostasis or respond to stress and injury (Calvi & Link 2015). 
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Understanding the complex interplay between HSCs and their niche has profound implications for the 

development of novel therapeutic strategies targeting hematopoietic disorders and improving HSC 

transplantation outcomes. 

2.2.4.4. Stress-induced regulation of hematopoiesis 

Comprehending the development of lineage preferences due to the diversity of HSCs and their 

susceptibility to external signals is crucial for understanding how the hematopoietic system adapts to 

physiological stress. In this context, inflammation plays a prominent role in coordinating a demand-

driven hematopoietic response. It has the capacity to either activate specific subsets of lineage-biased 

HSCs or to reprogram lineage bias in HSPCs through the secretion of cytokines. Both forms of 

regulation come into play in response to various physiological stressors, such as injuries. 

 For instance, TGF-β1 can promote the activation and differentiation of myeloid-biased HSCs, while 

myeloid-biased HSCs exhibit reduced responsiveness to the lymphopoietic IL-7 (Challen et al. 2010; 

Muller-Sieburg et al. 2004). Moreover, as mentioned earlier, certain HSCs can give rise directly to 

megakaryocytes, thus replenishing platelet levels in response to infection or tissue damage (Sanjuan-

Pla et al. 2013; Haas et al. 2015). The MPP compartment also displays dynamic reactions to 

inflammatory signals, leading to alterations in blood cell production. Specifically, the secretion of IL-1 

and M-CSF signals triggers the activation of the myeloid lineage transcription factor PU.1 in HSCs 

(Mossadegh-Keller et al. 2013; Pietras et al. 2016). This activation causes a shift from lymphoid-biased 

MPPs to myeloid-biased MPPs. This adaptability is also observed following transplantation, indicating 

the presence of a common regulatory mechanism in both scenarios (Olson et al. 2020). In the BM, 

rapidly differentiating GMP clusters support the production of mature myeloid cells during emergency 

hematopoiesis (Hérault et al. 2017). 

Inflammation leads to the reprogramming the entire HSPC compartment, channeling the 

production of specific blood cell lineages helped by the activation of lineage-biased HSC 

subpopulations. The degree to which this HSC-level bias influences downstream progenitors is a 

subject of ongoing investigation. These findings raise intriguing questions regarding the versatility of 

HSPCs in responding to danger signals and their ability to guide hematopoietic outcomes through 

paracrine signaling. 

2.2.4.5. Maintenance and expansion of HSCs in vitro 

Researchers are actively working to enhance the success of HSC engraftment as a therapeutic 

approach for patients with hematopoietic disorders. A paramount objective in clinical therapy is to 

generate a substantial quantity of transplantable HSCs by amplifying the population of LT-HSCs while 

impeding their differentiation into committed progenitor cells (Figure 11). Over the years, 
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considerable progress has been made to develop various culture systems that enable the maintenance, 

manipulation, and expansion of HSCs in vitro. 

 
Figure 11: Model of HSCs and progenitor cells. Dormant LT-HSC expressing Lin- CD34+ CD38- CD90+ CD45RA- 
CD49f+. They possess the ability to self-renew, are quiescent and contribute to the replenishment of the ST-HSC 
pool. Active ST-HSCs act as an intermediate state between LT-HSCs and multipotent progenitor cells (MPPs), 
playing a vital role in replenishing progenitor cells and maintaining the balance of the hematopoietic system. 
(Adapted from Mayer et al. 2022). 

 In vitro culture approaches aim to recreate the physiological conditions of the BM niche and 

provide growth factors and cytokines that support HSC quiescence or induce proliferation. Early 

attempts at HSC culture relied solely on media supplements such as cytokines and growth factors, 

without incorporating supporting BM cells. Mouse HSCs were cultured in media containing FCS, bovine 

serum albumin (BSA), and specific cytokines such as SCF, IL-11 and, FLT3/FLK-2 ligand (FLT3L) 

(Yonemura et al. 1997; Miller & Eaves 1997). Subsequent modifications of these culture conditions 

involved the addition of other supplements like ITS-X (insulin, transferrin, selenium, ethanolamine) or 

TPO in the culture medium resulting in the enhancement of the number of HSCs and the improvement 

of bone marrow reconstitution efficiency (Yagi et al. 1999). Eliminating FCS from the culture media 

composition, which can vary in quality between batches, and substituting BSA with polyvinyl alcohol 

(PVA), has additionally enhanced the extended culture of HSCs (Wilkinson et al. 2019). 

 The addition of small molecules such as StemRegenin-1 (SR1) and UM171 has been shown to be 

beneficial for HSCs expansion (Boitano et al. 2010; Fares et al. 2014). SR1 acts as an antagonist of the 

aryl hydrocarbon receptor, which is a negative regulator of hematopoiesis, while UM171 is believed to 

facilitate homeostatic inflammatory detoxification of ROS (Singh et al. 2009; Chagraoui et al. 2019). 
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When combined with cytokines such as TPO, SCF, FLT3L, and IL-6, SR1 and UM171 have been shown 

to induce an estimated 30-fold expansion of HSCs in vitro over a period of two weeks. 

Advancements in our understanding of HSC self-renewal and its regulation by niche components 

paved the way for the development of novel in vitro expansion approaches. In the BM niche 

endothelial cells stimulate HSC self-renewal through Notch signaling (Lampreia et al. 2017). 

Researchers have shown engineered Notch ligands can be employed to culture HSCs, resulting in 

prolonged expansion and improved reconstitution ability (Varnum-Finney et al. 2003). More generally, 

the co-culture of HSCs on an extracellular matrix composed of BM mesenchymal stem or stromal cells 

(MSCs) has allowed for the improvement of HSCs maintenance (Butler et al. 2010; Nakahara et al. 

2019). Research efforts are now focused on developing 3D culture methods to replicate the spatial 

structure of the BM microenvironment more accurately (Raic et al. 2019). These methods include the 

co-culture of HSCs inside an MSCs spheroid or the use of cross-linked polymers to form a 3D hydrogel 

scaffold (Cook et al. 2012; Bai et al. 2019). Overall, these 3D culture approaches offer advantages such 

as proper cell-cell contacts, maintenance of cell shape, controlled signaling molecule concentration, 

and enhanced communication between cells. 

2.2.5. Challenges in HSC transplantation therapies 

Alterations in HSCs or disturbances in BM homeostasis are known to be significant contributors to 

the development of various blood diseases, including leukemia, lymphoma, and myeloma (Li, Xue, et 

al. 2015; Maswabi et al. 2017; Toscani et al. 2015). Hematopoietic stem cell transplantation (HSCT) 

aims to restore normal hematopoiesis and continues to be a crucial therapeutic approach for treating 

acute leukemias in allogeneic settings and other hematopoietic malignancies in autologous settings, 

particularly high-risk multiple myeloma (Ntanasis-Stathopoulos et al. 2020; Cowan et al. 2022) and 

aggressive refractory/relapsed lymphomas (Zahid et al. 2017). 

HSCT can be classified based on the source of the graft and the relationship between the donor 

and recipient (Bazinet & Popradi 2019). HSCs can be obtained from peripheral blood, BM, or UCB units. 

HSCT can be autologous, where the recipient's own stem cells are collected, or allogeneic, where the 

cells are obtained from another individual. In autologous HSCT, stem cells are collected from the 

recipient and cryopreserved. These cells are later re-infused after high-dose chemotherapy with or 

without radiotherapy. For allogeneic grafts, a healthy donor with human leukocyte antigen (HLA) 

compatibility is required. If a suitable donor is not available, banked UCB units or a partially matched 

family member (haploidentical donor) can be used (Wagner et al. 2002; Kanakry et al. 2016). However, 

the scarcity of HSCs from unrelated donors and the risk of graft-versus-host disease (GvHD) present 

ongoing challenges. 
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To overcome these challenges, several attempts have been made in the past to expand true LT-

HSCs using in vitro established techniques in the presence of cytokines (see section 2.2.4.5. 

Maintenance and expansion of HSCs in vitro). However, these attempts have not yet yielded a 

methodology capable of producing transplantable LT-HSCs in clinically applicable settings. To address 

these limitations, double cord blood transplantation has been employed, particularly in adult patients, 

as an alternative approach to bypass these difficulties (Gutman et al. 2010). 

The limitations in expanding true HSCs in vitro highlight the complexity of the HSC niche and the 

intricate regulatory mechanisms involved in HSC maintenance and self-renewal. Further research is 

needed to elucidate the precise signals and factors necessary for the successful expansion of functional 

HSCs. By gaining a deeper understanding of the biology of HSCs it may be possible to develop novel 

approaches for HSC expansion and overcome the challenges associated with transplantation therapies. 

Another approach for improving BM transplantation would be the generation of functional and 

engraftable HSCs from iPSC. 

2.3. HSCs generation from iPSCs 

The generation of HSCs from iPSCs holds great promise for regenerative medicine and personalized 

cell therapies. However, several challenges need to be addressed to achieve efficient and functional 

HSC generation from iPSCs. 

2.3.1. Challenges in HSCs generation from iPSCs 

Indeed, recapitulating the complex process of HSC development in vitro is a major hurdle as 

researchers need to understand the precise molecular cues and signaling pathways to effectively guide 

iPSCs towards the HSC fate. Studies have generated HSC-like cells from PSCs, but they recapitulate 

engraftment-deficient yolk sac hematopoiesis rather than the definitive hematopoiesis (Kaufman et al. 

2001; Chadwick et al. 2003; Zambidis et al. 2005). Subsequently, protocols for generating terminally 

differentiated blood cells from PSCs have been developed, enabling the possibility of iPSC-derived 

erythrocyte transplantation (Ma et al. 2008; Kobari et al. 2012). Unfortunately, these protocols are not 

suitable for generating true engraftable LT-HSCs (Lim et al. 2021).  

Until now, the only protocols for generating HSCs from iPSCs are those that involve in vivo 

teratoma formation in immunocompromised mice (Amabile et al. 2013; Suzuki et al. 2013). In these 

cases, iPSC-derived HSCs migrated from teratomas to the BM leading to the long-term reconstitution 

of the hematopoietic system with multilineage potential in serial transplantation. However, these 

protocols are problematic for clinical applications because the use of cells obtained via a culture within 

a mouse teratoma is not clinically acceptable. 
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Transcription factor screening has been a major focus of research to enhance in vitro 

hematopoiesis from iPSCs. Specific transcription factor combinations have been identified that can 

generate serially transplantable HSCs with multilineage differentiation potential (Riddell et al. 2014). 

These findings in mice have provided proof-of-principle data for modeling genetic blood diseases and 

therapeutic strategies. However, this method relies on ectopic expression of transcription factors and 

remains challenging to adapt in a clinical context due to practical limitations, such as the need for 

specialized laboratory conditions, time consumption, and cost. The same approach with 

overexpression of 5 transcription factors have also been reported but obviously these approaches are 

not currently clinically applicable (Doulatov et al. 2013). These experiments demonstrate however that 

iPSCs have the potential to generate long-term HSC. 

Enhancing our understanding of the mechanisms underlying the hematopoietic differentiation of 

iPSCs and refining existing protocols is essential to pave the way for the generation of functional iPSC-

derived HSCs. These cells would be used for various therapeutic applications, including hematopoietic 

disorders, immune reconstitution, and personalized medicine. 

2.3.2. Current protocols for in vitro iPSC-derived hematopoiesis 

Over the past decade, considerable progress has been made in the development of iPSC-derived 

blood therapeutics. Differentiation protocols for iPSCs follow a similar path that mimics embryonic 

development, involving key stages such as mesoderm induction, hematopoietic commitment, 

generation of hematopoietic progenitors and finally terminal differentiation into mature blood cells 

(Figure 12). 

 
Figure 12: Simplified protocol of hematopoietic differentiation from iPSCs (Rao et al. 2022). 

Co-culture with feeder cells or the use of small molecules has been shown to enhance 

hematopoietic output. However, the precise program of primitive versus definitive hematopoiesis in 

iPSCs is still under investigation, with efforts to improve engraftment potential and achieve more 

mature erythroid cells. Herein are presented several protocols of hematopoietic differentiation from 

iPSCs: 

• 2D protocols are easier and shorter but do not fully recapitulate the niche microenvironment 

and essential signaling pathways such as Notch resulting in fewer CD34+ cells and lower colony-
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forming capacity (Mora-Roldan et al. 2021). However, they are more reproducible, cheaper, 

and easier to use (Tursky et al. 2020). Commercial kits like STEMdiffTM Hematopoietic Kit 

provide standardization for 2D differentiation. The process induces mesoderm with factors like 

BMP-4, VEGF-A, and b-FGF. Hematopoietic differentiation is then achieved using factors like b-

FGF, BMP-4, VEGF-A, SCF, Flt3-L, and TPO. Hematopoietic cells appear around day +12 of 

differentiation. However, the lack of a representative niche in 2D cultures leads to the rapid 

loss of self-renewal potential in favor of differentiation (Walasek et al. 2012). 

• 3D strategies aim to overcome the limitations of 2D culture by reconstituting the 

hematopoietic niche more closely (Rödling et al. 2017). Various approaches, including 

biomaterials and bioreactors, are used to mimic the complexity of the niche, considering 

paracrine functions, cellular heterogeneity, mechanical environment, and hypoxia (Leisten et 

al. 2012; Raic et al. 2014; Lee-Thedieck & Spatz 2014). iPSCs can spontaneously differentiate 

into embryoid bodies (EBs), which can be further differentiated into hematopoietic cells. EBs 

can be obtained through bioreactor cultures, hanging drop cultures, or microwell technology 

(Höpfl et al. 2004; Mohr et al. 2006; Lim et al. 2013). EBs can also be co-cultured with mouse 

stromal cells (such as MS-5, OP-9) that mimic the hematopoietic niche. These stromal cells can 

be modified to express specific transcription factors like HOXB4, DLL1, and DLL4 (Nakano et al. 

1994; Mohtashami et al. 2010; Larbi et al. 2012). OP-9 cells, derived from mouse bone marrow 

stromal cells, possess hematopoietic supportive capacity similar to MS-5 cells (Gao et al. 2010). 

When co-cultured with ESC/iPSC, these stromal cells induce the differentiation of ESC/iPSC into 

various blood cell lineages (erythroid, myeloid, lymphoid). 

Overall, 3D techniques aim to recreate the hematopoietic niche more accurately, while 2D 

techniques offer reproducibility and simplicity, albeit with some limitations. 

In conclusion, the advancement of HSC engraftment for therapeutic applications remains an 

ongoing pursuit in the field of regenerative medicine. The primary goal is to expand the pool of long-

term HSCs while impeding their differentiation into committed progenitors, ultimately facilitating the 

replenishment of the hematopoietic system. Notable progresses have been achieved through the 

development of various in vitro culture systems that permit the manipulation, expansion, and 

maintenance of HSCs. The promise of generating functional HSCs from iPSCs offers great potential for 

personalized cell therapies. Nonetheless, significant obstacles remain in achieving efficient and 

clinically applicable protocols for iPSC-derived HSC generation.  
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3. The RET proto-oncogene  

The discovery of cytoplasmic and receptor tyrosine kinases as main drivers of cancer positioned 

them as promising targets for the treatment of malignant diseases (Sawyers 2002). In 1985, a specific 

tyrosine kinase receptor REarranged during Transfection (RET) was initially identified as a transforming 

gene (Takahashi et al. 1985). This finding occurred when DNA from human lymphoma cells was 

introduced into NIH3T3 cells leading to their oncogenic transformation. Takahashi and colleagues 

conducted Southern blot analysis and determined that the transforming gene resulted from the 

combination of two separate DNA sequences located over 25kb apart. This genetic recombination was 

named RET referring to the experiments leading to its discovery. 

3.1. Role of RET in embryonic development and adult cells 

3.1.1. Structure of RET Protein 

The RET proto-oncogene is located on the human chromosome 10q11.2 and encodes a 

transmembrane protein member of the tyrosine kinase family. Its extracellular domain is constituted 

of four cadherin repeats, called cadherin-like domains (CLDs), and one Ca2+ binding site situated 

between CLD2 and CLD3 (Figure 13) (Anders et al. 2001). Following CLD4, a region of 120 amino acids 

containing 16 cysteine residues (cysteine-rich domain, CRD) is connected to the transmembrane 

domain (TMD). The intracellular domain is a typical tyrosine kinase domain (TK). There are two RET 

isoforms after alternative splicing: one short with 9 residues after position 1063 (RET9) and one long 

with 51 residues (RET51). 

The ligands that bind to RET belong to the Glial cell line Derived Neurotrophic Factor (GDNF) family 

known as GDNF family ligands (GFLs). The first identified member of this family was GDNF, which gave 

its name to the family (Durbec et al. 1996). In addition to GDNF, three others RET ligands have been 

identified and are closely related in sequence to GDNF. These include Artemin (ARTN) (Baloh et al. 

1998), Neurturin (NRTN) (Kotzbauer et al. 1996) and Persephin (PSPN) (Milbrandt et al. 1998). GFLs are 

dimeric proteins with growth factor-like properties that form a family distantly related to the 

transforming growth factor-β (TGF-β) superfamily (Saarma 2000). 

RET and its ligands cannot directly bind each other, instead GFLs first bind with a family of glycosyl-

phosphatidylinositol (GPI) anchored co-receptor proteins called GDNF family receptor alpha (GFRα). 

There are four GFRα receptors (GFRα1–4), and each one preferentially interacts with a specific GFL. 

GDNF binds to GFRα1, NRTN to GFRα2, ARTN to GFRα3, and PSPN to GFRα4. Once the GFL and GFRα 

subunit have formed, it interacts with RET CLDs to form a complex. Therefore, RET activation occurs 

after the binding of a GFL dimer to a GFRα co-receptor. 
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Figure 13: Canonical RET signaling. GDNF-family ligands (GFLs) such as Artemin, Neurturin, Persephin (ARTN, 
NRTN, PSPN), and GDNF bind the co-receptor GFRα1-4. Simultaneously, calcium ions interact with the calcium-
binding domain, leading to the recruitment of RET and the formation of a RET-GFRα complex. This complex brings 
two RET monomers close together, resulting in homodimerization and cross-phosphorylation of critical tyrosine 
residues within RET. These phosphorylated tyrosine residues serve as docking sites for adaptor proteins that play 
crucial roles in propagating RET signaling, including PI3K/AKT, MAPK, PLCγ, and RAS/RAF/ERK. Consequently, the 
activation of RET signaling facilitates cell proliferation, growth, and survival by triggering multiple downstream 
signaling cascades. The components involved in this process include the cysteine-rich domain (CRD), 
transmembrane domain (TMD), and tyrosine kinase domain (TK) (Regua et al. 2022). 

Concurrently, Ca2+ ions bind on RET calcium binding domain to stabilize RET protein structure and 

its interactions with ligands. The GFL-GFRα subunit interacts with RET and induces the recruitment of 

2 RET monomers leading to their homodimerization and the autophosphorylation of the TK (Figure 13) 

(Li, Shang, et al. 2019). They are 18 tyrosine residues in the intracellular kinase domain, including 14 
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that can become phosphorylated (Kawamoto et al. 2004). The cross-phosphorylation of RET tyrosine 

residues allows for the recruitment of adaptor proteins needed for transmitting external signals and 

initiating downstream signaling pathways. These proteins are well-known tyrosine kinases effectors 

such as phospholipase C-γ (PLCγ), PI3K/AKT, RAS/RAF/MAPK and JAK/STAT. The effects of the 

phosphorylation of several tyrosine residues are listed in the Table 1 below: 

Table 1: Effect of the phosphorylation of RET tyrosine kinase residues. 

Kinases Effects References 

Tyr687 
Recruits and binds SHP2 phosphatase, leading to the activation of 
PI3K/AKT 

(Perrinjaquet et al. 
2010) 

Tyr752 Docking site STAT3 (Schuringa et al. 2001) 

Tyr900 Kinase activation loop (Knowles et al. 2006) 

Tyr905 
Stabilization of the active RET conformation. Binding of adaptor 
protein Grb7/10 

(Iwashita, Asai, et al. 
1996) 

Tyr928 Docking site for STAT3 (Schuringa et al. 2001) 

Tyr981 Binding and activation of SRC kinase (Encinas et al. 2004) 

Tyr1015 Activation of PLCγ (Borrello et al. 1996) 

Tyr1062 Activation of RAS/MAP kinase and PI3K/AKT (Coulpier et al. 2002) 

Tyr1096 
Present only in RET51 isoform. Activation of RAS/MAPK via Grb2 
binding 

(Liu et al. 1996) 

 
Altogether, activation of RET signaling promotes cell growth, differentiation, survival, and 

proliferation. 

3.1.2. Normal functions of the RET receptor signaling  

The RET protein is a key player in several physiological processes essential for normal development 

and tissue homeostasis.  

During embryogenesis, RET is critical for the development and maintenance of the enteric nervous 

system (Schuchardt et al. 1994). It acts as a guiding force for neural crest cells, promoting their survival, 

migration, and differentiation into enteric neurons that control gastrointestinal functions (Lake & 

Heuckeroth 2013). Furthermore, RET plays a fundamental role in kidney development by regulating 

the process of branching morphogenesis in the ureteric bud, ensuring the formation of the functional 

collecting duct system (Sánchez et al. 1996; Pichel et al. 1996). 

In addition to its role in organogenesis, RET is crucial for neurotrophic signaling. Activation of RET 

by GFLs triggers intracellular signaling cascades that promote neuronal survival, growth, and 



 

52 

differentiation (Moore et al. 1996). This is crucial in the development and maintenance of a variety of 

neuronal populations, such as motor neurons, sympathetic neurons, and sensory neurons (Cacalano 

et al. 1998). Moreover, a study revealed progressive and late degeneration of dopaminergic neurons, 

accompanied by inflammation and gliosis, in RET conditional knock-out mice over a two-year 

monitoring period (Kramer et al. 2007). This suggests RET plays a crucial role in the long-term 

maintenance of the nigrostriatal dopamine system. 

RET signaling is implicated in the regulation of spermatogenesis. GDNF secreted by Sertoli cells 

plays a crucial role in the maintenance and the maturation of spermatogonial stem cells (SpSC) (Meng 

et al. 2000; Kubota et al. 2004). Studies have shown that mice expressing a dominant-negative RET 

exhibit defective spermatogenesis, indicating the involvement of RET in this process (Jain et al. 2004). 

Further research revealed that RET and GFRα1 are co-expressed in germ cells and SpSCs during early 

spermatogenesis and their signaling is necessary for complete spermatogenesis and SpSCs self-

renewal. (Naughton et al. 2006). These findings highlight the importance of the GDNF-RET axis in 

spermatogenesis and the regulation of SSC fate. 

RET is also involved in the regulation of hematopoiesis. This is addressed in detail in section 

2.2.4.2.2. Role of the RET RTK during hematopoiesis of this manuscript.  

3.2. Roles of RET in disease  

RET has emerged as a causative gene in several human diseases. RET mutations are responsible 

for the onset of diverse neuroendocrine cancers such as medullary thyroid carcinoma (MTC) and 

pheochromocytoma. Additionally, RET activation through gene rearrangements have been observed 

in papillary thyroid carcinoma (PTC), non-small cell lung cancer (NSCLC), salivary gland intraductal 

carcinoma, and other cancer types. In contrast, RET-inactivating point mutations or deletions 

contribute to the development of Hirschsprung's disease (HSCR).  

3.2.1. RET and cancers   

3.2.1.1. RET mutations in cancer 

Mutations in the RET gene can lead to the development of various types of cancer, including MTC, 

multiple endocrine neoplasia type 2 (MEN2), and familial medullary thyroid carcinoma (FMTC). These 

mutations can be germline mutations, inherited from parents, or somatic mutations, acquired during 

a person's lifetime. The presence of these mutations leads to the abnormal activation of the RET 

protein, which promotes uncontrolled cell growth and division, resulting in the formation of tumors 

(Plaza-Menacho et al. 2014).  

In 1961, a review of 537 pheochromocytoma cases revealed an unexpectedly high incidence of 

thyroid neoplasms co-occurrence, leading to the hypothesis of an association between the two 
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diseases (Sipple 1961). In 1965, Williams examined 17 cases of associations between thyroid cancer 

and pheochromocytomas and hypothesized that a genetic predisposition could be the cause of this 

association (Williams 1965). These seminal studies led to the identification of multiple endocrine 

neoplasia type 2 (MEN2) syndrome, which is further divided into two subtypes: MEN2A and MEN2B. 

Both types are characterized by MTC pheochromocytoma, but MEN2A also causes primary 

hyperparathyroidism (Wells et al. 2013). 

MEN2 is an autosomal dominant inherited disease where nearly all patients carry a hereditary 

mutation in the RET proto-oncogene (Wells et al. 2013). These point mutations can lead to constitutive 

activation of the tyrosine kinase domain. In MEN2A, mutations affecting the extracellular cysteine-rich 

domain are responsible for the RET dimerization in the absence of its ligands, leading to 

autophosphorylation of the tyrosine kinase domain and constitutive activation of downstream 

signaling pathways. These mutations occur at either codon 634 (exon 11) or codons 609, 611, 618, and 

620 (exon 10) and account for 98% of all mutations associated with MEN2A. The most common 

mutation affects codon 634 (mutation RETC634Y) and represents over 80% of all MEN2A-associated 

mutations (Kouvaraki et al. 2005). The patient-derived iPSC used in the Results section of this 

manuscript is carrying this mutation (iRETC634Y). For MEN2B a single mutation converting a methionine 

to a threonine at codon 918 (exon 16) has been identified in 95% of patients, with other mutations 

involving codon 883 (exon 15) or double mutations (Carlson et al. 1994; Eng et al. 1994). The mutation 

RETM918T causes constitutive autophosphorylation of RET without receptor dimerization because it 

modifies a tyrosine kinase domain (Gujral et al. 2006). 

3.2.1.2. RET rearrangements in cancer 

Somatic RET rearrangements have been identified in various human cancers. Oncogenic gene 

rearrangements occur when two separate genes become joined together due to structural changes. In 

the case of RET fusions, the RET tyrosine kinase domain is often linked with a partner gene containing 

a dimerization domain leading to the constitutive activation of RET signaling. The majority of the 

chimeric proteins do not have a transmembrane domain, resulting in cytoplasmic proteins.  Over 35 

genes have been reported to form rearrangement genes with RET, leading to abnormal activated 

fusion protein (Subbiah et al. 2020).  

RET rearrangements has been detected in 5-35% of adult PTCs, particularly with CCDC6 (RET/PTC1) 

(Grieco et al. 1990). Additional gene partners involved in PTC consist of PRKAR1A, NCOA4, GOLGA5, 

TRIM24, TRIM33, KTN1, and RFG9RET. The greatest occurrence of rearrangement was observed in 

children exposed to the aftermath of the Chernobyl disaster, with a notable prevalence of RET 

rearrangements involving the NCOA4 gene (RET/PTC3) (Hamatani et al. 2008; Ricarte-Filho et al. 2013). 
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In NSCLCs, RET rearrangements, such as KIF5B-RET fusion, are present in a subset of cases (1-2%) 

and associated with unique clinicopathological characteristics (Kohno et al. 2012). The implication of 

RET in NSCLC will be reviewed in detail in section 4.3.3 Role of RET in NSCLC. 

In recent studies, a significant prevalence of RET rearrangements (>40%) has been identified in 

salivary intraductal carcinomas, specifically involving NCOA4-RET and TRIM27-RET fusions (Skálová et 

al. 2018; Skálová et al. 2019). These findings suggest that the detection of RET rearrangements is 

valuable in diagnosing a specific subtype of salivary carcinoma. 

Next-generation sequencing approaches have identified less frequent RET rearrangements in 

colorectal, breast, ovarian and chronic myelomonocytic leukemia (Le Rolle et al. 2015; Paratala et al. 

2018; Kato et al. 2017; Ballerini et al. 2012).  

3.2.2. RET in Hirschsprung's disease 

Hirschsprung's disease (HSCR) is a congenital disorder characterized by the absence of neuronal 

ganglion cells in the distal gastrointestinal tract leading to intestinal obstruction (Romeo et al. 1994; 

Edery et al. 1994). RET mutations are found in approximately 50% of patients with familial HSCR and 

10-20% of sporadic cases (Lake & Heuckeroth 2013). Unlike gain-of-function mutations in cancer cases, 

HSCR-associated mutations are RET-inactivating ones and lead to impairment of RET signaling which is 

crucial for the migration and proliferation of enteric neural crest cells during embryogenesis (Brooks 

et al. 2005). These mutations target various aspects of RET, including its kinase activity or its docking 

sites for intracellular signaling molecules (Iwashita, Murakami, et al. 1996; Geneste et al. 1999). Other 

mutations are known to modify the extracellular domain of RET affecting its trafficking to the 

endoplasmic reticulum and therefore preventing its expression at the cellular surface (Cosma et al. 

1998; Kjaer & Ibáñez 2003). 

In conclusion, the discovery of cytoplasmic and receptor tyrosine kinases as major drivers of cancer 

has positioned them as promising targets for treating malignant diseases. RET involvement extends 

beyond normal physiological functions as it is implicated in a range of diseases, particularly cancer. RET 

mutations have been identified in neuroendocrine cancers such as MTC, pheochromocytoma, and 

various thyroid carcinomas. While oncogenic RET gene rearrangements are found in cancers like PTC, 

NSCLC and, salivary gland intraductal carcinoma. In-depth understanding of RET signaling mechanisms 

holds paramount importance in the development of precise treatments for the diseases associated 

with RET.  
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4. Non-Small Cell Lung Cancer 

4.1. Normal human lung development  

4.1.1. The human adult lung 

The lungs form the fundamental components of the respiratory system with intricate branching 

airways and blood vessels, essential for gas exchange. Positioned adjacent to the heart, human lungs 

consist of three right and two left lobes, supported by the concave-shaped diaphragm and enclosed 

by a membrane called the pleura (Figure 14). Air travels through the airways until it reaches the alveoli, 

where the exchange of gases occurs between the alveolar epithelial cells and the network of capillaries 

that envelop them (Weibel 1963). 

Lungs encompass various cell types, including epithelium, endothelium, airway and vascular 

smooth muscle, fibroblasts, neurons, and immune cells like alveolar macrophages. Cellular markers of 

the principal human lung cell populations are shown in the Table 2. 

Table 2: Principal cell markers in human lung (From Nikolić et al. 2018). 

Human cell population Markers References 

Basal cell KRT5, TP63, PDPN 
(Hackett et al. 2011; Rock et al. 2009; Teixeira et al. 
2013) 

 

Ciliated cell  
Acetylated tubulin, β3-tubulin, 
FOXJ1 

(Dye et al. 2016; Gao et al. 2015; Look et al. 2001) 

Secretory club cell  SCGB1A1 (Khoor et al. 1996) 

Secretory goblet cell  MUC5AC, MUC5B, SPDEF (Dye et al. 2016; Yu et al. 2010) 

Type 1 alveolar epithelial cell  
AQP5, HOPX, HTI-56, PDPN, 
RAGE  

(Fujino et al. 2012; Dobbs et al. 1999; Nikolić et al. 
2017; Shirasawa et al. 2004) 

Type 2 alveolar epithelial cell  
ABCA3, HTII-280, LAMP3, 
LPCAT1, pro-SFTPC, SPA, SPB 

(Barkauskas et al. 2013; Stahlman et al. 2007; 
Gonzalez et al. 2010; Cau et al. 2016; Khoor et al. 
1994; Nikolić et al. 2017; Phelps & Floros 1988) 

Distal tip  
SOX9, SOX2, MYCN, GATA6, 
ETV5, HMGA1, HMGA2, HNF1B, 
ID2, CPM, CD47 

(Gotoh et al. 2014; Hawkins et al. 2017; Miller et al. 
2018; Nikolić et al. 2017) 

Stalk bronchiolar progenitors  SOX2  
(Danopoulos et al. 2018; Miller et al. 2018; Nikolić et 
al. 2017) 

 
Lung epithelial cells are categorized into airway and alveolar types:  

• The human tracheobronchial airways exhibit a pseudostratified epithelium where cells are in 

contact with the basement membrane and surrounded by blood vessels, lymphatics, smooth 

muscle, fibroblasts, and nerves (Figure 14) (Hogan et al. 2014). Conducting airway epithelia are 

composed of basal cells, secretory cells (mainly of the mucous subtype) and ciliated cells, 

forming the “mucociliary escalator” for particles clearance. Basal cells are found throughout 

the human conducting airways and function as stem cells, capable of both self-renewal and 

differentiation into secretory and ciliated cells (Rock et al. 2009).  
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• The alveolar epithelium comprises type I (AT1) and type II (AT2) alveolar cells surrounded by 

capillaries and fibroblasts (Williams 2003; Weibel 2015). AT1 cells are flat and cover over 95% 

of the gas exchange surface, while AT2 cells are cuboidal, producing surfactant to reduce 

surface tension in the alveoli (Figure 14) (Crapo et al. 1982). AT2 cells are primary stem cells, 

capable of self-renewal and differentiation into AT1 cells (Barkauskas et al. 2013; Desai et al. 

2014a). Adult human AT1 cells have limited proliferative capacity post-injury in vivo and they 

can de-differentiate to AT2-like cells in vitro (Danto et al. 1995; Hogan et al. 2014). Finally, 

alveolar epithelium also contains alveolar macrophages that play pivotal roles in surfactant 

equilibrium and innate immunity (Bhattacharya & Westphalen 2016). 

 
Figure 14: Structure and cell types in the adult human lung. Close-ups showing the cell varieties present in the 
airway epithelium (left) and the alveolar epithelium (right) (From Nikolić et al. 2018). 

The submucosal glands, which are interconnected with the airway epithelium, are positioned 

beneath the luminal surface. These glands secrete mucus and other substances that play a role in 

safeguarding the lungs against particles and infectious agents (Liu et al. 2004). In humans, these glands 

are found throughout the cartilaginous airways (Meyrick et al. 1969). 

Blood vessels play a vital role in the lung overall structure, with a particular importance in the 

alveolar gas exchange region. The organization of the vasculature, including smooth muscle, pericytes, 

and fibroblasts, varies based on their localization within the lung (Kool et al. 2014). Endothelial cells 

that line capillaries are not solely passive transport channels for blood; instead, they create specialized 

vascular environments that release sets of growth factors, termed angiocrine factors (Rafii et al. 2016). 

These signals actively contribute to directing organ regeneration, maintaining balance, and managing 

metabolism. After injury, these factors are elevated to coordinate the renewal and differentiation of 

resident stem and progenitor cells. 

In summary, the lung stands as a multifaceted organ composed of an array of diverse cell types, 

and its intricate structure takes shape through a highly orchestrated process during embryonic 

development. 
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4.1.2. Stages of human lung development  

The progression of human lung development can be categorized into specific morphological 

stages: embryonic, pseudoglandular, canalicular, saccular, and alveolar stages (Figure 15A) (Burri 1984; 

Rackley & Stripp 2012).   

During the embryonic stage (4-7 post-conception weeks, pcw), the initial lung buds originate from 

the foregut endoderm around the fourth week. These buds then rapidly extend their branches, thus 

establishing the lobular configuration of the lung by the fifth week (Figure 15B). 

 
Figure 15: Stages of human lung development. (A) Schematics of the different stages of human lung 
development (post conception weeks; pcw). (B-B′) Cryosection of a lung during embryonic stage (5 pcw). The 
primary branches and the co-expression of SOX2 and SOX9 at the tips can be observed. (C-D) Cryosections of lungs 
during pseudoglandular stage (11 pcw) showing the co-expression of SOX2 and SOX9 at the tips. Smooth muscle 
actin (SMA; C white) staining indicates airway differentiation while TP63 (D, green) marks the differentiating 
basal cells. (E-F) Cryosections of lungs in the canalicular stage showing (E) distal tips SOX9+ but SOX2-. (F) 
Emerging vasculature with VE-cadherin (VECAD; CDH5) in green and podoplanin (PDPN) in red. (G-H) Cryosections 
of lungs in the alveolar stage during postnatal development showing (G) the presence of SOX9 (in green, 
indicating cartilage), SOX2 (in red, marking airway cells), and ACTA2 (in white, representing smooth muscle). (H) 
the expression of NKX2-1 (in green, representing lung epithelium), FOXF1 (indicating mesenchyme), and ACTA2 
(in white, denoting smooth muscle) is observed. Scale bars: 200 μm (B); 50 μm (C,D,F); 100 μm (E,G,H) (From 
Nikolić et al. 2018). 

Following this, during the pseudoglandular phase (5-17 pcw), the foundational structure of the 

airway tree is shaped through branching morphogenesis (Kitaoka et al. 1996). This stage is 
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accompanied by the differentiation of blood vessels in coordination with airway branching, as well as 

the development of cartilage, smooth muscle, mucous glands, and the epithelial lining (Figure 15C-D) 

(deMello & Reid 2000). 

Between the 16th and 26th pcw, the canalicular phase takes place, characterized by multiple cycles 

of epithelial branching that contribute to the formation of the future alveolar regions (Figure 15E-F). 

The process of alveolar epithelial differentiation is initiated during this phase. As the existing airways 

continue to expand, the distal airspaces undergo a transformation into delicate terminal sacs, closely 

associated with neighboring capillaries (deMello & Reid 2000). 

During the saccular phase (24-38 pcw), the differentiation of alveolar epithelium continues, 

particularly focusing on the maturation of the surfactant system within AT2 cells (Khoor et al. 1994). 

Concurrently, the terminal saccules emerge, growing and becoming enclosed by a bilayer of capillaries 

(Burri 1984). 

Finally, during the alveolar stage (extending from 36 weeks to 3 years after birth), septae emerge 

from the walls of the saccules and subdivide the distal saccules into alveoli to enhance gas exchange 

efficiency. The maturation of microvasculature takes place, transitioning from a dual to a single 

capillary network configuration (Schittny 2017). The process of alveolar formation continues into 

young adulthood (Narayanan et al. 2012). 

The process of lung embryogenesis is a sophisticated morphological process that is finely tuned 

and regulated by several molecular signals. 

4.1.3. The molecular regulation of human lung development 

Extensive research has been conducted on the molecular regulation of mouse lung development, 

yet there is a notable lack of information regarding the molecular aspects of human lung development 

(Cardoso & Lü 2006; Swarr & Morrisey 2015). Much of the investigation in this area has revolved 

around identifying mutant genes from patients with congenital lung diseases and examining their 

effects in genetically modified mice. For instance, the transcription factor NKX2-1 plays a critical role 

in the initial formation of the lung buds in the embryonic foregut endoderm in mice (Lazzaro et al. 

1991; Ikeda et al. 1995). In human, mutations in this gene lead to lung developmental failures 

suggesting a similar function (Devriendt et al. 1998). 

To evaluate if NKX2-1 expression accurately identifies human lung-competent foregut progenitors 

akin to the mouse lung development paradigm, investigations were conducted to determine if hPSC-

derived NKX2-1+ and NKX2-1− foregut progenitors equally possess the potential to produce lung 

lineages. To distinguish NKX2-1+ and NKX2-1− foregut cells, researchers identified the 
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Carboxypeptidase M (CPM) as a marker for NKX2-1+ pulmonary lineage progenitors (Gotoh et al. 2014). 

After sorting, CPM+ cells exhibited substantial NKX2-1 enrichment (∼90%) and demonstrated the 

capacity to generate bronchiolar and alveolar lineages under various differentiation conditions (Gotoh 

et al. 2014; Konishi et al. 2016; Yamamoto et al. 2017). The identification of surface markers for NKX2-

1+ population was further advanced by utilizing a GFP reporter integrated into the endogenous NKX2-

1 locus (Hawkins et al., 2017) (Hawkins et al. 2017). Single-cell RNA-Seq (scRNA-Seq) analysis of NKX2-

1+ populations highlighted CD47 as the most correlated cell surface marker with NKX2-1 levels, 

alongside a similar correlation with CPM expression. Flow cytometry sorting for CD47+ cells coupled 

with the negative selection marker CD26 achieved a high enrichment percentage (∼90%) of NKX2-1+ 

cells. Moreover, NKX2-1− cells exhibited a propensity for non-lung lineage differentiation, including 

oesophageal, liver, and intestinal lineage-like cells. The results from in vitro hPSCs differentiation 

experiments confirmed the identity of NKX2-1+ foregut cells as human lung progenitors, as suggested 

by in vivo mouse experiments (Minoo et al. 1999).  

Furthermore, RNA-Seq has played a significant role in elucidating comprehensive changes in gene 

expression across various developmental stages of entire human lungs (Kho et al. 2016). Comparative 

exploration has been conducted between the transcriptomes of human epithelial tip cells and 

previously reported mouse tip microarray data (Laresgoiti et al. 2016). Notably, nearly 96% of 

orthologous genes expressed in human tip cells are also detected in mice, indicating a high degree of 

conservation (Nikolić et al. 2017). In the context of mouse lung development, distal tip epithelial cells 

have been recognized as multipotent progenitors with Sox9+/Id2+ expression profiles, giving rise to 

bronchiolar and subsequently alveolar lineages (Rawlins et al. 2009; Alanis et al. 2014). Notably, during 

the pseudoglandular stage in mice, there is a distinct segregation between Sox9+ tip cells and Sox2+ 

stalk bronchiolar progenitors. However, a remarkable contrast emerges in human lungs where SOX2 is 

consistently co-expressed with SOX9 in tip cells throughout the pseudoglandular stage (Nikolić et al. 

2017; Miller et al. 2018; Danopoulos et al. 2018). This distinctive expression pattern raises questions 

concerning the functional role of SOX2 in human epithelial tip progenitors and underscores the 

molecular disparities between human and mouse lung development. Furthermore, other disparities 

between human and mouse systems have been identified. Notably, human tip cells demonstrate high 

expression levels of BMP2 and BMP7 in contrast to Bmp4 in mice, implying substantial functional 

variations between the two species (Bellusci et al. 1996). 

These two examples demonstrate the shared similarities in the molecular regulation of lung 

embryogenesis between mice and humans. However, cellular and molecular variations have been 

identified between mouse and human lungs underscoring the importance of investigating human-

specific mechanisms to comprehend disease processes. 
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4.2. General overview of lung cancer 

4.2.1. Epidemiology of lung cancer  

Lung cancer is the second most common cancer worldwide with more than 2.2 million new cases 

in 2020 (Sung et al. 2021). It is the most common cancer in men and the second most common cancer 

in women. Lung cancer is also the leading cause of cancer death, with approximately 1.8 million deaths 

in 2020, accounting for nearly 20% of cancer deaths (Siegel et al. 2022). However, there are significant 

differences between lung cancer incidence and mortality rates around the world that reflect the 

evolution of the tobacco epidemic (Thun et al. 2012). Indeed, tobacco is the number one risk factor for 

lung cancer with more than 80% of lung cancer deaths related to smoking (Walser et al. 2008). It can 

be noted that in many industrialized countries where antitobacco policies are enforced, particularly in 

the United States and the United Kingdom, the incidence of lung cancer has decreased whereas it is 

increasing in developing countries where smoking has either peaked or continues to increase (Jha 

2009). 

In France, it is the third most frequent cancer with approximately 46 300 new cases diagnosed in 

2018, including approximately 31 200 in men and 15 100 in women (Defossez G, et al. 2019, INCA 

2019). It is also the leading cause of cancer death in France with 33 100 deaths in 2018 (approximately 

22 800 men and 10 300 woman). The survival rate is low, about 20% at 5 years (24% for women and 

18% for men) (Defossez G, et al. 2019).  While in men, the incidence rate and the mortality rate are 

decreasing (-0.3% and -1.6% respectively), these indicators are increasing in women (incidence rate is 

increased by 5% and mortality by 3%). These disparities in terms of incidence and prognosis between 

gender are observed widespread but are not fully explained by sex differences in smoking patterns 

(Fidler-Benaoudia et al. 2020; Jemal et al. 2018).  

As presented, most cases of lung cancer are related to long-term tobacco smoking. Smokers have 

more than a 20-fold increase in lung cancer risk compared to non-smokers (Alberg et al. 2013; 

Simonato et al. 2001). All the types of tobacco products are concerned: cigarettes, cigars, cigarillos, e-

cigarette, etc. Cigarette smoke contains more than 55 substances that were found out to be 

carcinogenic by the International Agency for Research on Cancer (IARC). For example, the polycyclic 

aromatic hydrocarbons can lead upon activation to DNA methylation, DNA segment amplification or 

deletion, or whole chromosome gains or losses (Hecht 1999). Secondhand smoke-exposure is also 

increasing the risk of lung cancer. A study shows that 40% of children and 33-35% of non-smokers were 

exposed to secondhand smoke and 600 000 deaths worldwide were linked with secondhand smoking 

in 2004 (Oberg et al. 2011). 
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The other risk factors associated with lung cancer are prolonged exposure to certain substances 

and chemicals in the workplace such Radon, genetic mutations and predispositions or air pollution 

(Dela Cruz et al. 2011). 

4.2.2. Lung cancer classification  

Lung cancer classification involves categorizing tumors based on their histology, molecular 

features, and staging. Traditionally, lung cancer classification has relied on histological subtypes, with 

small cell lung cancer and non-small cell lung cancer representing the primary categories (Figure 16): 

Small cell lung cancer (SCLC) represents about 10-15% of all lung cancer cases and is characterized 

by its rapid growth, high metastatic potential, and strong association with smoking (Gazdar et al. 2017). 

SCLC cells exhibit small size, scant cytoplasm, and high nuclear-to-cytoplasmic ratio. This aggressive 

subtype of lung cancer is prone to early dissemination and is frequently diagnosed at advanced stages. 

Non-small cell lung cancer (NSCLC) comprises approximately 85% of all lung cancer cases and 

includes several histological subtypes such as adenocarcinoma, squamous cell carcinoma, and large 

cell carcinoma (Nicholson et al. 2022): 

• Adenocarcinoma is the most common type of lung cancer, representing over 40% of all lung 

cancers (Lewis et al. 2014). Its incidence has been increasing steadily. It typically forms a mass 

in the outer part of the lungs but can also have different appearances. Lung adenocarcinoma 

is characterized by malignant epithelial cells with glandular differentiation or mucin 

production. Pneumocytic markers, such as thyroid transcription factor (TTF-1/NKX2-1) and 

NapsinA, are often expressed in these tumors and serve as diagnostic markers (Stenhouse et 

al. 2004; Tacha et al. 2012).  

• Squamous cell carcinoma (SSC)  accounts for approximately 25% of lung cancer (Lewis et al. 

2014). It arises from the central bronchi and is strongly associated with smoking. It typically 

presents as a centrally located tumor and is characterized by the presence of squamous 

differentiation.  

• Large cell carcinoma (LCC) is a heterogeneous group of NSCLC with poorly differentiated or 

undifferentiated morphology (Weissferdt 2014). It accounts for 3-9% of lung cancer cases. 

Large cell carcinoma lacks specific features of adenocarcinoma or squamous cell carcinoma. 

The focus of this manuscript will be NSCLC, particularly adenocarcinoma, which represents the 

main subtype of lung cancer where patients with RET rearrangements are diagnosed.  
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Figure 16: Classification of lung cancer subtypes based on histology. (Data from Lewis et al. 2014) 

4.3. Non-small cell lung cancer (NSCLC) 

4.3.1. Staging of NSCLC   

Staging is an important aspect of lung cancer classification, which determines the extent of cancer 

spread. The most commonly used staging system is the TNM system, which considers the size of the 

primary tumor (T), the involvement of nearby lymph nodes (N), and the presence of distant metastasis 

(M) (Lim et al. 2018). 

NSCLC is staged from I to IV, with subdivisions within each stage. During stage I, the tumor is limited 

to the lung without lymph node involvement. In stage II the tumor becomes larger with potential 

invasion of nearby structures and lymph nodes. At stage III the tumor spreads to lymph nodes in the 

chest and mediastinum. Stage IV is further divided into IVA, with the tumor spreading to distant organs 

within the chest, and IVB, indicating extensive metastasis outside the chest (Tsim et al. 2010).  

In general NSCLC has a poor prognosis with an overall five-year survival rate of 15% across all stages 

(Zappa & Mousa 2016). This is primarily attributed to factors such as late diagnosis, frequent 

occurrence of metastasis, and high relapse rates, despite available treatments. However, there has 

been an improvement in lung cancer-specific survival rates over time, with an increase from 26% in 

men diagnosed with NSCLC in 2001 to 35% in those diagnosed in 2014 in the USA (Howlader et al. 

2020). This progress is mainly due to the identification of the identification of “druggable” oncogenes 

and the development of targeted therapies (see section 4.3.5 Targeted therapies for NSCLC) (Shaw et 

al. 2016; Soria et al. 2018). Moreover, the recent success of checkpoint inhibitors positions them as 

the first line therapies in metastatic NSCLC (Huang et al. 2020).The majority of NSCLC cases are 

diagnosed at stage IV (46%), followed by stage III (24%) (Ruano-Raviña et al. 2020). Late diagnostics 

are common due to the nonspecific nature of most symptoms, which are often less frequent than 
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expected. Accurate staging of NSCLC is crucial for treatment decisions and prognosis assessment, as it 

helps determine the most suitable therapeutic approaches. 

Moreover, advancements in molecular profiling technologies and the discovery of key genetic 

alterations in NSCLC have changed our understanding of lung cancer, allowing for a deeper insight into 

its pathogenesis and the development of targeted therapies. 

4.3.2. Molecular classification of adenocarcinomas 

The classification of lung adenocarcinomas into molecular subtypes is determined by the presence 

of well-defined molecular alterations that contribute to the initiation and advancement of cancer 

(Cancer Genome Atlas Research Network 2014). This categorization is established by identifying 

specific genetic modifications, such as point mutations, copy number alterations, rearrangements, 

insertions, and deletions, in key oncogenes that significantly influence cancer progression and can be 

specifically targeted for therapeutic strategies. The integration of molecular testing into routine clinical 

practice has enabled personalized treatment strategies, resulting in improved outcomes for lung 

cancer patients. 

Most of these oncogenic drivers are RTKs and protein kinases that regulate intracellular signaling 

pathways. Key oncogene drivers and molecular alterations that contribute to the genomic subtypes of 

lung adenocarcinoma include EGFR alterations, HER2, KRAS, BRAF mutations, ALK and ROS1 fusions, 

MET exon 14 skipping mutations, and RET fusions (Figure 17) (Jordan et al. 2017). 

EGFR mutations represent one of the most clinically relevant molecular alterations in 

adenocarcinoma (12-15%). In-frame deletions in exon 19 and the L858R point mutation in exon 21 are 

the most observed molecular alterations and account for approximately 90% of cases (Shigematsu & 

Gazdar 2006). These alterations activate EGFR signaling pathways that promote cell growth and 

survival. The identification of EGFR mutations has paved the way for the development of targeted 

therapies, such as EGFR tyrosine kinase inhibitors (TKIs), which have demonstrated significant clinical 

efficacy and improved outcomes in patients with EGFR-mutated lung cancer. 

HER2 is a member of the ErbB family of tyrosine kinase receptors and shares similarities with EGFR. 

HER2 amplification is rarely observed in lung cancer, occurring in only about 1-2% of cases (Arcila et 

al. 2012). However, in approximately 3-4% of patients with metastatic lung adenocarcinoma, there are 

insertions or duplications affecting the kinase domain in exon 20 of HER2. These exon 20 insertions 

result in a structurally modified drug binding pocket and a rigid active conformation of the receptor, 

leading to resistance against commonly used TKIs (Robichaux et al. 2018).  
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KRAS, an oncogene encoding a small GTP binding protein, is frequently activated by missense 

mutations in various human cancers. In NSCLC KRAS mutations are detected in approximately 25% of 

cases, particularly in adenocarcinoma and among smokers. Several studies have shown that EGFR and 

KRAS mutations are mutually exclusive in NSCLC tumors (Kosaka et al. 2004; Marchetti et al. 2005). 

Furthermore, KRAS mutations have been associated with a lack of sensitivity to TKIs in lung 

adenocarcinoma (Pao, Wang, et al. 2005). The observation that EGFR and HER2 gene mutations are 

more prevalent in non-smokers, whereas KRAS mutations are more common in smokers, indicates that 

the development of adenocarcinomas in those two groups involves distinct pathogenic pathways. 

While KRAS binds to BRAF as part of the EGFR signaling cascade, BRAF mutations are rarely 

observed in lung cancer compared to KRAS mutations (3% of cases). The mutations of EGFR, HER2, 

KRAS, and BRAF were found to be mutually exclusive indicating that a single mutation in any of these 

genes may be sufficient for lung cancer pathogenesis (Shigematsu & Gazdar 2006). Interestingly, 

mutations in RET, RAS, and BRAF are also mutually exclusive in thyroid papillary cancer, suggesting 

similar patterns of exclusive mutations in different cancer types (Kimura et al. 2003).  

 
Figure 17: Molecular classification of lung adenocarcinoma and RET-fusion partners. (Data from Pakkala & 
Ramalingam 2018 and Drilon et al. 2020). 

ALK and ROS1 gene rearrangements represent another subset of driver alteration in NSCLC. They 

represent respectively 5% and 1-2% of all NSCLC cases, and are mostly adenocarcinoma (Du et al. 2018; 

Bergethon et al. 2012). These rearrangements lead to the formation of fusion proteins with 

constitutive kinase activity, promoting cell proliferation and survival thus driving tumor growth.  

The Mesenchymal-Epithelial Transition (MET) proto-oncogene is an RTK which plays a crucial role 

in the MET process. MET oncogenesis is associated to the alterations in the splicing regulatory sites of 

exon 14 and/or MET amplification. These alterations are leading to exon 14 skipping, resulting in the 
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disruption of MET degradation process (Petrelli et al. 2002). MET exon 14 mutations are found in 

approximately 3% of NSCLC and can be targeted with MET TKIs (Awad et al. 2016). MET amplification, 

though less frequent, is often acquired during treatment with EGFR TKIs in EGFR-mutant patients as a 

resistance mechanism (Engelman et al. 2007a). 

4.3.3. Role of RET in NSCLC 

As mentioned in the 3.2.1 RET and cancers section, RET has been implicated in various types of 

cancer. Recent studies have revealed the presence of RET rearrangements in 1-2% of cases of lung 

adenocarcinoma (Tsuta et al. 2014). Patients with RET-fusion positive NSCLC are mostly young-never 

smokers (Hess et al. 2021). The rearrangement between RET and another gene of unrelated origin 

arises from an abnormal DNA repair mechanism and leads to the activation of downstream signaling 

pathways involved in cell proliferation and survival (Mizukami et al. 2014) (Figure 18). There are at 

least 48 unique RET fusion partners identified in NSCLC, with the most common ones being KIF5B-RET 

and CCDC6-RET and others including NCOA4, CLIP1, ERC1, RUFY3 (Figure 17) (Ou & Zhu 2020). KIF5B-

RET fusions are responsible for the activation of STAT3 and RAS-MAPK signaling pathway thus 

promoting tumor growth (Figure 18) (Qian et al. 2014; Schubert et al. 2021). In vitro studies using BaF3 

cells transduced with a KIF5B-RET vector have demonstrated that KIF5B-RET enhances cell growth 

(Huang et al. 2016). Moreover, its role in promoting lung tumorigenesis has also been confirmed in 

vivo using KIF5B-RET transgenic mouse (Saito et al. 2014a). 

 
Figure 18: Example of a RET rearrangement causing constitutive activation of RET pathways. (A) 
Rearrangement between RET and KIF5B caused by pericentric inversion of chromosome 10 leads to KIF5B-RET 
fusion protein and (B) activation of downstream pathways associated with cell survival, proliferation, migration 
and differentiation (Adapted from Ferrara et al. 2018). 

RET fusion-positive lung carcinomas exhibited more poorly differentiated tumors compared to 

those with ALK or EGFR alterations, indicating that RET fusions define a distinct molecular and 

clinicopathological subtype of NSCLC (Wang et al. 2012). Moreover, while RET-rearranged tumors are 

more sensitive to RET TKIs, previous evidence has indicated that RET signaling plays a significant role 
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in drug resistance, including resistance to EGFR TKIs and emerging KRASG12C inhibitors in NSCLC 

(Piotrowska et al. 2018; Awad et al. 2021). Additionally, RET-rearranged patients typically exhibit low 

levels of PD-L1 expression and a low tumor mutational burden, but they tend to have unfavorable 

outcomes when treated with immunotherapies (Offin et al. 2019). 

Gathering evidence suggests the presence of considerable clinical diversity within oncogenic 

driver-defined NSCLC subgroups, which the current single oncogenic driver model fails to fully address. 

For example, a study found co-occurrence of RET fusions with other genetic alterations, such as PI3K-

associated genes or MAPK effector genes, in up to 82% of NSCLC patients (Kato et al. 2017). Moreover, 

RET-rearranged adenocarcinomas display high rate of CDKN2A loss (29% of tumors) and CDKN2B loss 

(23% of tumors), along with a high occurrence of TP53 mutations (43%) (Parimi et al. 2023). Co-

occurring genomic alterations in oncogenic drivers and tumor suppressor genes are emerging as crucial 

aspects of the molecular diversity of NSCLC as the therapeutic response of patients will be influenced 

by the presence of concurrent mutations alongside RET alterations.(Skoulidis & Heymach 2019). 

The response to therapy will also depend on the recently identified stem cell plasticity state in lung 

cancers (Marjanovic et al. 2020). In this study, the evolution of tumor cells in a mouse model of 

adenocarcinoma was investigated using scRNA-Seq. Tumorigenesis was found to be associated with 

an increase in transcriptional heterogeneity independent of genetic variation, indicating the presence 

of structured mechanisms that control the emergence and persistence of heterogeneity. In contrast to 

embryonic development, where new states replace previous ones, this study shows that during tumor 

progression new states are acquired while existing ones are retained, resulting in progressively diverse 

cell populations within advanced tumors. A particular cell state emerged as a hub for transitions among 

cell states and is described as high-plasticity cell state (HPCS). The HPCS play a crucial role in generating 

diversity and aggressive cell states in advanced adenocarcinomas. These findings reveal that 

adenocarcinoma heterogeneity emerges rapidly from a highly plastic cells during tumorigenesis, 

shedding light on the importance of targeting such plastic cell states for cancer therapy. 

Despite the complexity of lung cancer oncogenesis, RET signaling is a promising therapeutic target 

for the development of specific RET inhibitors in the treatment of cancer. 

4.3.4. Current treatments for NSCLC 

Historically, surgery has been the primary treatment modality for early-stage NSCLC. Patients with 

stage I, II, and IIIA NSCLC who are suitable for surgery may undergo tumor resection (Howington et al. 

2013). Adjuvant therapy, such as radiation, chemotherapy, or targeted therapy, may be recommended 

after surgery to reduce the risk of disease recurrence and improve long-term outcomes. For example, 
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at stage IIA, IIB, and IIIA NSCLC, chemotherapy is often administered following surgery to eliminate any 

remaining cancer cells and improve long-term survival.  

Radiotherapy is a treatment that utilizes high-energy beams to target and damage the DNA of 

cancer cells, leading to their destruction. It is particularly beneficial for patients with NSCLC that are 

confined to the chest and who are not suitable candidates for surgical resection. Radiotherapy can 

help control or eliminate tumors localized in specific areas of the body. 

In advanced or metastatic NSCLC (stage IV), the treatment approach aims to extend survival and 

improve the quality of life. In this stage, a combination of cytotoxic chemotherapies has been the 

standard first-line therapy, offering modest improvements in overall survival for these patients 

(Ramalingam & Belani 2008). The median overall survival for these patients is typically around 8-10 

months. 

Despite advances in systemic therapy, the prognosis for stage IV NSCLC remains relatively poor, 

highlighting the need for more effective and targeted treatment options. 

4.3.5. Targeted therapies for NSCLC 

In recent years, the advent of precision medicine and the identification of targetable genetic 

alterations have revolutionized NSCLC therapy. As described above, most NSCLC oncogenic drivers are 

RTKs, or TK associated proteins. Consequently, TKIs have been developed and successfully employed 

to target these specific molecular alterations such as EGFR mutations, ALK, ROS1 and RET fusions, and 

others. These targeted therapies are responsible for improved response rates and prolonged 

progression-free survival. TKIs can be divided into two groups: multi-kinase inhibitors (MKIs), which 

are designed to inhibit multiple RTKs, and selective TKIs, which specifically target a single TK domain.  

 For the sake of simplicity and coherence, only targeted therapies against RET-rearranged NSCLC 

will be presented in this manuscript. 

4.3.5.1. Multi-kinase inhibitors against RET-rearranged NSCLC 

Several MKIs have shown activity against RET in the context of MTC, including Cabozantinib, 

Lenvatinib, Vandetanib, and Alectinib (Wells 2018). Among them, Cabozantinib and Vandetanib have 

been approved for advanced MTC by both the US Food and Drug Administration (FDA) and the 

European Medicines Agency (EMA). These MKIs have also been tested in the context of RET-rearranged 

NSCLC.  

• Cabozantinib (XL-184) is a small molecule that primarily targets RET, VEGFR-2, and MET 

(Bowles et al. 2011). Initially used for treating thyroid cancers, its effectiveness has not been 

demonstrated except in the case of RETM918T mutation (Kurzrock et al. 2011; Schlumberger et 
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al. 2017). However, it has been tested in various other types of tumors and showed anti-

proliferative and pro-apoptotic effects in breast, lung, and glioma tumor model (Yakes et al. 

2011). Moreover, several studies show that patients with RET-rearranged NSCLC treated with 

Cabozantinib present an increase in overall response rate (ORR), in progression-free survival 

(PFS) as well as in overall survival (OS) (Drilon et al. 2016; Schöffski et al. 2017; Nokihara et al. 

2019).  

• Vandetanib (ZD6474) is a drug that inhibits VEGFR2, EGFR, and RET (Morabito et al. 2009). 

Only two studies have investigated the effects of Vandetanib specifically in patients with RET-

rearranged NSCLC. The phase II LURET trial examined Vandetanib in 19 advanced RET-

rearranged NSCLC patients. The experimental drug resulted in a 47.4% ORR, a PFS of 6.5 

months, and OS of 13.5 months (Yoh et al. 2021). Another phase II trial assessed Vandetanib 

and led to an ORR of 18%, an PFS of 4.5 months, and an OS of 11.5 months (Lee et al. 2017). 

• Lenvatinib (E7080) is a MKI that inhibits VEGFR1-3, FGFR1-4, RET, and various other targets. A 

phase II trial showed an ORR of 16% and a median PFS of 7.3 months in patients with RET-

rearranged adenocarcinoma treated with Lenvatinib (Hida et al. 2019).  

It should be noted that there are preliminary studies reporting positive effects of other MKIs such 

as Alectinib or Apatinib on patients with RET-rearranged NSCLC (Lin, Kennedy, et al. 2016; Lin, Wang, 

et al. 2016).  

MKIs have shown clinical utility in RET-driven cancers but their ORRs and PFS in RET-rearranged 

NSCLC are lower than those seen in other oncogene-driven NSCLCs treated with targeted TKIs. 

Complete response was also rarely reported in all clinical trials mentioned previously. The limited 

efficacy of MKIs on RET-driven cancers can be partially attributed to their off-target activity. Indeed, 

MKIs can target a wide spectrum of kinases beside RET, and the off-target effect can result in inferior 

inhibition of RET by non-specific interactions or pathway crosstalk. Additionally, an inhibitor may have 

different efficacies against various RET mutations and/or rearrangements with different fusion 

partners (Carlomagno et al. 2004). For instance, a study utilizing a Drosophila model of RET fusion 

cancer demonstrated that CCDC6-RET and NCOA4-RET fusions exhibit different sensitivities to TKIs 

(Levinson & Cagan 2016). Moreover, acquired resistance to MKIs can also occur through mutations in 

other genes or activation of bypass signaling pathways (Somwar et al. 2016; Nelson-Taylor et al. 2017). 

Hence, there is a need to develop selective RET inhibitors. 

4.3.5.2. Selective RET tyrosine kinase inhibitors  

Results of clinical trials led to the approval of novel potent and selective RET inhibitors, Pralsetinib 

(BLU-667) and Selpercatinib (LOXO-292), able to overcome the limits of previously used MKIs (Subbiah, 

Gainor, et al. 2018; Subbiah, Velcheti, et al. 2018). Both drugs have shown superior activity and 
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tolerability in early-phase trials and have received US FDA breakthrough designation. They showed 

high overall response rates in RET-mutated MTC and RET fusion-positive NSCLC.  

• Selpercatinib is a drug that inhibits RET and has shown CNS penetration (Subbiah, Velcheti, et 

al. 2018). It has been effective in treating patients with RET-fusion positive NSCLC, even those 

with brain metastases (Guo et al. 2019; Tsui et al. 2022). The FDA granted its regular approval 

in September 2022. The most common adverse events were hypertension, increased liver 

enzyme levels, hyponatremia, and lymphopenia. The phase I-II LIBRETTOA trial, comprising 105 

patients with RET-fusion positive NSCLC, showed an ORR of 64% and a PFS of 17.5 months 

(Drilon et al. 2020). Phase III trial comparing Selpercatinib to other treatments in treatment-

naive patients is ongoing (Solomon et al. 2021).  

• Pralsetinib is a drug designed to selectively target oncogenic RET alterations such as KIF5B-RET 

and CCDC6-RET fusions and RETC634Y or RETM918T mutations (Subbiah, Gainor, et al. 2018). It has 

lower affinity for VEGFR2 compared to Vandetanib and Cabozantinib. In the phase II part of 

the ARROW trial, 233 patients with RET-fusion positive NSCLC were enrolled and treated with 

Pralsetinib. This treatment showed an ORR of 61% in chemotherapy-treated patients and 70% 

in treatment-naïve and complete responses were observed in 6% and 11% of these two groups, 

respectively. (Gainor et al. 2021). It also induced intracranial response in patients with 

intracranial metastases.  

Other selective RET inhibitors such as BOS172738 or TPX-0046 are in early stages of development 

(Drilon et al. 2019; Schoffski et al. 2019). 

The adverse events associated with these TKIs are generally mild and drug discontinuation rates 

are low. However, more research is needed to fully understand the safety profiles of these RET 

inhibitors. Moreover, resistance mechanisms to these drugs are an active area of research.  

4.3.5.3. Mechanisms of resistance  

Despite the initial success of targeted therapies, the development of resistance remains a 

significant challenge in NSCLC treatment. Resistance mechanisms can arise due to acquired secondary 

RET mutations or to the activation of alternative signaling pathways.  

Acquired secondary RET mutations, including gatekeeper mutations RETV804L/M, have been 

associated with resistance to MKIs such as Vandetanib (Carlomagno et al. 2004; Dagogo-Jack et al. 

2018). Another example is the mutation RETS904F that also confers resistance to Vandetanib (Nakaoku 

et al. 2018). Moreover, in a multi-institutional study of 23 patients with advanced RET fusion-positive 

NSCLC treated with selective RET TKIs Pralsetinib and Selpercatinib, acquired RET mutation were 

identified as recurrent mechanisms of resistance (Lin et al. 2020). For example, RETG810R mutation has 
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been identified as a mechanism of resistance to Selpercatinib in NSCLC and MTC (Solomon et al. 2020). 

However, RET resistance mutations were detected at a low frequency and most of the resistance 

appears to be driven by RET-independent mechanisms. 

Studies have identified co-occurrence of RET rearrangements with somatic alterations in MAPK 

and PI3K pathways, potentially contributing to the development of drug resistance (Nelson-Taylor et 

al. 2017). These genetic alterations worked together to restore RAS/MAPK activation and counteracted 

the effect of RET inhibition. Furthermore, MET gene amplification is another mechanism of RET-

independent resistance (Lin et al. 2020). It is also a well-known resistance mechanism to EGFR 

inhibitors in EGFR-mutant NSCLC (Engelman et al. 2007b). The combination of EGFR and MET inhibitors 

has demonstrated efficacy in overcoming MET-driven resistance, indicating its potential for addressing 

RET-independent resistance in patients with RET-rearranged NSCLC (Sequist et al. 2020). Finally, KRAS 

amplification has been identified as a causative factor for resistance to targeted therapies in various 

scenarios such as resistance to ALK or MET TKIs in NSCLC (Hrustanovic et al. 2015; Bahcall et al. 2018). 

It also has been detected in Selpercatinib resistant patient which makes it a potential driver in RET-

rearranged NSCLC TKIs resistance (Lin et al. 2020). 

The introduction of potent selective RET inhibitors, such as Pralsetinib and Selpercatinib, 

represented a breakthrough in managing patients with RET fusion-positive NSCLC. However, it is 

imperative to continue developing next-generation inhibitors, exploring combination strategies, and 

deepening our understanding of resistance mechanisms. These efforts are crucial to overcome 

treatment failures and further improve the efficacy of these therapies. Achieving that requires the 

utilization and the development of accurate models of lung cancer.  

4.4. Experimental models of lung cancer 

Human preclinical models that accurately capture the heterogeneity of cancer are crucial for 

understanding cancer biology and developing effective treatments. Several major approaches are 

currently available including cancer cell lines, genetically engineered mouse (GEM) models, patient-

derived xenograft (PDX) models and organoid models. The following discussion explores these 

strategies along with their respective advantages and limitations. 

4.4.1. Cancer cell lines 

Cancer cell lines have been extensively utilized in lung cancer research to gain insights into the 

biology of the disease and develop potential treatments. These cell lines are derived from tumor tissue 

obtained from lung cancer patients and cultured in vitro. More than 300 cell lines have been 

established from NSCLC and SCLC (Gazdar et al. 2010). They provide a renewable resource of pure 
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cancer cells that are relevant to the parental tumor (Wistuba et al. 1999). They can be easily 

propagated and manipulated for experimental purposes.  

Cancer cell lines offer several advantages in studying lung cancer, including the ability to 

investigate the molecular mechanisms underlying tumor development, progression, and response to 

therapies. They allow researchers to perform high-throughput drug screening and assess the efficacy 

of potential anti-cancer agents (Luo et al. 2009). Furthermore, cancer cell lines serve as valuable 

models for studying drug resistance mechanisms and identifying predictive biomarkers (Pao, Miller, et 

al. 2005; Gandhi et al. 2009). For example, several RET-rearranged derived cell lines have been derived 

from patients and have shown a differential response to RET inhibitors (Nelson-Taylor et al. 2017). 

However, it is important to note that the experiments using cancer cell lines have limitations, such 

as genetic and phenotypic drift from the original tumor after extensive passages and the lack of a 

tumor microenvironment (Grigorova et al. 2005). Although useful in some circumstances, cancer cell 

line models may not fully recapitulate the complexity and heterogeneity of tumors in vivo. Therefore, 

it is crucial to complement studies using cancer cell lines with other models, such as GEM models, 

PDXs, or organoids to better recapitulate the complexity of lung cancer. 

4.4.2. Genetically engineered mouse models 

Genetically engineered mouse (GEM) models provide a powerful tool for studying lung cancer by 

introducing specific genetic alterations in mice relevant to human lung tumorigenesis. These 

alterations can include the activation of oncogenes or the inactivation of tumor suppressor genes, 

mirroring the molecular events observed in human lung cancer. GEM models can be engineered to 

develop spontaneous lung tumors or specific lung cancer subtypes, allowing the study of tumor 

initiation, progression, and metastasis. They enable the investigation of tumor biology, the evaluation 

of therapeutic interventions, and the exploration of mechanisms underlying drug resistance. GEM 

models closely mimic the genetic and histopathological characteristics of human lung cancer, making 

them highly valuable for translational research. 

The initial KRAS mutant lung cancer model demonstrated that activating KRAS alone is sufficient 

to induce adenocarcinoma in mice (Jackson et al. 2001). Various GEM models have since been created, 

utilizing conditional systems and inducible models. The majority of these studies employ a conditional 

allele that activates the KRASG12D mutation via Cre-mediated recombination (DuPage et al. 2009). Other 

KRAS alleles, including KRASG12C, have been modeled using similar approaches and are valuable for 

investigating new KRAS inhibitors (Li et al. 2018). Similarly, GEM models were developed for EGFR-

mutant lung cancer following the discovery of EGFR mutations as a driver for NSCLC and therefore a 

potential target for TKIs (Lynch et al. 2004; Paez et al. 2004). These models express specific EGFR 
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mutations, such as EGFRL858R, in lung type II pneumocytes upon doxycycline administration (Politi et al. 

2006; Ji et al. 2006). These models recapitulate EGFR driven adenocarcinoma development and have 

provided insights into tumor initiation and the dependence of tumor cells on mutant oncogene 

expression for survival. Furthermore, GEM models have also been developed for other lung 

adenocarcinoma drivers, including ROS1 or ALK as well as KIF5B-RET (Arai et al. 2013; Pyo et al. 2017; 

Saito et al. 2014a), as well as for different lung cancer types such as SCLC or SCC (Schaffer et al. 2010; 

Xiao et al. 2013). 

4.4.3. Patient-derived xenograft models 

While traditional 2D cell cultures can be used to grow primary tumor tissues in vitro, they lack the 

phenotypic and genetic diversity present in the original tumors. To address this limitation, surgically 

isolated primary clinical tumor samples can be grafted into mice, known as patient-derived xenografts 

(PDX). PDX models maintain the tumor architecture and the proportion of cancer cells and stromal 

cells, providing a better representation of the original tumor compared to cell lines (Byrne et al. 2017). 

PDX models have been developed for a variety of cancers, including lung cancer (Cutz et al. 2006). The 

success rate of PDX establishment has improved with the use of immunocompromised mice such as 

NOD/SCID/IL2Rγnull (NSG) (Shultz et al. 2005). 

However, the limited availability of tumor material may result in incomplete representation of 

tumor heterogeneity (Kemper et al. 2015). Additionally, clonal selection and evolution may occur 

during tumor tissue engraftment, leading to variations between the primary tumor and PDXs. For 

example, a study revealed that only 43% of the mutations identified in primary non-NSCLC tumors 

were found in the corresponding PDX (Morgan et al. 2017). Additionally, four new mutations emerged 

in early passages of PDXs that were not present in the original tumor.  

Multiple biopsies from different regions of a tumor and early passages of PDXs are recommended 

to capture the complete tumor architecture and ensure translational relevance. Furthermore, not all 

patient-derived tumors can be successfully engrafted as the engraftment rates of PDXs vary among 

different cancers, with sub-clones of advanced tumors demonstrating better growth as PDXs (Rosfjord 

et al. 2014). Moreover, clonal selection is observed over passages of PDXs, with higher passage 

numbers correlating with higher tumor grade (Pearson et al. 2016). 

In recent years, it has become evident that orthotopic transplantation (ie, in the original organ) 

offers a more physiologically relevant model for PDXs compared to heterotopic engraftment. 

Orthotopic transplantation allows for the investigation of tumor-host interactions in the specific 

anatomical site of primary and secondary tumor growth, as well as metastasis development (DAI et al. 

2015; Hoffman 2015). Studies comparing orthotopic and subcutaneous xenografts of pancreatic ductal 
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adenocarcinoma have revealed metabolic differences attributed to variations in the tumor 

microenvironment resulting from different engraftment sites (Zhan et al. 2017). These findings 

emphasize the complexity of cancer and the significance of the transplantation site and environment. 

However, despite the superior resemblance to primary tumors offered by orthotopic PDXs, this 

method is technically challenging and time-consuming, leading most studies to still rely on 

subcutaneous engraftment of tumor tissue. 

4.4.4. Organoid models 

4.4.4.1. Lung cancer organoids 

Organoids are defined as a 3D structure that develops from stem cells and exhibiting self-

organization giving rise the architectural complexity and multi cell lineages closely resembling the 

organs. In 2009, Sato et al. achieved a significant breakthrough by establishing 3D epithelial organoids 

from mouse intestinal stem cells (Sato et al. 2009). By adapting this protocol to other tissues, it was 

possible to develop lung organoids from lung stem cells. Indeed, a study demonstrated the formation 

of tracheospheres by basal cells and the successful culture of different types of lung epithelial cells, 

such as distal epithelial cells and alveolar epithelial progenitor cells in organoid models (Rock et al. 

2009). In 2010, McQualter and colleagues demonstrated that specific population of lung epithelial cells 

form distinct spherical structures when co-cultured with freshly isolated lung mesenchymal cells 

(McQualter et al. 2010). Additionally, Chapman and colleagues successfully established organoid 

cultures derived from integrin α6β4+ alveolar epithelial progenitor cells (Chapman et al. 2011). These 

experiments have shown the existence of a cell hierarchy within the adult lung and the existence of a 

lung stem/progenitor cell capable of generating a lung organoid in vitro. Therefore, lung organoids 

have proven to be a valuable tool for studying lung epithelial stem/progenitor cells in vitro. 

Organoids have also been used for studying lung cancer processes as they offer a more 

sophisticated representation of the tumor microenvironment. Patient-derived tumor spheroids have 

been successfully established, exhibiting characteristics consistent with matched patient tumor 

samples, including interactions between cancer cells, stromal cells, and immune cells (Di Liello et al. 

2019). These spheroids also display tubular structures and branching morphogenesis. They express 

markers confirming their adenocarcinoma origin, such as TTF-1/NKX2-1 (Zhang et al. 2018). Another 

study shows that lung cancer organoids derived from adenocarcinoma tissues exhibit acinar or large 

glandular patterns and express specific markers like TTF-1/NKX2-1, napsin-A, and cytokeratin 7 (Kim et 

al. 2019). These findings highlight the similarity between tumor and cancer organoids, therefore 

demonstrating their potential for studying lung cancer and developing targeted treatments. 
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By replicating the specificity of a cancer, organoids can capture the genetic heterogeneity and 

progression-related modifications observed in the original tumors. Therefore, they can recapitulate 

drug responses and provide a more physiologically relevant model for testing anti-cancer drugs (Xu et 

al. 2018). For example, multicellular tumor spheroids have been used to analyze drug sensitivity and 

investigate the molecular mechanisms involved in drug resistance (Barrera-Rodríguez & Fuentes 2015). 

Moreover, lung cancer organoids derived from individual patients have been employed in high-

throughput drug screening assays (Sachs et al. 2019). 

Organoids have emerged as a valuable model for studying patient-specific responses to anti-cancer 

drugs, particularly in lung cancer. For example, organoids derived from a patient with HER2-mutant 

lung cancer helped identify Pyrotinib as the most effective drug among various anti-HER2 therapies in 

vitro but also in vivo (Wang et al. 2019). Subsequent clinical studies confirmed the efficacy of Pyrotinib 

in HER2-mutant NSCLC patients. 

However, a limitation to this approach is the requirement for tissue samples, which may not always 

be available or representative of the hierarchical subtypes of a tumor. This issue could be solved by 

iPSC-derived organoids.  

4.4.4.2. iPSC-derived organoids 

More recently, iPSC-derived organoids have gained attention because they combine the self-

organization potential of iPSCs with the ability to differentiate into organ-specific cell types (Garreta 

et al. 2021). Researchers have successfully generated organoids resembling various organs using iPSC-

derived technology. For example, iPSC-derived intestinal organoids have been developed by mimicking 

human embryonic gut development, allowing the generation of functional structures with absorption 

and exocrine functions (Spence et al. 2011). Similarly, iPSC-derived brain organoids, including 

specialized cells such as oligodendrocytes and astrocytes, have been generated in 3D culture systems 

(Lancaster et al. 2013; Giandomenico et al. 2021). These brain organoids have been used to model 

microcephaly and study neural development (Lancaster et al. 2013; Renner et al. 2017). Furthermore, 

iPSC-derived liver, kidney and cardiac organoids have also been generated in the past years (Takebe et 

al. 2013; Takasato et al. 2015; Cyganek et al. 2018).  

As described in section 1.4 Utilization of iPSCs for disease modeling and therapy, iPSCs have 

revolutionized the field of disease modeling and regenerative medicine. These cells have the 

remarkable ability to serve as an inexhaustible source of patient-specific cells, enabling researchers to 

study disease mechanisms, facilitate drug discovery, and develop personalized cell-based therapies 

with unprecedented potential (Turhan et al. 2021). Indeed, the generation of iPSC-derived lung 

organoid from diverse individuals with different genetic susceptibilities allows for the creation of 
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patient-specific lung organoids. These organoids have the potential to shed light on the variations in 

disease susceptibility and aid in optimizing therapeutic interventions by enabling the adjustment of 

drug doses to mitigate such disparities. In conclusion healthy iPSC-derived organoids could be a source 

of transplantable tissues on a large scale in the future while patient-derived organoids could be major 

tools for diseases modeling. 

4.4.4.3. iPSC-derived lung organoid models 

With their 3D organization, iPSC-derived organoids can reconstruct the interactions between 

different tissues involved in oncogenesis and precisely imitate organ dysfunction. The generation of 

iPSC-derived lung organoids mirrors the steps observed during lung embryonic development. As 

discussed previously (see section 4.1.2 Stages of human lung development), during embryogenesis, 

lung buds emerge from the foregut and then undergo branching morphogenesis forming a tree-like 

structure. As development progresses, the cells will differentiate into the components of the lung, 

including the airways, alveoli, and blood vessels. Signaling pathways, such as the FGF, BMP and Wnt 

pathways, play crucial roles in directing the differentiation and patterning of these cell types (Rankin 

& Zorn 2014). 

Hence, generation of iPSC-derived lung organoid should follow the same steps.  For example, Dye 

et al. have developed a novel three-dimensional model of the human lung using stem cells. By inducing 

FGF-2 they guided hESC to form human foregut expressing NKX2-1, a marker of lung progenitor (Dye 

et al. 2015). This tissue then developed into three-dimensional spherical structures when cultivated in 

HedgehogHigh condition supplemented with FGF10. The resulting lung organoids survived and matured, 

expressing progenitor markers SFTPC/SOX9 and HOPX/SOX9 consistent with alveolar progenitors 

identities (Treutlein et al. 2014; Desai et al. 2014b). This research offers a promising method for 

creating human lung organoids in culture, providing opportunities to explore lung development and 

diseases. Consequently, we used a similar protocol for the research presented in this manuscript 

(Figure 19) (Leibel et al. 2020). The process involves enzymatic disruption of iPSCs and their 

differentiation into lung progenitor cells expressing NKX2-1 following sequential steps. First the 

induction of the definitive endoderm (DE) expressing CXCR4 and SOX17 (D’Amour et al. 2005). Then 

the generation of anterior foregut endoderm (AFE), characterized with the expression of FOXA2 and 

SOX2, by the inhibition of BMP and TGF-β signaling pathway (Green et al. 2011). Finally, the cells are 

specified into lung progenitor cells (LPC) expressing NKX2-1 (Minoo et al. 2007).  These cells are then 

suspended in a matrix and cultured as 3D organoids, mimicking lung branching and maturation. 
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Maintaining the 3D configuration allows the development of surfactant-producing alveolar cells and 

ciliated cells when exposed to an air-liquid interface. 

 
Figure 19: Chronological progression of iPSCs differentiation to lung organoids. (A) Monolayer culture stages 
from iPSC to definitive endoderm (DE) characterize by CXCR4 and SOX17 expression, anterior foregut endoderm 
(AFE) expressing FOXA2 and SOX2, and ultimately lung progenitor cells (LPCs) NKX2-1 positive. (B) Step-by-step 
process for differentiating LPCs into 3D lung (adapted from Leibel et al. 2020).  

A model of lung cancer from iPSC-derived organoids has been developed with the induction of 

KRASG12D during iPSC lung differentiation (Dost et al. 2020). This work reveals that iPSC-derived 

KRASG12D lung organoids exhibit a distinct transcriptional profile compared to normal lung organoids. 

Specifically, they display a gene expression signature characteristic of early-stage adenocarcinoma. 

Overall, this study establishes the viability of iPSC-derived lung cancer model and paves the way for 

the creation of additional lung cancer organoids incorporating other oncogenic drivers such as RET.  

Patient-derived iPSC lung organoids have the potential to provide even greater accuracy in 

modeling lung cancer due to their expression of endogenous levels of oncogenic drivers. By 

differentiating in parallel organoids from patient-derived iPSCs and their CRISPR-corrected isogenic 

control iPSCs it is possible to identify the distinct characteristics linked to the mutation (Figure 20). 

These organoid models hold great promise for identifying novel targets and facilitating drug screening 

processes. However, there are currently no models of patient-derived-iPSC lung organoid. The 

development of such models could replicate cancers and help capture the genetic heterogeneity and 

progression-related modifications observed in the original tumors.  
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Figure 20: iPSC-derived organoids for disease modelling and drug discovery. Simultaneously differentiation of 
organoids from patient-derived iPSCs and its CRISPR corrected isogenic control iPSC allows for identifying the 
specific characteristics associated with the mutation. These organoid models have the potential to be used for 
the identification of new targets and for conducting drug screening (Rowe & Daley 2019). 

In conclusion, the development of organoids has revolutionized the field of disease modeling, 

including lung cancer research. Lung cancer organoids have been successfully generated, offering a 

more sophisticated representation of the tumor microenvironment. Moving forward, patient-derived 

iPSC lung organoids hold great promise for modeling lung cancer with higher accuracy, capturing 

genetic heterogeneity, and reflecting the progression-related modifications observed in original 

tumors. 
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 PHD OBJECTIVES 

The first objective of my PHD was to investigate the role of the tyrosine kinase receptor RET in 

iPSC derived hematopoiesis. The first article aims to understand the impact of RET activation on the 

differentiation of iPSCs into hematopoietic stem cells (HSCs). Previous research has shown positive 

effects of RET activation in mice and cord blood HSCs, but its role in iPSC-derived hematopoiesis is not 

yet known. By differentiating iPSCs with the RETC634Y somatic mutation and comparing them with 

control iPSCs, the study aims to unravel the specific characteristics linked to RET activation during 

hematopoietic differentiation. 

The second objective of my PHD consisted in establishing a model of RET-driven NSCLC using iPSCs. 

The second article described the generation of lung cell progenitors (LPCs) from patient-derived iPSCs 

carrying the RETC634Y somatic mutation and the validation of the effect of this mutation. Through 

phenotypic and molecular analysis, this article seeks to demonstrate that these RETC634Y iPSC-derived 

LPCs exhibit characteristics resembling those of RET-driven NSCLC. This study also intends to evaluate 

the response of these cells to a specific RET inhibitor, Pralsetinib, providing insights into potential 

therapeutic interventions. Ultimately, this article aims to establish a novel patient-derived iPSC model 

for RET-driven NSCLC, which can be utilized for studying disease mechanisms, exploring disease 

progression, and identifying potential new therapeutic targets. 

Overall, the goal of this thesis was to use iPSCs as a versatile tool to investigate the role of a major 

driver gene on different biological processes and model different tissue with the same iPSCs. I focused 

my work on understanding the role of RET in hematopoiesis and its implications in RET-driven NSCLC 

for the development of novel therapies.  
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 RESULTS 

1. Article 1: Impact of the Overexpression of the Tyrosine Kinase 

Receptor RET in the Hematopoietic Potential of Induced Pluripotent 

Stem Cells (iPSCs) 

This article is the first part of my PhD manuscript, where I explored the role of RET in iPSC-derived 

hematopoiesis. Indeed, previous studies have suggested that RET plays a significant role in the 

hematopoietic potential in mice and could also be used to expand UCB derived HSC (Fonseca-Pereira 

et al. 2014; Grey et al. 2020). The potential role of RET in the iPSC-derived hematopoiesis has not been 

tested so far. This question is of major interest since obtaining ES or iPSC-derived HSCs is not currently 

achievable, thus the possibility of inducing HSCs from iPSCs would have major medical implications. 

To assess how RET affects the hematopoietic potential of iPSC, we used several strategies.  These 

methods involved activating the RET pathway by either its ligand GDNF or either by the overexpression 

of RET wild type (WT) and RETC634Y mutation in iPSCs. We also used an iPSC derived from a patient 

harboring the RETC634Y mutation and its CRISPR-corrected isogenic control. Hematopoietic potential 

was tested using 2D cultures allowing generation of large numbers of hematopoietic cells evaluated 

regarding their phenotype and their clonogenic potential. We then performed transcriptomic analyses 

on these cells, and we verified with qPCR the expression of genes found to be modulated by RET. 

Two normal iPSC lines cultured with or without GDNF generated similar numbers of CD34+ and 

CD34+/CD38- cells. On the other hand, the same experiments performed using iPSC with RET 

overexpression led to a significant reduction in the number of HSCs (CD34+/CD38-/CD49f+) as 

compared to control iPSC. RET overexpression was also found to alter the clonogenic potential of HSCs. 

Similarly, the hematopoietic potential of a patient-derived iPSC line with a constitutive RETC634Y 

mutation was reduced as compared to its CRISPR-corrected isogenic control. Transcriptomic analyses 

revealed a specific activated expression profile for RETC634Y compared to its control with evidence of 

overexpression of genes which are part of the MAPK network with negative hematopoietic regulator 

activities. 

Thus, as opposed to the findings reported in mice knock-out model and in UCB expansion, RET 

activation/overexpression in iPSCs does not give rise to an increased hematopoietic potential but is 

rather associated with an inhibitory activity, potentially related to MAPK activation.
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SUPPLEMENTARY MATERIALS 

 
Supplementary Figure 1: (A) Activation of the RET pathway by the addition of GDNF/GFRα1. (B) qRT-PCR 
quantification of RETWT and RETC634Y in PB33 and PB68 at iPSC stage. (C) Western blot analysis of RETWT 

overexpression in PB33 and PB68 
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Supplementary Figure 2: (A) Bar plot of functional enrichment performed on DisGeNET database and filtered on 
hematopoietic disorders. (B) Hematopoietic disorders molecular network induced by RETC634Y mutation in 
hematopoietic cells derived from iPSCs. (C) Expression of RET regulated candidate genes quantified by qRT-PCR 
at iPSC stage. Experiments have been performed three times. P-values were calculated using a two-tailed 
Student’s t-test. ns, not significant; *, P<0.05; **, P< 0.01; ***, P<0.001; ****, P<0.0001. 

Supplementary Material Table 1: 

Primers Sequence 

ACTIN_FW CACCATTGGCAATGAGCGGTTC 

ACTIN_RV AGGTCTTTGCGGATGTCCACGT 

CEPBA_FW GGACCCTCAGCCTTGTTTGT 

CEPBA_RV TGTCATAACTCCGGTCCCTCT 

DLK1_FW TGCCTGCCGTGTTTACCTTG 

DLK1_RV TGTGTGTGGGTGACTGATGTG 

GFRΑ1_FW TATCAAAGCAAGCCAAGCAAG 

GFRΑ1_RV TAAGCACGCCAAGAAGAAGTG 

JUN_FW CAAGAACTCGGACCTCCTCAC 

JUN_RV TCCTGCTCATCTGTCACGTTC 

NR4A3_FW GAAGTGTCTCAGTGTTGGAATGG 

NR4A3_RV ATGGGCTCTTTGGTTTGGAAG 

RET_FW CATCAGCAAAGACCTGGAGAAG 

RET_RV AATCAGGGAGTCAGATGGAGTG 

 
Supplementary Table 1: List of the 109 genes upregulated by RETC634Y mutation during iSPCs hematopoietic 
differentiation 

Gene logFC AveExpr adj.P.Val 

GOPC 6.39189 6.824905 3.839737724586e-05 

TAF9B 5.552925 7.6517775 4.55189292473964e-05 

INPP5F 5.39053 9.815355 7.29940973661325e-05 
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LDOC1 6.83768 7.6542 0.000186177747550023 

HIST1H2BM 4.434215 10.7141625 0.000186177747550023 

HTR1E 4.712515 7.4190375 0.000189093530472259 

RGPD2 4.683155 6.0728075 0.000257125685418469 

CNTNAP4 4.48187 5.30308 0.000257125685418469 

RGPD1 3.08282 8.168405 0.000510825598115004 

NAP1L5 3.038625 4.6231325 0.000552636174486203 

ZNF667 2.913245 6.2546325 0.00102742664698341 

CDR1 2.307375 13.5474575 0.00157295220217926 

RAB27B 2.64627 9.349 0.00250610851294452 

DPP10 2.15072 9.030765 0.00397837984024221 

NR4A3 1.8779 7.685635 0.00418981529421182 

MRPS21 1.87338 13.381125 0.00418981529421182 

GRIA4 1.838055 5.9839325 0.00418981529421182 

TMEM176A 1.949345 9.1347625 0.00477445401661958 

COLEC10 1.75172 13.50653 0.00477445401661958 

ZNF717 2.78298 7.20399 0.0050029213396522 

TMEM176B 1.877415 7.5184825 0.00593613114366584 

SHISA6 1.693635 4.1400525 0.00712521719554855 

DIO3 1.90021 8.591525 0.00772463281293109 

TMBIM4 1.66727 8.78482 0.00831238823421279 

NR4A2 1.645535 6.2878225 0.00831238823421279 

CHRM2 2.087845 6.7283675 0.00849654760886506 

CNTNAP5 2.11457 6.394995 0.00849654760886506 

LPAR6 1.843795 9.1825075 0.00942550433851747 

COL6A6 1.58289 7.14962 0.00942550433851747 

PCDHB16 1.6577 10.75213 0.00942550433851747 

DPP4 1.578795 11.0388825 0.00942550433851747 

CEBPZOS 1.659535 10.0678475 0.00946441527224467 

NR2F1 1.696465 9.2369925 0.0095289485730007 

IRAK4 1.413775 7.7066975 0.00964652889110839 

CYP4V2 1.975685 4.2147475 0.0104863922619242 

ALX1 1.6706 6.780535 0.011142321024797 

GLIPR1 1.3864 9.443665 0.011142321024797 

BCHE 1.56037 6.11527 0.011142321024797 

ZNF880 1.517995 8.5236275 0.011142321024797 

CTHRC1 1.42238 13.05974 0.0111885798351944 

FAM172A 1.43141 7.8818 0.0111885798351944 

HCAR3 1.550005 5.6404875 0.0111885798351944 

SNAP91 1.453005 5.2175525 0.0120201363164359 

NSMCE1 1.51567 7.509725 0.0120201363164359 

GPR183 1.33453 9.476375 0.0120201363164359 

GABRA2 1.65994 9.309935 0.0120571870641575 

TXNRD2 1.76429 7.381675 0.0120571870641575 

PLA2G2A 1.471405 8.2217275 0.0132059296878331 

SFRP1 1.365095 8.1756275 0.013722700612905 
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PID1 1.41367 7.07916 0.0139581054732494 

TMEM132C 1.546885 4.3803225 0.0139581054732494 

CASP4 1.71681 5.938465 0.0139581054732494 

LRRTM2 1.594415 6.3730175 0.0143179764931618 

PSMB8 1.429735 7.1980625 0.0149774940033406 

C3 1.21254 10.77043 0.0178176824349004 

CDH7 1.312035 9.0969775 0.0180445208352434 

LRRTM4 1.197085 7.6331675 0.0180879278843384 

PUS7L 1.56445 8.626045 0.0180879278843384 

MRPL3 1.310275 10.2708625 0.0180879278843384 

STMN2 1.18248 11.36844 0.0192466567143874 

RFTN2 1.30058 10.613425 0.0198375526063248 

ADAM23 1.185965 8.8568675 0.0198375526063248 

PTGFR 1.169195 10.7926325 0.0200756776981018 

PNPO 1.197005 3.9925475 0.0216267920727596 

IRAK3 1.6331 8.40788 0.0220852025295686 

PTGDS 1.48716 7.339845 0.0220960844482512 

ZNF585B 1.233265 11.1525975 0.0220960844482512 

JAG1 1.324425 10.8424225 0.0220960844482512 

DLK1 1.296805 16.9212025 0.0220960844482512 

JAM2 1.208825 10.8772725 0.0224957181851337 

PCTP 1.44364 9.52025 0.0227362826870834 

ANGPT1 1.10835 8.07056 0.0228608965261987 

NEK9 1.18655 10.267355 0.0228608965261987 

C7 1.677465 5.2920675 0.0230378169659056 

CADPS2 1.16517 6.90015 0.0232838609938617 

GFRA1 1.448515 10.7839125 0.0238103172498784 

ZNF562 1.17215 8.88995 0.0238193526012892 

NCALD 1.34288 7.20356 0.0251331985626647 

COMT 1.55994 9.98751 0.0253027873732179 

HNMT 1.14319 10.71118 0.0254541264647253 

ZNF585A 1.196235 8.6598775 0.0270754306280722 

NFIL3 1.05123 10.567205 0.0270754306280722 

GFRA2 1.36447 4.85712 0.0280723126469758 

MNS1 1.32578 5.954835 0.0280773357444547 

ICAM1 1.15306 11.79135 0.0296068165619322 

FCGR2B 1.05993 6.340205 0.0296964339958956 

OLFM3 1.4148 5.66399 0.0298444148420818 

TCTA 1.02468 6.02184 0.0303148062108365 

JUN 1.029955 14.1677475 0.0303148062108365 

FAM155A 1.24339 6.139145 0.0310797970913604 

CCDC102B 1.094785 7.9479125 0.0316292104513524 

TGFA 1.084345 6.4699725 0.0316469976720747 

BMPR1B 1.02368 6.26078 0.0326468613946061 

LPAR1 1.05089 9.97868 0.0326468613946061 

ZNF572 1.40546 5.27796 0.0332833952978816 
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HLA-DRB1 1.170975 5.3973475 0.0346673244909029 

PDE8A 1.23345 5.518815 0.0352443612012122 

ZFHX4 1.08177 8.8411 0.0365320473525916 

ARHGAP44 1.370575 5.5606125 0.0365873464007626 

EBF1 1.35567 6.350415 0.0383672864673443 

MRGPRD 1.07915 7.951225 0.0390354468500145 

ERAP2 1.400745 5.6965525 0.0410285718938848 

EDNRA 1.140445 10.0933975 0.0429600142994066 

IFIT2 1.074825 7.0686375 0.0431521978474641 

PRELID3B 1.03029 8.82904 0.0431795144817928 

C7orf60 1.22736 9.27379 0.0434340766371203 

CTSF 1.32325 5.00302 0.0450019054447269 

WDR54 1.11879 7.455195 0.0458443677121318 

CPNE8 1.00153 14.093495 0.0462967389197386 
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2. Article 2: Modeling RET-rearranged Non-Small Cell Lung Cancer 

(NSCLC): Generation of Lung Cell Progenitors (LPCs) from Patient-

Derived Induced Pluripotent Stem Cells (iPSCs) 

The objective of this second article was the development of a model of RET-driven NSCLC from 

patient-derived iPSCs. Indeed, RET rearrangements occur in approximately 1-2% of NSCLC cases and 

lead to the constitutive activation of the RET kinase domain, driving downstream signaling pathways 

critical to cancer cell behaviors like proliferation, invasion, and survival. 

Although various models for RET-driven lung cancer exist, none have been based on patient-

derived iPSC. These iPSCs hold promise for disease modeling and drug testing. Yet, generating iPSCs 

with specific oncogenic drivers like RET rearrangements faces challenges due to reprogramming 

efficiency and tumor genotypic variability. 

To overcome these challenges, we tried to generate lung progenitor cells (LPCs) from patient-

derived iPSCs harboring the RETC634Y somatic mutation which is a major oncogenic event in medullary 

thyroid carcinoma. A RETC634Y knock-in iPSC model was also engineered to validate the effect of the 

overexpression of this allele during differentiation of normal iPSCs towards lung progenitor cells. 

In this work, we have successfully generated LPCs from RETC634Y iPSCs and found that the 

differentiated cells mirrored RET-rearranged NSCLC characteristics. Indeed, upon differentiation 

towards lung progenitor lineage, LPCs exhibited overexpression of cancer associated markers reported 

in RET driven NSCLC. Transcriptomic analysis reveal that RETC634Y signature is associated with 

multilineage lung dedifferentiation. Moreover, the comparison of these transcriptomic data with 

primary NSCLC cohorts revealed a group of genes associated with poor prognosis in NSCLC. Similar 

analysis performed with RETC634Y knock-in model validates our finding. Moreover, RETC634Y iPSC-derived 

LPCs demonstrated a positive response to the RET inhibitor Pralsetinib, as indicated by the 

downregulation of the cancer markers after the treatment. 

This study successfully establishes a model of RET-driven NSCLC using patient-derived iPSCs and 

highlights the potential of iPSCs for drug testing and cancer marker discovery. 

This article has been published in Cells 2023. 
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3. Perspectives: Generation of 3D lung organoids from patient-derived 

iPSCs carrying RETC634Y mutation as a model of RET-driven NSCLC 

In this section of the results, I will present the ongoing experiment that follows the second article 

of this manuscript (Article 2, Marcoux, Hwang, et al. 2023). As mentioned in the discussion of the 

preceding article, our current focus is on generating mature organoids from the previously described 

lung cell progenitors (LPCs). Indeed, organoids have emerged as a prominent model for studying lung 

cancer due to their three-dimensional structure derived from stem cells and their ability to exhibit self-

organization, closely resembling the architectural complexity and diverse cell lineages observed in vivo. 

Consequently, several models of lung organoids have been established in recent years (Rock et al. 

2009; McQualter et al. 2010; Chapman et al. 2011). Models of lung cancer organoids derived from 

patient samples have also been developed to investigate various processes associated with lung cancer 

(Di Liello et al. 2019; Zhang et al. 2018; Kim et al. 2019). In addition, there has been growing interest 

in iPSC-derived organoids, which combine the self-organizing potential of iPSCs with the ability to 

differentiate into organ-specific cell types (Garreta et al. 2021). For example, various protocols have 

been described for generating iPSC-derived lung organoids (Dye et al. 2015; Leibel et al. 2020). The 

integration of patient-derived iPSCs and organoid modeling holds great potential for disease modeling, 

high-throughput drug screening, and target discovery, paving the way for significant advancements in 

these areas (Turhan et al. 2021). 

In the preceding article, we have shown that LPCs derived from iPSCs carrying the RETC634Y somatic 

mutation exhibit distinct features resembling RET-driven NSCLC. In order to generate a potentially 

more precise model, we have pursued the differentiation of LPCs into mature 3D organoids and study 

their characteristics. For now, 3D organoids have only been generated using the knock-in model (PB68-

WT and PB68-RETC634Y). Additionally, a RETWT knock-in model was differentiated (PB68-RETWT) and is 

expected to exhibit an intermediate level of RET activation as shown in the first article of this 

manuscript (Article 1, Marcoux, Imeri, et al. 2023). Morphological and phenotypical analyses have 

been conducted on the organoids generated from these iPSCs, but RNA single-cell analysis is still 

pending to investigate the impact of RET activation on the diversity of the cell population within the 

organoids.  
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MATERIALS AND METHODS 

This section of the manuscript will be focused on explaining the methodologies and procedures 

specifically related to the novel experiments presented here. For additional details on other aspects, 

please refer to the Materials and Methods of the Article 2 (Marcoux, Hwang, et al. 2023). 

3D lung organoid formation and branching. 

The protocol was adapted from Leibel et al. 2020. The LPCs (16-25 days old) were embedded in 

matrigel in either 6-well or 24-well transwell inserts and allowed to incubate in the incubator until the 

matrigel solidified. After solidification, 3D organoid induction media were added to the wells, and the 

transwell inserts were placed. Media were changed daily for the first 6 days. Subsequently, branching 

media were introduced to the wells, and media changes were performed every other day for 6-12 

days. Recipes for the media are presented in the following table: 

Media Cat. No. Concentration 

Serum-free basal medium     

Iscove’s Modi!ed Dulbecco’s Medium 31980030; Gibco 72,50% 

Ham’s F12 11765054; Gibco 25,00% 

Glutamax 35050061; Gibco 1,00% 

B27 without retinoic acid  12587010; ThermoFisher  1,00% 

N2 17502048; ThermoFisher  0,50% 

Pen/Strep  15140-122; Gibco 10 U 

L-Ascorbic acid 2-phosphate (AA2P)   A8960; Sigma-Aldrich 50 µg/mL 

Monothioglycerol M6145; Sigma-Aldrich 20 µM 

Bovine serum albumin (BSA) Fraction V, 7.5% solution  15260-037; Gibco 0,75% 

   

3D organoid induction medium (day 17-22)     

Serum-free basal medium   

FGF7  251-KG-010/CF; Bio Techne  10 ng/mL 

FGF10 345-FG-025/CF; Bio Techne 10 ng/mL 

CHIR99021 (CHIR) solution 72054; Stemcell Technology 3 µM 

 EGF 236-EG-200; Bio Techne  10 ng/mL 

   

3D organoid branching medium (day 23-28)     

Serum-free basal medium   

FGF7  251-KG-010/CF; Bio Techne  10 ng/mL 

FGF10 345-FG-025/CF; Bio Techne 10 ng/mL 

CHIR99021 (CHIR) solution 72054; Stemcell Technology 3 µM 

 EGF 236-EG-200; Bio Techne  10 ng/mL 

All-trans retinoic acid 72262; Stemcell Technology 0,1 µM 

VEGF/PIGF  297-VP; Bio Techne 10 ng/mL 
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3D organoid maturation medium (day 29-34)     

Serum-free basal medium   

FGF7  251-KG-010/CF; Bio Techne  10 ng/mL 

FGF10 345-FG-025/CF; Bio Techne 10 ng/mL 

CHIR99021 (CHIR) solution 72054; Stemcell Technology 3 µM 

 EGF 236-EG-200; Bio Techne  10 ng/mL 

All-trans retinoic acid 72262; Stemcell Technology 0,1 µM 

VEGF/PIGF  297-VP; Bio Techne 10 ng/mL 

Dexamethasone D4902-25MG; Sigma Aldrich 50 nM 

cAMP 20-198; Sigma Aldrich 10 nM 

IBMX  I5879-100MG; SigmaAldrich 100 µM 

 

In vivo mice transplantation 

Six- to eight-week-old mice (male and female) were anaesthetized with isofluorane (2%). Day-17 

LPCs were collected and embedded in Matrigel. This suspension was either injected subcutaneous into 

the loose skin over the neck or transplanted into a pocket in the subcutaneous space above the leg. 

The mice were palpated every week to monitor the potential tumor growth. Experiment is still ongoing. 

Single cell RNA sequencing 

PB68-WT, PB68-RETWT and PB68-RETC634Y organoids were dissociated using a TrypLE 20-minute 

treatment, followed by mechanical dissociation. Debris was then filtered through a cell strainer, and 

cell viability was assessed using Trypan Blue staining. Single cells were counted and further processed 

using Chromium10x Genomics protocol (V3.1). Single-cell Gel Bead-In-EMulsions (GEMs) were 

generated using a Chromium Controller instrument (10x Genomics). Sequencing libraries were 

prepared using Chromium Single Cell 3’ Reagent Kits (10x Genomics), according to the manufacturer’s 

instructions. Briefly, GEM-RT was performed in a thermal cycler using a protocol including incubation 

at 53°C for 45 min and 85°C for 5 min. Post GEM-RT Cleanup using DynaBeads MyOne Silane Beads 

was followed by cDNA am-plification (98°C for 3 min, cycled 12 x 98°C for 15 s, 67°C for 20s, 72°C for1 

min, and 72°C 1 min). After a cleanup with SPRIselect Reagent Kit and fragment size estimation with 

High Sensitivity™ HS DNA kit run on 2100 Bioanalyzer (Agilent), the libraries were constructed by 

performing the following steps: fragmentation, end-repair, A-tailing, SPRIselect cleanup, adaptor 

ligation, SPRIselect cleanup, sample index PCR, and SPRIselect size selection. 

The fragment size estimation of the resulting libraries was assessed with High Sensitivity™ HS DNA 

kit runned on 2100 Bioanalyzer (Agilent) and quantified using the Qubit™ dsDNA High Sensitivity HS 

assay (ThermoFisher Scientific). Libraries were then sequenced by pair with a HighOutput flowcel using 

an Illumina Nextseq 500 with the following mode: 26 bp (10X Index + UMI), 8 bp (i7 Index) and 57 bp 

(Read 2). 
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The sequencing data was processed into transcript count tables with the Cell Ranger Single Cell 

Software Suite 1.3.1 by 10X Genomics (http://10xgenomics.com/). Raw base call files from the Nextseq 

500 were demultiplexed with the cellranger mkfastq pipeline into library-specific FASTQ files. The 

FASTQ files for each library were then processed independently with the cellranger count pipeline. This 

pipeline used STAR21 to align cDNA reads to the Mus musculus transcriptome (Sequence: GRCm38, 

Annotation: Gencode v25). Once aligned, barcodes associated with these reads – cell identifiers and 

Unique Molecular Identifiers (UMIs), underwent filtering and correction. Reads associated with 

retained barcodes were quantified and used to build a transcript count table. Resulting data for each 

sample were then aggregated using the cellranger aggr pipeline, which performed a between-sample 

normalization step and concatenated the two tran-script count tables. 
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RESULTS 

RETWT knock-in model shows intermediate level of RET pathway activation 

For this project, we introduced a third model of RET activation using a RETWT knock-in iPSC model. 

This approach was designed to activate the RET pathway at an intermediate level between the PB68-

WT and PB68-RETC634Y models. Results supporting this hypothesis have already been demonstrated in 

the Article 1 (Marcoux, Imeri, et al. 2023). 

PB68-RETWT iPSCs were differentiated into LPC following the protocol presented in the article 2. 

qRT-PCR analyses at LPC stage confirmed that RET mRNA level is found between PB68-WT and PB68-

RETC634 (Figure 1A). Immunofluorescence staining targeting phospho RET confirmed the activation of 

the protein in LPC derived from PB68-RETWT iPSCs (Figure 1B). As described in the article 2, qRT-PCR 

analysis was performed to assess the expression levels of the differentiation markers FOXA2 and NKX2-

1, which were found to be regulated by RETC634Y in the article 2, along with the cancerous markers 

C1QTNF6 and PROM2 previously identified (Figure 1C). The expression level of these differentiation 

and cancer-related markers in the RETWT knock-in model were intermediate between those observed 

in PB68-WT and PB68-RETC634Y without Pralsetinib treatment. When treated with Pralsetinib, a 

significant reduction of FOXA2, C1QTNF6 and PROM2 expression level was observed as compared to 

untreated condition (Figure 1C). This shows that the PB68-RETWT model positively responds to RET 

inhibitor Pralsetinib and therefore that the knock-in of RETWT model induces the activation of RET 

pathway. These results confirm the successful generation of a RETWT knock-in model that displays an 

intermediary level of RET activation. 

 
Figure 1: LPCs generated from RETWT knock-in iPSCs display an intermediary level of RET but they still respond 
to Pralsetinib treatment. (A) qRT-PCR quantification of RET mRNA in LPCs derived from PB68-WT, PB68-RETWT 
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PB68-RETC634Y iPSCs. (B) Immunostaining of LPCs derived from PB68-WT, PB68-RETWT PB68-RETC634Y iPSCs showing 
the expression of pRET (green) and DAPI (blue). (C) Expression of FOXA2, NKX2-1, C1QTNF6, PROM2 quantified 
by qRT-PCR in PB68 model with and without daily 10 nM Pralsetinib treatment. Fold change (2−ΔΔCt) have been 
normalized to iPSC stage. Experiments have been performed three times. Two-ways ANOVA were performed to 
test the effect of cell lines and Pralsetinib treatment. For each combination of cell lines and genes, a Sidak's 
multiple comparisons test was performed to test the effect of Pralsetinib treatment as compared to untreated. 
ns: non-significant, *, P<0.05; **, P< 0.01; ***, P<0.001; ****, P<0.0001.  

Generation of 3D mature lung organoids from RET knock-in iPSCs 

Subsequently, the three iPSC lines were differentiated into mature 3D organoids using the 

provided protocol (Figure 2A) (Leibel et al. 2020). Morphological analysis reveals that organoids 

derived from all three iPSC lines exhibit the typical classical shape (Figure 2B). To further confirm the 

phenotype of the organoid, an immunostaining for the Surfactant protein C (SFTPC) was performed. 

SFTPC is an alveolar lineage marker expressed by alveolar type II cells (AT2). Immunofluorescence 

staining revealed that SFTPC was overexpressed in organoids derived from PB68-RETWT and PB68-

RETC634Y in comparison to PB68-WT. Additionally, SFTPC is highly expressed in PB68-RETC634Y organoids 

than in PB68-RETWT organoids. Additional immunostainings with different markers are on their way to 

have a better phenotypic characterization of the generated organoids. We are also planning to analyze 

the expression of the cancerous markers found upregulated by RETC634Y mutation in the LPC model, 

namely PROM2 and C1QTNF6. 
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Figure 2: Generation of lung progenitor cells (LPCs) from iRETC634Y is associated with the overexpression of 
FOXA2 and NKX2-1. (A) Schematic representation of the differentiation protocol from LPC to mature 3D lung 
organoids (B) Immunostaining of D37 branching lung organoids derived from PB68-WT, PB68-RETWT and PB68-
RETC634Y iPSCs showing the expression of SFTPC (green), DAPI (blue) or merged.  

Single cell RNA sequencing for identification of distinct cell populations 

affected by RET mutation during organoid differentiation 

If there is a delay in the differentiation process or even dedifferentiation, and we observe the 

overexpression of cancerous markers in the iPSC-derived organoids carrying the RETC634Y mutation, it 

suggests that there might be distinct cell populations with varying gene expression profiles within the 

samples. To investigate this further, we plan to utilize single-cell RNA sequencing (scRNA-Seq) 

technology. ScRNA-Seq allows us to analyze gene expression at the individual cell level, providing a 

comprehensive view of the cellular heterogeneity within a population. By performing scRNA-Seq on 

the iPSC-derived LPCs, we can identify and characterize different cell clusters based on their unique 

gene expression profiles. This will help us understand the diverse cellular states present within the 

cultures, such as undifferentiated cells, partially differentiated cells, and those exhibiting features 

similar to RET-driven NSCLC. Additionally, scRNA-Seq can uncover rare cell subpopulations that might 

be important for the disease development but would be challenging to detect using traditional bulk 
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RNA sequencing. The data obtained from scRNA-Seq analysis will enable us to identify specific gene 

expression patterns associated with RET activation and its effects on the differentiation process. This 

information will be important in understanding the molecular mechanisms underlying the observed 

phenotypic changes in the iPSC-derived organoids. It will also provide insights into how RET mutations 

impact the differentiation potential and behavior of these iPSCs. 

Furthermore, we also assessed the oncogenic potential of the RET knock-in models in vivo. 6-week 

mice were either injected or transplanted with LPCs derived from PB68-WT, PB68-RETWT or PB68-

RETC634Y iPSCs. Unfortunately, this preliminary experiment did not yield the anticipated results, as we 

did not observe any LPC engraftment, and consequently, no tumor development was detected. We 

are planning to do this experiment again and transplant cells for mature organoids as well. If these 

experiments give interesting results, it would be valuable to conduct a similar analysis using a patient-

derived iPSC model (iRETC634Y and iRETCTRL). 
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DISCUSSION 

In summary, this chapter delves into an ongoing experiment that follows the trajectory set by the 

second article of this manuscript. As discussed in the preceding article, our primary focus resides in 

generating mature organoids from the previously generated lung cell progenitors (LPCs). Organoids 

are important model for comprehending lung cancer because they closely mimic the intricate 

architectural complexities and diverse cell lineages observed in vivo.  

 To date, 3D organoids have exclusively been generated using the knock-in models (PB68-WT and 

PB68-RETC634Y). In addition, a RETWT knock-in model (PB68-RETWT) has been differentiated, with an 

intermediate level of RET activation. Phenotypic and morphological analyses of organoids derived from 

these iPSCs have been undertaken. However, a comprehensive RNA single-cell analysis is required, this 

analysis is pending, which aims to explore the impact of RET activation on the diversity of cell 

populations within these organoids. 
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DISCUSSION & CONCLUSIONS 

The breakthrough discovery of iPSCs by Yamanaka in 2006, initially in mice, and its application to 

human in 2007, has marked the beginning of a revolutionary era in the field of stem cell biology as it 

challenged the previously established dogma about the impossibility of de-differentiation of a cell 

towards an embryonic state (Takahashi & Yamanaka 2006; Takahashi et al. 2007). It also created an 

unprecedented hope for the therapy of several diseases as it became theoretically possible to generate 

embryonic like cells with the potential of regenerating organs and tissues (Shi et al. 2017). iPSCs also 

opened a novel field of disease modeling to study the cellular and molecular mechanisms underlying 

various diseases. By generating iPSCs from patients with specific genetic disorders or diseases it is 

possible to create patient-specific disease models. In these models the abnormal gene can be 

corrected and serve to understand the progression and the mechanisms of the diseases or to test 

potential drugs in a more relevant cellular context. However, generating patient-derived iPSCs 

presents several challenges. 

The generation of iPSCs is a complex and time-consuming process with relatively low efficiency, 

posing significant limitations on the ability to reprogram all types of cells. Most reprogramming 

protocols are optimized for cells that are readily available and easily reprogrammed, such as PBMCs, 

mesenchymal stem cells, and fibroblasts, which exhibit high proliferation rates and chromatin 

accessibility (González et al. 2011). The reprogramming of cancer cells with specific mutations of 

interest is complicated for several reasons. The high genotypic variability of these tissues makes 

challenging the generation of iPSCs harboring all the mutations present within a tumor (Rao & Malik 

2012). Moreover, the tumor microenvironment can influence the reprogramming process, and the 

presence of oncogenic factors, such as TP53 mutations or invalidations, may interfere with iPSC 

generation (Papapetrou 2016). Additionally, epigenetic memory in cancer cells can pose obstacles 

during reprogramming, potentially affecting iPSCs stability and functionality. Despite these challenges, 

generating iPSCs carrying somatic mutations from patients suffering from hereditary cancers is a more 

feasible goal, as these mutations are present in each somatic cell. This characteristic allows researchers 

to use classic reprogramming protocols to generate iPSC from readily available non-cancerous cell 

types carrying the mutation.  

Furthermore, iPSCs display inherent variability in their ability to differentiate into specialized 

functional cells of a specific lineage due to their genetic background (Kilpinen et al. 2017). This 

variability can pose challenges when comparing cells derived from patient-specific iPSCs with those 

from control iPSCs (Soldner & Jaenisch 2012). To overcome this issue and isolate the impact of 

oncogenic driver mutations, isogenic pairs of disease-specific and control iPSCs have been generated 
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(Soldner et al. 2011). Isogenic pairs are identical except for a specific genetic difference, the presence 

or absence of the oncogenic mutation. The development and widespread adoption of genome editing 

tools, particularly the CRISPR/Cas9 system, have enabled researchers to precisely engineer control 

iPSCs in which the oncogenic mutation is corrected (Byrne & Church 2015; Johnson & Hockemeyer 

2015; Li, Zhou, et al. 2019). This approach allows for a more controlled and direct comparison between 

disease-specific and control cells, helping to understand the specific effects of the mutation on cell 

behavior, differentiation potential, and disease-related processes.  

The knock-in technique is another technical approach that can be used to investigate the impact 

of a gene of interest while minimizing the influence of unrelated genetic variations in iPSCs (Banan 

2020). The knock-in of a specific gene or mutation into an iPSCs create a distinct cell line expressing 

the gene or mutation of interest and sharing the same genetic background as the wild type iPSCs 

allowing a direct comparison of their characteristics and behaviors during differentiation. In the case 

of oncogenic mutation, the mutation induced at the pluripotent state can be propagated with 

generation of “transformed tissues”. For instance, after the introducing of KRASG21D oncogene into WT 

iPSCs, it is possible to differentiate alveolar type 2 cells where genomic pathways similar to lung 

adenocarcinoma are induced (Dost et al. 2020). This approach facilitates the study of the effect of the 

gene on various cellular processes, including differentiation, proliferation, and responses to drugs or 

treatments.  

Throughout the work during my PhD, I employed both approaches to investigate the impact of RET 

pathway activation in two different projects: one focused on the role of RET during iPSC-derived 

hematopoiesis, and the other one aimed on the modeling of RET-driven Non-Small Cell Lung Cancer 

(NSCLC). I have used an iPSC line derived from a patient carrying the RETC634Y somatic mutation 

(iRETC634Y) along with its isogenic CRISPR-corrected control (iRETCTRL) which were generated previously 

in our laboratory (Hadoux et al. 2016; Hadoux et al. 2018). In parallel, I have generated via lentiviral 

mediated gene transfer, the overexpression of RETWT or RETC634Y in iPSCs derived from healthy donors 

(PB33-WT and PB68-WT). These iPSCs (PB33-RETWT, PB33-RETC634Y, PB68-RETWT, PB68-RETC634Y) serve 

as models of RET pathway activation as demonstrated in the results section of this manuscript. 

The generation of HSCs with long-term repopulation potential from iPSCs is a key research goal to 

address the need for new sources in hematopoietic stem cell transplantation (HSCT). However, iPSC-

derived hematopoiesis currently produces mature blood cells but lacks long-term engraftable HSCs 

(Kaufman et al. 2001; Chadwick et al. 2003; Zambidis et al. 2005). Various studies have explored the 

possibility of generating iPSC-derived engraftable HSCs, but significant challenges remain. One 

approach involves generating iPSC-derived HSCs from human teratomas, which can migrate and 
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repopulate the bone marrow (Amabile et al. 2013; Suzuki et al. 2013). Another method involves 

ectopically expressing specific transcription factors, such as HOXA9, ERG, RORA, SOX4, and MYB, to 

produce short-term engraftable HSCs (Doulatov et al. 2013). However, these two approaches remain 

unsuitable for clinical uses and the generation of fully engraftable HSCs necessitates further 

optimization of hematopoietic differentiation protocols or a deeper understanding of differentiation 

mechanisms. The RET pathway has been identified as crucial for HSC development and expansion in 

mice and umbilical cord blood, with RET neurotrophic factor partners promoting HSC survival, 

expansion, and function (Fonseca-Pereira et al. 2014; Grey et al. 2020). However, the impact of RET 

activation during iPSC-derived hematopoiesis is still not characterized.  

In our first study (Article 1, Marcoux, Imeri, et al. 2023) the overexpression of RETWT and RETC634Y 

by knock-in in iPSCs revealed that RET activation reduces the number of HSC-like cells and 

hematopoietic progenitors, affecting their potential to form colonies (Marcoux, Imeri, et al. 2023). 

Moreover, the use of patient-derived iPSCs with an endogenous RETC634Y mutation also showed 

inhibitory effects similar to knock-in models. Transcriptomic analysis further revealed that RET 

activation led to the upregulation of genes associated with the MAPKs, immune system, and 

hematopoietic regulation. Notably, genes like DLK1 and NR4A3, involved in restricting HSC 

proliferation and hematopoiesis (Mirshekar-Syahkal et al. 2013; Freire & Conneely 2018), were 

upregulated in response to RET activation. Overall, this study highlights the complexity of RET 

activation effects during iPSC-derived hematopoiesis and suggests potential regulatory pathways 

responsible for this inhibition such as DLK1 and the MAPK pathway. At present, it remains unclear 

whether manipulation of these inhibitory genes could restore this phenotype. Understanding the 

mechanisms behind RET impact on HSC differentiation is important for optimizing iPSC-based 

hematopoietic strategies. Future experiments will shed light on the potential for reversing this 

inhibitory effect. 

The second part of my work (Article 2, Marcoux, Hwang, et al. 2023) focused on evaluating the 

possibility of using patient-derived iPSCs with RET somatic mutations to develop RET-driven NSCLC 

models. Various models of RET-rearranged lung cancer have been established over the years, including 

those using cancer cell lines (Nelson-Taylor et al. 2017), genetically engineered mouse models 

expressing KIF5B-RET fusion protein (Saito et al. 2014b), and PDX-derived lung adenocarcinoma cells 

harboring KIF5B-RET fusion (Hayashi et al. 2020). However, there is currently a lack of RET-driven 

NSCLC models based on patient-derived iPSCs, which could offer valuable insights into this disease. 

Patient-derived iPSC models allow the capture of the unique genetic characteristics of individual 

patients, providing a more precise representation of the disease biology as compared to the use of 

cancer cell lines. These iPSC models facilitate disease modeling, patient-specific organoid creation, and 
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investigations in cancer development, high-throughput drug screening, and target discovery, offering 

significant potential for advancements in these critical areas of research. 

In our second study (Article 2, Marcoux, Hwang, et al. 2023), we successfully generated lung cell 

progenitor cells (LPCs) from iPSCs expressing the RETC634Y mutation. The LPCs derived from these iPSCs 

exhibited characteristics associated with RET-rearranged NSCLC when compared to control iPSCs. The 

qRT-PCR analysis revealed the overexpression of FOXA2 during AFE stage in both models, consistent 

with its upregulation in KIF5B-RET fusion NSCLC (Lee et al. 2023). Moreover, the RETC634Y mutation led 

to the upregulation of NKX2-1, which serves as a marker for lung progenitors and has been identified 

as a tumor biomarker in lung cancer (Myong 2003; Tan et al. 2003). Transcriptomic analyses were 

performed to identify specific signatures associated with the RET mutation in iPSC-derived LPC. The 

RETC634Y mutation was found to influence transcriptional regulation, leading to lung dedifferentiation 

and upregulation of cancerous markers associated with poor prognosis. Finally, RET-mutated LPCs 

exhibited a favorable response to the RET-specific inhibitor treatment, Pralsetinib, resulting in the 

downregulation of the previously identified cancerous marker. This study demonstrates that patient-

derived iPSCs carrying RETC634Y somatic mutations could be utilized as a valuable model for studying 

RET-driven NSCLC, drug testing, and identifying potential cancer biomarkers. The generated LPCs 

provide an accurate and easily generable model for studying NSCLC and its response to targeted 

therapies. This study represents an important step towards understanding RET-driven NSCLC and 

developing new treatments. 

To create a more precise model, we have continued to differentiate LPCs into mature 3D organoids 

to study their properties (Perspectives). So far, 3D organoids have been successfully generated using 

the knock-in model (PB68-WT and PB68-RETC634Y). Additionally, the RETWT knock-in model (PB68-RETWT) 

has also been differentiated, which is expected to show an intermediate level of RET activation based 

on the findings from the first article of this manuscript (Article 1, Marcoux, Imeri, et al. 

2023).Morphological and phenotypical analyses have been performed on the organoids derived from 

these iPSCs, but further investigations using single-cell RNA sequencing are still underway to explore 

the impact of RET activation on the cell population diversity within the organoids.  

If the RETC634Y mutation causes a delay in the differentiation process or even dedifferentiation, as 

suggested in the literature (Wang et al. 2012), it is expected to observe some heterogeneity among 

the cell populations when comparing the organoids derived from the different iPSCs. To thoroughly 

explore this cellular heterogeneity, it is possible to use single-cell RNA sequencing (scRNA-Seq). By 

analyzing gene expression at the individual cell level, scRNA-Seq provides a comprehensive 

understanding of the various cell clusters present within the organoids, including those that may 
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exhibit features similar to RET-driven NSCLC. Through scRNA-Seq, it becomes possible to identify and 

characterize these distinct cell clusters based on their unique gene expression profiles. Additionally, 

scRNA-Seq will provide deeper insights into how RET mutations influence the differentiation potential 

and behavior of these cells, and their potential role in the development and progression of RET-driven 

NSCLC. Moreover, scRNA-Seq data can reveal potential key regulators or therapeutic targets that play 

important roles in the context of RET-driven NSCLC. This knowledge holds the potential to pave the 

way for the discovery of novel strategies for targeted therapies and precision medicine approaches, 

ultimately benefiting patients with RET-driven NSCLC.  

Interestingly, RETM918T, another RET single point mutation, has been found as an oncogenic driver 

in Small Cell Lung Cancer (SCLC) (Dabir et al. 2014). RETM918T mutation is one of the most potent 

transforming RET mutations in medullary thyroid carcinoma (MTC) and is associated with a more 

severe clinical phenotype due potentially to its increased TK activity (Jasim et al. 2011). In a precedent 

study, my colleagues have generated an iPSC from a patient with this RETM918T mutation, who 

developed both pheochromocytoma and MTC (Bennaceur-Griscelli et al. 2017). During my PhD, we 

attempted to generate a CRISPR-corrected isogenic control iPSC but we encountered technical 

challenges that prevented us from achieving this objective. Indeed, the Cas9 employed to correct the 

RETC634Y mutation proved inapplicable to the RETM918T mutation due to the absence of an appropriate 

PAM sequence in proximity to the mutation site. This challenge could have been addressed by 

designing a novel protocol utilizing alternative Cas9 or novel base editing technology. Unfortunately, 

time constraints during my PhD prevented us from pursuing this project. Nevertheless, with this tool, 

we could conduct a similar study as presented in article 2, aiming to develop a model of SCLC using 

patient-derived iPSCs. This model could serve as a valuable resource for comprehending RET-mutant 

SCLC and exploring the identification and testing of novel therapies. However, RET mutations in SCLC 

are very rare as several studies have reported only a limited number of cases with such mutations 

(Mulligan et al. 1998; Rudin et al. 2012; Peifer et al. 2012). Nevertheless, the rarity of these mutations 

does not diminish the significance of identifying a targetable driver for patients with specific cancers. 

Treating a patient with a RET-mutant SCLC using a targeted inhibitor of RET would be of great interest, 

illustrating the potential for personalized and effective therapies in rare cases.  

Patient-derived iPSCs carrying somatic mutation are important tools for the study of hereditary 

cancers. For example, a study used patient-specific iPSCs derived from a family affected by Li-Fraumeni 

Syndrome (LFS) and investigated the impact of mutant p53 on the development of osteosarcoma (OS). 

By utilizing these LFS iPSCs, they were able to generate osteoblasts (OBs) that mirrored the 

characteristics of OS, including impaired osteoblastic differentiation and tumorigenic properties (Lee 

et al. 2015). Another study demonstrated the feasibility of generating iPSC lines from BRCA1 mutant 
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fibroblasts to provide a platform to investigate the influence of the mutation on gene expression and 

genome stability (Soyombo et al. 2013). Moreover, in our research group, we have also successfully 

generated an iPSC from a patient carrying a c-MET mutation and diagnosed with hereditary papillary 

renal cell carcinoma (PRCC) (Hwang et al. 2019). Through our study, we demonstrated that in vitro 

kidney organoids derived from these iPSCs accurately replicate the transcriptomic characteristics of 

primary PRCC across a significant patient cohort. Finally, the presence of particular oncogenic 

mutations in an iPSC enables the modeling of diverse cancers based on the chosen differentiation 

pathway. Therefore, our team have also explored the potential of c-MET-mutated iPSCs to serve as a 

model for glioblastoma (GBM), a malignancy where c-MET overexpression has been reported in about 

10% of cases (Kwak et al. 2015). Our investigation revealed that neural structures derived from these 

iPSCs exhibited transcriptomic profiles closely resembling those observed in human GBM (Hwang et 

al. 2020). These studies show the potential of iPSC carrying somatic mutation for modeling oncogenic 

tissues. 

Overall, the work presented in this manuscript illustrates the importance of iPSC CRISPR isogenic 

models for studying gene functions in specific cellular differentiation contexts. The ability to generate 

diverse models from the same iPSC line, depending on the goal of the study and the protocol of 

differentiation, allows the possibility to explore how a particular mutation can exhibit distinct effects 

in a specific cellular environment.  

Nonetheless, our studies involving unique iPSC lines carrying the RETC634Y somatic mutation do 

present certain limitations that necessitate further investigations. In the context of hematopoiesis, we 

have used global hematopoiesis induction techniques which do not allow generation of true HSCs. The 

inhibitory impact observed at the clonogenic cell level has allowed us to pinpoint the involvement of 

inhibitory mechanisms very early in the differentiation process of RET-expressing iPSCs. It would be of 

interest to explore the potential effect of RET expression in a DOX-inducible system after the induction 

of mesoderm stage during differentiation. These experiments could be coupled with iPSC lines in which 

the identified inhibitory pathways have been disrupted.  

Similarly, the characterization of the molecular patterns of NSCLC identified in the LPCs generated 

from RET-overexpressing iPSC needs to be pursued in the mature lung cells. We have initiated these 

experiments, and the ongoing molecular analysis of these cells is currently in progress. 

To conclude, throughout my work, I used unique iPSC lines available in the laboratory to 

demonstrate the potential to investigate the influence of the tyrosine kinase receptor RET in two 

distinct contexts. These experiments showed the complexity of iPSC models which represent a unique 

experimental tool for disease modeling and drug discovery.  
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 APPENDICES 

Throughout my PhD, I had the opportunity to work on various projects alongside my main thesis. 

This section presents abstracts summarizing the different papers I contributed to: 

• Article 1: Modeling Chimeric Antigen-Receptor (CAR)-Engineered Natural Killer (NK) Cells 

Targeting Chronic Myeloid Leukemia (CML) Blast Crisis 

• Article 2: Comparative Transcriptome Analyses in Mantle Cell Lymphoma (MCL): Evidence of 

E2F1 As a Major Target in Aggressive Blastoid MCL Model 

• Article 3: Modeling Blast Crisis Using Mutagenized Chronic Myeloid Leukemia-Derived Induced 

Pluripotent Stem Cells (iPSCs) 

• Article 4: Case report: Long-term voluntary Tyrosine Kinase Inhibitor (TKI) discontinuation in 

chronic myeloid leukemia (CML): Molecular evidence of an immune surveillance 

• Article 5: Molecular investigation of adequate sources of mesenchymal stem cells for cell 

therapy of COVID-19-associated organ failure 
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1. Article 1: Chimeric Antigen-Receptor (CAR)- Engineered Natural 

Killer (NK) Cells Targeting Chronic Myeloid Leukemia (CML) Blast 

Crisis 

Article submitted in Frontiers in Immunology 

Chimeric Antigen-Receptor (CAR)- Engineered Natural Killer 

(NK) Cells Targeting Chronic Myeloid Leukemia (CML) Blast 

Crisis 
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5 Université Paris Descartes, Faculté Sorbonne Paris Cité, Faculté des Sciences Pharmaceutiques et Biologiques, Paris, France 
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* Correspondence: turviv33@gmail.com  
 

ABSTRACT 

Background: The use of tyrosine kinase inhibitors (TKIs) has dramatically modified the therapy of 

chronic myeloid leukemia (CML), generating durable remissions and prolonging survival in TKI-

responders. However, progression to blast crisis (BC) still occurs especially in TKI-resistant patients and 

represents a clinical challenge. We and others have identified IL2RA/CD25 as a typical cell surface 

marker of BC-CML and reported that its overexpression is correlated with the progression of CML from 

CP-CML to BC-CML (Imeri et al, Cells 2023). Here we show the experimental development of a third- 

generation CAR-NK therapy strategy against the CD25 based on the scFV of the clinically approved 

monoclonal humanized antibody, Basiliximab. 

Methods: As NK cell model, we have used the NK92 cell line which has a well-established and 

clinically demonstrated NK cell activity. We have lentivirally transduced NK92 cells with the CAR 

construct containing a selectable gene (GFP). After FACS-sorting of GFP-positive cells, phenotypical 

characterization was performed by FACS. The expression of the CAR-CD25 at the surface of the cells 

was demonstrated an anti-Fab antibody and double-positive (Fab/GFP) cells were further purified. The 

functionality of the cells was evaluated using CD107a degranulation assay after 3h co-culture and ELISA 

for IFN-gamma release. We have in parallel engineered K562 cells expressing CD25 by lentiviral 

transduction (K562- CD25) as well as also a second target cell line (RAJI) using the same strategy. 

https://www.frontiersin.org/journals/immunology
mailto:turviv33@gmail.com
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Annexin V staining of target K562 cells was used for in vitro cytotoxicity assessments. For in vivo assays, 

NSG mice were intraperitoneally (IP) injected with K562-CD25 cells expressing Luciferase at Day-3 

(3.106 cells/mouse, n = 13). At Days 0, 3, and 7, mice were treated by IP injection of either irradiated 

CD25 CAR-NK92 cells (10 .106/mouse n=6) or irradiated Wild-type (WT)-NK92 cells (n=5). The clinical 

evolution of mice transplanted mice was followed weekly by luminescence (IVIS 200). 

Results: After cell sorting, we obtained more than 90% of double-positive NK92 CAR+/GFP+ cells. 

Lentiviral transduction did not affect the activatory or inhibitory signals of NK92 cells. No statistical 

differences were observed between CD25 CAR-NK92 and WT- NK92 cells for the expression of NKp30, 

NKp46, KirDl2-3, TIGIT, and DNAM. However, we observed a strong increase in the Granzyme B and 

Perforin in CD25 CAR-NK92 cells after co-culture with K562-CD25 as compared to WT NK92 cells 

(p<0.001). Importantly, we have found increased levels of degranulation after co-culture of target 

K562-CD25 with CD25-CAR-NK92 cells (40%) as compared to cells co- cultured with WT NK92 alone 

(20%) suggesting strongly the occurrence of an additional specific effect due to CAR-CD25. IFN-gamma 

levels after co- culture of CAR CD25 NK92 cells were also found to be significantly increased (400 

pg/mL) in as compared to co-cultures of target cells with WT-NK92 (200 pg/mL)(p<0.0001). Similarly, 

in vitro cytotoxicity assays showed induction of higher levels of apoptosis in target cells (K562-CD25 

and Raji-CD25) when co-cultured with CD25 CAR-NK92 as compared to NK92 WT (p<0.0001). In in vivo 

experiments, we have analyzed K562-CD25 leukemia-bearing mice treated with CAR-NK92 cells (n=6) 

or WT-NK92 cells (n=5). These experiments analyzed at day +30 post-transplant showed stronger anti-

leukemia effect of CAR-NK therapy by IVIS imaging with a survival rate of 84% for mice treated with 

CD25 CAR-NK92 versus 40% for those treated with WT-NK92. All control mice transplanted with K562-

CD25 cells and left untreated died by day +20. 

Conclusion: We show here for the first time the potential use of an NK cell- mediated CAR therapy 

strategy targeting CD25 which has been shown to be upregulated in CML blast crisis. The experimental 

data show a significantly increased and selective in vitro and in vivo cytotoxicity of CD25 CAR-NK92 

cells against CD25-expressing leukemia cells as compared to WT-NK92 cells. These results suggest that 

targeting CD25 by a CD25 CAR based on Basilixiamb’s scFV might be an interesting tool in BC-CML and 

in all acute leukemias overexpressing CD25. In order to translate these findings to NK cells derived 

from induced pluripotent stem cells (iPSCs), we have produced iPSCs expressing CAR-CD25 constructs 

and experiments are underway to evaluate the therapeutic potential of iPSC-derived CD25 CAR- NK 

cells in CML blast crisis or AML models. 
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2. Article 2: Comparative Transcriptome Analyses in Mantle Cell 

Lymphoma (MCL): Evidence of E2F1 As a Major Target in Aggressive 

Blastoid MCL Model 

Article submitted in Leukemia and Lymphoma 
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ABSTRACT 

Background: Mantle cell lymphoma (MCL) is a highly aggressive B-cell lymphoma characterized by 

the translocation t(11;14)(q13;q32) which triggers the dysregulation of the cyclin D1 by placing its 

coding gene CC1ND1 under the control of an immunoglobulin promoter. One of the major 

consequences of this molecular event is the disturbance of the cyclin D/Rb pathway leading to Rb 

inactivation and activation the elongation factor E2F1 mainly implicated in cell cycle progression. The 

mainstay of MCL therapies remains the chemo-immunotherapy followed by autologous 

transplantation but recently several novel therapies have been developed such as BTK inhibitors, 

Venetoclax, CDK4/6 inhibitors and more recently CAR-T therapies. However, patients with aggressive 

forms of MCL exhibit low response rates, requiring the identification of novel therapeutic targets. 

Materials and Methods: We have previously generated an MCL cell line (UPN-1) from a patient 

with a blastoid variant of MCL presenting unique morphological and cytogenetics characteristics 

(M’kacher et al, Oncogene 2003). This cell line has been shown to harbor a TP53 mutation and a highly 

increased sensitivity to radiation despite the absence of functional p53. The molecular basis of this 

phenomenon has not been explored. In this work, we further characterized UPN-1 cell line using the 

Clarium S human microarray which has been compared to the gene expression profile of other existing 

MCL cell lines (GRANTA-519, JEKO-1, JVM-2, MAVEK-1, MINO, REC-1, SP-49, SP53, Z-138). After 

mathematical correction, a supervised analysis was performed between triplicate samples of UPN-1 

https://www.tandfonline.com/journals/ilal20
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and a group constituted with all other MCL cell lines. We have then set up in vitro assays to determine 

the effect of a direct E2F1 inhibitor on the proliferative potential of UPN-1.  

Results: The comparative transcriptome analyses revealed a list of 47 genes specially upregulated 

in UPN-1. Unsupervised classification allowed to discriminate UPN-1 samples from other MCL cell lines 

based on the expression of these 47 genes. These data suggested a specific expression profile of UPN-

1 as compared to other cell lines. Among the upregulated genes, E2F1 elongation factor was found to 

be highly upregulated in UPN-1 as compared to other MCL cell lines along with positive enrichment of 

E2F targets which are mainly implicated in cell cycle progression. Interestingly, UPN-1 has a low level 

of BCL-2 as compared to other MCL lines that could explain its radio sensitivity. However, other 

signaling pathways involved in the inhibition of apoptosis were found to be present in UPN-1 by 

geneset enrichment analysis. The expression of CDKN1A (p21), major cell cycle regulator and known 

as a marker of aggressive MCL, was found to be low in UPN-1. A repression of immune response 

pathway such as NFKB with low expression of NFKBIA was identified. Finally, the expression of PIK3CD 

which encodes for a therapeutic target in MCL (such as PI3KDelta inhibitor Idelalisib) was also 

significantly repressed in UPN-1 as compared to nine other MCL cell lines. To evaluate the effect of the 

direct inhibition of E2F1, we treated UPN-1 cells with a targeted E2F1 inhibitor 5’-Deoxy-5’-

(methylthio)adenosine (MTA) which is a protein methylation inhibitor. MTT assays revealed a 50% 

reduction of proliferation at +4 hours in comparison to the vehicle-treated conditions (P<0.0001). 

Annexin assays showed an increase in early apoptosis (36.6 %) at +8 hours with subsequent rise in late 

apoptotic cells (64.5 %) observed after 24 hours of treatment. Interestingly, qRT-PCR analyses of MTA-

treated cells exhibited a decrease in the expression of downstream factors associated with E2F1, such 

as RAD51, BRCA1, CDK2, CCNB2, RANBP1. 

Conclusions: We report here for the first time the comparative transcriptome analysis of the 

unique aggressive blastoid MCL line UPN-1 as compared to other MCL lines described. This cell line 

exhibited a major upregulation of E2F1 expression and a down regulation of the cell cycle inhibitor 

CDKN1A (p21). The potential effects of the direct inhibition of E2F1 using the targeted inhibitor MTA 

demonstrated a reduction in cell proliferation and induction of apoptosis, suggesting the possibility of 

associating clinically acceptable E2F1 inhibition strategies to other current therapies. 
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3. Article 3: Modeling Blast Crisis Using Mutagenized Chronic Myeloid 

Leukemia-Derived Induced Pluripotent Stem Cells (iPSCs) 

Cells. 2023 Feb 12;12(4):598. 

doi: 10.3390/cells12040598. 
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Abstract 
 Purpose: To model CML progression in vitro and generate a blast crisis (BC-CML) 

model in vitro in order to identify new targets. 

 Methods: Three different CML-derived iPSC lines were mutagenized with the 

alkylating agent ENU on a daily basis for 60 days. Cells were analyzed at D12 of 

hematopoietic differentiation for their phenotype, clonogenicity, and transcriptomic 

profile. Single-cell RNA-Seq analysis has been performed at three different time points 

during hematopoietic differentiation in ENU-treated and untreated cells. 

 Results: One of the CML-iPSCs, compared to its non-mutagenized counterpart, 

generated myeloid blasts after hematopoietic differentiation, exhibiting monoblastic 

patterns and expression of cMPO, CD45, CD34, CD33, and CD13. Single-cell 

transcriptomics revealed a delay of differentiation in the mutated condition as 

compared to the control with increased levels of MSX1 (mesodermal marker) and a 

decrease in CD45 and CD41. Bulk transcriptomics analyzed along with the GSE4170 

GEO dataset reveal a significant overlap between ENU-treated cells and primary BC 

cells. Among overexpressed genes, CD25 was identified, and its relevance was 

confirmed in a cohort of CML patients. 

 Conclusions: iPSCs are a valuable tool to model CML progression and to identify new 

targets. Here, we show the relevance of CD25 identified in the iPSC model as a marker 

of CML progression. 

  

 Keywords: CD25; CML modeling; blast crisis CML; iPSC; single-cell transcriptomics. 
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4. Article 4: Case report: Long-term voluntary Tyrosine Kinase 

Inhibitor (TKI) discontinuation in chronic myeloid leukemia (CML): 

Molecular evidence of an immune surveillance 

Front Oncol. 2023 Mar 16;13:1117781. 

doi: 10.3389/fonc.2023.1117781. eCollection 2023. 
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Abstract 
The classical natural history of chronic myeloid leukemia (CML) has been drastically 

modified by the introduction of tyrosine kinase inhibitor (TKI) therapies. TKI 

discontinuation is currently possible in patients in deep molecular responses, using 

strict recommendations of molecular follow-up due to risk of molecular relapse, 

especially during the first 6 months. We report here the case of a patient who 

voluntarily interrupted her TKI therapy. She remained in deep molecular remission 

(MR4) for 18 months followed by detection of a molecular relapse at +20 months. 

Despite this relapse, she declined therapy until the occurrence of the hematological 

relapse (+4 years and 10 months). Retrospective sequential transcriptome experiments 

and a single-cell transcriptome RNA-seq analysis were performed. They revealed a 

molecular network focusing on several genes involved in both activation and inhibition 

of NK-T cell activity. Interestingly, the single-cell transcriptome analysis showed the 

presence of cells expressing NKG7, a gene involved in granule exocytosis and highly 

involved in anti-tumor immunity. Single cells expressing as granzyme H, cathepsin-W, 

and granulysin were also identified. The study of this case suggests that CML was 

controlled for a long period of time, potentially via an immune surveillance 

phenomenon. The role of NKG7 expression in the occurrence of treatment-free 

remissions (TFR) should be evaluated in future studies. 

Keywords: CML; NKG7; TFR; chronic myelogenous leukemia; natural killer cells. 
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5. Article 5: Molecular investigation of adequate sources of 

mesenchymal stem cells for cell therapy of COVID-19-associated 

organ failure 
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Abstract 
The use of mesenchymal stem cells (MSC) derived from several sources has been 

suggested as a major anti-inflammation strategy during the recent outbreak of 

coronavirus-19 (COVID-19). As the virus enters the target cells through the receptor 

ACE2, it is important to determine if the MSC population transfused to patients could 

also be a target for the virus entry. We report here that ACE2 is highly expressed in 

adult bone marrow, adipose tissue, or umbilical cord-derived MSC. On the other hand, 

placenta-derived MSC express low levels of ACE2 but only in early passages of cultures. 

MSC derived from human embryonic stem cell or human induced pluripotent stem 

cells express also very low levels of ACE2. The transcriptome analysis of the MSCs with 

lowest expression of ACE2 in fetal-like MSCs is found to be associated in particularly 

with an anti-inflammatory signature. These results are of major interest for designing 

future clinical MSC-based stem cell therapies for severe COVID-19 infections. 

Keywords: adult human bone marrow; embryonic stem cells; induced pluripotent 

stem cells; lymphocytes; mesenchymal stem cells. 
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