
 

 

 

 

The Ostm1 osteopetrotic gene modulates 

lymphoid lineages 
 

 

By 

Marie S. Mutabaruka, M.Sc. 
 

Division of Experimental Medicine 
Faculty of Medicine 

McGill University, Montréal 
 

 

A thesis submitted to the Faculty of Graduate Studies and Research of 
McGill University in partial fulfillment of the requirements for the 

degree of Doctor of Philosophy in Experimental Medicine 
 

 

Supervisor: Dr. Jean Vacher 
Laboratory of Cellular Interactions and Development 

Institut de Recherches Cliniques de Montréal 
 

 

Montréal, Québec, Canada 
 

March, 2016 
 

©Marie Mutabaruka, 2016 
 



 

i 

 

To Mom, Dad, all Mutens and my family up there…    

… 

  



 

ii 

ABSTRACT 
A null spontaneous mutation of the Ostm1 (Osteopetrosis associated transmembrane protein 1) 

gene is responsible for the most severe form of the autosomal recessive osteopetrotic phenotype 

in the grey lethal (gl/gl) mouse and the human patient. gl/gl mice are characterized by non-

functional bone-resorbing cells (osteoclasts), altered T-lymphoid differentiation, and decreased 

B-cell populations. When transgenesis was used to rescue these osteopetrosis-associated 

phenotypes; only PU-1-Ostm1gl/gl transgenic animals demonstrated rescue of osteopetrotic and 

hematopoietic B and T cells defects. These data indicated that Ostm1 gene may either have an 

unknown function in other hematopoietic cells and may be involved in a crosstalk mechanism 

between hematopoietic cells for osteoclast activation. 

 

The research goal of my thesis was to determine the role of the Ostm1 gene mutation in the 

defective T cell and B cell homeostasis of the osteopetrotic gl/gl mouse model. To this end, in 

vivo studies in gl/gl hematopoietic tissues such as the thymus, spleen, and bone marrow allowed 

me to further characterize the osteopetrotic T cell and B cell phenotype. 

 

My studies revealed the expression pattern of Ostm1 from early to mature T cell populations, 

supporting a potential unknown role for the Ostm1 gene in thymic homeostasis. Furthermore, 

flow cytometry experiments allowed me to identify the early and time-dependent T cell 

developmental arrest exhibited by the severe deficit of DP (CD4+CD8+) cells and the lower 

percentage of early T cell populations in gl/gl thymi. Ostm1 expression was also ectopically 

expressed from early to mature T cell populations under the control of the CD2 promoter. CD2-

Ostm1 transgene expression was mainly detected in the thymus, spleen, and bone marrow of 

transgenic animals. Interestingly, flow cytometry analysis showed a rescue in the distribution of 

T cells in all CD2-Ostm1gl/gl transgenic mice, but these mice maintained compromised bone 

marrow cavities, bone defect and premature death. Together, these data demonstrate the early 

cell-autonomous role for Ostm1 in the thymus-dependent T cell development 
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RNA sequencing illustrated differential transcriptome profiles between early T populations of 

gl/gl thymi compared to control, with significant expression differences in genes involved in cell 

migration. Importantly, these transcriptome variations were corrected in early T population of 

CD2-Ostm1 gl/gl thymus, indicating an Ostm1 function in early T cell trafficking. 

 

This study also investigated on the B cell phenotype associated with gl/gl osteopetrosis. In this 

case, the Ostm1 mutation results in a total B cell deficit detected in the gl/gl spleen a few days 

after birth. This total B cell deficit also correlated with a significant reduction in immature and 

mature B subsets which also corresponded to early B cell development arrest. Surprisingly, 

expression of Ostm1 gene exclusively in the B cell lineage under the control of the CD19 

promoter did not rescue the gl/gl B cell defect, implicating the contribution of the compromised 

bone marrow in the phenotype of B lineage in the gl/gl spleen. Furthermore, the Mb1-Cre 

mediated deletion of Ostm1 in early B cells showed no B cell phenotype. Therefore, both assays 

strongly indicate an indirect function of Ostm1 in the defective B cell physiology of the 

osteopetrotic gl/gl mouse, possibly through regulation of bone marrow homeostasis. 

 

Collectively, these data demonstrate the intrinsic role of Ostm1 in the abnormal distribution of 

the T cell lineage and its indirect function in the depletion of the B cell population of gl/gl 

animals. These findings are the first to link the Ostm1 mutation to the higher susceptibility to 

infections depicted in most osteopetrotic patients. Moreover, these data illustrate another 

promising characteristic of the gl/gl mouse as an animal model in osteoimmunology studies.  
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RÉSUMÉ 
La mutation spontanée du gène Ostm1 (Osteopetrosis associated transmembrane protein 1) est 

responsable du plus sévère phénotype d’ostéopétrose autosomale récessive chez le modèle de 

souris grey-lethal (gl/gl) et le patient humain. Les souris gl/gl se caractérisent par des cellules 

résorbant la matrice osseuse (ostéoclastes) qui ne sont pas fonctionnelles, une différenciation des 

cellules T altérée ainsi qu’un déficit de la population des cellules B. Lorsque la transgénèse a été 

utilisée pour corriger les phénotypes associés à l’ostéopétrose de la souris gl/gl, seul les animaux 

transgéniques PU-1-Ostm1 gl/gl ont démontrés une complémentation de l’ostéopétrose et des 

défauts des cellules B et T. Ces données nous ont indiqués que le gène Ostm1 peut avoir une 

fonction inconnue dans d’autres cellules hématopoïétiques et/ou peut être impliqué dans un 

mécanisme bidirectionnel entre les cellules hématopoïétiques et l’activité des ostéoclastes.  

L’objectif de recherche de ma thèse était de déterminer le rôle de la mutation du gène Ostm1 

dans le défaut d’homéostasie des cellules B et T détecté dans le model de souris ostéopétrotique 

gl/gl. À cette fin, des études in vivo ciblant les organes hématopoïétiques tels que le thymus, la 

rate, et la moelle osseuse m’ont permis de caractériser davantage le phénotype des cellules B et T 

ostéopétrotiques. 

 

Mes études ont révélées le profil d’expression du gène Ostm1 à partir de la population T précoce 

aux cellules matures, supportant un potentiel rôle inconnue du gène Ostm1 dans l’homéostasie 

thymique. Des expériences de cytométrie en flux m’ont permis d’identifier un arrêt précoce et 

temps-dépendant de la différenciation des cellules T, qui est à la fois démontré par un déficit 

sévère des cellules DP (CD4+CD8+) et le faible pourcentage des cellules T précoces dans les 

thymus gl/gl. D’autre part, l’expression d’Ostm1 a été rétablie dans les cellules précoces 

jusqu’aux populations T matures sous le contrôle du promoteur CD2. L’expression du transgène 

CD2-Ostm1 a été principalement détectée dans le thymus, la rate, et la moelle osseuse des 

animaux transgéniques. Surprenamment, les analyses par cytométrie ont montrés une correction 

de la distribution de la population T dans toutes les souris transgéniques CD2-Ostm1 gl/gl, mais 

ces souris ont maintenu des cavités de moelle osseuse anormales, une résorption osseuse 

défectueuse et une mort précoce. Ensemble, ces données ont démontrés un rôle intrinsèque 

d’Ostm1 très tôt dans le développement des cellules T dépendant du thymus.  
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Le séquençage d’ARN a illustré des profils de transcriptome différents entre les cellules T 

précoces des souris gl/gl comparé aux contrôles, avec des différences d’expression significatives 

dans les gènes impliqués dans la migration cellulaire. De manière intéressante, ces variations au 

niveau du transcriptome ont été corrigées dans la population T précoce des thymus CD2-Ostm1 

gl/gl transgéniques, indiquant une fonction d’Ostm1 dans le trafic des cellules T précoces. 
 

Cette étude s’est aussi intéressée au phénotype des cellules B qui est associé avec l’ostéopétrose 

de gl/gl. Dans ce cas, la mutation d’Ostm1 a induit une déplétion de la totalité des cellules B 

détectée dans la rate gl/gl peu après la naissance. De plus, ce déficit corrélait également avec une 

réduction significative des cellules B immatures et matures ainsi qu’un arrêt de la différenciation 

de la population B précoce dans la rate gl/gl. Surprenament, l’expression du gène Ostm1 

exclusivement dans la lignée B sous contrôle du promoteur CD19 n’a pas corrigé le défaut des 

cellules B de gl/gl, ce qui implique une contribution du défaut de la moelle osseuse dans le 

phenotype de la lignée B dans la rate gl/gl. D’autre part, l’ablation d’Ostm1 médié par la Mb1-

Cre a généré une population B sans phénotype apparent. Ainsi, ces deux tentatives ont fortement 

suggéré une fonction indirecte de la mutation Ostm1 dans le défaut physiologique des cellules B 

dans la souris ostéopétrotique gl/gl, possiblement à travers la régulation de l’homéostasie de la 

moelle osseuse.  
 

Collectivement, ces données démontrent un rôle intrinsèque du gène Ostm1 dans la distribution 

anormale de la lignée des cellules T et sa fonction indirecte dans la déplétion de la population 

des cellules B dans les animaux ostéopétrotique gl/gl. Ces découvertes constituent un premier 

lien entre la mutation d’Ostm1 et la forte susceptibilité aux infections qui a été rapportée chez la 

plupart des patients ostéopétrotiques. De plus, ces données illustrent une caractéristique 

prometteuse de la souris gl/gl en tant que modèle animal pour des études en ostéoimmunologie.  
 

 

 

 

Mots-clés: Ostm1, osteopétrose, grey-lethal, cellules T, cellules B, transgénèse, Cre, lox, 

knockout, osteoimmunologie 
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NCCs: Neural crest cells  
NFATc1: Nuclear factor of activated T cells cytoplasmic 
Ostm1: Osteopetrosis associated transmembrane protein 1 
OB: Osteoblast 
OC: Osteoclast 
P: Post-natal day 
qPCR: Real time Polymerase Chain Reaction 
Rac1: Rac GTPase 1 
RNA: Ribonucleic acid 
RANK: Receptor activator of nuclear factor-κb  
RANKL: Receptor activator of nuclear factor-κb ligand 
RA: Rheumatoid arthritis 
RNA Seq: RNA sequencing 
SDF-1: Stroma derived factor 1 
SP: Single positive CD4+or CD8+ 
S1P: Sphingosine -1- phosphate  
S1pr1: Sphingosine -1- phosphate receptor 1  
TECs: Thymus epithelial cells 
TSPs: Thymus seeding progenitors 
WT or +/+: Wild-type 
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the T cell development with significant expression in ETP/DN1c-Kit hi and DP populations. 

• Illustration of the time-dependent defect of T cell differentiation of the osteopetrotic gl/gl 

mice appearing 15 days after birth.  

• Description of the DN1-DN2 differentiation arrest leading the drastic loss of DP cells in 

the gl/gl thymi. 

• Visualization of the time-dependent defect in thymic structure and architecture of gl/gl 

mice. 

• Generation and characterization of the transgenic CD2-Ostm1 gl/gl transgenic animal 

model. 

• Observation of the cell-intrinsic function of the osteopetrotic Ostm1 gene in T cell 
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• RNA sequencing of gl/gl DN1 population revealing important changes in cell migration 
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1.1 BONE HOMEOSTASIS 

Two hundred and six bones constitute the human skeleton. This material not only occupies 

12-20 % of the human body weight, but also serves as the primary source of mineral stock such 

as ions and calcium. It also plays an important protective function for vital organs such as lungs, 

heart, liver and the brain. In addition, bone houses the marrow content (Tagliaferri, Wittrant et al. 

2015). To accomplish these functions, the skeleton transfers forces from one body part to another 

with the help of cartilage, muscles, ligaments and tendons which relay loads between bones 

(Benjamin, Toumi et al. 2006, Tagliaferri, Wittrant et al. 2015). Globally, the mechanical 

features of bone allow compromise for the strength to absorb impact and the stiffness needed for 

the flexibility and the adaptability of the skeleton (Burstein, Zika et al. 1975, Cole and van der 

Meulen 2011).  

 

The self-adaptive property of bone known as bone modeling or remodeling are required to 

reshape its structure, composition and functions for adjusting to micro-environmental and 

physiological changes (Seeman 2009). There is enhanced bone formation resulting from high 

concentration of sex hormones during late puberty (Falahati-Nini, Riggs et al. 2000, Teti 2011). 

This phenomenon called bone modeling, leads to uncoupled bone formation and bone resorption. 

In comparison, bone remodeling relies on the cooperation between osteoblasts (bone-forming 

cells) and osteoclasts (bone-resorbing cells) to maintain bone mass (Seeman 2009, Teti 2011). A 

balanced osteoblast-osteoclast coupling produces a healthy bone composite containing 

hydroxyapatite, collagen, small proteoglycan molecules, water, growth factors and non-

collagenous proteins. Bone composition also varies with age, sex, species, the type of bone, and 

disease sensitivity (Lemaire, Tobin et al. 2004). Therefore, the tight control of osteoclast and 

osteoblast cell number and function is the crucial guardian of balanced bone remodeling, a 

process that is solicited throughout life during growth, bone micro-damage repairs and fracture 

healing (Lemaire, Tobin et al. 2004). 
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1.1.1 Osteoclasts in bone homeostasis 

Osteoclasts (OC) originate from hematopoietic ancestors and directly derive from the 

monocyte/macrophage lineage progenitor cells. The fusion of mononuclear progenitor generates 

the mature tartrate-resistant-acid-phosphatase (TRAP) positive multi-nucleated osteoclast. 

Osteoclast differentiation is initiated by M-CSF (macrophage colony stimulating factor) 

controlling survival and proliferation of osteoclast progenitors as well as inducing RANK 

(receptor of RANKL) expression on these progenitor cells (Boyle, Simonet et al. 2003). 

RANKL is produced and secreted by committed pre-osteoblasts before binding its 

corresponding receptor on the surface of osteoclast progenitors (Suda, Takahashi et al. 1999). 

These cells also express and secrete osteoprotegerin (OPG), a soluble decoy molecule that 

prevents the binding of RANKL to RANK receptor (Burgess, Qian et al. 1999, Lemaire, Tobin et 

al. 2004). The multiple PTH (parathyroid hormone) receptors on the osteoblast lineage stimulate 

RANKL expression while inhibiting OPG production, upon activation by PTH (Teitelbaum 

2000, Lemaire, Tobin et al. 2004). The Wnt (Wingless related integration site)/β-catenin 

signaling pathway is important in osteoblast development and commitment and osteocytes also 

controls OPG stimulation (Baron and Kneissel 2013). The interplay between bone morphogenic 

proteins (BMPs) and Wnt/β-catenin favor osteoclastogenesis, as BMPs induce both sclerostin 

and DKK1 (Dickkopf Wnt signaling pathway inhibitor 1) secretion by late osteoblasts/osteocytes 

to inhibit the Wnt pathway. BMP2 also stimulates Wnt3a expression which in turn enhances 

osteoclastogenesis via BMP4 (Baron and Kneissel 2013). Additionally, the migration of 

osteoclast precursors from bone to blood is facilitated by S1P (sphingosine-1- phosphate) via its 

action on the receptor S1PR1 whereas the chemo-repulsion from bone to blood depends on the 

receptor S1PR2 (Ishii, Kikuta et al. 2010). S1P is mainly produced by blood cells and osteoclast-

derived S1P is involved in osteoblast migration and recruitment (Lotinun, Kiviranta et al. 2013). 

Once RANKL binds its receptor RANK, there is recruitment of TRAF-6 (TNF receptor- 

associated factor 6) and subsequent activation of the downstream signalling molecules including 

NFk-B, JNK, P38 and ERK. In addition, transcription factors such as MITF (Microphtalmia-

Associated-Transcription Factor), c-Fos and NFATC1 (Nuclear factor of activated T cells 

cytoplasmic) are responsible for the differentiation process (Matsumoto, Kogawa et al. 2004, 

Kim and Kim 2014).  
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With the cooperation of MITF and c-Fos, NFATC1 is the key driver of multiple genes 

specific to osteoclasts such as TRAP, cathepsin K, calcitonic receptor and OSCAR (Lacey, 

Timms et al. 1998). Positive NFATC1 expression and activity are established with acetylation 

and ubiquitination while its inhibition is dependent on GSK3β (Kim, Kim et al. 2010, Jang, Shin 

et al. 2011). To potentiate NFATC1 function, the RANK/RANKL axis induces calcium 

oscillations through IP3/IP3R. Calcium then leads to calcineurin dependent dephosphorylation of 

NFATC1 and its translocation from the cytosol to the nucleus where it is transcriptionally active 

(Lacey, Timms et al. 1998, Ferron, Boudiffa et al. 2011). This calcium dependent NFATC1 

induction is also supported by the RANK costimulatory signal provided by OSCAR (Osteoclast-

associated receptor), ITAM harboring adapter, FcRgamma and DAP12 (DNAX-Activation 

Protein 12) (Nakashima and Takayanagi 2011). Furthermore, NFATC1 is down-regulated by M-

CSF during the late stage of osteoclastogenesis via ubiquitin-mediated degradation in the cytosol 

with the contribution of Cbl (Casitas B-lineage lymphoma) and Src kinase proteins (Kim, Kim et 

al. 2010). Negative regulators of osteoclastogenesis such as Bcl6 (B cell lymphoma 6) normally 

bind cathepsin K and NFATC1 promoters in the absence of RANKL. Bcl6 is also negatively 

controlled by Blimp1(Miyamoto 2011). Additionally, the RANKL/NFATC1-dependent 

molecules DC-STAMP (dendritic cell specific transmembrane protein), CD9 and ATP6v0d2 

(ATPase H+ Transporting V0 Subunit D2) partner with RANKL independent molecules CD44, 

TRAM2 (Translocation-associate membrane protein 2) and CD47 mediating the cell-cell fusion 

of osteoclast progenitors (Xing, Xiu et al. 2012, Zhang, Dou et al. 2014).  

 

Overall, inappropriate regulation of the mentioned key molecules can either alter the stability of 

osteoclast progenitors or fusion of mononuclear progenitors. This results in an abnormal number 

of mature osteoclasts and disrupts bone resorption leading to imbalanced bone remodeling. 
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1.1.1.1 Osteoclast morphology and resorptive activity 

Mature osteoclasts are similar to epithelial cells in respect to their ability to polarize and form 

unique plasma membrane domains (Baron 1989, Szewczyk, Fuller et al. 2013). These membrane 

domains include the sealing membrane which covers the cytoplasmic area forming the sealing 

zone (Figure 1.1a). This membrane domain in contact with the future resorbed pit comprises an 

irregularly shaped membrane expansion called ruffled border, which is enriched in adhesion 

subdomains called podosomes (Domon, Yamazaki et al. 2002, Cappariello, Maurizi et al. 2014).  

 

Actin filaments, actin binding proteins and adapter proteins compose podosomes that cluster 

in a single podosome belt in the peripheral area (Figure 1.1b) (Saltel, Chabadel et al. 2008, 

Schachtner, Calaminus et al. 2013). Moreover, they gather in a unique complex of one or more 

‘actin rings’ that serves as an anchor to the bone area to be digested, in collaboration with 

integrin receptors (Gay and Weber 2000, Del Fattore, Teti et al. 2008). This structure also acts as 

an important cell signalling zone allowing calcium mobilization and recruitment and activation 

of other required proteins.  

 

In addition, the basolateral membrane in proximity to the vascular compartment presents the 

‘fusion area’ where lysosomal vesicles carrying ions and the lysosomal enzymatic cocktail for 

matrix resorption merge with the ruffled border (Figure 1.1c) (Cappariello, Maurizi et al. 2014). 

This same membrane domain manages the recycling of bone degradation products, cell 

membranes and lysosomal enzymes as well as vesicular trafficking. This transcytosis trajectory 

is driven through a secretory domain with the help of other partners such as GTP-binding 

molecules, microtubules and PLEHKM1 (Pleckstrin homology domain-containing family M 

member 1) (Hirvonen, Fagerlund et al. 2013, Cappariello, Maurizi et al. 2014).  
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A 

 

B 

 

C 

 

D 

 
 

Figure 1.1. Membrane domains and bone resorption activity of osteoclasts. 

A) Summary showing the structure and localization of the multiple membrane microdomains of 

osteoclasts comprising ruffled border, apical membrane, sealing zone and basolateral membrane.  

B) Dynamic of peripheral localization of podosomes: A single podosome at the initial phase of 

OC attachment (1); clusters of podosomes to enhance cell-adhesion (2) before forming a 

podosome belt in fully attached OCs (3) and  actins rings (4) during bone resorption.                 

C) The multiple cell trafficking functions of OC involve fusion and uptake zones as well as the 

functional secretory domain. D) Interaction of ion channels in the resorption lacuna to support 

bone resorption. Figure is adapted from (Cappariello, Maurizi et al. 2014). 
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The fast turnover and quick modulation of all these membrane domains dictate the tight and 

dynamic attachment of osteoclasts to the bone in order to digest the matrix component (Blair, 

Kahn et al. 1986, Silver, Murrills et al. 1988). During bone resorption, the sealing zone tightly 

and efficiently isolates the resorption lacuna underneath the ruffled border that features low pH 

and increased calcium concentration (Silver, Murrills et al. 1988). In addition, bone resorption is 

initiated by acidification to degrade the bone hydroxyapatite mineral followed by collagen 

breakdown by cathepsin K (Zaidi, Troen et al. 2001).  

The acidification process is supported by ion exchangers including the V-H+ATPase pump, 

the chloride ion channel-7 (ClC7) with its subunit OSTM1 (osteopetrosis associated membrane 

protein 1), all located on the ruffled border (Figure 1.1d) (Cappariello, Maurizi et al. 2014). In 

contrast, the dynamic membrane of the osteoclast lineage is also required for the fusion of 

osteoclast progenitors. The fusion process includes recruitment and alignment of adhesion 

molecules to the membrane followed by an interaction of these adhesion molecules leading to 

actin rearrangement and intracellular signal transduction (Zhou and Platt 2011). Moreover, 

inhibition of the RANK/RANKL-dependent fusion molecule DC-STAMP leads to osteoclasts 

with fewer nuclei and a smaller bone resorbed pit, suggesting that osteoclast fusion is also 

involved in bone resorption (Yagi, Miyamoto et al. 2005, Oursler 2010).  

Importantly, bone matrix removed during bone resorption must be quickly replaced by newly 

recruited osteoblasts during the reversal phase, to balance bone mass throughout a lifetime 

(Delaisse 2014). 

1.1.1.2 Osteoclasts and bone formation 

In the basic multicellular unit (BMU), the coupling between osteoclasts and osteoblasts is 

turned on by growth factors released from the resorbed bone matrix including; transforming 

growth factor-β (TFG-β), insulin growth factor (IGF), platelet derived growth factor (PDGF) and 

bone morphogenic protein-2 (BMP-2)(Parfitt 1994, Hughes, Collyer et al. 1995, Tang, Wu et al. 

2009, Xian, Wu et al. 2012, Sims and Martin 2015). These growth factors ensure recruitment, 

migration, survival, commitment and differentiation of pluripotent MSC (mesenchymal stem 

cells) progenitors (Oreffo, Cooper et al. 2005). These progenitors form the envelope surrounding 

the red-bone marrow and are found in close proximity to osteoclasts. 
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In parallel, osteoclasts secrete PDGF-BB which functions as a chemoattractant for pre-

osteoblasts (Sanchez-Fernandez, Gallois et al. 2008). The subsequent recruitment, commitment 

and differentiation of activated osteoblasts is supported by other osteoclast-derived molecules 

such as Wnt10b, BMP-6, Cthrc1 (collagen triple-helix repeat containing1), C3a (complement 

component 3a) and S1P (Sphingosine-1-Phosphate) (Hughes, Collyer et al. 1995, Ikeda and 

Takeshita 2014).  

 
Osteoclasts have been hypothesized to interact directly with immature and mature osteoblasts 

via membrane-bound factors including Ephrin B2 or Semaphorin 4D, which control positive and 

negative regulation of osteoblast activity, respectively (Zhao, Irie et al. 2006, Negishi-Koga, 

Shinohara et al. 2011). Most of these coupling factors can also derive from other cell types 

including T cells, macrophages and endothelial cells (Sims, Quinn et al.). Moreover, the lining 

cells residing on the bone surface are also considered as intermediate messengers during the 

reversal phase separating bone resorption from bone formation. In fact, these quiescent bone 

cells have retracted to give access to osteoclasts. Following mechanical and hormonal 

stimulation, bone lining cells can mature into osteoblasts (Tran Van, Vignery et al. 1982, 

Delaisse 2014). In the absence of other cells, pre-osteoblasts also respond to the abnormal 

topography of the resorbed pit through the induction of filopodia formation and cytoskeletal 

changes facilitating cell adhesion and subsequent differentiation (Dalby, McCloy et al. 2006).  

 

Finally, embedded mature osteoblasts in bone matrix are termed osteocytes. The osteocytes 

produce pro-osteoclastogenesis factors such as M-CSF and RANKL (Mulcahy, Taylor et al. 

2011). Mature osteocytes express both Dentin matrix acidic phosphoprotein-1 (DMP-1) and 

Matrix extracellular phosphoglycoprotein (MEPE), two important factors for bone mineralization 

and bone resorption (Kogianni and Noble 2007, Alford, Kozloff et al. 2015). In parallel, they are 

sensitive to osteoclast-derived molecules, including CT-1 (Cardiotrophin-1) ,which once 

combined with low mechanical loading ensure that sufficient bone is formed (Walker, McGregor 

et al. 2010, Sims and Martin 2015). To stimulate bone formation, recruitment and survival of 

MSC progenitors is ensured by TGF-β derived from osteoclasts (Mundy, Boyce et al. 1995). 

Furthermore, the transcription factor Runx2 (runt-related transcription factor 2) guides their 

commitment to the osteoblastic lineage (Choi, Lee et al. 2002, Zhao, Zhao et al. 2005).  



 

27 

Runx2 drives the synthesis of proliferation and differentiation genes including: ALP (alkaline 

phosphate), Col I (collagen type I), Bsp (bone sialoprotein) and Bglap (osteocalcin) with its 

downstream target, Osterix (Titorencu, Pruna et al. 2014). Mature osteoblasts organize in clusters 

at the bone surface, actively produce an organic matrix content of collagen type I as well as non-

collagenous proteins (Giachelli and Steitz 2000, Titorencu, Pruna et al. 2014). As previously 

mentioned, mature osteoblasts positively or negatively influence osteoclastogenesis in 

conjunction with secretion of RANKL and its binding inhibitor, OPG in response to the dynamic 

skeletal changes (Burgess, Qian et al. 1999). 

1.2 BONE HOMEOSTASIS AND HEMATOPOIESIS 

In mammals, all cellular blood components derive from HSCs (hematopoietic stem cells) 

during hematopoiesis which is located in specialized niches in the bone marrow (Zhang, Niu et 

al. 2003). These marrow niches for HSCs control cell fate by regulating quiescence, 

proliferation, migration and differentiation. Hematopoiesis involves a multi-cellular complex 

including HSCs, MSCs (mesenchymal stem cells), CAR (CXCL-12-abundant reticular) cells, 

osteoblasts, osteoclasts and multiple other cell types (Blin-Wakkach, Rouleau et al. 2014). HSC 

niches localize near the endosteum, a connective tissue inside the medullary cavity of long 

bones. This region is also rich in sinusoidal vessels and corresponds to the initial point of 

osteoclast bone resorption activity (Zhang, Niu et al. 2003, Calvi 2006). This physical proximity 

advocates for the importance of bone signals in HSCs homeostasis. 

1.2.1 Establishment and regulation of hematopoiesis in bone marrow 

Prior to bone marrow formation, murine fetal hematopoiesis begins at E9.5-E10 

(embryonic day) in the aorta-gonad-meso-nephros region (Figure 1.2.) and transits to the fetal 

liver at E12.5 to E17.5 and the spleen at E13.5 (Medvinsky, Samoylina et al. 1993, Blin-

Wakkach, Rouleau et al. 2014). The fetal mobilization of HSCs to the bone marrow at E15.5 is 

associated with endochondral ossification (Figure 1.2.), a process that allows the patterning of 

the marrow cavity by chondrocytes (Olsen, Reginato et al. 2000, Kronenberg 2003). The signals 

emanating from chondrocytes induce mesenchymal condensation, differentiation of 

perichondrial cells in osteoblasts and formation of the required blood vessels by recruiting 

angiogenic factors (Olsen, Reginato et al. 2000).  
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Absence of bone resorption activity in an osteopetrotic context results in few or absent HSC 

niches and bone marrow failure in mice (Dougall, Glaccum et al. 1999) and humans (Nicholls, 

Bredius et al. 2005). The relocation of hematopoiesis to the spleen and liver of osteopetrotic 

mice and patients illustrates the interdependence between osteoclast activity and post-natal 

hematopoiesis (Blin-Wakkach, Rouleau et al. 2014). 
 

 

 

Figure 1.2. Embryonic bone development and early establishment of hematopoiesis. 

This figure shows the beginning of early hematopoiesis in the AGM (aorta-gonad-meso-

nephros) region before its progressive shift to the bone marrow following endochondral 

ossification steps represented by number 1-6. C: cartilage; HC: hypertrophic cartilage; 

SOC: Secondary ossification center; PS: Primary spongiosa; BC: Bone collar. Figure is 

adapted from (Blin-Wakkach, Rouleau et al. 2014) . 

1.2.1.1 HSC recruitment and maintenance 

Bone resorbing activity and bone remodeling are responsible for maintenance of the marrow 

space serving as the HSC supporting micro environment (Blin-Wakkach, Rouleau et al. 2014). 

Inactive osteoclasts have been shown to induce fibrosis interfering with hematopoietic niche 

formation (Teti 2012). In contrast, restoration of osteoclast activity translates to improved bone 

structure and enhanced HSC homing (Mansour, Wakkach et al. 2012).  
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Furthermore, calcium derived from resorbed bone matrix accumulates on the endosteum bone to 

recruit and retain HSC-expressing calcium sensing receptors, crucial cells in post-natal 

hematopoiesis (Omatsu, Sugiyama et al. 2010). Other osteoclast-derived molecules including 

MMP9 (Matrix Metallopeptidase 9) and cathepsin K cleave SDF-1 (Stroma derived factor 1) or 

CXCL-12 (Chemokine (C-X-C Motif) Ligand 12) produced by osteoblasts to facilitate HSC 

anchorage to the niche (Figure 1.3) (Teti 2012). Therefore, absence of osteoclast activity can 

affect key molecules in HSC homing such as SDF-1 (CXCL-12), Jag-1 and KL1, which are 

produced by mesenchymal cells (Kimura, Ding et al. 2011, Blin-Wakkach, Rouleau et al. 2014). 

Additionally, delayed osteoclast (OC) migration and motility in Cbl-/- mice lead to an abnormal 

vasculature in the bone marrow, which blocks subsequent HSC colonization (Chiusaroli, Sanjay 

et al. 2003).  

As previously described, regulation of bone formation through MSC commitment and 

subsequent mature osteoblast and osteoclast coupling have an indirect effect on the HSC niche 

(Mansour, Abou-Ezzi et al. 2012). In fact, most important growth factors (e.g. TGF-β) in bone 

homeostasis also modulate HSC proliferation and survival (Tang, Wu et al. 2009). Once in the 

marrow niche, HSC are maintained by SDF1 (CXCL-12), Jagged-1, TGF-β, and osteopontin, 

which explains their limited presence in the bloodstream (Lapid, Glait-Santar et al. 2008, Blin-

Wakkach, Rouleau et al. 2014). The correlation between the high number of HSCs and 

osteoblasts suggests a regulation of HSC maintenance and proliferation by bone formation 

(Calvi, Adams et al. 2003, Zhang, Niu et al. 2003). All these observations illustrate the close 

relationship of bone and hematopoiesis. 

1.2.1.2 HSC mobilization and fate  

The dynamic interaction between HSCs and bone niches coordinates their quiescent, 

proliferative and differentiation state (Blin-Wakkach, Rouleau et al. 2014). Furthermore, the 

circadian oscillations impact on bone remodeling and osteoclast activity have been shown to 

maintain low HSC mobilization (Mendez-Ferrer, Lucas et al. 2008). The HSC migration from 

bone-marrow is controlled by SDF-1 (CXCL-12) expression which is dependent on the β-

adrenergic pathway (Lapid, Glait-Santar et al. 2008, Scadden 2008).  
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Additionally, adrenergic receptor expression on osteoclasts and osteoblasts is stimulated by 

stress signals deriving from the nervous system. RANKL secretion from osteoblast is therefore 

potentiated in response to adrenergic agonists, as well as subsequent high OCs number, bone 

resorption and HSCs mobilization (Takeuchi, Tsuboi et al. 2001, Elefteriou, Ahn et al. 2005, Li, 

Zhai et al. 2013). 

Consequently, active osteoclast-derived MMP9, cathepsin K and G participate in HSC egress 

by cleavage of the adhesion molecules VCAM-1 (vascular cell adhesion protein 1) and SDF-1 

(Figure 1.3.) (Lévesque, Hendy et al. 2003). Massive egress of HSC can be promoted by various 

signals from bone, immune and nervous system in response to infections, bleeding or other  

stress stimuli (Lapid, Glait-Santar et al. 2008). This emergency hematopoiesis is generally under 

control of cytokines, adhesion molecules and growth factor regimens including CD44, VCAM-1, 

Flt3- ligand and G-SCF (granulocytes colony stimulating factor) (Mendelson and Frenette 2014).  

 

Human and murine hematopoiesis are comparable but distinguished by specific cell-surface 

markers (Lensch and Daley 2004, Weissman and Shizuru 2008). In mice, HSCs are divided into 

HSC-LTs (long term hematopoietic stem cells) or HSC-STs (short- term hematopoietic stem 

cells) based on their ability to repopulate irradiated mice (Morrison, Wandycz et al. 1997). HSC-

LTs are rare (1: 10000) compared to the higher frequency of HSC-STs (1:2000) and this rarity 

explains the difficulty and the lower success rate of bone marrow transplantation (Morrison, 

Uchida et al. 1995, Wagner, Barker et al. 2002). HSC-LTs undergo self-renewal and multi-

lineage differentiation into lymphoid and myeloid progenitors giving rise to all mature blood 

cells (Dunn 1971, Ho, Medcalf et al. 2015). These cells are heterogenic in lineage restriction and 

differentiation potential (Ho, Medcalf et al. 2015)  
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Figure 1.3. Crosstalk between bone resorption by osteoclasts and HSCs maintenance 

and mobilization.  

Osteoclast-derived-secreted molecules such as MMP-9, cathepsin K and calcium facilitate 

respectively the release of c-Kit ligand and cleavage of anchorage molecule CXCL-12, then 

participating in HSC mobilization and niche maintenance. Figure is adapted from (Teti 2012). 

1.2.1.3 HSC differentiation into lymphoid lineages  

The multipotent HSC-LTs generate MPPs (multipotent progenitors)(Weissman 2000). 

Furthermore, LMPPs (lymphoid primed multipotent progenitors) derive from MPPs (Figure 1.4) 

and are characterized by an increased expression of FLT3 (Adolfsson, Mansson et al. 2005). 

Transcription factors Ikaros, E2A and PU-1 are crucial players in the primed lymphoid fate of 

HSCs (Yokota, Sudo et al. 2013, Miyazaki, Miyazaki et al. 2014). LMPPs can either differentiate 

into GMPs (granulocytes-macrophage progenitor cells) or CLPs (common lymphoid progenitors) 

(Kondo, Weissman et al. 1997, Wada, Masuda et al. 2008). GMPs possess the ability to generate 

macrophages or granulocytes while CLPs engender pDC (plasmacytoid dendritic cells), NK 

(natural killer), ILC (innate lymphoid cell), B and T cell lineages (Lai and Kondo 2006, Pronk, 

Rossi et al. 2007). CLPs also express the early lymphoid related marker IL-7Rα (IL7 receptor 

alpha chain)(Kondo, Weissman et al. 1997). In parallel, these cells upregulate the lymphoid 

related genes IgH and Tcrb while downregulating other genes specific to HSCs and myeloid 

cells. Satb1 (special AT-rich-sequence binding protein 1) is another crucial mediator of the 

lymphopoietic potential of HSCs that coordinate the spatial and temporal expression of genes 

involved in early lymphoid differentiation including IgH from embryonic and aged HSCs 

(Yokota, Sudo et al. 2013) (Figure 1.4). 
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Figure 1.4. Pluripotent differentiation potential of HSCs into lymphoid and myeloid 

lineages.  

This scheme summarizes the pluripotent fate of HSCs in various hematopoietic cell lineages 

that is under control of a transcriptional network including Gata3, PU-1, Ikaros, Ebf, Notch 

and E2A. HSC: Hematopoietic Stem Cell; MPP: Multipotent progenitor; LMPP: Lymphoid 

primed multipotent progenitor; GMP: Granulocytes-macrophage progenitor; CLP: Common 

lymphoid progenitor; ETP: Early thymic progenitor; pDC: plasmacytoid dendritic cells; ILC: 

innate lymphoid cell; NK: Natural killer; Mac: Macrophage; Gran: Granulocyte.  Figure is 

adapted from (Miyazaki, Miyazaki et al. 2014). 

 

CLPs are partitioned into a LYD6- (lymphocyte antigen 6 complex, locus D) and LY6D+ 

fraction. LY6D+ cells differentiate into pre-pro-B and subsequently into committed pro-B cells 

(Figure 1.4.). They are therefore in favour of differentiation into the B cell lineage (Inlay, 

Bhattacharya et al. 2009, Mansson, Zandi et al. 2010). Commitment to the B cell lineage from 

LY6D+ CLPs is determined by the transcription network such as key regulators E2A, Foxo 

(forkhead box O1), Ebf (early B cell factor), Runx1 (Runt-related transcription factor 1) and 

Pax5 (paired box 5) (Seo, Ikawa et al. 2012, Miyazaki, Miyazaki et al. 2014).  
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CLPs also possess the ability to give rise to T cell lineage via the intermediate ETP (early thymic 

cell progenitors) (Bell and Bhandoola 2008, Wada, Masuda et al. 2008). The T lymphoid cell 

fate of CLPs is controlled by the transcription network including Notch, E2A, TCF-1 (T cell 

factor 1), Gata-3 (Gata-binding protein 3). In addition, low concentration of PU-1 and Gata-3 

drive ETP differentiation from LMPPs (Miyazaki, Miyazaki et al. 2014) (See Figure 1.4.). 
 

The physical proximity of immune cell progenitors to the bone marrow component, their 

common hematopoietic origin as bone resorbing osteoclasts, as well as HSC niche regulation by 

OC, strongly suggests the existence of cellular communication linking bone and immune system.  

1.3  OSTEOIMMUNOLOGY: Crosstalk between bone and 

lymphoid lineages 

Investigation into autoimmune RA (rheumatoid arthritis) has identified modulators derived 

from immune cells leading to excessive bone destruction (Choi, Arron et al. 2009). These 

findings led to the birth of osteoimmunology, a discipline that analyzes common molecules in 

the interplay between the skeletal and immune systems (Takayanagi 2007, Choi, Arron et al. 

2009). So far, bone remodeling processes have been shown to occur independently of the 

immune cells. However, excessive bone destruction in RA patients implicates an enhanced 

osteoclast activity. The RA osteoimmunologic phenotype is illustrated by an increased RANKL 

expression from synovial fibroblasts in the inflamed joint and its induction by proinflammatory 

cytokines deriving from T cells (Choi, Arron et al. 2009). Also, in the RA synovium, activated 

CD4+ T cells secrete RANKL. The most permissive T cell population for bone resorption is Th-

17 T cell subset that expresses Foxp3 in response to IL-6 from synovial fibroblasts. To do so, 

Th-17 T cells demonstrate high expression of RANKL and induce high RANKL levels in 

synovial fibroblasts (Guerrini and Takayanagi 2014, Komatsu, Okamoto et al. 2014). 

Furthermore, pro-inflammatory cytokines that derive from T cells include TNF (tumor necrosis 

factor), IL-6 (Interleukin 6), IL-1β (Interleukin 1β and IL-17 (Interleukin -17) (Lam, Takeshita et 

al. 2000, Romas, Gillespie et al. 2002, Sato, Suematsu et al. 2006). TNF is connected to 

osteoclast formation through TNFRSF1A (tumor necrosis factor receptor superfamily, member 

1A) and IL-1β is associated with RANK expression on osteoclast progenitors (Lam, Takeshita et 

al. 2000, Wei, Kitaura et al. 2005). 
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RANKL was first cloned in activated T cells. Its expression was detected in B and T cells 

upon activation (Anderson, Maraskovsky et al. 1997, Wong, Josien et al. 1997). As previously 

discussed, the RANK-RANKL axis is the main driver of osteoclastogenesis, and is therefore 

crucial for bone homeostasis through osteoclast and osteoblast coupling. Additionally, the 

RANK-RANKL axis modulates LTo (mesenchymal lymphoid tissue organizer cells) and LTi 

(lymphoid tissue inducing cells) responsible for tissue growth and organization of lymph node 

(Mueller and Hess 2012). Development and maintenance of embryonic and post-natal medullary 

epithelial cells in the thymus also depend on RANKL expression (Akiyama, Shimo et al. 2008, 

Akiyama, Shinzawa et al. 2013). Moreover, the reduced B cell number and the defective B cell 

development seen in Rank -/-and Rankl -/- osteopetrotic mice, respectively, illustrate the intrinsic 

role of the RANK-RANKL axis in the B populations (Dougall, Glaccum et al. 1999, Kong, 

Yoshida et al. 1999, Manilay and Zouali 2014). Overall, these observations display the 

promiscuous function of RANKL in the skeletal and immune systems. 
 

In summary, these studies support the existence of both direct and indirect crosstalk between 

bone cells and T and B cell lineages.  

1.3.1  From bone homeostasis to primitive T cell lineage precursors 

Contradictory studies have shown the heterogeneity of CLPs with subsets showing a 

dominant myeloid fate compared to their lymphoid developmental program. Therefore, myeloid 

differentiation cues must be shut down as a prerequisite for lymphoid lineage priming and 

commitment (Kondo 2010). Considering the myeloid origin of bone–resorbing osteoclasts, the 

early segregation between myeloid and lymphoid precursors may be a key in bone and immune 

conditions. Furthermore, the maintenance of differentiation activity in the myeloid lineage of 

fetal liver CLPs suggests that their restricted developmental scheme is acquired in the bone 

marrow (Mebius, Miyamoto et al. 2001). This fetal versus adult difference is hypothesized to 

result from the microenvironment content, especially the heterogeneous bone marrow 

environment including stroma, mesenchymal and other non-hematopoietic cells (Kondo 2010). 

CLPs are identified by their expression of  IL-7 receptor subunits, IL-7Rα or common γ chain 

(γc)(Sims, Quinn et al.). However, unchanged CLPs number within IL-7 -/- mice indicates that the 

IL-7 pathway may not be crucial for hematopoietic progenitor commitment in lymphoid lineages 

(Kikuchi, Lai et al. 2005).  
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Nevertheless, IL-7Rα remains a key indicator of early lymphoid progenitors in bone marrow 

and blood (Igarashi, Gregory et al. 2002, Krueger and von Boehmer 2007). A traffic control 

mechanism has been hypothesized to facilitate the lymphoid restricted fate of CLPs by bringing 

them into contact with lymphopoietic permissive environment (Svensson, Marsal et al. 2008). 

Additionally, LMPPs are localized to the inner marrow region whereas the myeloid progenitors 

are in proximity to the endosteum region (Lai, Watanabe et al. 2009). This physical distribution 

suggests an indirect relationship between primitive lymphoid precursors and bone cells, probably 

via the regulation of HSC niches as previously discussed in section 1.2. 

1.3.1.1 Thymus seeding progenitors (TSPs) from bone marrow 

The rarity of bone marrow progenitors in the blood corresponds to 1 in 100,000 nucleated 

cells; their rapid clearance from blood makes them very difficult to monitor and study (Wright, 

Wagers et al. 2001). The primitive thymus progenitors from the bone marrow are negative for 

lineage markers such as Ter119, Dlx5, CD3e, NK1.1, B220, TCRδγ, CD11, Gr-1, CD4 and CD8. 

However, they do display similar surface markers with LSKs including Sca-1 and cytokine 

receptor Kit (c-Kit). Thymus progenitors also include HSCs that are LSK Flt3-(Adolfsson, Borge 

et al. 2001). The low frequencies of HSCs and LMPPs have been previously confirmed in the 

blood stream (Zlotoff and Bhandoola 2011, Zepponi, Michaels Lopez et al. 2015). TSPs reside 

among LMPPs and FLT3-CLPs that are CCR7+CCR9+ as well as in the CLP-2 fraction. CTPs 

(circulating T progenitors) are another TSP characterized by Lin-Thy-1+CD25- initially identified 

in fetal and confirmed in adult mice (Bhandoola, von Boehmer et al. 2007).  Moreover, the 

majority of primitive T cells are ETPs (early thymic progenitors) or DN1 Kithi cells that maintain 

a myeloid potential and a limited B cell potential. ETPs also possess a higher efficiency in 

CD4+CD8+ DP cell production (Bhandoola, von Boehmer et al. 2007). Importantly, these T 

lineage progenitors have to mobilize out of the bone marrow through the circulation to reach the 

T cell commitment and development center known as thymus.  
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1.3.1.1.1  Regulation of TSP mobilization and settling  

Studies using intravenous transfer of LMPPs and CLPs have generated DP cells after three 

weeks but the same experiment have failed to generate DP cells from HSCs. Interestingly, 

intrathymic transfer of all three cell populations have been able to give rise to DP cells, 

suggesting the existence of selective external factors for thymus entry (Schwarz and Bhandoola 

2006). First, the chemokine SDF-1α (CXCL12) and its receptor CXCR4 (Chemokine C-X-C 

Motif Receptor 4) guide the survival, proliferation and migration of BM progenitors (Lapidot 

and Petit 2002, Lee, Gotoh et al. 2002, Broxmeyer, Cooper et al. 2005). CXCR4 is responsible 

for homing and retention to the bone marrow with its ligand SDF-1α derived from osteoblasts 

and endothelial cells (Lapidot and Petit 2002, Ceradini, Kulkarni et al. 2004). The SDF-1α 

gradient indicates mobilization status as an increased SDF-1α concentration in the blood leads to 

enhanced migration of bone marrow progenitors to the blood stream (Hattori, Heissig et al. 

2001). Also, the stimulation of rapid progenitor mobilization can be induced in the presence of 

CXCL8 (CXCL2 ligand IL-8) with or without G-CSF (granulocyte-colony stimulating factor) 

treatment (Pelus, Bian et al. 2004). Moreover, CD44 expression is enhanced in hematopoietic 

precursors to mediate cell rolling in the blood stream (Lewinsohn, Nagler et al. 1990, von 

Andrian and Mempel 2003). 
 

Parabiosis experiments have established the importance of P-selectin (platelet selectin) and 

PSGL-1 (P-selectin glycoprotein ligand -1) in TCP migration to the thymus (Gossens, Naus et al. 

2009). PSGL-1 is also found on LSKs and CLPs (Rossi, Corbel et al. 2005). N-terminal 

carbohydrate modification of PSGL-1 by glycotransferases is required for PSGL-1 binding to P-

selectin. Therefore, interplay of PGSL-1 with endothelial P-selectin guides TSPs, exposing them 

to chemokine gradients and allowing their interaction with ICAM-1 (endothelial intercellular 

adhesion molecule-1) and VCAM-1 (vascular cell adhesion molecule-1) for  a stable anchorage 

to thymic endothelium via integrins (Scimone, Aifantis et al. 2006).  
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Furthermore, high expression of chemokine receptors CCR7 (C-C chemokine receptor type 7) 

and CCR9 (C-C chemokine receptor type 9) on CLPs, CLP-2 and LMPPs reinforce these 

precursor cells arrest by modifying integrin stability (Bhandoola, von Boehmer et al. 2007, 

Zlotoff and Bhandoola 2011). This function is mediated through CCR25 (C-C chemokine 

receptor type 25) and CCL21 (C-C chemokine ligand 21) expression in thymic stroma (Misslitz, 

Pabst et al. 2004, Gossens, Naus et al. 2009).  

The importance of these receptors has been demonstrated by a 100-fold decrease of ETPs 

within CCR7/CCR9 double knock-out (DKO) mice in comparison to wild-type animals 

(Krueger, Willenzon et al. 2010, Zlotoff, Sambandam et al. 2010). Finally, integrin dimers 

including α4β1 (VLA-4), αLβ2 and glycan polysialic acid allow access to the thymus (Scimone, 

Aifantis et al. 2006, Drake, Stock et al. 2009). 

1.3.1.1.2 TSPs and thymus receptivity 

The thymus requires a dynamic progenitor input divided into responsive and refractory 

periods (Foss, Donskoy et al. 2001, Donskoy, Foss et al. 2003). The thymus gate keeper 

molecules control TSP entry based on the available stromal niche. For example, the level of S1P 

in plasma is hypothesized to signal peripheral lymphopenia and lower thymic stromal niche 

occupancy, impacting on P-selectin expression (Gossens, Naus et al. 2009). Once full of ETPs, 

thymic niches initiate refractory signals by diminishing the gate keeper molecules P-selectin and 

CCL25 (C-C chemokine ligand 25) for 2 weeks, which is the required time for ETP maturation 

and relocalization to another thymic compartment (Petrie and Zuniga-Pflucker 2007). Gated TSP 

input is observed in the first 4 months of post-natal life in mouse model (Figure 1.5). The thymic 

gate is open for 1 week to fill niches followed by gate closure for 2-3 weeks (Foss, Donskoy et 

al. 2001). IL-7 signaling indirectly controls gate closure through integrin-mediated adhesion of 

TSPs (Ariel, Hershkoviz et al. 1997, Kitazawa, Muegge et al. 1997). Parabiosis and radiolabeled 

experiments have demonstrated a cyclical accumulation of TSPs for 3-5 days, followed by their 

release into the circulation preceding thymus gate opening. Therefore, TSPs generation and 

release from bone-marrow are coordinated with thymus load within fetal and adult mice 

(Donskoy, Foss et al. 2003) (Figure 1.5). 
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Figure 1.5. The cycling thymus periodicity. 

This diagram shows: 1) TSP mobilization from BM into the blood stream. 2) TSP migration 

to thymus 3) thymus gate opening 4) stromal niche occupancy 5) subsequent gate closure 6) 

TSP regeneration in BM and 7) resulting sequential T cell developmental program from triple 

negative TN1 to TN4. Figure is adapted from (Goldschneider 2006)  

1.3.1.1.3 Thymus organogenesis and structure 

The thymus is a bi-lobed organ that is located behind the sternum and at the top of the heart, 

in the central area of the thoracic cavity. In the early 1960s, the thymus was identified as the site 

for T cell differentiation (Miller 1961). Initiation of thymus organogenesis requires NCC (neural 

crest cells) migration forming the primary stomal component from pharyngeal endoderm and 

ectoderm in association with the thymus epithelium (Janeway, Travers et al. 1999, Epstein, Li et 

al. 2000). However, recent studies have confirmed a common origin of all thymus epithelial cells 

from a single endodermal ancestor (Bennett, Farley et al. 2002, Gill, Malin et al. 2002). NCCs 

are ectodermal cells that migrate into the pharyngeal region where they constitute the thymus 

mesenchymal capsule and associate with the vasculature (Foster, Sheridan et al. 2008). 
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Additionally, interaction of NCCs with thymus epithelial cells (TEC) is essential for thymus 

organogenesis (Jenkinson, Jenkinson et al. 2003). In fact, NCCs determine positioning of organ 

borders and separation from pharynx. The initial size of the TEC pool dictates thymus size 

(Jenkinson, Jenkinson et al. 2003, Jenkinson, Bacon et al. 2008). Moreover, NCC mesenchyme 

produces EGF (epidermal growth factor), TGF-α (Transforming growth factor α) and IGF 

(insulin growth factor) to support TEC proliferation and differentiation (Shinohara and Honjo 

1997). This cellular interaction then mediates thymus-parathyroid organ separation at E12.5-13, 

which is followed by a coordinated migration of thymus lobes above the heart (Gordon and 

Manley 2011). The first migration of TSPs happens before TEC differentiation and other thymic 

events at E11.5 in mice. However, this early TSPs immigration is not required during thymus 

organogenesis events at least until E13.5(Gordon and Manley 2011).  

 

The earliest thymus marker in mice is Foxn1 (folkhead family transcription factor) and its 

expression depends on BMP signaling. Additionally, Bmp4, Fgf8, Shh and Wnt5b are involved 

in initial patterning of the thymus. Bmp4 promotes thymus fate whereas Shh favours parathyroid 

development. The Eyes absent (Eya) – Homeobox (Hox) - Sine oculis homeobox (Six) 

transcription network controls the early phase of thymus formation (Gordon and Manley 2011). 

The thymus is mainly subdivided into two compartments, the cortex and the medulla which are 

surrounded by a mesenchymal capsule (Figure 1.6A and B). Each compartment is comprised of 

cortico or medullary epithelial, mesenchymal, endothelial and dendritic cells (Figure 1.6C). 

Both structures serve as supporting micro-environments for developing T cells. Their 3D 

architecture facilitates TSP entry at the cortico-medullary junction (CMJ) as well as the 

maintenance of a stereotypical migration route for TSPs (van Ewijk, Wang et al. 1999). 

Therefore, these progenitors are exposed to key differentiation molecules from surrounding cells 

in order to produce a diverse repertoire of functional T cell populations (Figure 1.6C)(Gordon 

and Manley 2011). 
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Figure 1.6. The thymus structure.  

Illustration depicting: A) Schematic representation of the thymus compartments medulla (m) and 

cortex (c). B) Thymus section stained by Hematoxyl & Eosin and displaying the thymus 

architecture. C) Cellular distribution and interactions for thymus-dependent differentiation of 

immature into mature T cells that involve cTEC and mTEC (medullary and cortical epithelial 

cells) as well as dendritic cells within the thymus. Illustration adapted from (Gordon and Manley 

2011) doi: 10.1242/dev.059998. 
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1.3.1.2 Intrathymic T cell development 

Following TSP (thymus seeding progenitors) recruitment via blood vessels at the cortico-

medullary junction (CMJ), T cell development is turned on to guide these multipotent 

progenitors to T lineage commitment with multiple rounds of proliferation, selection checkpoints 

and differentiation stages while migrating to the subcapsular zone (Yui and Rothenberg 2014). 

ETPs are the most multipotent thymic progenitors with preservation of myeloid lineage, natural 

killer, dendritic cell and B cell potential. They express similar molecules as the bone marrow-

derived TSPs, LMPPs and CLPs. Also, these cells are suggested to derive directly from lympho-

myeloid-restricted TSPs compared to HSCs in the bone marrow (Rothenberg and Scripture-

Adams 2008). These primitive progenitors lack expression of co-receptors CD4 and CD8, and 

therefore, are called DN (double-negative) populations. The sequential differentiation program 

starts from the early DN1 to DN4 stages, followed by the CD4+CD8+ double-positive (DP) 

transition and finally the maturation into single-positive (SP) CD4+ or CD8+ (Figure 1.7) 

1.3.1.2.1 DN1 to DN4 transition 

Murine DN1s are characterized by surface markers (Lin-CD44+CD25-). Surface 

expression of c-Kit and CD24 distinguishes five DN1 populations: DN1a (c-KithiCD24-), DN1b 

(c-KithiCD24low), DN1c (c-KithiCD24+), DN1d (c-Kit-CD24+) and DN1e (c-Kit-CD24-)(Porritt, 

Rumfelt et al. 2004). DN1a and DN1b populations are comparable to ETPs.  Once in the thymic 

cortex, they proliferate extensively and sustain their uncommitted identity as shown by their low 

or undetectable levels of T lineage specific genes. ETPs that progress to the DN2 stage (Lin-

CD44+CD25+c-Kit+) generally show a significant increase in genes associated with T cells, yet 

still retains an important uncommitted subpopulation (Rothenberg and Scripture-Adams 2008, 

Yui and Rothenberg 2014). In fact, the DN2 fraction contains DN2a (Kit++) and DN2b (Kit+) 

subpopulations, the latter having lost NK, macrophage, granulocytes and DC potentials (Figure 

1.7). The fetal lymphoid progenitors that populate the thymus at E12.5 give rise to DN2 at 

approximately E14.5, whereas, it takes 10 days to reach the post-natal DN2 stage (Porritt, 

Gordon et al. 2003, Lu, Tayu et al. 2005). Furthermore, DN2b cells shift to the DN3 stage (Lin-

CD44lowCD25+c-Kitlow) at which time maximal gene activation of T cell identity and 

rearrangements of TCRβ, TCRγ and TCRδ genes occur (Yui and Rothenberg 2014).  
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Gene rearrangement allows pre-TCR assembly comprising CD3, rearranged TCR-β and 

invariant pre-TCRα in DN3 cells or the surface expression of TCRγδ complex. These TCR 

complexes permit β-selection or γδ-selection (Figure 1.7) (Rothenberg and Scripture-Adams 

2008, Teague, Tan et al. 2010). The DN3 population is comprised of DN3a (Lin-CD44-

CD25+CD28-/low), DN3b (Lin-CD44-CD25+CD28+) and DN3c (Lin-CD44-CD25intCD28+) 

subpopulations (Teague, Tan et al. 2010). In addition, the development stages from ETPs to DN3 

including the β-selection checkpoint correspond to the pro-T cell stage. The pairing of pre-TCRα 

induces downregulation of CD25 at the DN4 stage (Lin-CD44-CD25-c-Kit-) (Figure 1.7). This 

developmental stage involves DN4a (Lin-CD44-CD25-CD28int), DN4b (Lin-CD44-CD25-CD28hi) 

and DN4c (Lin-CD44-CD25-CD28-/low) fractions (Teague, Tan et al. 2010) 

 

Figure 1.7. Differentiation program of the T cell lineage.  

In the cortex, ETP or DN1a and DN1b cells progress through DN2 stages. Developing T cells 

commit to T lineage at the DN2b stage before shifting to DN3 stages. The β-selection 

checkpoint ensures further differentiation into DN4 and CD4+CD8+ DP subsets. Finally, DP 

cells mature into single positive (SP) CD4+ or CD8+ cells. These cells are positively or 

negatively selected within the medulla before migrating into peripheral lymphoid tissues. 

Illustration is adapted from (Yui and Rothenberg 2014) 
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1.3.1.2.2 DN4 to double-positive (DP) and single-positive (SP) CD4+/CD8+ cells 

DN4a (Lin-CD44-CD25-CD28int) subpopulation represents the most efficient DP precursor. 

Moreover, DN4a also has bimodal expression of CD69. This marker is usually associated with 

positive selection of DP cells and semi-mature SP cells (Yamashita, Nagata et al. 1993). 

Therefore, DP precursor cells are DN4a (CD69-). In addition, there is an intermediate population 

between the DN4a and DP stage termed ISP (intermediate single positive CD4-CD8+). ISP 

thymocytes mark the transition to Notch-independent T cell survival and proliferation (Xiong, 

Armato et al. 2011).  

 

Additionally, up-regulation of both CD4 and CD8 co-receptor expression, expansion and 

rearrangement of the TCRα locus are involved in the DN4a to DP transition stage (Figure 1.7) 

(Teague, Tan et al. 2010, Yui and Rothenberg 2014). DP thymocytes are also characterized by a 

complete αβT cell receptor (TCR). The fetal lymphoid progenitors take a total of 4 days to 

produce DPs compared to post-natal DP cells that require approximately 2 weeks (Porritt, 

Gordon et al. 2003, Lu, Tayu et al. 2005). Both CD4 and CD8 co-receptors potentiate 

downstream TCR signaling allowing positive or negative selection of DP cells based on their 

ability to interact with thymic selective ligands. Also, DP cells are unresponsive to the IL-7 

pathway due to the overexpression of SOCS1 (suppressor of cytokine signaling 1). Therefore, the 

binding of CD8 or CD4 co-receptor to MHC-class I or class II restricted TCRs dictate DP 

survival (Chong, Cornish et al. 2003, Yu, Park et al. 2006). 

 

In the cortico-medullary junction, DP cells undergo a lineage and functional choice to either 

become single positive (SP) CD4+ or CD8+. The commitment process follows a stochastic model 

starting with TCR ligation by MHC on DP (Singer, Adoro et al. 2008, Ellmeier, Haust et al. 

2013). This previous step activates positive or negative selection which subsequently down-

regulates CD4 or CD8 expression independently of MHC specificity of TCR. The following step 

is a quality control mechanism monitoring TCR match with MHC specificity. MHC signaling in 

DP switches off CD8 expression, but not CD4, independent of exposure to MHC class I or II. 

The resulting CD4+CD8low population is a key intermediate with the potential to develop into 

CD4+ or CD8+ SP (Penit 1987). To do this, the CD4+CD8low population signals via their MHC 

Class II restricted TCR to mature into CD4+SP.  
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However, these cells can no longer signal through their MHC Class I restricted TCR in the 

absence of CD8 co-receptor (Lundberg, Heath et al. 1995, Suzuki, Punt et al. 1995, Ellmeier, 

Haust et al. 2013). In consequence, they are sensitive to IL-7 and IL-15 which are both critical 

for CD8+SP production (McCaughtry, Etzensperger et al. 2012). Overall, this stochastic model 

results into peripheral CD4+ helper T cells and CD8+ cytotoxic T cells. 

1.3.1.3 Control of T cell differentiation program 

Sequential T cell development progression is coordinated by 1) complex intracellular 

transcriptional regulation 2) efficient interaction between developing T cells and the epithelial 

environment, 3) proper thymus migration and egress and 4) the assessment of quality control 

during selection checkpoints. 

 

1.3.1.3.1 Transcriptional network 

The initial differentiation phase (ETPs-DN2a) is a TCR independent stage. It involves 

engagement of cell-surface Notch 1 on precursor cells (Figure 1.8) (Lu, Tayu et al. 2005). In 

fact, Notch 1 binds its ligands DLL4 (delta-like ligand 4) on thymic epithelial cells triggering the 

release of intracellular Notch1 and its subsequent binding to RBPJ (recombining protein 

suppressor of hairless) (Love and Bhandoola 2011, Radtke, MacDonald et al. 2013). Moreover, 

this interaction recruits the co-activator complex for Notch target gene stimulation. The Notch 1 

signalling pathway guides and retains early T cells (ETPs-DN2a) in the specific thymic 

environment that inhibits alternative lineage choices in favour of the T cell pathway. This Notch-

dependent phase is divided into pre-commitment (phase 1) and the T-cell identity (phase2) 

phases. Both steps are differentiated by participant transcription genes throughout the 

developmental sequence (Radtke, MacDonald et al. 2013, Yui and Rothenberg 2014).  

During phase 1, an exclusive contact between CLPs, LMPPs or ETPs with the thymic 

environment blocks the non-T cell lineage choices. The engraftment of T cell progenitors is most 

likely associated to transcription factors Gata-2, Hoxa9 (Homeobox A9) and Meis1 (Meis 

Homeobox 1). In ETPs, these genes collaborate with Flt3 (FMS-like tyrosine 3) and Gata-3 to 

shut down the B cell potential. Until now, this inhibitory mechanism is not directly linked to 

Notch1 (Huang, Sitwala et al. 2012, Garcia-Ojeda, Klein Wolterink et al. 2013, Gwin, Shapiro et 

al. 2013).  
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Furthermore, the myeloid and dendritic cells potentials from ETPs to DN2a stages are excluded 

by downstream activation of Hes 1 by Notch, subsequent repression of C/EBPα and PU-1 

transcriptional activity (Carotta, Wu et al. 2010, De Obaldia, Bell et al. 2013).  

Several Phase 1 transcription factors are inherited from primitive progenitors. In fact, the 

“stemness” proto-oncogenes Lmo2, Meis and N-Myc are involved in proliferation, survival and 

self-renewal of ETPs and DN2a (Riddell, Gazit et al. 2014). These subpopulations are also 

characterized by the gene expression of Sp1 (encoding PU-1), Bcl11A (B-cell CLL/Lymphoma 

11A), Gfi1b (growth factor-independent protein 1B), Erg (Ets-related genes) and Lyl1 

(lymphoblastic leukemia 1) (Yui and Rothenberg 2014). In terms of mechanism, Bcl11a controls 

proliferation of lymphoid progenitors in the fetal liver and bone marrow (Yu, Wang et al. 2012).  

Lyl1 null mice have demonstrated multiple functions in ETP maintenance, ETP-DN2 transition 

and c-Kit-dependent ETPs survival (Lecuyer, Herblot et al. 2002, Phelan, Saba et al. 2013). In 

addition, Lyl1 with the protein TAL-1 forms dimers with E2A and HEB to control Gfi1b 

expression and the subsequent Notch1 response (Phelan, Saba et al. 2013, Yui and Rothenberg 

2014). The majority of these genes are either largely decreased or suppressed at DN2a-DN2b 

transition except for Lyl1, which is suppressed at DN3a stage, and Erg/N-Myc silenced at the β-

selection checkpoint (Yui, Feng et al. 2010, Yui and Rothenberg 2014)(Figure 1.8). 

In addition, Notch induction in ETPs results in increased Gata-3 and Tcf7 encoding Tcf-1 

which are both pro T lineage commitment genes. These genes also collaborate with pre-thymic 

genes such as Myb, Runx1, Ikaros and E2A to maintain cell survival and proliferative expansion 

(Hosoya, Kuroha et al. 2009, Germar, Dose et al. 2011, Yui and Rothenberg 2014). For example, 

the Notch-RBPJ complex is an enhancer at the Tcf-1 promoter starting at ETP stage and fully 

active at DN2-DN3 transition. Consequently, Tcf-1 activates Gata-3 and represses E2A inhibitor. 

Tcf-1 is also important in post-natal T cell precursor cells (Germar, Dose et al. 2011, Xu, Carr et 

al. 2013). In parallel, Gata3 plays a significant dose-dependent role for cell survival, growth, 

specification and commitment in this early differentiation phase 1. Gata-3 excludes the B cell 

potential of ETP and potentiates Bcl11b expression at the DN2a-DN2b transition. It also inhibits 

PU-1 while activating Ets gene in DN2b cells and guiding DN3 cells through β-selection (Yui 

and Rothenberg 2014) (Figure 1.8).  



 

46 

During the T cell identity phase, the stable expression of Tcf-1 and Gata3 indicates transition 

to DN2b stage. This stage is characterized by low proliferation rate, silencing of c-Kit expression 

and fully Notch-dependent cell survival. In DN2b cells, Bcl11b represses c-Kit (Yui, Feng et al. 

2010, Yui and Rothenberg 2014). Increased expression of Ets1 and Ets2 genes explains their 

desensitization to IL7R signalling. Also, E proteins and Notch enhance Rag1, Rag2, Ptcra and 

CD3e genes, all necessary for Tcr rearrangement. Additionally, slower cell proliferation 

correlates with intensified Tcr gene recombination by Rag genes. Therefore, DN2b status marks 

the end of possible alternative fate (Wojciechowski, Lai et al. 2007, David-Fung, Butler et al. 

2009). In fact, the myeloid potential of DN2b cells is terminated with PU-1 silencing by Runx1, 

Tcf-1 and Gata-3.  Their NK (Natural killer) and ILC2 (innate lymphoid cells type 2) 

differentiation choices are neutralized by Bcl11b (B-cell lymphoma-Leukemia 11b) and Id2 

(Inhibitor of DNA binding 2) repression. Moreover, Bcl11b is involved in silencing other phase1 

genes such as Lyl1 and Bcl11A to ensure T commitment (Yui, Feng et al. 2010, Wong, Walker 

et al. 2012, Yui and Rothenberg 2014) (Figure 1.8). 

DN3a cell survival relies on variable expression of the transcription network involving 

Runx1-CBFβ, Notch, Gata-3, Gfi, Bcl11b, Myb and Ets1. In DN3a subset, Cd3 gene expression 

is controlled by E proteins, Gata-3 and Tcf-1 genes. Rag genes are regulated by E proteins, Gata-

3 and Hes 1. Also, Notch and E proteins induce Ptcra gene. (Zhang, Mortazavi et al. 2012, Yui 

and Rothenberg 2014). Additionally, Ikaros and E2A drive proliferation and differentiation. To 

do this, E2A modulates cell cycle via Cdkn1A expression and provides survival support through 

upregulation of Pik3ip1 (inhibitory phosphoinositide 3-kinase-interacting protein 1) and Dapk1 

(growth-suppressive death-associated kinase 1) (Winandy, Wu et al. 1999, Engel and Murre 

2004, Xu, Carr et al. 2013). Moreover, Ikaros contributes significantly to β-selection by 

suppressing Notch target genes following induction of a pre-TCR signal (Germar, Dose et al. 

2011, Yui and Rothenberg 2014). 

  



 

47 

Therefore, Notch target genes and IL-7R are completely silenced in the DN3b population and 

the quiescent state is disrupted (Taghon, Yui et al. 2006). These cells rapidly proliferate and are 

highly responsive to CXCR4 (Janas, Varano et al. 2010, Tussiwand, Engdahl et al. 2011). 

Extensive proliferation diversifies the TCR repertoire pool and favours selection of T committed 

cells. The β-selection transcription hallmark is essentially the dramatic downregulation of Notch 

target genes resulting from an absence of intracellular Notch signaling (Yui and Rothenberg 

2014). 

In addition, β-selection induces stable gene activation of RORγt, Pouf6FI and Aiolos which 

promotes DN4 proliferation. Also, transient gene activation of Egr2 and Id3 inhibits RORγt 

expression. Id3 represses temporary E protein expression which is restored at a later time point. 

DN4-ISP to DP transition involves expression of co-receptor CD4 or CD8. Wnt mediator β-

catenin with Tcf-1 and Lef1 modulate gene expression of CD4, CD8 and CD2 genes to create the 

DP phenotype (Xu, Sharma et al. 2009, Yui and Rothenberg 2014). The upstream enhancer E4P 

drives CD4 expression in DP thymocytes but not in mature SP CD4+. In contrast, Runx1 

regulates DN4 to DP transition by inhibiting CD4 expression in DN cells . Moreover, 

RORγt expression is specific to DP cell viability via induction of Bcl2l1 with the collaboration 

of Myb (Xi, Schwartz et al. 2006). 

As previously mentioned, the intermediate CD4+CD8low subpopulation is the precursor of 

CD4+ and CD8+ single positive cells (Cummins and Thompson 1997). During SP CD8+ 

differentiation, Runx3 is increased by Ets1 to inhibit CD4 expression. Runx3 also induces 

multiple CD8+T specific genes including cytotoxic enzyme perforin and granzyme B, IFN-γ 

(interferon-gamma) and the transcription factor Eomesodermin (Foss, Donskoy et al. 2001). 

Additionally, Irf1 (IFN regulatory factor 1) is another transcription factor that induces CD8+ 

lineage differentiation by either direct stimulation of CD8 expression or an indirect promotion of 

MHC-I (MHC class I) in thymic epithelial cells (Shortman and Wu 1996, Prockop and Petrie 

2004). In addition, IL-7 signaling pathway promotes CD8 lineage choice via ThPOK silencing 

and Runx3 induction (Penit 1987, Singer, Adoro et al. 2008).  
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Furthermore, ThPOK inhibits SP CD8+ restricted genes dependent on Runx3 gene. It 

therefore drives commitment towards SP CD4+ (Jotereau and Le Douarin 1982). In addition, the 

positive regulator MAZR of ThPOK restricts CD8α expression by binding CD8a gene enhancer 

(Bhandoola, Sambandam et al. 2003). Gata-3 is another ThPOK upstream gene that is required 

for CD4 lineage specification. Moreover, the high expression level of Myb is determinant for 

CD4+ differentiation and maintenance (Penit 1988, Merchant 2010). 
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Figure 1.8. Summary of transcriptional network in T cell development. 

A) Visual representation of specific surface markers and corresponding differentiation stages. 

B) Distribution of crucial transcription factors in correlation with T cell developmental sequence. 

Important genes from phase 1 to β-selection are shown in blue and the T cell identity genes are in 

red. Dashed lines indicate each phase interval. Color intensity correlates with expression level. 

Figure is adapted from (Yui and Rothenberg 2014) 
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1.3.1.3.2 Lympho-thymic environment crosstalk  

Lympho-thymus environment interaction represents intercellular contact between developing 

T cells and the thymus epithelial cells (TECs), mesenchymal cells and other thymus resident 

cells such as dendritic cells and macrophages (Manley, Richie et al. 2011). The 3D conformation 

of this epithelial environment relies mainly on lympho-stroma contact. This lympho-stroma 

crosstalk involves signals derived from developing T cells and signaling molecules primarily 

from stromal epithelial cells and the mesenchymal component. Together, these molecules 

support T lineage commitment, differentiation, survival and selection to produce a diverse T cell 

repertoire (Manley 2000, Lind, Prockop et al. 2001). Consequently, the exclusive stroma 

organization dictates thymus cell number and size with maximum size and cortical thickness 

attained at approximately 4 weeks (Manley, Richie et al. 2011).  

Thymus epithelial cells (TECs) are comprised of cortical TECs (cTECs) and medullary TECs 

(mTECs) which express cytokeratin 8 (K8+) and cytokeratin 5 (K5+), respectively. Both cell 

types derive from an intermediate common precursor that is a double-positive K5+K8+ epithelial 

subset (Anderson, Jenkinson et al. 2006, Anderson and Takahama 2012). The DN1-DN2 

developmental stages serve as a crucial step during the establishment of cTECs. In fact, a higher 

proportion of double-positive K5+K8+ TECs are found at the cortico-medullary junction (CMJ) 

in consequence of T differentiation blockage at or prior to DN2 stage, illustrating the necessity of 

differentiating T subsets into TECs plasticity. However, T differentiation blockage at DN3 or 

later does not affect cortical epithelial thymus organization and differentiation (Hollander, Wang 

et al. 1995, Klug, Carter et al. 1998, van Ewijk, Hollander et al. 2000). The loss of DN4-DP 

subpopulations severely impairs mTECs development and expansion, suggesting a link between 

positive and negative selection molecules and the homeostasis of thymus medulla (Surh, Ernst et 

al. 1992, Shores, Van Ewijk et al. 1994, Anderson and Takahama 2012). Also, mature SP CD4+ 

or CD8+ produce ligands to activate mTECs receptors including RANK, CD40 and LTβR 

(lymphotoxin-β-receptor). These interactions are involved in Aire-expressing mTECs 

development and global thymus medulla maintenance (Rossi, Kim et al. 2007, Manley, Richie et 

al. 2011). 
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Growth factors (e.g. Fgf10) from thymic mesenchyme are involved in early thymus stromal 

development. In collaboration with epithelial cells, mesenchymal fibroblasts also regulate T cell 

differentiation by organizing an extracellular matrix scaffold presenting growth factors and 

cytokines such as IL-7 to immature T cells (Revest, Suniara et al. 2001, Dazzi, Ramasamy et al. 

2006). In contrast, dendritic cells are efficient antigen presenting cells in the medulla. They 

participate in negative selection by presenting tissue-restricted self-antigens to eliminate auto-

reactive developing T cells. Moreover, macrophages are disposing of T cells that fail negative or 

positive selection and undergo apoptosis (Gallegos and Bevan 2004, Koble and Kyewski 2009, 

Manley, Richie et al. 2011). 

Furthermore, cell-autonomous and dose-dependent epithelial functions in T cell development 

have been shown in Foxn1-deficient mice (Blackburn, Augustine et al. 1996, Bleul, Corbeaux et 

al. 2006). In fact, highly purified cTECs provide Notch ligands to support and maintain T cell 

differentiation. Therefore, expression of these Notch ligands overlaps with fetal T cell 

colonization at approximately E12 (Harman, Jenkinson et al. 2003). Specifically, ligation of 

Notch 1 to the ligand Dll4 (Delta-like 4) is involved in initiating T cell commitment and 

intrathymic T cell differentiation (Ciofani and Zuniga-Pflucker 2007, Hozumi, Mailhos et al. 

2008, Koch, Fiorini et al. 2008, Mohtashami, Shah et al. 2013).  

In addition, survival and expansion of ETPs and DN2/3 depend on both c-Kit and the 

cytokine receptor IL-7Rα which modulate the pro-survival signal from Bcl-2 along with other 

cytokines (Kang and Der 2004, Massa, Balciunaite et al. 2006). The high levels of c-Kit and IL-

7/IL-7Rα promote competition between proliferation and differentiation resulting in progression 

arrest from the DN2 to DN3 stage. Also, IL7-Rα expression in early T precursors such as CLPs 

allows for their interaction with the T permissive micro-environment. To support these functions, 

the thymic stroma provides stem cell factor (SCF) as the c-Kit ligand and IL-7 cytokine (Ciofani 

and Zuniga-Pflucker 2007).  

Finally, TECs produce Wnt proteins that bind to Frizzled receptors (Fz) expressed on DN 

cells providing signals for early T cell differentiation, adhesion and proliferation (Staal, 

Weerkamp et al. 2004, Weerkamp, Baert et al. 2006). In addition, sonic and indian hedgehog 

(SHh and IHh) as well as Bmp signaling pathways are other lympho-stroma molecules inducing 

ETPs-DN3 survival, expansion and progression(Ciofani and Zuniga-Pflucker 2007). 
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1.3.1.3.3 Intra-thymus migration & egress 

The developmental progress of DN cells coincides with their migration from cortico-

medullary junction (CMJ) towards the sub-capsular zone (SCZ). Also, this exclusive intrathymic 

migration dictates the localization and motility of developing T cells towards the appropriate 

thymus niche (Ciofani and Zuniga-Pflucker 2007, Love and Bhandoola 2011). The organized 

trajectory of the early DN population is influenced by its expression of CCR9, CCR7 and 

CXCR4 chemokines. The global chemokine interaction results in integrin activation and 

expression; for example, VCAM-1 expression on cTECs which is essential for T cell migration 

(Plotkin, Prockop et al. 2003, Benz, Heinzel et al. 2004, Misslitz, Pabst et al. 2004).  

 

CXCR4 is hypothesized to drive away DN1 from the medulla via CXCL-12 (SDF-1) ligand 

(Plotkin, Prockop et al. 2003). At the DN2 and DN3 stages, exposure to CCL25 (CCR9 ligand) 

and CXCL-12 produced by cTECs or fibroblasts prolongs chemokine signaling to accelerate DN 

motility from mid-cortex to SCZ. However, the significant expression of CCL19 and CCL21 

(CCR7 ligands) in the medulla indicates a deferred role for CCR7 (Bunting, Comerford et al. 

2011, Love and Bhandoola 2011). Additionally, CCR9 is crucial for DN2 and DN3 localization 

in the SCZ prior to β-selection. DN3 cells migrate back to the cortex after β-selection as they 

progress to DP stage. This is promoted by the collaboration between the CXCR4/CXCL-12 axis 

and pre-TCR providing both migration and survival signals (Benz, Heinzel et al. 2004, 

Trampont, Tosello-Trampont et al. 2010). 

 

DP cells show high response to CXCL-12 and CCL25. However, their   positive-selection 

results in decreased CXCR4 expression and induction of CCR7, CCR4 and CCR9. Therefore, 

they become sensitive to medullary chemokine ligands including CCL17, CCL19, CCL21 and 

CCL22 (Bunting, Comerford et al. 2011). Consequently, CCR7 is required for relocation of SP 

CD8+ and CD4+ cells to the medulla (Ueno, Saito et al. 2004, Nitta, Nitta et al. 2009). In 

addition, ephrins, neuropilins and semaphorins are negative regulators of the chemokine 

dependent migration (e.g. CXCL-12) of developing T cells (Mendes-da-Cruz, Stimamiglio et al. 

2012). 
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Mature SP CD4+ or CD8+ express CCR7 and are highly responsive to CCL19. This 

interaction facilitates their export by exposing them to endothelial cells (Petrie 2003). Moreover, 

it increases their response to a S1P gradient, a GPCR highly expressed in pericytes at the CMJ 

and in the circulation. The plasma S1P binds S1P receptor 1 (S1pr1) on mature T cells. In 

contrast, S1pr1 expression is downregulated by induction of c-type lectin CD69, illustrating the 

importance of transient CD69 expression for mature SP cell egress (Feng, Woodside et al. 2002, 

Rivera, Proia et al. 2008, Zachariah and Cyster 2010). For this purpose, mature SP populations 

reside in the thymus medulla for 4-5 days and transition from a semi-mature 

CD69hiCD62LlowCD24hi stage to the mature CD69lowCD62LhiCD24lowphenotype. Thus, TCR 

signaling promotes cell egress via CCR7, CD62L and S1pr1 expression. Also, CD62L is 

associated with transmigration in peripheral lymphoid tissues, but not with mature SP cell egress 

(Love and Bhandoola 2011). 

1.3.1.3.4 Selection checkpoints in T cell development 

TCR assembly at the surface of developing T cells is responsible for generating the vast T cell 

repertoire. In addition, the expression status of TCR or TCR fractions dictates life versus death 

decisions of developing T cells, following specific selection checkpoints. The αβ T cell 

populations express TCR that is composed of α and β chains as opposed to the γδ T lineage. The 

unique TCRβ chain rearrangement generates a single type of TCRβ protein at the cell surface at 

DN3a stage (von Boehmer 2005). This is a determining factor for β-selection checkpoint and T 

differentiation progress independent of TCRα chain. In addition, the unique expression of TCRβ 

limits the diversity of TCRβ chains that are present on a single T cell. TCRβ chain is also linked 

to pTα (encoded by Ptcra gene) and CD3 to form pre-TCR. Therefore, pre-TCR synergizes with 

Notch signaling to stimulate DN3 progress beyond the β-selection checkpoint to DP stage 

(Michie and Zuniga-Pflucker 2002, Ciofani, Schmitt et al. 2004, von Boehmer 2005). 

Positive and negative selection relies on equilibrium between antigen presentation via MHC 

and antigen receptor rearrangement on the surface of developing DP and SP cells (Starr, Jameson 

et al. 2003). Protein/DNA complexes including recombinase activating genes (RAGs) orchestrate 

multiple DNA breakage and rejoining events during locus rearrangements, generating multiple 

productive TCR gene α.This process allows for development of the adaptive immune system.  



 

54 

In consequence, pairing of rearranged α and β chains form MHC restricted TCR, signaling the 

end of V(D)J recombination (Starr, Jameson et al. 2003, Schatz and Swanson 2011).  

TCR affinity is evaluated during positive selection of DP cells. In the outer cortex, these cells 

are exposed to specific TCR ligands triggering positive selection. This involves combinatorial 

recognition of exclusive peptides presented on MHC by cTECs (Starr, Jameson et al. 2003, 

Klein, Kyewski et al. 2014). TCR affinity for positive selection ligands is lower than negative 

selection ligands. Moreover, rare self-peptides with low affinity are capable of inducing positive 

selection to increase individual antigen specificity. Overall, positive selection promotes 

predictable identification of self-antigens by T cell, which in turn facilitates an efficient response 

to pathogens. Subsequent TCR signalling results in maturation and relocation of positively 

selected CD4+ or CD8+ to the medulla. Moreover, failure to undergo positive selection leads to 

death of a large portion of DP cells (Stefanova, Dorfman et al. 2002, Starr, Jameson et al. 2003, 

Klein, Kyewski et al. 2014). Positively–selected CD4+CD8+cells are characterized by TCRβ and 

CD69 expression and divided as  TCRβlowCD69+ or TCRβintCD69+ subsets (Van De Wiele, 

Marino et al. 2004). 

Negative selection also affects cortical cell to a lesser extent. This negative selection relies on 

the interaction between DP, SP CD4+ and SP CD8+ with antigen presenting cells (APCs) such as 

DCs (dendritic cells). In the medulla, T cell tolerance is induced by mTECs expressing tissue-

restricted antigens (TRAs) in collaboration with resident and migratory DC subpopulations 

(Daley, Hu et al. 2013, Stritesky, Xing et al. 2013, Klein, Kyewski et al. 2014). For example, 

direct presentation of TRAs by mTECs triggers negative selection of SP CD8+ and promotes SP 

CD8+ T cell tolerance. Also, the medulla provides a confined environment facilitating 

intercellular antigen transfer between mTECs and other APCs. In parallel, resident DCs present 

self-antigens that are captured from the thymus environment. In contrast, migratory DCs display 

blood-borne self-antigens and transport them from the thymus to the periphery (Klein, Kyewski 

et al. 2014).  
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1.3.2 Bone homeostasis and B cell lineage 

As mentioned in sections 1.1 and 1.2, bone homeostasis is carried out by osteoblast and 

osteoclast coupling. This indirectly supports lymphopoiesis including B lineage development 

through HSC niche maintenance (see section 1.2). In parallel, osteoblasts produce CXCL-12 and 

IL-7 with the help of parathyroid hormone (PTH). Both molecules induce B cell commitment 

and participate in B cell development (Calvi, Adams et al. 2003, Zhu, Garrett et al. 2007). 

Moreover, mature B cells indirectly modulate bone resorption by producing OPG and RANKL 

that regulate osteoclast differentiation. Interestingly, as opposed to RANKL deficiency, OPG 

deficiency stimulates B cell development suggesting a bi-lateral function for OPG and RANKL 

in bone and B cells (Kong, Yoshida et al. 1999, Yun, Tallquist et al. 2001, Horowitz, Fretz et al. 

2010). Furthermore, osteopetrotic mice models with inactive osteoclasts display a significant B 

cell loss, suggesting a potential crosstalk between osteoclast activity and the B-cell 

differentiation (Mansour, Anginot et al. 2011). Moreover, osteoclast progenitors affect other 

bone marrow hematopoietic cells by producing cytokines in presence of RANKL (Xing, 

Schwarz et al. 2005). Finally,  B cell commitment controls bone resorption rate via the specific 

inhibition of CCL3 by the transcription factor Pax5 in B cell precursors and limits the 

differentiation of early B cell precursors into osteoclast (Delogu, Schebesta et al. 2006). 

1.3.2.1 Bone marrow-dependent B cell differentiation 

Early B cell differentiation takes place in the bone marrow cavity, where B lineage 

progenitors develop from hematopoietic precursors. The successful progress of the 

differentiation sequence allows migration to the spleen and the lymph node for further 

maturation. Early stage of B cell lineage differentiation involves lymphoid precursors 

LMPPs/ELPs that differentiate into CLPs LY6D+ (Inlay, Bhattacharya et al. 2009, Miyazaki, 

Miyazaki et al. 2014). This late population generates the precursor of B lineage termed the pre-

pro-B cells or fraction A. This precursor expresses B cell-lineage marker B220 (CD45R) but not 

the surface immunoglobulin. Subsequent differentiation of fraction A is distinguished by the 

expression of various cell surface markers resulting in five B cell subsets called fraction B, C, D, 

E and F (Figure 1.9)(Nagasawa 2006, Hardy, Kincade et al. 2007).  
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The surface markers are grouped as follows: fraction A (B220+ CD19- c-kit+CD43+IgM-IgD-) 

is the pre-pro B subset; fraction B (B220+ CD19+c-Kit-CD43+IgM-IgD-) is the pro-B subset; 

fraction C (B220+ CD19+c-Kit-CD43+IgM+IgD-) is the early/large(pre)-B population; fraction D 

(B220+CD19+c-Kit-CD43-IgM-IgD-) is the late/small large (pre)-B; fraction E (B220+ CD19+ c-

Kit-CD43-IgM+IgD-) is the immature/newly formed B population and fraction F (B220+CD19+c-

Kit-CD43-IgMlow/hiIgDhi) is the mature/follicular B-cell (Figure 1.9) (Hardy, Kincade et al. 

2007).  

 

Figure 1.9. Schematic representation of early B lineage differentiation. 

Surface marker expression and the corresponding differentiation stage characterized by CLPs, 

pre-pro B, pro-B, pre B, immature and mature B populations. HSC: Hematopoietic stem cell; 

MLP: Multipotent lymphoid progenitors; ELP: Early lymphoid progenitors; CLP: Common 

lymphoid progenitors; NF B: Non-follicular B cells and Fo B: Follicular B cells. Figure 

adapted from (Hardy, Kincade et al. 2007) 
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Pro-B cells rearrange immunoglobulin heavy-chain (IgH) gene through successive V(D)J 

recombination to become (pre)-B cells which are identified by their expression of µM chain 

(transmembrane version of µ IgH). This µM chain is the initial determinant check-point during B 

cell development. Successful selection leads to the successive expansion and rearrangement of 

immunoglobulin light-chain (IgL) gene. In the immature B subset, surface expression of IgM 

corresponds to the second check-point. This promotes negative selection allowing tolerance 

mechanisms to delete or edit autoreactive cells (Hardy and Hayakawa 2001, Shapiro-Shelef and 

Calame 2005). Therefore, naive B cells that bypass this selection checkpoint can exit the marrow 

for further maturation in peripheral lymphoid tissues. BCR signaling and the low number of 

peripheral follicular B cells are hypothesized to drive immature B cell emigration from the bone 

marrow (Pillai and Cariappa 2009). 

1.3.2.1.1 Transcriptional regulation 

Transcriptional regulators PU-1, Ikaros, E2A/E47, Ebf1 and Pax5 are crucial during early B 

cell development in mice. Ebf1 and Pax5 act in B lineage specific progenitors (Ramirez, Lukin et 

al. 2010). In addition, downstream signaling by the IL-7 pathway is required for Foxo1 

activation and its subsequent functions at distinctive stages in B cell differentiation (Dengler, 

Baracho et al. 2008, Szydlowski, Jablonska et al. 2014). The transcription factor cMyb acts 

upstream Ebf1 to regulate pro-B cells survival and differentiation. Moreover, Runx1 deficiency 

in B cell progenitors results in inhibition of early B cell differentiation. Also, this developmental 

defect correlates with reduced expression of E2A, Ebf1 and Pax5, indicating a role for Runx1 in 

B development (Ramirez, Lukin et al. 2010, Yokota, Sudo et al. 2013).  

The low concentration of PU-1 promotes B-cell fate through remodeling of Pax5 enhancer. 

Ikaros contributes to B cell identity by promoting lymphoid choice from CLPs and by inhibiting 

NK cell fate. In addition, absence of Ikaros abrogates B cell commitment even in the presence of 

Ebf1 and Pax5. Ikaros also collaborates with Ebf1 and E2A to ease chromatin accessibility 

which is required for V(D)J recombination (Thompson, Cobb et al. 2007, Papathanasiou, Attema 

et al. 2009, Ramirez, Lukin et al. 2010).  

  



 

58 

E2A protein initiates Ebf1 and Pax5 expression in pro-B cells turning on the B cell 

commitment program and guiding cell maturation in germinal centers. Ebf1 expression 

contributes to B cell specific gene priming prior to their later expression and is required beyond 

the pre-pro stage. Moreover, Ebf1 and Pax5 repress certain genes, inducing other lineages 

(Ramirez, Lukin et al. 2010, Yokota, Sudo et al. 2013). Overall, combination of multiple 

transcription factors including E2A, Ebf1, Pax5, Runx1 and Ets proteins activates Mb-1 gene 

that encodes Igα, a component of pre- and mature B cell receptor (BCR) (Sigvardsson, Clark et 

al. 2002, Maier, Ostraat et al. 2004). In addition, expression of the BCR co-receptor CD19 is 

driven via enhancer remodeling by E2A and promoter binding by Ebf1 and Pax5 (Ramirez, 

Lukin et al. 2010). 

1.3.2.1.2 Bone marrow microenvironment  

During B cell lineage differentiation processes, the marrow environment provides crucial 

factors for cell growth, survival and proliferation. Multiple supporting molecules deriving from 

surrounding cells include CXCL-12/CXCR4, Flt-3/Flt3-ligand, RANK/RANKL and SCF/c-Kit 

axis (Nagasawa 2006). The stroma cells, osteoblasts and reticular cells produce CXCL-12 to 

stimulate anchorage and growth of pre-pro B cells in the developmental niche (Egawa, Kawabata 

et al. 2001, Horowitz, Fretz et al. 2010). The Flt3/Flt3 ligand axis also establishes the number of 

pre-pro-B and pro-B fractions through regulation of the CLP population. In addition, the SCF/c-

Kit axis signals the niche location to developing pro-B cells and pre-B cells. It also maintains B 

cell precursor number and pro-B cell proliferation synergistically with IL-7 cytokine derived 

from stroma cells (Waskow, Paul et al. 2002, Driessen, Johnston et al. 2003, Nagasawa 2006). 

Also, IL-7 derived from bone marrow mesenchyme participates in early B lineage development 

by acting on the expansion of CLPs and pre-pro-B cells. Moreover, the RANK/RANKL axis is 

essential for the pro-B to pre-B transition stage as well as during expansion of pre-B cells 

(Guerrini and Takayanagi 2014). 
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To facilitate these molecular interactions, developing pre-pro-B cells are in close proximity to 

CXCL-12hi reticular cells which surround bone marrow sinuses. In contrast, pro-B cells are 

located farther from CXCL-12hi cells but remain close to IL-7- expressing stroma cells. 

Additionally, pre-B cells are not found near either the CXCL-12hi cells or IL-7- expressing cells, 

indicating their independence from the marrow environment (Tokoyoda, Egawa et al. 2004, 

Nagasawa 2006). 

1.4 OSTEOPETROSIS: Example of an osteoimmunology disease 

The imbalanced osteoclast-osteoblast coupling is caused by abnormal bone cell number or 

activity. This phenotype impacts the overall bone homeostasis and the dependent marrow content 

including the lymphoid lineages. Consequently, this results in medical conditions such as 

osteopetrosis. This genetic disorder has diverse forms based on the model of inheritance, the type 

of genetic mutations and the severity. The most frequently diagnosed form of osteopetrosis is the 

mild form termed adult autosomal dominant type II or Albert-Schönberg disease. The most 

severe and lethal form is autosomal recessive osteopetrosis (ARO) affecting infants (Coudert, de 

Vernejoul et al. 2015). 

1.4.1 Pathophysiology of ARO 

The incidence of ARO is between 1:200000 and 1:300000 in children. This condition begins 

in utero and appears after birth. It is characterized by multiple symptoms. Abnormal bone 

remodeling in ARO patients leads to growth delay, deformed cranial bone, fragile bones and 

compromised teeth growth. In general, this abnormal remodeling originates from inactive 

osteoclasts and is illustrated by higher bone density visualized by X-ray. Consequently, ARO 

patients also display important hematologic abnormalities, bone marrow failure, extra medullary 

hematopoietic or hepatosplenomegaly. Immunoglobulin levels range from normal to low and 

impairment in peripheral B cell maturation has been reported in some patients (Guerrini, 

Sobacchi et al. 2008, Pangrazio, Cassani et al. 2012). In addition, ARO patients can sometimes 

be identified by macrocephaly with frontal bossing and concomitant neurological issues as well 

as cranial nerve entrapment leading to visual impairment and hearing loss.  
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Until now, the curative regimen includes hematopoietic cell transplantation or interferon-

gamma and calcitriol treatment to slow down hematological progression (Mazzolari, Forino et al. 

2009, Essabar, Meskini et al. 2014, Orchard, Fasth et al. 2015). Overall, HSC transplantation can 

cure osteopetrosis if administered in utero or early in life of ARO patients without neurological 

phenotype (Sobacchi, Schulz et al. 2013). Otherwise, these treatments only increase long-term 

survival. As a result, the absence of treatment and significant bone marrow graft failure explain 

premature death of ARO patients within a decade. This high death rate is mostly related to 

susceptibility to infections, anemia and hemorrhages (Blin-Wakkach, Wakkach et al. 2004, 

Orchard, Fasth et al. 2015). 

1.4.2 ARO-dependent gene mutations 

Three major spontaneous mutations are associated with the recessive form of osteopetrosis. 

They have been established in osteopetrotic mice models and confirmed in ARO patients. In 

general, these osteopetrotic patients and mice models have normal or higher osteoclast number 

that fail to resorb the bone matrix (Sobacchi, Frattini et al. 2001, Blin-Wakkach, Wakkach et al. 

2004).  

The mutation of TCRG1 (T cell immune regulator 1) gene is the most frequent, occuring in 

50% of ARO patients. TCRG1 encodes the alpha 3 subunit of the vacuolar proton pump (V-

ATPase). This pump is located at the ruffled border of active osteoclasts, where it regulates 

proton transport to the resorption lacunae and concomitant acidification (Sobacchi, Frattini et al. 

2001). The second important mutation affects 10% of ARO patients and targets the CLCN7 gene 

encoding for Chloride Channel 7. This channel is responsible for maintaining electro-neutrality 

during the acidification process of bone resorption (Kornak, Kasper et al. 2001). Moreover, 5% 

of ARO patients have mutations of OSTM1 (Osteopetrosis-associated transmembrane protein 1), 

a gene coding for the β-subunit of CLCN7 and participating in its transport to the ruffled border 

of osteoclasts. Mutation in OSTM1 and CLCN7 genes can also be responsible for severe 

neurodegeneration in ARO patients (Chalhoub, Benachenhou et al. 2003, Kasper, Planells-Cases 

et al. 2005, Lange, Wartosch et al. 2006, Pangrazio, Poliani et al. 2006). 
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1.4.3 Osteopetrotic Grey-lethal mouse   

In the last decade, the Grey-lethal (gl/gl) mouse has been established as one of the most 

relevant osteopetrotic mouse models for study of infantile autosomal recessive osteopetrosis. The 

gl/gl mice were discovered in 1935 by Grüneberg (Gruneberg 1935). However, the spontaneous 

Ostm1 gene mutation and the gene responsible for the gl/gl phenotype were only characterized 

almost 70 years later. In general, these mice are identified by their smaller size, grey-coat color, 

absence of tooth eruption, a higher bone density, anemia and a high number of inactive 

osteoclasts (Figure 1.10). The gl/gl phenotype recapitulates the main human symptoms of ARO 

patients (Chalhoub, Benachenhou et al. 2003). 

The Ostm1 gene is 25 Kb containing six exons and five introns. The ubiquitous expression of 

the Ostm1 gene has been detected as early as E 12.5. Also, the unique Ostm1 transcript of 3kb is 

found in various tissues including fetal liver, bone, brain, thymus and spleen. Furthermore, this 

gene encodes a protein of 338 amino acids or 38 kDa. OSTM1 protein features a signal peptide 

and a type I transmembrane domain in its C-terminal domain (Figure 1.10). Furthermore, the 

murine and human OSTM1 proteins display 83% homology (Chalhoub, Benachenhou et al. 

2003). Additionally, 10 N-glycosylation sites have been identified in its luminal domain (Lange, 

Wartosch et al. 2006). This results in OSTM1 proteins of ~ 60 kDa and 80 kDa. In parallel, the 

cellular localization of OSTM1 in the endoplasmic reticulum (ER), golgi apparatus and 

lysosomes suggests a function associated with intracellular trafficking and organelle dispersion. 

This late function could also result from the multiple interactors of OSTM1 via its C-terminal 

domain (Pandruvada, Beauregard et al. 2015)(Pandruvada, Beauregard et al. 2015)(Pandruvada, 

Beauregard et al. 2015). 

The gl/gl mutation affects the Ostm1 locus and corresponds to a 7.5 Kb deletion including the 

promotor region, the first exon and a portion of the first intron. This spontaneous deletion is 

associated with a repetitive motif LINE-1 and generates a null phenotype that lacks Ostm1 

transcript and protein expression. The first human OSTM1 mutation has been described in a 

patient homozygous for the mutation that is characterized by a G to A transition at the donor 

splice site of intron 5.  
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This leads to exon 5 skipping and absence of the (type I) transmembrane domain of the 

truncated protein. This human OSTM1 mutation causes premature death at approximately 31 

days-old and is associated with severe ARO (Chalhoub, Benachenhou et al. 2003, Quarello, 

Forni et al. 2004, Maranda, Chabot et al. 2008). Until now, two nonsense, one frame-shift and 

one splice site mutations as well as micro deletions are identified in ARO patients. All these 

mutations perturb OSTM1 function and cause a lethal osteopetrotic phenotype (Mazzolari, 

Forino et al. 2009, Ott, Fischer et al. 2013). 

Analysis of the gl/gl bone phenotype reveals 20% increase in osteoclasts number with 

defective activity to resorb the bone matrix. Despite their ability to attach the bone surface, the 

functional defect of gl/gl osteoclasts is illustrated by an underdeveloped ruffled border and actin 

rings that are responsible for ion transport during bone resorption. Defective gl/gl osteoclasts 

impact on the remodelling of trabecular bone leading to 3-fold increase in bone density. 

Moreover, the gl/gl bone marrow cavity is drastically reduced and filled by bone 

(Rajapurohitam, Chalhoub et al. 2001).  

Furthermore, the grey-coat color of gl/gl mice is explained by an abnormal distribution 

and clumping of the yellow pigment (pheomelanin) in the murine hair and detectable only on an 

agouti background (GRÜNEBERG 1936). Ostm1 gene is hypothesized to regulate the trafficking 

of this yellow pigment (unpublished data from Vacher Lab). gl/gl mice can also develop severe 

neuronal and retinal photoreceptor degeneration independently of hematopoietic defects. 

Investigation of both pathologies revealed a novel Ostm1 function in the regulation of an 

autophagic pathway and the related inflammatory response (Heraud, Griffiths et al. 2014). 
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Figure 1.10. Characteristics of the osteopetrotic Grey-lethal mice.  

A) gl/gl mouse displays grey coat color compared to agouti control. B) Femur histologic 

sections show a severe reduction of bone marrow in gl/gl mice. C) Schematic representation 

of the OSTM1 protein structure including SP (signal peptide), Luminal domain containing 10 

glycosylation sites, TM (Transmembrane domain) and CT (C-terminal) domain. Figure is 

adapted from unpublished data from Vacher lab and (Rajapurohitam, Chalhoub et al. 2001, 

Pandruvada, Beauregard et al. 2015). 
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1.5 HYPOTHESIS AND RESEARCH GOAL 

One major hematopoietic phenotype of gl/gl mice is linked to deregulation of the lymphoid 

lineages including a decreased B lymphoid population and an altered T cell differentiation and 

maturation. These lymphoid defects of gl/gl mice are consistent with the higher susceptibility to 

infections that has been depicted in ARO patients.  

The transgenesis strategies to rescue all osteopetrosis associated phenotypes have been 

previously tested in our laboratory. For example, PU-1-Ostm1-gl/gl transgenic animals have 

demonstrated the rescue of osteopetrotic and hematopoietic B and T cells defects. Based on these 

results, we have hypothesized that Ostm1 gene may be required in additional hematopoietic 

lineages and/or in a crosstalk mechanism between other hematopoietic cells for osteoclast 

activation. 

Therefore, my research goal is to determine the role of Ostm1 gene in T and B lymphoid 

phenotypes in the gl osteopetrotic context and to investigate the potential crosstalk between 

inactive osteoclasts and the lymphoid phenotype of the osteopetrotic gl/gl mice. 

To do so, the first part of my project details the gl/gl thymus phenotype, the subsequent T cell 

differentiation defects based on the Ostm1 gene expression profile. Also, the specific Ostm1 

gene overexpression of T cell lineage in gl/gl mice is used to understand the Ostm1 contribution 

at a cellular level independent of the other osteopetrotic hallmarks (Chapter 2) 

To understand the role of Ostm1 in B lineage, chapter 3 describes the B lymphoid defects of gl/gl 

mice. It also discusses analysis of the transgenic gl/gl mice with the Ostm1 overexpression 

targeted to B cell lineage and the mice with B cell specific deletion of Ostm1 gene by using the 

cre-lox system. 
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CHAPTER 2: THE THYMUS PHENOTYPE OF gl/gl 
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2.1. PREFACE 

 Our previous analysis of the gl/gl animals demonstrated a broader defect in hematopoietic 

lineages aside from osteoclasts. In fact, the transgenesis strategy using the PU-1 promoter 

allowed us to restore Ostm1 gene expression both in myeloid and lymphoid lineages of gl/gl 

mice. This study revealed an abnormal T lineage distribution in the gl/gl thymus. Moreover, the 

T cell rescue of PU-1-Ostm1 gl/gl transgenic mice demonstrated the requirement of the Ostm1 

gene for normal T cell distribution in the thymus (Figure 2.1). However, the cause of defective T 

cell distribution in gl/gl mice needs to be determined. For this purpose, I dissected the gl/gl 

thymus phenotype throughout T cell developmental (objective 1).  

 Furthermore, this previous work could not exclude the myeloid contribution in the T cell 

rescue of PU-1-Ostm1 gl/gl transgenic mice, since the PU-1 promoter targets both myeloid and 

lymphoid lineages. In addition, the rescued bone-marrow of these transgenic mice has raised the 

possibility of a potential indirect function for Ostm1 gene in T lineage development either by 

restoring osteoclast activity or by regulating the T cells precursor niche. Thus, the direct versus 

indirect contribution of the Ostm1 gene in the T lineage phenotype of gl/gl animals remains 

unclear (Objective 2). For this purpose, we mainly restored Ostm1 expression in the T lineage by 

using a mouse in which the CD2 promoter activates expression of Ostm1 to generate CD2-

Ostm1-gl/gl transgenic mice. I then characterized the osteopetrotic and lymphoid phenotypes of 

the CD2-Ostm1-gl/gl transgenic mice. Finally, I investigated the molecular differences at the 

transcriptional level that could explain the T cell developmental defect in the absence of the 

Ostm1 gene. 

 

Figure 2.1. The rescued T cell distribution in gl/gl PU-1-Ostm1 mice. 
Surface expression of CD4 and CD8 markers and the corresponding T cell distribution within the 
thymus and in comparison to wild-type and gl/gl animals (Pata, Heraud et al. 2008). 
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2.2.1. ABSTRACT  

Mutations affecting the Ostm1 gene are responsible for the most severe form of 

autosomal recessive osteopetrosis, both in humans and in grey-lethal (gl/gl) mice. This 

osteopetrotic phenotype is associated with increased inactive osteoclasts, obliteration of marrow 

space, and major lymphopoietic defects leading to increased susceptibility to infections and 

premature death in mice at three weeks of age. The altered distribution of the double and single 

positive CD4+ and CD8+ T cells in gl/gl mice suggests an unknown role for the Ostm1 gene in T-

cell differentiation. Until now, it was unclear whether this depletion of DP (CD4+CD8+) 

thymocytes in gl/gl mice resulted from an impaired bone marrow input or from a cell-intrinsic 

deregulation. Our study reports a progressive deficit from ETPs to DP T-cells in gl/gl thymi. 

Subsequent ex vivo co-culture assays of gl/gl ETPs cells revealed faster differentiation that could 

be related to Rac1 overexpression. Interestingly, the T cell specific restoration of Ostm1 

expression was able to normalize Rac1 level and the thymic distribution of T cell populations. 

However, these transgenic mice maintained an osteopetrotic bone marrow. Together, these 

findings provide the first evidence of an early cell-autonomous role for Ostm1 gene in thymus-

dependent T cells homeostasis independently of the myeloid osteoclast lineage. 
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2.2.2.  INTRODUCTION  

Osteoimmunology highlights the molecular interplay between the bone and the immune 

systems (Arron and Choi 2000, Takayanagi 2005, Lorenzo, Horowitz et al. 2008). Newly-

differentiated mature T cells display an increased expression of RANKL (receptor activator of 

nuclear factor-κb ligand) (Lacey, Timms et al. 1998) which is known to control osteoclast (OC) 

differentiation upstream of the NFATc1 (nuclear factor of activated T cells cytoplasmic) 

transcription factor (Danks and Takayanagi 2013). Additionally, T lymphocytes help to maintain 

bone homeostasis by secreting the pro-inflammatory IL-17 (Interleukin 17) which induces high 

RANKL secretion from mesenchymal cells to initiate osteoclastogenesis (Lacey, Timms et al. 

1998, Danks and Takayanagi 2013). An indirect crosstalk between bone homeostasis and 

lymphoid lineages was also revealed via the capacity of mature bone resorbing osteoclasts (OC) 

to modulate the hematopoietic stem cell (HSC) niche residing in the marrow and the concomitant 

LSK (Lineage-Sca1+Kit-) cells containing the lymphoid progenitor pool (Kollet, Dar et al. 2006, 

Mansour, Abou-Ezzi et al. 2012, Mansour, Wakkach et al. 2012, Blin-Wakkach, Rouleau et al. 

2014). Consequently, an undermined synchronicity of hematopoietic lineages can result in 

immunodeficiency and subsequent vulnerability to infections depicted in osteopetrotic patients 

(Blin-Wakkach, Bernard et al. 2004, Guerrini, Sobacchi et al. 2008, Essabar, Meskini et al. 

2014). 

The grey-lethal (gl/gl) osteopetrotic mice are characterized by a spontaneous null 

mutation in the Ostm1 (Osteopetrosis associated transmembrane protein 1) gene. This mutation 

leads to ineffective OC resorption, obliteration of bone marrow (BM) space, anemia, 

deregulation of hematopoietic lineages, and premature death linked to the most severe form of 

ARO (autosomal recessive Osteopetrosis) (Rajapurohitam, Chalhoub et al. 2001, Chalhoub, 

Benachenhou et al. 2003, Maranda, Chabot et al. 2008). The clinical relevance was confirmed in 

OSTM1 patients who display similar bone and hematopoietic defects, leading to a high 

susceptibility to infection and premature death under 10 years of age (Quarello, Forni et al. 2004, 

Lange, Wartosch et al. 2006, Pangrazio, Poliani et al. 2006, Maranda, Chabot et al. 2008). Only 

an early bone marrow transplantation with effective engraftment can alleviate osteopetrotic 

features in ARO patients and extend their lifespan (Coccia, Krivit et al. 1980, Gerritsen, Vossen 

et al. 1994, Villa, Guerrini et al. 2009, Sobacchi, Schulz et al. 2013).  
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The complete rescue of the OC defect as well as the hematopoietic B and T cells deficit 

in PU-1-Ostm1-gl/gl transgenic mice supported a hematopoietic crosstalk for production of 

active OC (Pata, Heraud et al. 2008). More specifically, restoration of the T-lymphoid 

distribution of immature double positive (DP: CD4+CD8+) and mature single positive (SP) CD4+ 

or CD8+ populations in PU-1-Ostm1-gl/gl transgenic mice suggested a role for the Ostm1 gene in 

the T cell differentiation program or the restoration of the BM niche (Pata, Heraud et al. 2008). 

 

Mobilization of early thymic cell progenitors (ETPs: Lineage-Sca1+CD44+c-Kithi) from 

the BM through the bloodstream is essential to initiate the T cell differentiation program 

(Yokota, Huang et al. 2006, Cyster 2009, Gossens, Naus et al. 2009, Zuniga-Pflucker 2009, Shah 

and Zuniga-Pflucker 2014). In the thymus, T cell development progresses from double-negative 

(DN: CD4-CD8-) to double positive (DP: CD4+CD8+) stages that give rise to mature and 

functional single positive (SP CD4+ or CD8+) cells. DN populations consist of four immature 

subsets including DN1 (CD44+CD25-), DN2 (CD44+CD25+), and DN3 (CD44-CD25+), which, 

following TCR beta gene rearrangement, become DN4 (CD44-CD25-).  

 

Proper T cell development relies on the integrity of the three-dimensional architecture of 

thymic epithelial cells combined with production of chemokines and specific signals such as 

Notch that are essential for survival, proliferation, and intrathymic homing and migration of 

ETPs/DN1ckithi cells (Misslitz, Pabst et al. 2004, Bleul, Corbeaux et al. 2006, Mohtashami and 

Zuniga-Pflucker 2006, Takahama 2006, Yokota, Huang et al. 2006, Petrie and Zuniga-Pflucker 

2007, Gossens, Naus et al. 2009). ETPs/DN1ckithi migrate from the cortico-medullary junction 

to the sub-capsular region where they differentiate into DN2/DN3 cells, and then become DP in 

the outer cortex before maturing into SP CD4+ or CD8+cells in the medulla (Misslitz, Pabst et al. 

2004, Bleul, Corbeaux et al. 2006, Mohtashami and Zuniga-Pflucker 2006, Takahama 2006, 

Yokota, Huang et al. 2006, Petrie and Zuniga-Pflucker 2007, Gossens, Naus et al. 2009). 

Furthermore, cellular lifespan combined with an early T cell progenitor input from the BM 

determine thymocyte turnover.  
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When BM contribution is compromised, thymus-autonomous differentiation maintain 

productivity of existing early T lymphocytes that have gained an extended lifespan in the 

absence of new competitors for stromal niches. In conjunction with the maintained homeostatic 

proliferation of peripheral T cells, this prevents depletion of T cell populations to sustain a long-

term immune response (Tan, Ernst et al. 2002, Martins, Ruggiero et al. 2012, Peaudecerf, Lemos 

et al. 2012, de Barros, Vicente et al. 2013). 

 

To investigate the exclusive role of the Ostm1 gene in T cell lineage, the expression of 

this gene was confirmed from DN1 to mature SP T cells, supporting a role of Ostm1 within T 

lineage homeostasis of gl/gl. Our current study revealed the time-dependent thymus degeneration 

resulting from combined events initiated at the ETP/DN1 stage and associated with the loss of 

Ostm1. Second, specific restoration of Ostm1 in T cells of gl/gl mice under the control of the 

CD2 (Cluster of differentiation 2)  promoter within gl/glTR (CD2-Ostm1 gl/gl transgenic mice) 

distinguished the BM function  from the cell-intrinsic function of Ostm1 in thymic homeostasis 

(Lang, Wotton et al. 1988, Lang, Mamalaki et al. 1991, Monostori, Lang et al. 1991, de Boer, 

Williams et al. 2003). All gl/glTR showed a rescue in the T cell distribution from early 

thymocytes to mature cells while in the gl/gl stromal environment. However, gl/glTR mice 

maintained an underdeveloped osteopetrotic BM and die prematurely, suggesting a T cell-

autonomous role for Ostm1 during thymocyte differentiation. Furthermore, RNA-seq 

experiments revealed a different transcriptome signature of early T cell population (DN1: 

Lineage-CD44+CD25-) isolated from control, gl/gl and gl/glTR thymi. Overexpression of S1pr1 

and Rac1 coincide with the enhanced gl/gl DN1 cells migration in vitro. Furthermore, this altered 

transcriptome of gl/glDN1 migration was normalized within CD2-Ostm1gl/gl DN1.  

 

In summary, this study provides the first evidence of the time-dependent effect of Ostm1 

in potentiating thymus-autonomous T cell development by regulating intrathymic migration of 

early T population via Rac1/S1pr1 independent of BM input. 
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2.2.3. MATERIALS AND METHODS 

Mice 

The mouse strain GL/Le dlJ +/+gl was obtained from The Jackson Laboratory (Bar Harbor, ME) 

and maintained by heterozygous brother × sister mating for ∼200 generations. Homozygous gl/gl 

mice were used for analysis with +/+ littermates as controls. All experiments on animals were 

approved by the institutional animal care committee and Canadian Council on Animal Care. 

 

Generation and analysis of transgenic animals 

CD2-Ostm1 transgenic animals (129sv/C3H): The CD2-Ostm1 construction was produced using 

the Ostm1 cDNA (1.055 kb) with a V5 tag linked to the CD2 promoter (1.8 kb, XhoI/XbaI) 

upstream, poly(A) signal (0.8 kb) and hCD2Locus control region (LCR) sequence (6Kb) 

downstream. Linearized transgene (ECoRI/SmaI) was injected into fertilized oocytes from F2 

(C3H×C57BL/6). Transgenic mice were identified by PCR primers targeting transgenic CD2-

Ostm1 and endogenous Ostm1. PCR amplification conditions were 94 °C, 5 min, followed by 30 

cycles of 94 °C for 30secs, 65°C for 30secs, and 72 °C for 10 min. Transgene integrity and copy 

number were determined by Southern blot using a radioactive probe targeting exon1 of Ostm1 

gene. Transgenic lines were crossed with heterozygous gl/+ mice to generate gl/gl CD2-Ostm1 

transgenic progenies at F2.  

 

Expression Analysis 

Total RNA from enriched early T-lineage progenitor (ETPs), mature and immature thymocytes 

populations, and tissues including bone marrow, brain, kidney, thymus, liver, and spleen was 

isolated with Trizol or MagMax total RNA isolation kit (Life technologies) protocols from CD2-

Ostm1 transgene expression was quantified by using 1µg of total RNA by semi-quantitative 

PCR. Experimental conditions were 94 °C for 5 min, followed by 30 cycles of 94 °C for 0.5 min, 

65°C for 0.5 min, and 72 °C for 0.5 min. CD2-Ostm1 transgene  and Ostm1 expression were 

determined and normalized to S16 gene by real-time quantitative PCR using 50ng to 1µg of 

DNase (Invitrogen)-treated total RNA. All reactions were performed in triplicate using a Syber 

Green Master Mix (Life technologies).  
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PCR conditions were 94 °C, 15 min, followed by 45 cycles of 94 °C for 0.5 min, 55 °C for 0.5 

min, and 72 °C for 0.5 min by MX4000 Multiplex quantitative PCR analyzer or 50 °C for 2 min; 

95 °C for 10 min followed by 45 cycles of 95 °C for 15 sec, 60 °C for 30 sec with Viia 7 Real-

time PCR system (life technologies). 

RNA extraction of 50ng to 300ng from sorted cells was used for cDNA synthesis using qScript 

cDNA supermix protocol (Quanta biosciences). Quantification of gene expression including 

endogenous Ostm1, CD2-Ostm1 transgene, endogenous CD2, Rac1, S1pr1, Spns2, Sphk1,  

Sphk2, Sgpp1, Sgpp2, Sgpl1 and S16 was performed at 50 °C, 2 min, 95 °C for 10 min followed 

by 45 cycles of  95 °C for 15 sec, 60 °C for 30 sec by Viia 7 Real-time PCR system (life 

technologies). 

 

Flow cytometry and cell sorting 

Fluorescence-Activated Cell Sorting (FACS) Analysis: Flow cytometry analysis was carried out 

on a single cell suspension from spleen and thymus in phosphate-buffered saline with 1% heat-

inactivated fetal bovine serum. Nucleated cells (1.5×106) were stained with antibodies from 

eBioscience: phycoerythrin-conjugated anti-CD4, anti-B220, anti-CD19, anti-TCR-β or 

Streptavidin; fluorescein isothiocyanate-conjugated anti-CD8, anti-CD44, anti-Ly6-G, anti-

CD62L, anti-Lys-51 or Streptavidin; APC conjugated anti-cKit, anti-CD44, anti-CD45; Pe-Cy7 

conjugated anti-CD25, anti-Sca-1 and anti-MHCII. Data acquisition and analysis were 

respectively done with CellQuest and FlowJo softwares on a BD FACS Calibur four-color flow 

cytometer and BD LSR cytometer. 

Cell sorting: ETPs, DN1 to DN4 populations were sorted using Moflo cytometer, followed by 

RNA extraction using MagMax Total RNA isolation kit protocol (Life technologies).  

 

Bone cellular analysis 

Ex Vivo OC Differentiation- Spleen derived OC-like cells were differentiated from spleen-

derived macrophage progenitor cell in vitro for 6 days in α-minimal essential medium (AMEM) 

supplemented with 10% fetal bovine serum, 10 ng/ml macrophage-colony-stimulating factor (M-

CSF), and 50 ng/ml receptor activator of NF-κB ligand (RANKL). OC morphology and nuclei 

number were assessed using an Axiopholt 12 (Zelda) microscope with 10x, 20X and 40x 

magnifications. 
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Western Blot 

Proteins were isolated from hematopoietic tissues (spleen and thymus), kidney, liver and brain in 

RIPA buffer containing proteinase inhibitors cocktail: PMSF, β-Glycerophosphate, Sodium 

vanadate and proteinase inhibitor cocktail. Tissue protein extract was quantified by Bradford 

assay on ELISA reader (Roche). V5-Ostm1 transgene protein expression was detected following 

an overnight incubation with a primary antibody anti-V5-HRP (Invitrogen) in Tris-buffered 

saline, 0.1% tween 20 (TTBST 1X) and Bovine serum albumin (BSA) 3%. Following incubation 

with stripping solution at 55oC for 30 minutes, PVDF membrane was incubated with the primary 

antibody β-actin from Sigma for 1-2hrs, washed 3 times in TTBST 1X followed by a second 

incubation with anti-mouse IgG HRP for 1hr. Protein detection and quantification were 

determined via BioRad Image lab software. 

 

Histological and X-ray Analysis 

 Thymus and spleen samples from mice of P8, P15 and P21 were fixed in 10% phosphate-

buffered formalin and embedded in paraffin. Sections were stained with hematoxylin and eosin 

(H&E) and anti-Ki67. Tissue sections were mounted, and analyzed using an Axiopholt 

microscope (Zelda) at 10 X, 20 X and 40 X magnifications. Bone density from P14 and P21 

mice were evaluated by X-Ray scan using Faxitron MX20 (18 Kv, 10 s).  

 

In vitro transwell migration assay 

Thymus from gl/gl, gl/glTR and control mice at P19 were isolated and homogenized in 

RPMI1640 + 0.5% BSA under sterile conditions. Total cells were rested for 2 hours at 37◦C and 

5% CO2.  Cell input of  2 x 106 cells in 100µl of migration medium in the upper chamber and 

600µl of RPMI1640 + 0.5% BSA with or without 100ng/µl of SDF-1α (Peprotech) in the bottom 

chamber of a 24-well transwell plate (Corning, 5.0µm, cat #3421). Migrated DN1 percentage 

was assessed after 2 or 18 hours incubation at 37◦C and 5% CO2. Percentage of migrated DN1 

(Lin- CD44+ CD25-) cells in the lower chamber was normalized to the DN1 percentage in the 

separate input well.  
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RNA sequencing  

RNA of sorted DN1 cells from 2 to 3 different litters of 19 days-old: wild-type (2), gl/glTR (2) 

and gl/gl (3) animals was extracted and pooled. Total RNA was isolated using MagMax total 

RNA isolation kit (Life technologies). RNA integrity and quality were assessed by Bionanalyzer 

RNA pico chips (Agilent). Ribosomal RNA depletion was performed using kit Epicentre. 

Generation of transcriptome libraries from 4 to 25ng of total RNA using TruSeq stranded Kit 

including RNA fragmentation followed by cDNA and double strand cDNA synthesis, cDNA 

fragmentation, end repair of fragmented cDNA, adapter oligonucleotide ligation and 15 cycles of 

PCR enrichment using Illumina protocol and reagents. Quality control was validated by using 

Nanodrop. Size and concentration control were determined by HSdna chip and quantification by 

quantitative PCR. Samples were pooled and amplified in cDNA clusters using cBot (Illumina). 

Paired-end sequencing (PE50) was performed on HiSeq 2000. Raw data are accessible through: 

GEO number: GSE72184. 

 

Computational analysis  

The raw data reads were zipped in FASTQ format. Gene expression analysis was executed 

following current protocol (Trapnell, Roberts et al. 2012, Trapnell, Roberts et al. 2014). Big wag 

files were generated from BAM files to facilitate UCSC browser alignment. Differential gene 

expression was evaluated using Cuffdiff 2.2.1 

(http://cufflinks.cbcb.umd.edu/manual.html#cuffdiff). Analyzed data were processed and 

presented by using CummeRbund 2.6.1 (http://compbio.mit.edu/cummeRbund/) with R 3.1.0. 

Biological pathway changes corresponding to differentially expressed genes were determined by 

using Ingenuity Pathway Analysis (IPA) 2014(Qiagen:http://www.ingenuity.com/products/ipa 

http://www.ingenuity.com/wp-content/uploads/2014/06/Citation-Guidelines.pdf); and Database 

for Annotation, Visualization and Integrated Discovery (DAVID): https://david.ncifcrf.gov/. All 

referred webpages above describe how to install computational programs and tools for RNA 

Sequencing analysis. 

 

 

 

 

https://poste.ircm.qc.ca/owa/redir.aspx?C=ckqH5YJDokCJC-BGY9MRtqSK_MckkNEIdA-v_fi6I6jKcjiQZv0waJmn2DZaTIJHJXQvip3WiSo.&URL=http%3a%2f%2fcufflinks.cbcb.umd.edu%2fmanual.html%23cuffdiff
https://poste.ircm.qc.ca/owa/redir.aspx?C=ckqH5YJDokCJC-BGY9MRtqSK_MckkNEIdA-v_fi6I6jKcjiQZv0waJmn2DZaTIJHJXQvip3WiSo.&URL=http%3a%2f%2fcompbio.mit.edu%2fcummeRbund%2f
https://poste.ircm.qc.ca/owa/redir.aspx?C=ckqH5YJDokCJC-BGY9MRtqSK_MckkNEIdA-v_fi6I6jKcjiQZv0waJmn2DZaTIJHJXQvip3WiSo.&URL=http%3a%2f%2fwww.ingenuity.com%2fproducts%2fipa
http://www.ingenuity.com/wp-content/uploads/2014/06/Citation-Guidelines.pdf
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OP9-DL4 co-culture assays 

OP9 stromal cells expressing DL4 were plated at 2.0 × 104cells/well and co-cultured with sorted 

gl/glETPs and control ETP cells (~ 500 to 750 cells). The cells were incubated in Opti-α-

modified Eagle medium (OPTIMEM) supplemented with 50 µM of 2-mercaptoethanol (Sigma); 

2 ng/mL of IL-7; 10 ng/mL Fms-like tyrosine kinase 3 ligand and 20 ng/mL of Stem Cell Factor 

(PeproTech) and 20 % charcoal-stripped fetal bovine serum (Sigma). Cell differentiation from 

DN1 to DP stage was assessed using Fluorescence-Activating Cell sorting after 5, 8, 15 and 20 

days in culture. 

 

Statistical Analysis  

Values are expressed as mean ± SEM. Statistical analysis was performed using Graphpad Prism 

software (San diego, CA). Unpaired two-sample Student’s t test was used for statistical analysis 

with p ≥ 0.05 considered significant.  
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2.2.4. RESULTS  

gl/gl thymi exhibit abnormal architecture and cellularity  

To investigate the potential consequence of the loss of Ostm1 in T lineage homeostasis, 

thymus architecture and T lymphoid populations were characterized in gl/gl mice. Thymus 

sections from gl/gl mice showed a time-dependent structural disorganization when compared to 

age-matched controls (Fig 2.2A). At post-natal (P) day 15 and 21, gl/gl mice exhibited an 

unclear cortico-medullary demarcation and the thymi cortices from these mice were hypocellular 

(Fig 2.2A). Additionally, Table 1.1 summarizes other gl/gl thymus features at P21. This includes 

severe reduction of animal body weight and the diminished thymus/body weight ratio indicating 

an independent reduction of thymus size. Concordant with these data, total gl/gl thymus 

cellularity was approximately 100-fold lower. The number of immature DP (CD4+/CD8+) 

population is drastically reduced and there is 2 fold less mature SP CD4+ or CD8+ populations.  

 

To define the timeframe of this thymic phenotype, T cell distribution was monitored 

within gl/gl and control thymi harvested from mice at P3, P8, P15 and P21. gl/gl thymic 

cellularity and T lineage distribution at P3 and P8 showed no significant difference when 

compared to controls (Fig 2.2B). However, by P15, total thymic cellularity was 100-fold reduced 

within gl/gl thymi and reached a maximum depletion at P21 (Fig 2.2B). These data suggest age-

dependent thymus cell depletion and disorganized thymic architecture starting at P15 within gl/gl 

animals.  

 

Therefore, to explore gene relevance in T cell populations, quantitative Ostm1 gene 

expression was established within sorted early cell (DN1-DN4) and mature T cell (SP CD4+ or 

CD8+) subsets. A significant fold-change in DN1c-Kit++ and DP populations supports the 

functional relevance of Ostm1 in these T cell subsets (Fig 2.2C). Interestingly, the severe 

depletion from 85% to 18% of the DP population occurs at P15 and reaches 11.5% of DP 

population at P21 in gl/gl thymus compared to control (Fig.2.2D). 

 

Collectively, these findings suggest that in absence of Ostm1, a time-dependent deficit of 

DP population and subsequent degenerative changes occur within the thymus. 
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Figure 2.2. gl/gl thymi exhibit abnormal architecture and cellularity.  

(A) Histology sections showing tissue integrity of control (+/+) and gl/gl thymi dissected from 

mice of 8, 15 and 21 days-old (n=2) by Hematoxylin and Eosin (H&E) staining and 

magnification at 20X. (B) Total cellularity (n=3) within gl/gl and control thymi from 3, 8, 15 and 

21 days-old mice, data as mean of cell number x 106 ± SEM with ***p<0.001. (C) Quantitative 

Ostm1 gene expression of sorted T cell populations (n=4) from DN1cKithi to DN4 (left panel) 

and from DP to mature SP CD4+ or CD8+ (right panel) populations isolated from +/+ thymus of 

21 days-old mice. Figures (A-B) represent data from age-matched mice.  

 

  

A 
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Table 1.1. Thymic lymphoid cellularity of grey-lethal (gl/gl) mice 

 

 

Figure 2.2. gl/gl thymi exhibit abnormal architecture and cellularity (continued) 

(D) Time-course analysis of (DP: CD4+CD8+) cells distribution in 3, 8, 15 and 21 days-old control 

and gl/gl thymus.  

+/+   

gl/gl   
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Loss of Ostm1 leads to defective T cell development 

  In the thymus, the DP cell pool is modulated by three factors: ETP input from BM, the 

subsequent differentiation of ETPs into the right proportion of DN1-DN4 populations, and the 

differentiation kinetic of DP cells into mature SP CD4+ or CD8+ cells (Bhandoola, Sambandam 

et al. 2003, Prockop and Petrie 2004, Petrie and Zuniga-Pflucker 2007). Therefore, to examine 

the impact of Ostm1 depletion on thymocyte homeostasis, the deficit of DP cells was dissected 

within gl/gl thymus based on this T cell developmental scheme at the culminant age point P21. 

 

For this purpose, we first confirmed that the majority of gl/gl DP cells were TCR-βint or 

CD69+(Fig 2.3A), indicating that the reduced DP population in gl/gl thymus express the αβ TCR 

and could produce mature SP cells (Bhandoola, Cibotti et al. 1999). Interestingly, the TCR-β and 

CD69 expression of mature SP CD4+ or SP CD8+ within the gl/gl thymus was similar to control, 

implying that there are newly-developed mature T cells within gl/gl thymus (Fig 2.3A). 

Moreover, we noticed a small TCR-βhi subset within gl/gl DP and SP CD8+cells, as well as 

CD69hi subset within the gl/gl DP (Fig 2.3A) which could also indicate a slight increase in 

negative selection of the gl/gl thymus (Van De Wiele, Marino et al. 2004). 

 

Mature SP CD4+ or CD8+ cells from the positively-selected DP population have 

previously been shown to migrate into peripheral lymphoid tissues to mediate immune response 

(Weinreich and Hogquist 2008). Despite the 2.5 fold reduction of splenic cellularity in gl/gl 

mice, newly-differentiated mature SP CD4+ or CD8+ cells were normally distributed in the gl/gl 

spleen (Fig 2.3B) and lymph node (Appendix 1.1). Furthermore, the frequency of naïve T cells 

(CD62L+CD44+) across mature SP CD4+ or CD8+ fractions within the gl/gl spleen are slightly 

increased compared to control (Fig 2.3B).  

 

Collectively, these observations suggest that the earliest gl/gl thymocytes prior to P15 

have a normal distribution and differentiation compared to wild-type thymocytes. The gl/gl 

thymocytes also maintained the ability to colonize peripheral lymphoid tissue such as the spleen 

and lymph nodes at P21 (Appendix 1.1). Our findings illustrate the time-dependent defective T 

cell differentiation of gl/gl mice. 
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Furthermore, the normal distribution and egress of mature CD4+ or CD8+ SP suggest that 

DP depletion in the gl/gl thymus may result from earlier T cell developmental defects. To 

address this, we first determined by flow cytometry the percentage of ETPs in the thymus at P21. 

The ratio of the number of ETPs to the total cell number was 3 times lower within gl/gl thymus 

when compared to the control, suggesting that the disturbance of T cell development in gl/gl 

mice occurs due to previous T cell developmental defects prior to the DP stage (Fig 2.3C). Thus, 

these findings led us to monitor early T cell differentiation of the DN1 to DN4 populations 

within the gl/gl thymus at P8, P15 and P21. Surprisingly, an important differentiation block at 

the DN1 to DN2 transition is observed in the gl/gl thymus, and coincides with the presence of 

intermediary subset (CD44intCD25int) in the gl/gl thymus at P15 and P21 (Fig 2.3D).  

 

To validate causality between this aberrant T cell differentiation pattern and Ostm1 gene 

mutation, ETPs (500–1500) from gl/gl and control mice were co-cultured in vitro on an OP9 

BM-derived stroma layer expressing the Notch-ligand, DL4. The ETPs were monitored during 5, 

8, 15 and 20 days for their differentiation potential into DN1-DN4 subsets and DP thymocytes. 

This in vitro experiment demonstrates a rapid decrease of the DN2-DN3 subsets and subsequent 

increase of the DN4 fraction (Fig 2.3E, top panel) and DP subsets (Fig 2.3E, bottom panel) at 

day 15 of culture of gl/gl ETPs. By day 20, both control and gl/gl ETPs reached a similar 

percentage of DP population (Fig 2.3E). This suggests an accelerated differentiation of gl/gl 

ETPs when compared to the control. Surprisingly, this co-culture assay exhibits the maintenance 

of the gl/gl T cell development in vitro with an increased effectiveness; which also suggest either 

a normal Notch1 responsiveness or a Notch-independent differentiation of gl/gl ETPs. 

 

Taken together, the early gl/gl differentiation block at the DN1-DN2 stage in vivo from 

P15 combined with an intensified gl/gl ETP differentiation in vitro suggest an Ostm1 function in 

the time-dependent exhaustion of the T cell differentiation programme. 
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Figure 2.3. Loss of Ostm1 leads to defective T cell development  

(A) Flow cytometry profiles (n= 3) showing TCR-β and CD69 expression level of DP and SP 

CD4+ or CD8+ populations within gl/gl or +/+ thymi at P21. (B) Total cell number per spleen 

(n=4) with **p<0.001 and flow cytometry profiles (n=3) representing distribution of 

peripheral mature SP CD4+ or CD8+ and corresponding naïve T cells fractions 

(CD62L+CD44+) within +/+ and gl/gl spleen at P21  
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Figure 2.3. Loss of Ostm1 leads to defective T cell development (continued) 

(C) Flow cytometry analysis, gating strategies for ETPs (Lin-Sca1+cKit+CD44+) population and 

representation of ETPs number/total thymocytes ratio (n=6) within gl/gl and +/+ thymi with 

****p<0.0001 at P21. (D) Time-course analysis of early T cell distribution (n=6) including 

(DN1:CD44+CD25), (DN2:CD44+CD25+), (DN3:CD44-CD25+) and (DN4:CD44-CD25-) 

populations within aged-matched gl/gl and +/+ mice of 8, 15 and 21 days-old. 
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Figure 2.3. Loss of Ostm1 leads to defective T cell development (continued) 

(E) Differentiation potential of both control and gl/gl ETPs (Lin-Sca1+cKithiCD44+) into DN1 to 

DN4 (top panel) and DP subsets (bottom panel) following 5, 8, 15 and 20 days in vitro co-culture 

assay (n=3) on OP9-DL4 stroma cells. 
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Restoration of Ostm1 expression in the T lineage rescues thymic differentiation 

 

To examine the functional relevance of Ostm1 exclusive to the process of T cell 

differentiation and maturation without its involvement in extrinsic contributors such as thymic 

stromal organization or BM development, Ostm1 expression was re-established in the T lineage 

of  the gl/gl mice under the control of the human CD2 promoter (Lang, Wotton et al. 1988, de 

Boer, Williams et al. 2003).  

 

The transgene construct included the first intron of the human CD2 gene, followed by 

cDNA sequence of the murine Ostm1 gene fused to V5 tag and CD2 locus control region at the 

5’ end (Fig 2.4A). Southern blot analysis was used to validate CD2-Ostm1 transgene integrity 

and copy number. Therefore, two transgenic animal lines, 777 and 805, were established with 13 

and 5 transgene copies respectively (Appendix 1.3A). The quantitative CD2-Ostm1 transgene 

expression was observed in hematopoietic tissues, including the thymus, spleen, and bone 

marrow of both CD2-Ostm1 transgenic lines. In addition, relative expression of the CD2-Ostm1 

transgene correlated with transgene copy number, with a higher fold-change in Line 777 

compared to Line 805 (Fig 2.4A). Consistently, immunoblotting showed significant transgene 

protein expression in similar hematopoietic tissues including thymus, spleen and bone marrow of 

both transgenic lines (Fig 2.4B).  

 

Next, thymus integrity of CD2-Ostm1 transgenic animals was analyzed. Improved tissue 

architecture was observed in thymus sections (Appendix 1.5). Flow cytometry profiles 

confirmed unchanged DN1-DN4 and CD4+CD8+ distribution in the CD2-Ostm1+/+ thymus, as 

well as the distribution of mature SP CD4+ or CD8+ in the thymus and spleen within both CD2-

Ostm1 transgenic lines compared to control at P21 (Fig 2.4C). In parallel, cell sorting combined 

with quantitative PCR pointed-out the correlation between endogenous Ostm1 gene and CD2-

Ostm1 transgene expression within T cell populations, with an increased expression of both 

genes in DN1ckithi, DN4 (left panel) and  DP populations (right panel) (Fig 2.4D). Therefore, the 

specific expression of the CD2-Ostm1 transgene in the T lineage does not alter normal T cell 

development. This allows CD2-Ostm1 +/+ transgenic animals to be crossed with gl/+ to generate 

CD2-Ostm1 gl/gl transgenic progeny at F2 to study the role of Ostm1 expression in T cells. 
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To illustrate the cell-intrinsic role of Ostm1, T cell lineage differentiation was analyzed 

within the thymi of +/+, CD2-Ostm1 +/+ (+/+TR), gl/gl and CD2-Ostm1 gl/gl (gl/glTR) mice. 

gl/glTR thymi exhibit a partial rescue in total cell number (Fig 2.4E) with a two-fold increase 

when compared to gl/gl thymi, but remain significantly diminished when compared to control 

thymi at P21. Interestingly, the ETP/total cell number ratio in both transgenic lines is enhanced 

2-fold compared to +/+ thymus and increases 4-fold in comparison to gl/gl ETPs/total cell ratio 

at P21 (Fig 2.4F). In line with this observation, the subsequent differentiation block at the DN1 

to DN2 transition stage depicted in gl/gl animals is also rescued within gl/glTR thymus at P21 

(Fig.3G). Importantly, distribution of DP cells within gl/glTR is comparable to the control or +/+ 

TR and significantly higher than the gl/gl DP fraction (Fig 2.4G).  

 

To verify the BM cavity implication following a potential crosstalk between the rescued 

T cell lineage and osteoclast activation, osteopetrosis was evaluated in CD2-Ostm1 gl/gl animals. 

An in vitro differentiation assay generated oversized osteoclasts from gl/gl and gl/glTR spleen 

which were previously shown to be inactive (Rajapurohitam, Chalhoub et al. 2001), as opposed 

to osteoclasts generated from control and +/+TR spleen with normal morphology (Fig 2.4H). X-

Ray radiographs display bone accumulation within marrow cavity of the gl/glTR femur at P21, 

resulting both in higher bone density and smaller femur bone length when compared to the 

control and +/+TR femur (Fig. 2.4I). However, these parameters do not differ when compared to 

the gl/gl femur (Fig. 2.4I). Interestingly, the lower frequency of common lymphoid progenitors 

(CLPs) is maintained in gl/glTR BM and is comparable to gl/gl mice (Fig 2.4J), supporting the 

maintenance of an underdeveloped bone marrow and an osteopetrotic phenotype within gl/glTR 

mice.  

 

Together, these results indicate age-dependent and cell-intrinsic contribution of the 

Ostm1 gene in early T cell differentiation events independently of marrow input. 
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Figure 2.4. Restoration of Ostm1 expression in the T cell lineage rescues thymic 

differentiation. 

(A) Construct of CD2-Ostm1 transgene containing the locus control region (LCR) sequence at 

the 3’end and the V5 tag fused to Ostm1 cDNA sequence under the control of human Cluster of 

differentiation 2 (CD2) regulatory sequences at the 5’end. (B) Tissue specific expression of the 

CD2-Ostm1 transgene (n=3) in +/+TR 777 and 805. Immunoblotting of transgenic protein 

expression (n=4) within hematopoietic tissues isolated from +/+ versus +/+TR805 and +/+TR777 

animals  
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Figure 2.4. Restoration of Ostm1 expression in the T cell lineage rescues thymic 

differentiation (Continued) 

(C) Distribution profiles (n=6) of immature DN1-DN4 and DP, mature SP CD4+ or CD8+ 

populations in the thymus as well as mature SP CD4+ and CD8+ in the spleen of +/+TR mice at 

P21. 
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Figure 2.4. Restoration of Ostm1 expression in the T cell lineage rescues thymic 

differentiation (Continued) 

(D) Quantitative expression of the Ostm1 gene and CD2-Ostm1 transgene (n=3) from enriched 

DN1ckithi to DN4 (left panel) and from DP to SP CD4+ or CD8+ (right panel) populations of 

+/+TR thymus at P21. (E) Total cell number per thymus in five age-matched +/+, +/+TR, gl/gl 

and gl/glTR animals with ***p<0.001 at P21. (F) ETPs (Lin-Sca1+cKit+CD44+) number/total 

cells ratio (n=4) within +/+, +/+TR, gl/gl and gl/glTR thymi with ****p<0.0001 at P21 
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Figure 2.4. Restoration of Ostm1 expression in the T cell lineage rescues thymic 

differentiation (Continued) 

(G) Differentiation from DN1 to DN4 stage (n=6) and from DP to mature SP CD4+ or CD8+ (n= 

10) within +/+, gl/gl and gl/glTR thymi  
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Figure 2.4. Restoration of Ostm1 expression in the T cell lineage rescues thymic 

differentiation (Continued). 

(H) Osteoclasts differentiated in vitro from splenic progenitors of +/+, +/+TR, gl/gl and gl/glTR 

mice in presence of M-CSF and RANKL (20X). (I) Bone length (mm) and illustration of bone 

density (n=3) of dissected femur from control, +/+TR, gl/gl and gl/glTR mice. (J) Frequency of 

common lymphoid progenitors (CLPs) and (LSKs: Lin- Sca1+ C-kithi) within bone-marrow 

cavity of +/+, gl/gl and gl/glTR animals.  

 



 

92 

Altered transcriptome profile of gl/gl DN1 thymocyte population   

To further determine the early role of Ostm1 during thymopoiesis, the transcriptome was 

examined within the early DN1 population. RNA was sequenced from enriched DN1 (Lin-

CD44+CD25-) populations from gl/gl, gl/glTR and control thymi. Besides, alignment of over 10 

transcripts to a single mapped gene is the minimal threshold to define a DEG (differentially-

expressed gene) as opposed to false-positive or background. 

 

A majority of transcripts were similarly distributed across both, gl/glTR DN1 and 

controlDN1 samples. However, an important number of outlier transcripts were found across the 

gl/gl DN1 transcriptome. There was a consistent distribution pattern of most DEGs from gl/gl 

DN1 sample when compared to control DN1 and gl/glTR DN1 transcripts as identified by red 

arrows (Fig 2.5A). Furthermore, 146 DEGs were identified between gl/gl DN1 and control DN1 

samples, 205 DEGs differentiated gl/gl DN1 and gl/glTR DN1, and only 17 DEGs varied 

between gl/glTR DN1 and controlDN1 samples (Fig 2.5B). DEGs within the gl/gl DN1sample 

were divided in down-regulated (Fig 2.5C) and up-regulated group genes (Fig 2.5D) when 

compared to gl/glTR DN1 or control DN1 and presented in heat-maps. Therefore, this analysis 

identified the comparable gene expression signature between gl/glTR DN1 and wt DN1 as 

opposed to gl/gl DN1 sample. 

 

To examine the biological functions associated with the altered transcriptome within gl/gl 

DN1 transcripts, DEGs were scrutinized with bioinformatics tools including Database 

for Annotation, Visualization and Integrated Discovery (DAVID), Ingenuity Pathway analysis 

(IPA) and Gene Set Enrichment Analysis (GSEA). Based on their importance in T cell biology, 

significant variations in 11 biological functions and 5 signaling pathways were revealed as 

significantly deregulated in gl/gl DN1when compared to control DN1 (10-9 < p < 10-4; Fig 2.5E). 

These biological processes include cell-to-cell interactions, cell migration, immune cell 

trafficking, and hematological system development, all of which are important for the T cell 

differentiation program. 

 



 

93 

As previously described, the stereotypical migration of immature T cells covers several 

microns in the thymus to promote interaction with cortical thymus epithelial cells. This cell 

crosstalk requires both signaling chemokines for specific differentiation stages and thymocytes-

derived molecules that maintain the thymus micro-environment (Witt and Robey 2004). 

Therefore, cell migration of gl/gl DN1 was further dissected at the transcriptome level by using 

GSEA. DEGs related to migration were ranked from most to least up-regulated or down-

regulated genes (Kollet, Dar et al. 2006). GSEA reveals that cell migration genes within gl/gl 

DN1sample are mostly grouped in the portion of up-regulated genes (p < 0.01) and a normalized 

enrichment score (NES) of 1.42 when compared to control DN1, whereas a significant p-value 

<0.0001 and NES of 1.77 are observed when gl/gl are compared to gl/glTR DN1 (Fig 2.5F). 

 

Together, these observations indicate a significant up-regulation of T cell migration genes 

in sorted gl/gl DN1 cells which was corrected in gl/glTR DN1 population when compared to 

control DN1.  
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Figure 2.5. Altered transcriptome profile of gl/gl DN1 thymocyte population 

(A) CummeRbund volcano plot shows individual distribution of transcript within cell extract 

from sorted (DN1: Lineage-CD44+CD25-) cells of control, gl/gl and CD2-Ostm1 gl/glTR 

animals, transcripts were grouped and ranked according to the distribution similarities or 

differences. (B) Sig matrix representation of the differentially expressed genes number within 

sorted gl/gl DN1 in comparison to wt DN1 or gl/glTR DN1. 
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Figure 2.5. Altered transcriptome 

profile of the gl/gl DN1 thymocyte 

population (Continued) 

(D) Heat map representation of all down-

regulated genes across gl/gl DN1 

transcripts when compared to wt DN1 and 

gl/glTR DN1 (C). Heat map 

representation of all up-regulated genes 

across gl/gl DN1 transcripts when 

compared to controlDN1 and gl/glTR 

DN1  
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Figure 2.5. Altered transcriptome profile of gl/gl DN1 thymocyte population (Continued) 

(E) Summary of Goterms and corresponding biological functions connected to differentially 

expressed genes across gl/gl DN1 transcripts compared to control DN1 transcripts with a 

significant p-value ranging from 10-9 to 10-4. (F) GSEA ranking of the migration gene set from 

top to bottom extreme of up-regulated or down-regulated genes within gl/gl DN1 sample when 

compared to control DN1 or gl/glTR DN1 samples  with the corresponding enrichment p-value 

and normalized enrichment score (NES). The statistical unit NES illustrates the degree of 

overrepresentation at the top or bottom extreme of the entire ranked list of migration genes. 
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Impaired migration of DN1 T cells in gl/gl mice  

 

Abnormal levels of transcripts associated with cell migration within gl/glDN1sample 

compared to control DN1 and gl/glTR DN1 is summarized at the individual gene level in heat 

map representation (Fig 2.6A). Three genes important for the S1P (Sphingosine-1-phosphate) 

pathway, known to be crucial in immune cell migration (Dorsam, Graeler et al. 2003), were 

displayed at the top of the DEGs in gl/gl DN1 when compared to either control DN1 or 

gl/glTRDN1. Interestingly, both RNA-sequencing and qPCR revealed a significant up-regulation 

of quantitative Rac1 (Rac GTPase 1) and S1pr1 (Sphingosine-1-phosphate receptor 1) (Fig 

2.6B). However, other important S1P pathway players including Sphk1 (Sphingosine kinase 2), 

Sgpp2 (Sphingosine-1- phosphate phosphatase 2), and Sgpl1 (Sphingosine-1-Phosphasate Lyase) 

remain unchanged at the mRNA level within the gl/gl DN1 sample when compared to control 

and gl/glTRDN1 cells (Fig 2.6B), suggesting no modulation in S1P production or break-down.  

 

Over the course of 2 hours, in vitro transwell migration assays confirmed a 30-33% 

accelerated migration of gl/gl DN1 cells in comparison to the undetectable migration of control 

DN1 and gl/glTR DN1 cells in the presence of CXCL-12 (SDF-1α) (Fig 2.6C). This enhanced 

migration of gl/gl DN1 overlaps with the overexpression of Rac1. Importantly, Rac 1 gene 

expression and migration speed were normalized in gl/glTR DN1 population (Fig 2.6B and 

2.6C), suggesting that normalizing the intrathymic DN1 trafficking could sustain a longer T cell 

differentiation.  

 

Overall, the Ostm1 null mutation stimulates important cell migration genes including 

Rac1 expression, which have been shown to correlate with down regulation of CD25 (de Barros, 

Vicente et al. 2013).This could result in accelerated T cell differentiation and the subsequent 

progressive exhaustion. Consequently, our study reports a novel function for Ostm1 in the 

maintenance of long-term T lymphocytes differentiation by stabilising early T cell trafficking 

through normalized Rac1 expression level, and therefore prolonging intrathymic ETPs life span 

and number despite a compromised BM input (Fig 2.6D).  
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Figure 2.6. Impaired migration of DN1 T cells in gl/gl mice. 

(A) Heat map representation of individual migration genes identified at the top of differentially 

expressed genes in gl/gl DN1 compared to control DN1 and gl/glTR DN1. 
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Figure 2.6. Impaired migration of DN1 T cells in gl/gl mice (Continued). 

(B) Quantitative expression of Ostm1, Rac1, S1pr1, Sphk1, Sgpl1, Sgpp2 and Spns2 genes within 

gl/gl DN1 compared to control DN1 and gl/glTRDN1. (C) Percentage of migrated DN1 cells out 

of the thymus input (2x106 cells) from control, gl/gl, and gl/glTR animals, with or without 100 

ng/µl of CXCL-12 after 2 or 18 hours. 
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Figure 2.6. Impaired migration of DN1 T cells in gl/gl mice (Continued). 

(D) Proposed model for Ostm1 gene function in T cell differentiation. Absence of Ostm1 could 

enhance gl/gl DN1 cells migration by stimulating intrinsic Rac1 expression probably via S1pr1. 

Consequently, this stimulation of intrathymic migration of DN1 cells could lead to faster 

differentiation kinetics. This late phenotype combined with lower ETP cell ratio from the 

compromised gl/gl BM could then result into the progressive exhaustion of T cell differentiation 

with a time-dependent block at the DN1-DN2 transition as well as the subsequent dramatic loss 

of DP cells. Therefore, declining thymus cellularity results in gl/gl thymus atrophy.  

 

D 
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2.2.5. DISCUSSION & CONCLUSION 

  The previous rescue of T cell defects in PU-Ostm1gl/gl transgenic mice suggested a 

functional relevance of the Ostm1 gene in the T cell lineage, but could not distinguish it from the 

contribution of the BM component. Our study presents novel data expanding the knowledge 

about Ostm1 gene function and demonstrating its role in the T lineage differentiation. The 

absence of Ostm1 led to the time-dependent depletion of the DP population, with a severe 

decline in total thymic cellularity of gl/gl mice from P15. This time-dependent phenotype of DP 

gl/gl thymocytes correlated with the similar TCR-β and CD69 expression of gl/gl DP. Combined 

with the normal distribution of naive SP CD4+ or CD8+ in the gl/gl spleen or lymph nodes, both 

phenotypes illustrate a normal development of αβ T cells prior to P15. Additionally, the drastic 

reduction in DP population correlated with the time-dependent disorganized thymus architecture 

and tissue atrophy of gl/gl mice.  

 

 This gl/gl DP deficit could result from combined events beginning with the lower number 

of ETPs seeding the thymus that could be attributed to either a compromised BM input or a cell-

intrinsic defect. Further investigation revealed the gl/gl ETP differentiation arrest at the DN1-

DN2 transition in vivo from P15. In parallel, these gl/gl ETPs displayed an accelerated 

differentiation into DN1-DN4 and DP subsets in vitro co-culture system on OP9-DL4, 

suggesting an indirect role of Ostm1 in the early defect of gl/gl T cell differentiation. 

Additionally, the gl/gl DN1 thymocytes population overexpressed the migration genes S1pr1 and 

Rac1 compared to control DN1that could be connected to the fast-paced differentiation in vitro. 

Interestingly, T cell specific restoration of Ostm1 in CD2-Ostm1gl/gl transgenic animals rescued 

T cell differentiation from DN1 to DP. Also, the enhanced distribution of migration genes was 

normalized in gl/glTR DN1 cells. Furthermore, CD2-Ostm1gl/gl transgenic animals showed a 

partial rescue in total thymus cellularity and preserved osteopetrotic features such as shorter 

femurs, under-developed BM cavity and premature death around 3 weeks. Collectively, these 

new findings were in favor of the cell- intrinsic role of Ostm1 in T cell differentiation for 

regulating migration of early DN1 cells possibly via Rac1 and S1pr1. 
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 The time-dependent T cell phenotype of gl/gl at P15 coincided with discontinued 

differentiation of the first wave of thymic precursors recruited to the fetal thymus at E.13 and 

lasting for two weeks (Jotereau, Heuze et al. 1987). Also, the fast differentiation of  gl/gl ETPs in 

vitro recapitulates the behavior of the first generation of T cells that usually proliferate 

extensively before TCR-β rearrangement (Ikawa, Masuda et al. 2004) and exhibit a faster rate of 

differentiation or migration in order to establish peripheral T cells as soon possible during early 

fetal thymopoiesis (Jotereau, Heuze et al. 1987). In addition, the decline of gl/gl T cell 

populations  is exacerbated approximately at the recruitment time of the second wave of thymus 

progenitors from the BM. This recruitment step normally occurs around 18-25 days after birth 

and is characterized by complete independence from the neonatal immune system versus the 

maternal immune system (Cummins and Thompson 1997). Therefore, this time-dependent 

behavior of gl/gl thymocytes could be associated with inefficient thymus periodicity of gl/gl 

mice. 

 

 In general, the positive regulation of the thymus receptivity to colonisation of pro-

thymocytes depends on available thymic niches that designate responsive or refractory periods, 

during which mobilization of T cell progenitor from the BM is turned on or off (Jotereau and Le 

Douarin 1982, Foss, Donskoy et al. 2001). For this reason, the underdeveloped BM environment 

of gl/gl mice could desynchronize thymus receptivity resulting in a post-natal T cell phenotype 

and sabotaging independence of the neonatal immune system. In that case, reduced input of 

thymic seeding progenitors from a compromised BM would alleviate the competition between 

new arrivals and old T cells for stomal niches resulting in an extended lifespan of developing T 

cells (Martins, Ruggiero et al. 2012). In the present study, a compromised BM was observed in 

gl/gl animals at P0, P10 and P15 (unpublished observations) and lead to lower frequency of post-

natal CLPs. This could have disrupted recruitment of new pro-thymocytes and prolonged the 

cell-intrinsic life of fetal DN1 cells in the gl/gl thymus until exhaustion and progressive 

disruption of T cell differentiation culminating at P15. Importantly, the rescue of gl/gl T cell 

distribution in CD2-Ostm1 gl/gl transgenic mice despite the maintenance of a compromised BM 

environment and lower CLP percentage suggests the prevalence of intrathymic Ostm1 function 

in sustaining early T cell development. 
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 The DP pool usually correlates with the fraction of DN cells in competition for the thymic 

stromal niche without being constrained by thymus size (Prockop and Petrie 2004). On this basis, 

the altered thymic parameters of gl/gl animals and the thymus phenotype are independent of the 

smaller body weight or organ size. Furthermore, reduced gl/gl DP cells could result from lower 

ETPs ratio, cells that were previously identified as the most efficient progenitor of DP in the 

thymus (Godfrey, Zlotnik et al. 1992, Porritt, Rumfelt et al. 2004) and their disrupted 

differentiation could lead to abnormal distribution in the DN1-DN4 populations. Other studies 

supported the critical impact of DN cells number on the total thymus cellularity, reconciling the 

overlap between the drastic gl/gl thymus hypocellularity and the altered DN1-DN4 distribution at 

P15. In conjunction with this, the ambiguous cortico-medullary junction (CMJ) in the gl/gl 

thymus correlates with the smaller ratio of gl/gl ETP population  to total thymocytes, as previous 

regeneration experiments identified CMJ as the preferred location of first cycling DN1 cells 

before moving to the outer cortex to differentiate into DP cells (Kyewski 1987, Penit 1987, Penit 

1988). Interestingly, the obstructed CMJ, the ratio of gl/gl ETPs to total thymocytes and the 

distribution of DN1-DN4 cells were efficiently restored in CD2-Ostm1 transgenic thymus 

suggesting the contribution of Ostm1 in ETPs cell maintenance and differentiation. 

 

 In contrast, the inhibited differentiation of gl/gl ETPs at the DN1-DN2 stages could be 

explained by an interrupted Notch-dependent crosstalk from developing thymocytes towards 

thymus epithelial cell progenitors or vice-versa resulting in underdeveloped and disorganized 

three-dimensional architecture of the thymic environment (Anderson, Jenkinson et al. 2006). 

However, the maintained gl/gl ETP differentiation in vitro on BM-derived OP9-DL4 cells 

indicated normal Notch responsiveness in early gl/gl T cells. In parallel, restoration of Ostm1 in 

the T lineage boosted the gl/gl ETP ratio in CD2-Ostm1 gl/gl transgenic thymus and prolonged 

their subsequent differentiation beyond P15. Therefore, defective differentiation of gl/gl ETPs 

could be exacerbated by the lower ETPs frequency resulting from the perturbed post-natal input 

from the abnormal gl/gl BM. In addition, the limited number of CLPs and/or a cell-intrinsic 

defect could shorten ETPs life span leading to their progressive exhaustion and an interrupted T 

cell differentiation within gl/gl mice after birth.  
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 The conserved spatio-temporal migration of ETPs cells across thymus environment is 

usually controlled by adhesion molecules, chemokines and molecules gradients from the CMJ 

towards the outer cortex and this restricted migratory pattern is essential for normal T cell 

development (Petrie and Zuniga-Pflucker 2007). Intriguingly, RNA sequencing established a 

significant up-regulation of cell migration genes in sorted gl/gl DN1 compared to control DN1. 

Specifically, up-regulation of quantitative Rac GTPase 1 (Rac1) and Sphingosine-1-phosphate 

receptor 1 (S1pr1) was confirmed by qPCR. The contribution of Rac1 in T cell development was 

previously shown within Rac1 transgenic mouse in which sustained Rac1 expression under CD2 

promoter induced an accelerated β-selection in pre-T cell as well as the reduction of CD25 

precipitating the DN3 to DN4 transition (de Barros, Vicente et al. 2013). On this basis, we can 

speculate that an enhanced DN1 cells migration is probably related to Rac1 overexpression 

combined with the down-regulation of CD25 and the limited ETP ratio, which could induce the 

progressive DN1-DN2 transition blockage. Moreover, Rac1 overexpression was shown to 

precipitate the β-selection checkpoint and to mitigate the positive and negative selection of DPs 

which could potentiate the T cell differentiation program in the gl/gl thymus. Overall, the limited 

ETP input with the subsequent fast-paced differentiation pattern may progressively exhaust the 

neo-natal T cell development program. Our interesting transcriptome observations are promising 

although the molecular mechanism between Ostm1, S1pr1 and Rac1 remains to be fully 

investigated. 
 
 Furthermore, the present study cannot totally rule out the important role of the 

compromised BM cavity in the gl/gl thymus phenotype, and this interaction needs to be fully 

characterized. Nevertheless, the restored expression of Ostm1 from ETPs to mature SP CD4+ and 

CD8+ populations under the CD2 promoter in all CD2-Ostm1 gl/gl transgenic thymi (de Boer, 

Williams et al. 2003) equilibrates Rac1 and S1pr1 expression level, ETP percentage and the 

distribution of DN1-DN4 and DP cells. It partially recovers total thymus cell number and 

improves thymus architecture. Importantly, the rescued gl/gl T cell phenotype with preservation 

of defective bone resorbing osteoclasts, underdeveloped BM cavity and lower CLPs in the BM 

as well as maintenance of other osteopetrotic hallmarks in all CD2-Ostm1 gl/gl transgenic 

animals revealed a thymus-intrinsic gl/gl phenotype. Collectively, these observations are in favor 

of the cell-autonomous Ostm1 function in thymocytes differentiation independent of osteoclasts 

lineage inactivity. 



 

105 

 In conclusion, our findings distinguished a thymus-intrinsic phenotype from the 

osteopetrotic phenotype of gl/gl mice. This study also details the sequential time-dependent 

deficit of thymocytes that usually precedes the death of the osteopetrotic gl/gl animal (Wiktor-

Jedrzejczak, Grzybowski et al. 1983, Jotereau, Heuze et al. 1987). Our results strongly support a 

progressive exhaustion of the T cell differentiation program in the absence of the Ostm1 gene 

resulting from lower ETP percentage combined with an enhanced trafficking in correlation with 

Rac1 overexpression and the concomitant faster differentiation of early DN1.  
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2.2.6. APPENDIX 1 

 
Appendix 1.1. Distribution of mature single-positive CD4+ or CD8+ in peripheral lymphoid 

tissue 
Flow cytometry plots representing the percentage of mature T cells in the lymph node harvested 

from +/+ and gl/gl animals at P21 (n = 4) show similar distribution. 

 



 

107 

 

Appendix 1.2. Apoptosis quantification with Annexin V positive T cells in gl/gl thymus. 

Flow cytometry plot representing the distribution of DN1-DN4, DP and SP CD4+or CD8+ cells 

expressing Annexin V on the Y axis as well as the intensity of expression on the X axis. Surface 

expression of Annexin V was used to identify apoptotic cells within +/+ (red) and gl/gl (blue) 

thymus at P21 (n = 2). 
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 A 

 
 B 

 
C 

 
Appendix 1.3. Characterization of +/+ CD2-Ostm1 transgenic founder.  

A) Southern blot analysis showing the copy number of CD2-Ostm1 transgene expression  

( 777: 13 copies; 805 : 5copies) (n =2). B) Protein quantification of CD2-Ostm1 transgene in 

both CD2-Ostm1 transgenic lines 777 and 805. C) Quantitative expression of endogenous Ostm1 

gene within tissues from +/+ mice in comparison to CD2-Ostm1 transgenic animals (n =3). 
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B 

 
Appendix 1.4. Generation and phenotyping of the CD2-Ostm1-gl/gl transgenic progenies.  
A) Schematic representation of the breeding strategy to establish gl/gl CD2-Ostm1 mice. B) 
Histology sections stained with Ki-67 antibody and visualized at 10X to monitor proliferative 
cells in medulla and cortex as indicated by black arrow within +/+, +/+ TR, gl/gl, and gl/gl TR 
mice at P21. 
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Appendix 1.5. H&E staining of gl/gl and gl/glTR thymi   

Histology sections stained with H& E and visualized at 20X comparing thymus architecture and 

structure from +/+TR and gl/gl TR777 animals at P21. 
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B  

 
Appendix 1.6. Distribution of CD11b/Gr-1 and B cells in CD2-Ostm1 transgenic spleen  

A) Percentage of macrophage-granulocytes targeted with surface markers CD11b and Gr-1 by 

flow cytometry analysis of +/+, +/+TR,gl/gl and gl/glTR spleen at P8 and P15. B) Percentage of 

B cells targeted by surface expression of CD19 by flow cytometry analysis of +/+, +/+TR, gl/gl 

and gl/glTR spleen. 
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Appendix 1.7. Endogenous and transgene Ostm1  expression in B cells at P21  

Quantitative PCR expression of endogenous Ostm1 and CD2-Ostm1 transgene in sorted B220 

positive B cells harvested from +/+ CD2-Ostm1 spleen of 3 weeks-old mice. 
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Table 1.2. IPA comparative biological analysis between DN1 wt and gl/gl cells detected by 

RNA seq 

 
  



 

114 

Table 1.3. IPA comparative biological analysis between DN1 sorted gl/gl and gl/glTR cell 

populations detected by RNA seq 
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Table 1.4. DAVID comparative analyses of biological pathways between DN1 wt and gl/gl 

DN1 cell populations detected by RNA seq 
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Table 1.5. DAVID comparative analyses of biological pathways between DN1gl/gl and gl/gl 

TRDN1 cell populations detected by RNA seq 
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Appendix 1.8. The thymic lymphoid phenotype of Rac1 lox/loxCD2-iCre+mice in comparison 

to Rac1 lox/loxCD2-iCre- animals at P21.  

The CD2 promotor have been used to target specific Rac1 deletion from early to mature T cell 

population in the generated conditional Rac1 lox/loxCD2-iCre+ animals. The distribution of the (A) 

CD4/CD8, (B)  DN1-DN4  and (C) ETPs  population remains unchanged in three independent 

Rac1 lox/loxCD2-iCre+ thymi compared to Rac1 lox/loxCD2-iCre- thymus 
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 B 

 

Appendix 1.9. Characterization of splenic lymphoid distribution and gene expression 

profile of Rac1lox/loxCD2-iCre+mice compared to Rac1lox/loxCD2-iCre- animals.  

(A) Flow cytometry graphs representing splenic B cell populations of Rac1lox/loxCD2-iCre+mice 

compared to Rac1lox/loxCD2-iCre- animals at P21. (B) Quantitative PCR expression of 

endogenous Rac1 in lymphoid tissues of three independent Rac1lox/loxCD2-iCre+ animals 

compared to Rac1lox/loxCD2-iCre- and +/+ mice at P21. 
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3.1. PREFACE 

 Our previous transgenesis strategy using PU-1 promoter has allowed us to restore 

Ostm1 gene expression both in myeloid, B and T lymphoid lineages of gl/gl mice. This study has 

also illustrated a significant B cell defect induced by the gl/gl mutation. Furthermore, the 

normalized B cell distribution within PU-1-Ostm1 gl/gl transgenic 737 and 761 lines supports an 

unknown intrinsic Ostm1 function in the B lineage homeostasis (Table 1.6).  

 

 To connect Ostm1 gene mutation with the disrupted B cell distribution of gl/gl mice, I 

have measured endogenous Ostm1 expression and dissected the gl/gl B cell defect based on the 

B cell developmental sequence. To investigate further the B cell intrinsic function of Ostm1 

independent of the osteoclast lineage, our laboratory have restored Ostm1 expression in B cells 

of gl/gl animals under the control of CD19 promoter by generating the CD19-Ostm1 gl/gl 

transgenic progenies. In parallel, we have conditionally deleted the Ostm1 gene in the B cells in 

the presence of Cre expression under the control of Mb-1 promoter by generating the conditional 

knock-out (cKO) Ostm1lox/lox Mb1-Cre+ animals. Overall, I have assessed endogenous Ostm1 and 

CD19-Ostm1 expression in CD19-Ostm1-gl/gl mice, as well as the Cre expression and 

subsequent Ostm1 deletion in cKO animals. Additionally, I initiated the study of B cell 

differentiation in both transgenic and cKO animals. 

 

Table 1.6. B lymphoid cellularity of grey-lethal (gl/gl) in spleen and BM 

 
(Pata, Heraud et al. 2008) 
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3.2.1. ABSTRACT 

 

The total B cell defect and developmental arrest are frequent hallmarks which could be 

associated with susceptibility to infections reported in osteopetrotic mouse models and patients. 

Previous investigations have shown that several osteopetrotic gene mutations are indirectly 

involved in B cell physiology by regulating homeostasis of the bone marrow component, the site 

of post-natal early B cell development. Additionally, the bone marrow-dependent-B cell 

physiology relies on the balance between cell-intrinsic mechanisms and the support of the 

marrow environment. Our gl/gl osteopetrotic model also recapitulates the B cell defect, but the 

connection between Ostm1 gene mutation and this defective B cell lineage remains unclear. To 

address this question, our study demonstrates an early B cell deficit from approximately 8 days 

of age and blockage at the early B differentiation stage in gl/gl progenies of 21 days-old 

compared to age-matched control animals. Moreover, this early B cell phenotype resulted in 

reduced mature B cell population in the gl/gl spleen. Intriguingly, total B cell deficit and the 

developmental blockage are maintained in all CD19-Ostm1 gl/gl transgenic mice, in which 

Ostm1 expression is specifically restored in the B cell lineage from pro-B to mature B stages. 

Moreover, the Mb1-Cre-mediated knockout of the Ostm1 gene in pre-pro B cells within Ostm1 

lox/lox Mb1-Cre+ animals did not induce any significant osteopetrotic B cell phenotype in the 

spleen and BM. Collectively, our observations support an indirect function of the Ostm1 gene in 

the defective B cell physiology depicted in osteopetrotic gl/gl mice, possibly via modulation of 

osteoclast activity and bone marrow space. 



 

129 

3.2.2.  INTRODUCTION 

 Osteopetrotic human patients and murine models display a severe B cell phenotype which 

is characterized by diminished peripheral B cells. This phenotype also translates to reduced 

serum Ig levels, hypoglubulinemia and abnormal antibody responses to antigens (Dougall, 

Glaccum et al. 1999, Kong, Yoshida et al. 1999, Guerrini, Sobacchi et al. 2008). However, other 

studies have demonstrated an indirect link between osteopetrotic gene mutations such as RANK 

and RANKL with the osteopetrotic-associated B cell phenotype. In addition, these studies have 

shown that the lack of a bone marrow (BM) cavity resulting from inactive osteoclasts and the 

higher bone density in osteopetrotic models is an obvious explanation for this B cell defect, since 

the BM micro-environment is the initial location for early B cell development (Mansour, 

Anginot et al. 2011, Perlot and Penninger 2012). 

 

 In the BM, early B cell differentiation is regulated by the gene rearrangements and drastic 

changes in transcriptional gene expression to produce a functional B cell receptor on the surface 

of developing B cells. The differentiation sequence involves five subsets beginning with the pre-

pro-B cells (B220+CD19-c-Kit+CD43+IgM-IgD-) and followed by pro-B subset 

(B220+CD19+CD43+IgM-IgD-);the early/large(pre)-B population (B220+ CD19+CD43+IgM+IgD-

); the late/small large (pre)-B (B220+CD19+CD43-IgM-IgD-) and the immature/newly formed B 

population (B220+ CD19+CD43-IgM+IgD-) which migrate to the spleen to differentiate into 

mature/follicular B-cell (B220+CD19+CD43-IgMlow/hiIgDhi) (Hardy and Hayakawa 2001, Hardy, 

Kincade et al. 2007). 

 

 Our gl/gl mouse contains the osteopetrotic Ostm1 gene mutation and recapitulates most 

phenotypes associated with osteopetrosis including inactive osteoclasts, toothless, short life span, 

the T and B cell defect and an obliterated BM cavity (Rajapurohitam, Chalhoub et al. 2001, 

Chalhoub, Benachenhou et al. 2003, Pata, Heraud et al. 2008). Interestingly, specific restoration 

of Ostm1 gene expression in the B cell lineage, under the control of the PU-1 promoter, has 

rescued the abnormal B cell number and the BM cavity of PU-1-Ostm1-gl/gl transgenic 

progenies. This study illustrates the importance of Ostm1 gene function in the B cell population 

but its direct or indirect connection remains to be clarified (Pata, Heraud et al. 2008). 
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To address this question, Ostm1 gene expression was established from the pre-B to mature 

splenic B cell population of gl/gl animals under control of the murine CD19 promoter in CD19-

Ostm1-gl/gl transgenic progenies (Rickert, Roes et al. 1997). Importantly, the total B cell deficit 

and an early B cell differentiation blockage  are demonstrated in the gl/gl spleen and exacerbated 

in CD19-Ostm1-gl/gl transgenic animals when compared to +/+ progenies. Together, these 

findings support either an indirect Ostm1 role in B cell physiology and/or an off-target effect of 

the CD19-Ostm1 transgene.  

 

 Furthermore, Ostm1 gene expression is detected from pre-pro to mature B differentiation 

stages and this expression pattern coincides with an early B developmental arrest resulting in the 

depletion of peripheral mature B cells in gl/gl spleen. To investigate its B cell-intrinsic function, 

Ostm1 gene expression is abolished in early B cell populations with the mb1-Cre-mediated 

deletion from the pre-pro-B cell subset of Ostm1loxloxMb1-Cre+ mice (Hobeika, Thiemann et al. 

2006). Despite an efficient deletion of endogenous Ostm1 gene in hematopoietic tissues 

containing at least 50% of B cells, there is no detectable B cell deficit or B cell developmental 

defect in conditional knock-out Ostm1loxloxMb1-Cre+ animals.  

 

Collectively, these findings indicate that the osteopetrotic Ostm1 mutation plays an indirect 

function in the B cell physiology, possibly through the disrupted osteoclast activity.  
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3.2.3. MATERIALS AND METHODS 

Mice 

The mouse strain GL/Le dlJ +/+gl was obtained from The Jackson Laboratory (Bar Harbor, ME) 

and maintained by heterozygous brother × sister mating for ∼200 generations. Homozygous gl/gl 

mice were used for analysis with +/+ littermates as controls. All experiments on animal were 

approved by the institutional animal care committee and Canadian Committee for Animal 

Protection. 

 

Generation and analysis of transgenic and conditional Knock-Out animals 

The transgene construct is included in the CD19 BAC RP23-335K9 (152kb), obtained from the 

Children’s Hospital Oakland Research Institute (CHORI). The coding sequence of CD19 has 

been replaced at the ATG by a cassette including a V5 tagged Ostm1 cDNA (1.1kb) in frame 

with an IRES-iEGFP-polyA.  

 

CD19-Ostm1 transgenic animals (129sv/C3H):  Linearized non-circular BAC was injected into 

fertilized oocytes from F2 (C3H×C57BL/6). Transgenic mice were identified by PCR primers 

targeting transgenic CD19-Ostm1 and endogenous Ostm1. PCR amplification conditions were 94 

°C, 5 min, followed by 30 cycles of 94 °C for 30secs, 65°C for 30secs, and 72 °C for 10 min. 

Transgene integrity and copy number were determined by Southern blot using a radioactive 

probe targeting exon1 of Ostm1 gene. Transgenic lines were crossed with heterozygous gl/+ 

mice to generate gl/gl BAC CD19-Ostm1 transgenic progenies at F2.  

 

Ostm1loxloxMb-1 Cre+ conditional knock-Out animals: Mb-1 Cre+ transgenic mice were 

obtained from Dr Tarik Moroy (IRCM). Ostm1lox/lox mice were previously generated in the 

Vacher lab and contain floxed exon 5 coding sequence for the transmembrane domain of 

OSTM1 protein. Following crossing, Ostm1lox/lox Mb-1 Cre+ progenies were identified by PCR 

primers lox/+ and Mb1-Cre. PCR amplification conditions were 94 °C, 5 min, followed by 30 

cycles of 94 °C for 30secs, 65°C for 30secs, and 72 °C for 10 min.  Deletion of the exon5 of 

Ostm1 in these conditional KO results in truncated and inactive OSTM1 protein in B cell lineage. 
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Expression Analysis 

Total RNA from was isolated with Trizol or MagMax total RNA isolation kit (Life technologies) 

protocols from enriched pre-pro B cells, pro-B, immature B and mature B  populations, and 

tissues including bone marrow, brain, kidney, thymus, liver, and spleen. CD19-Ostm1 transgene 

expression was quantified by using 1µg of total RNA by semi-quantitative PCR. Experimental 

conditions were 94 °C for 5 min, followed by 30 cycles of 94 °C for 0.5 min, 65°C for 0.5 min, 

and 72 °C for 0.5 min. CD19-Ostm1 transgene  and Ostm1 expression were determined and 

normalized to S16 gene by real-time quantitative PCR using 50ng to 1µg of DNase (Invitrogen)-

treated total RNA. All reactions were performed in triplicate in a Syber Green Master Mix (Life 

technologies). PCR conditions were 94 °C, 15 min, followed by 45 cycles of 94 °C for 0.5 min, 

55 °C for 0.5 min, and 72 °C for 0.5 min by MX4000 Multiplex quantitative PCR analyzer or 50 

°C for 2 min; 95 °C for 10 min followed by 45 cycles of 95 °C for 15 sec, 60 °C for 30 sec with 

Viia 7 Real-time PCR system (life technologies). 

 

RNA was extracted followed by RNA extraction using MagMax Total RNA isolation kit 

protocol (Life technologies) from sorted B cell populations. 50ng to 300ng of RNA were used 

for cDNA synthesis using qScript cDNA supermix protocol (Quanta biosciences). Quantification 

of gene expression including endogenous Ostm1, CD19-Ostm1 transgene and S16 was 

performed at 50 °C, 2 min, 95 °C for 10 min followed by 45 cycles of  95 °C for 15 sec, 60 °C 

for 30 sec by Viia 7 Real-time PCR system (life technologies). 

 

Flow cytometry and cell sorting 

FACS Analysis: Flow cytometry analysis was carried out on spleen and thymus single cell 

suspension in phosphate-buffered saline with 1% heat-inactivated fetal bovine serum. Nucleated 

cells (1.5×106) were stained with antibodies from eBioscience: phycoerythrin-conjugated anti-

B220, anti-CD19, or Streptavidin; fluorescein isothiocyanate-conjugated anti-IgM or anti-

streptavidin; APC conjugated anti-c-Kit, anti-CD43; Pe-Cy7 conjugated anti-IgD. Data 

acquisition and analysis were respectively done with CellQuest and FlowJo softwares on a BD 

FACS Calibur four-color flow cytometer and BD LSR cytometer. 

Cell sorting: pre-pro B, pro-B, immature and mature B populations were sorted using Moflo 

sorter.  
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Western Blot 

Proteins were isolated from hematopoietic tissues (spleen and thymus), kidney, liver and brain in 

RIPA buffer containing proteinase inhibitors cocktail: PMSF, β-Glycerophosphate, Sodium 

vanadate and proteinase inhibitor cocktail. Tissue protein extract was quantified by Bradford 

assay on ELISA reader (Roche). V5-Ostm1 transgene protein expression was detected following 

an overnight incubation with a primary antibody anti-V5-HRP (Invitrogen) in Tris-buffered 

saline, 0.1% tween 20 (TTBST 1X) and Bovine serum albumin (BSA) 3%. Following incubation 

with stripping solution at 55oC for 30 minutes, PVDF membrane was incubated with the primary 

antibody β-actin from Sigma for 1-2hrs, washed 3 times in TTBST 1X followed by a second 

incubation with anti-mouse IgG HRP for 1hr. Protein detection and quantification were 

determined via BioRad Image lab software. 

 

Southern Blot 

Genomic DNA is isolated from tail of different CD19-Ostm1 +/+ transgenic mice. Restriction 

enzyme EcoR1 is used to digest the DNA followed by DNA migration and transfer on nylon 

membrane. The membrane is then hybridized with a radiolabeled probe targeting exon1 of 

Ostm1. The resulting bands are analyzed using Image Quant software (Molecular Dynamics) and 

the expected bands for the CD19-Ostm1 transgene are quantified for total pixels along with the 

expected endogenous Ostm1 bands. The EcoRI digestion results in specific bands associated 

with the CD19-Ostm1 transgene (6.5Kb) and the endogenous Ostm1 (14.5Kb). A ratio of the 

transgene to the endogenous is used to determine the number of copies in each transgenic line.  

 

Statistical Analysis  

Values are expressed as mean ± SEM. Statistical analysis was performed using Graphpad Prism 

software (San diego, CA). Unpaired two-sample Student’s t test was used for statistical analysis 

with p ≥ 0.05 considered significant.  
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3.2.4. RESULTS 

The early B cell deficit of the osteopetrotic gl/gl mice 

The B cell deficit of gl/gl was studied in comparison to +/+ animals by monitoring 

CD19+ B cells within gl/gl and control spleens harvested from mice at P8 and P15. This analysis 

revealed a 50% reduction of the B cell population from the age of P8 to P15. Overall, this 

observation supports an early B cell phenotype of the gl/gl mice that starts approximately from 8 

days of age (Fig 3.1).  

 

Figure 3.1. The early B cell deficit of the osteopetrotic gl/gl mice 

Flow cytometry histogram comparing the distribution of B cell population characterized by 

CD19 surface expression within +/+ and gl/gl spleen from animals of 8 and 15 days-old. 
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Generation of the B cell-specific Ostm1 transgenic mice 
 

To examine if Ostm1 impacts B cell homeostasis without extrinsic contribution from 

osteoclast activity or the BM component, Ostm1 expression was re-established in the B lineage 

under the control of the CD19 promoter. CD19 is one of the most reliable surface biomarkers for 

B cells and it is expressed from pre-B cells until terminal differentiation to plasma cells (Rickert, 

Roes et al. 1997). 

 

The transgene construct included CD19 regulatory sequences upstream the coding 

cassette including a V5 tagged Ostm1 cDNA (1.1kb) in frame with an IRES-iEGFP-polyA and 

CD19 coding sequences (Fig 3.2A). Southern blot analysis validated CD19-Ostm1 transgene 

integrity and copy number. Therefore, two transgenic animal lines, BAC 921 and 636 were 

established with 1.3 and 36 transgene copies, respectively (Fig 3.2B and data not shown). The 

quantitative CD19-Ostm1 transgene expression was mainly detected in the spleen, BM, and liver 

of BAC 921 transgenic line (Fig 3.2C). In addition, endogenous Ostm1 expression in BAC 921 

transgenic tissues was comparable to the level of control tissues (Fig 3.2D). Consistently, 

immunoblotting displayed significant transgene protein expression in similar tissues including 

spleen and BM of BAC 921 transgenic lines by using V5 antibody (Fig 3.2E). Overall, these 

experiments demonstrated specific and significant expression of CD19-Ostm1 transgene in 

hematopoietic cells contained in the spleen and BM.  

 

Cell-sorting allows enrichment of B cell subsets in correlation with the B cell 

differentiation sequence. Thus, quantitative expression of B cell populations from +/+ and 

CD19-Ostm1 +/+ transgenic spleens revealed a significant increase of endogenous Ostm1 gene 

when compared to CD19-Ostm1 transgene expression in the sorted pre-pro B (B220+ckit+), pro-

B (B220+CD43+), preB/immature (B220+IgM+) and  mature B (B220+IgD+) (Fig 3.2F). 

Together, these data showed CD19-Ostm1 transgene expression in the B cell lineage of 

transgenic mice. On this basis, +/+ CD19-Ostm1 transgene were crossed with gl/+ progenies to 

generate CD19-Ostm1-gl/gl transgenic animals at F2 in which Ostm1 gene expression was 

restored in the B cell lineage (Fig 3.2G). 
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A 

 
B 

 

Figure 3.2. Generation of the B cell specific Ostm1 transgenic mice 

A) Construct of BAC CD19-Ostm1 transgene consisting of the Cluster of differentiation 19 

(CD19) regulatory sequences flanking the V5 and GFP tags fused to Ostm1 cDNA sequence 

directly under the control of mouse CD19 regulatory sequence at the N-terminus. B) Multiple 

CD19-Ostm1 transgenic lines were obtained with variable transgene copy numbers as 

determined by Southern blot. Only CD19-Ostm1 transgenic (+/+TR) BAC 921 with 1.3 

transgene copy number survived and could reproduce. 
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Figure 3.2. Generation of the B cell specific Ostm1 transgenic mice (Continued) 
C) Quantitative expression of CD19-Ostm1 transgene in tissues of +/+ NT and +/+ BAC921 

transgenic animals at P21. D) Quantitative expression of endogenous Ostm1 gene in tissues of 

+/+ NT and +/+ BAC921 transgenic animals at P21.E) Immunoblotting of transgenic protein 

expression (n=2) within tissues isolated from +/+ NT versus +/+ BAC921 transgenic animals. 

 



 

138 

 

 
Figure 3.2. Generation of the B cell specific Ostm1 transgenic mice (Continued) 

F) Quantitative expression of the endogenous Ostm1 gene and CD19-Ostm1 transgene within 

enriched B populations harvested from +/+ NT and +/+ BAC921 transgenic spleens at P21 

(n=1). G) Schematic representation of the crossing strategy to generate gl/gl BAC CD19-Ostm1 

transgenic animals at F2.  
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Exacerbated B cell deficit in gl/gl CD19-Ostm1 transgenic mice 

 Initial characterization of gl/gl CD19-Ostm1 transgenic mice revealed comparable 

osteopetrotic manifestations to parental gl/gl mice, including smaller size, decreased body 

weight, compromised BM and other hallmarks such as absent tooth eruption and premature death 

around three weeks (data not shown). 

 Importantly, the flow cytometry analysis of total B cell populations illustrated the 

maintenance of the significant defect in CD19-Ostm1 gl/gl animals at P21. In fact, 27.9% of 

CD19 positive cells were observed in the CD19-Ostm1 gl/gl spleen compared to 77% in the 

control spleen and 45% in the gl/gl spleen (Fig 3.3A). These data strongly suggest that either an 

inefficient expression or an intrinsic deleterious effect of the CD19-Ostm1 transgene which have 

a negative impact on B cell homeostasis.  

 To verify the CD19-Ostm1 transgene expression, we made use of the GFP sequence fused 

to the Ostm1 coding sequence that is contained within the transgene construct. Consequently, 

GFP expression is relative to CD19-Ostm1 transgene expression and can be detected by flow 

cytometry. Therefore, flow cytometry histogram showed an exclusive and significant expression 

of GFP in the CD19-positive population of CD19-Ostm1gl/gl transgenic animals compared to 

control and gl/gl animals at P21 (Fig 3.3B). Together, these data support an efficient translation 

of the CD19-Ostm1 transgene in B cells. 

 Based on the B cell developmental sequence, this analysis shows a significant depletion of 

pre-B cells (CD19+CD43+), immature B cells (CD19+IgM+) and mature B cells (CD19+IgD+) 

along with accumulated pre-pro B cells (CD19-CD43+) within gl/gl spleen in comparison to +/+ 

spleen. This gl/gl B cell phenotype is recapitulated and even exacerbated within CD19-Ostm1 

gl/gl transgenic progenies, illustrating the inefficiency of CD19-Ostm1 transgene at rescuing the 

B cell deficit in gl/gl mice. 

 Collectively, these findings demonstrated no rescue of the B cell deficit of gl mutation 

following restoration of Ostm1 gene expression under the control of the CD19 promoter, 

suggesting either the non-cell autonomous function of Ostm1 in B cells or the requirement of 

using a promoter targeting Ostm1 gene expression at earlier B cell developmental stages 

compared to CD19 promoter (e.g Mb-1).  
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Figure 3.3. Exacerbated B cell deficit in gl/gl CD19-Ostm1 transgenic mice. 
A) Flow cytometry profiles (n= 3) showing CD19 and GFP expression level of total B cell 

population within +/+ or gl/gl and CD19-Ostm1 spleens at P21. B) Histogram representing 

intensity of GFP expression related to CD19-Ostm1 transgene expression within +/+ (red) and 

gl/gl (blue) and CD19-Ostm1 gl/gl (green) animals at P21. 
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Figure 3.3. Exacerbated B cell deficit in gl/gl CD19-Ostm1 transgenic mice (Continued). 

C) Flow cytometry profiles (n=3) dissecting the distribution of the CD19+IgD+, CD19+CD43+, 

CD19+CD43- and CD19+IgM+ populations during B cell development within +/+ or gl/gl and 

CD19-Ostm1 spleens at P21. 
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Generation and Characterization of the B cell specific Ostm1 cKO animals 
 

Conditional Ostm1 ablation (cKO) was induced in Mb1-Cre-expressing mice to target the 

deletion of Ostm1 exon 5 earlier in the B cell lineage in comparison to the CD19 promoter. This 

strategy allowed us to study the Ostm1 cell-intrinsic function independently of the myeloid 

lineage. The Mb1 gene encodes the Ig-alpha signalling subunit of the B cell antigen receptor and 

is expressed exclusively in B cells from the early pre-pro-B cell differentiation stage throughout 

B cell development in the BM and spleen (Hobeika, Thiemann et al. 2006) (Fig 3.4A). 

 

To investigate the Mb1-Cre recombination efficiency and tissue specificity, Ostm1 gene 

expression was quantified using PCR in hematopoietic tissues spleen and BM as well as in the 

brain as a positive control from Ostm1lox/lox Mb1-Cre+ mice and Ostm1lox/lox Mb1-Cre- progenies. 

Two bands were observed in both the spleen and BM from the Ostm1lox/lox Mb1-Cre+mice. The 

upper band represented the endogenous Ostm1 gene and it was visible in all the samples (Fig 

3.4B). This was attributed to 40% and 80% of other cell types present in the spleen and BM 

which were not targeted by Mb1-Cre, respectively. On the other hand, the lower band 

corresponded to the delta band and suggested that Ostm1 gene deletion was exclusive to the 

spleen and BM (Fig 3.4B). The absence of the delta band in the brain and the kidney (data not 

shown) combined with high Mb1-Cre expression detected in the spleen and BM of Ostm1lox/lox 

Mb1-Cre+ mice (Fig 3.4C), both suggested the specific Ostm1 deletion into the main tissues 

housing early and late B cell development such as spleen and BM.  

 

Flow cytometry was used to study the B cell development in the BM and the spleens of 

Ostm1lox/ lox Mb1-Cre+ (cKO) and the Ostm1lox/ lox Mb1-Cre- mice (control). The total B cell 

population in spleen and BM was unchanged between the control and the cKO based on the 

expression of B220 (Fig 3.4D and E).c-Kit expression characterizes early pro-B cell, while 

CD43 is expressed from pro-B cell to pre-B cell. Later in the development pathway, IgM is 

expressed in immature B cell and it is co-expressed with IgD in mature B cells (Hardy, Kincade 

et al. 2007). On this basis, flow cytometry analysis of the B cell distribution showed no 

significant differences between the cKO and control mice, suggesting an indirect function of the 

Ostm1 gene in B cell development (Fig 3.4D and E).  
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 B 

    

 

Figure 3.4. Generation and Characterization of the B cell specific Ostm1 conditional knock 

out mice. 

(A) Schematic representation showing exon 5 of the Ostm1 gene flanked by flox sequence and 

the cre expression under control of the Mb1 promoter to induce the specific deletion of Ostm1 

from early populations of the  B cell lineage. (B) Quantitative expression of endogenous Ostm1 

measured within the BM and the spleen (S) of the Ostm1lox/lox Mb1 Cre+ and Ostm1lox/lox Mb1 

Cre- transgenic animals at P21. 
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C 

 
Figure 3.4. Generation and Characterization of the B cell specific Ostm1 conditional knock 

out mice (Continued). 

(C) Quantitative Cre expression within the bone marrow (BM), spleen (S), thymus (T), kidney 

(K) and brain (B) of Ostm1lox/lox Mb1-Cre+ and Ostm1lox/lox Mb1-Cre- transgenic as well as the 

Ostm1lox/+ Mb1-Cre+ animals at P21 
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D 

 
Figure 3.4. Generation and Characterization of the B cell specific Ostm1 conditional knock 

out mice (Continued). 

(D) Flow cytometry histograms showing the distribution of B220 positive cells and targeting B 

subpopulations including pre-pro B (B220+c-Kit+), pre-B (B220+ CD43+), immature B (B220+ 

IgM+) and mature B cells (B220+ IgD+) within Ostm1lox/loxMb1-Cre+ in comparison to 

Ostm1lox/loxMb1-Cre- bone marrow. 
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E 

 
Figure 3.4. Generation and Characterization of the B cell specific conditional Ostm1 knock 

out mice (Continued). 

(E) Flow cytometry histograms showing the distribution of B220 positive cells and targeting B 

subpopulations including pre-pro B (B220+c-Kit+), pre-B (B220+ CD43+), immature B (B220+ 

IgM+) and mature B cells (B220+ IgD+) within Ostm1lox/loxMb1-Cre+ in comparison to 

Ostm1lox/loxMb1-Cre- spleen. 
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3.2.5.  DISCUSSION & CONCLUSION 

 Cooperation between IL-7 receptors expressed on developing B cells and the BM 

microenvironment determines proliferation and survival of early B cells. In addition, cell-

autonomous mechanisms including gene rearrangements participate in these early homeostatic 

events by generating a functional pre-BCR. Importantly, a balance between cell-autonomous 

functions and BM-derived molecules dictates commitment of early B cells and the subsequent 

differentiation progress (Carsetti 2000). The pronounced B cell depletion resulting from several 

osteopetrotic genes have mostly been related to the obliterated BM environment (Mansour, 

Anginot et al. 2011, Perlot and Penninger 2012). Nevertheless, our investigation is the first to 

connect the Ostm1 gene mutation and the B cell deficit of osteopetrotic gl/gl mice, as well as to 

support the contribution of BM content. 

 

 Our findings revealed that the early B cell phenotype characterizing gl/gl mice was 

detectable at 8 days of age in the spleen. We also have illustrated the differentiation blockage at 

early B differentiation stage and the subsequent total B cell and peripheral mature B cell deficit 

in gl/gl osteopetrotic mice. Surprisingly, the depletion of B cell population was not corrected 

following Ostm1 gene rescue in the B cell lineage under the CD19 promoter, suggesting an 

indirect Ostm1 function to sustain B cell development. In addition, the total B cell and peripheral 

B cell deficit of gl/gl mice were undetectable after conditional Ostm1 ablation in B cells within 

Ostm1lox/loxMb1-cre+ spleen and BM, suggesting that Ostm1 deletion could not impact the B cell 

development when the BM cavity was intact. Collectively, our results indicated that B cell 

depletion mainly result from the obliterated gl/gl BM space. 

 

 The B cell deficit was detected as early as P8 and the 50% decrease is sustained from P8 to 

P21 in gl/gl mice. Besides, B cell development usually shifts from fetal to the BM cavity 

approximately at E17.5 (Medvinsky, Samoylina et al. 1993, Mansour, Abou-Ezzi et al. 2012, 

Blin-Wakkach, Rouleau et al. 2014). Therefore, the early defective B population of gl/gl could 

occur after the B cell progenitors mobilize to the compromised gl/gl BM. This assumption makes 

it difficult to ascertain the direct function of Ostm1 gene in B cell development, since Ostm1 

expression is also required in osteoclast activity which could affect B cell biology.  
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 Bone homeostasis determines formation of the BM cavity during endochondral ossification 

prior to establishment of the BM content and the recruitment of HSCs, which are the earliest 

lymphoid cell ancestors. This process is also osteoclast dependent (Olsen, Reginato et al. 2000, 

Kronenberg 2003, Blin-Wakkach, Rouleau et al. 2014). Moreover, the importance of osteoclast 

activity in the B cell development was previously shown via the maintenance of the B cell niche, 

and this could be the missing clue in the B cell deficit of osteopetrotic gl/gl mice (Mansour, 

Anginot et al. 2011, Mansour, Abou-Ezzi et al. 2012, Blin-Wakkach, Rouleau et al. 2014). 

 

 Additionally, the exacerbated B cell deficit of CD19-Ostm1 gl/gl progenies was consistent 

with an indirect Ostm1 function since Ostm1 expression was B lineage exclusive in these 

transgenic animal. Nevertheless, the lower expression of the CD19-Ostm1 transgene compared to 

the endogenous Ostm1 in sorted B cell populations of CD19-Ostm1 BAC 921 progenies could 

enhance the B cell phenotype in gl/gl transgenic mice. CD19 promoter which re-established 

Ostm1 from the pro-B cell to mature B stage was not able to rescue the B cell deficit, suggesting 

that Ostm1 could be required either in earlier B cell subsets such as pre-pro B. T or the off-target 

effect of the CD19-Ostm1 transgene. Together, these observations support the importance of 

spatial-temporal expression of Ostm1 gene to assist B cell homeostasis.  

 

 To examine the temporal effect in B cell physiology, Ostm1 gene expression was 

eliminated from the pre-pro B stage using Mb1-Cre-mediated deletion (Hobeika, Thiemann et al. 

2006) , and this resulted in undetectable B cell deficit or defective B cell differentiation in 

Ostm1lox/loxMb1-Cre+ animals. This surprising observation could be explained by the normal BM 

compartment in Ostm1lox/loxMb1-Cre+ animals despite an efficient depletion of Ostm1 in early B 

cells contained in hematopoietic tissues. Collectively, our results consolidated the contribution of 

the BM in the gl/gl B cell phenotype and the non-cell-autonomous role of Ostm1 in B cell 

homeostasis. 
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4.1. ROLE OF THE Ostm1 GENE IN LYMPHOID T & B CELLS 

 Our in vivo analyses of the gl/gl and CD2-Ostm1 gl/gl thymi support a function for the 

Ostm1 gene in the T cell differentiation process. Absence of Ostm1 results in a severe thymus 

phenotype and perturbs the T cell development sequence. Intriguingly, overexpression of the 

Ostm1 gene in the T cell lineage of the gl/gl mice rescues most thymus defects but does not 

improve other osteopetrotic features. 

 

 We have shown that the Ostm1 gene expression profile in the T lineage is pronounced in 

early DN1 and immature DP populations. Interestingly, Ostm1 mutation negatively impacts the 

early stages of T cell differentiation by reducing the distribution of the ETP population, blocking 

the differentiation at the DN1-DN2 transition and drastically decreasing the DP population. This 

thymic phenotype of gl/gl progeny is also reflected by abnormal thymic structure and size. We 

have also established that the gl/gl thymus phenotype is a time-dependent event beginning at P15 

and culminating at P21. Finally, our in vitro co-culture of gl/gl ETPs with the OP9-DL4 stroma 

line demonstrates maintained differentiation of the early gl/gl T population in the presence of the 

Notch ligand DL4. This latest observation raises the potential implication of thymus micro-

environment in the gl/gl T cell phenotype. 

 

 Specific overexpression of Ostm1 driven by the CD2 promoter in early to mature T 

populations of gl/gl animals rescues ETPs distribution, corrects the differentiation pattern of 

DN1-DN4 transition, and restores the DP pool. However, thymus cellularity is only partially 

restored and the number of bone marrow (BM)-derived thymus seeding progenitors, such as 

CLPs, remains low. Additionally, these transgenic mice conserve an obliterated BM cavity, 

abnormal osteoclasts and die prematurely at around 3 weeks.  

 

 Sequencing analysis of the transcriptome in early T cells reveals important variations in 

gl/glDN1 cells compared to control DN1. Moreover, the most significant differentially expressed 

genes in gl/gl DN1 cells, such as Rac1, are associated with cell migration which suggests a role 

of Ostm1 in early T cell trafficking. Interestingly, all these transcriptional differences are 

normalized in gl/gl transgenic (gl/glTR) DN1 cells. Overall, this study supports the cell-intrinsic 

function of the Ostm1 gene in T cell differentiation. 
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 We also analyzed the B cell defect in gl/gl spleen. This data shows an important deficit of 

total B cells resulting from the Ostm1 mutation and this defect is detected from P8 until the time 

of death at P21. Additionally, this osteopetrosis-associated B cell defect translates into 

significant reduction of peripheral immature and mature B cell populations in the gl/gl spleen at 

P21. 

 

 Rescue of Ostm1 gene expression in the B cell lineage of gl/gl mice under the control of the 

CD19 promoter fails to correct the distribution of total B cells, immature and mature B cell 

populations; in fact, these defects are exacerbated in CD19-Ostm1 gl/gl transgenic spleen. This 

result can either be explained by the poor efficiency or deleterious effects of the CD19-Ostm1 

transgene or the potential non-cell-autonomous function of Ostm1 in B cell physiology. 

 

 To circumvent the potential weaknesses of the CD19-Ostm1 gl/gl transgenic mouse model, 

we investigated the conditional ablation of Ostm1 gene in early B cells using the Mb1-Cre 

system. The resulting conditional knockout animals Ostm1loxlox Mb1-Cre+ exhibit no apparent  B 

cell phenotype despite a significant reduction of Ostm1 in hematopoietic tissues containing B 

cells. Moreover, these conditional mice do not display any other osteopetrotic defects. 

Collectively, these findings suggest an indirect contribution of the Ostm1 gene in B cell 

differentiation, possibly through its impact on the BM-dependent early B cell differentiation 

(Nagasawa 2006, Mansour, Anginot et al. 2011). 

 

 Our proposed model (Figure 4.1) suggests that the Ostm1 mutation induces overexpression 

of S1pr1 in the ETPs/DN1 populations, and increases expression of the downstream Rac1. This 

can affect T cell differentiation by increasing cell migration, inhibiting CD25 expression and 

promoting the rapid ETP differentiation (de Barros, Vicente et al. 2013, Steffen, Ladwein et al. 

2013). For example, enhanced migration can compromise ETP expansion at the CMJ (Lind, 

Prockop et al. 2001, Vasseur, Le Campion et al. 2001). Both compromised expansion and fast-

paced differentiation of ETPs can lead to the progressive T cell differentiation blockage at the 

DN1-DN2 transition and the concomitant drastic deficit of DP populations in the gl/gl thymi. 

Besides, this time-dependent phenotype is pronounced after birth with the inefficient bone 

marrow input of thymic seeding progenitors including CLP and ETP populations.  
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 Additionally, obliterated bone marrow space and poor CLP population in the absence of the 

Ostm1 gene can compromise the B cell differentiation and extramedullary B lymphopoiesis in 

the spleen. This latest possibility may require the contribution of non-functional osteoclasts 

(Mansour, Anginot et al. 2011, Miyamoto 2013) 

 

 
Figure 4.1. Proposed model summarizing potential functions of  the Ostm1 mutation in 

T cell and B cell differentiation  
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4.2. IS THE TIME-DEPENDENT T CELL DEFICIT OF gl/gl A 

RESULT OF THE OSTEOPETROTIC BM? 

 Our study shows lower CLPs numbers in the gl/gl BM (Fig.2.4J). As mentioned 

previously, the CLP population derives from a HSC ancestor and is part of the LSK pool 

(Miyazaki, Miyazaki et al. 2014). However, there was no significant change in the distribution of 

LSKs in gl/gl BM (Fig.2.4J), suggesting that the cell deficit is specific to the lymphoid primed 

population of CLPs in gl/gl BM.  

 

 The correlation between HSC number and niche size is regulated by osteoblast number 

(Zhang, Niu et al. 2003). Osteoblasts have also been shown to induce initial HSC niche 

formation without affecting the LSK compartment. Consequently, the unchanged number of 

osteoblasts in gl/gl mice (data not shown) could reflect the maintained HSC niches in gl/gl BM 

and this is consistent with the normal number of LSKs (Mansour, Abou-Ezzi et al. 2012). In 

addition, the closed BM cavities resulting from inactive bone-resorbing osteoclasts have been 

associated with normal HSC mobilization to the periphery in the osteoclast-less osteopetrotic 

mice, and chemical-mediated osteoclast ablation enhanced HSC mobilization (Miyamoto, 

Yoshida et al. 2011, Miyamoto 2013). In this scenario, the reduced CLPs number could be due to 

an altered HSC mobilization and their subsequent less efficient differentiation into CLPs caused 

by the gl/gl osteoclast-rich osteopetrosis (Rajapurohitam, Chalhoub et al. 2001) as well as the 

reduced space for a CLP niche. 
 

 Additionally, the low number of gl/gl CLPs could illustrate a compensatory mechanism by 

developing faster into ETP populations before migrating to the gl/gl thymus in order to take over 

the defective T cell development. In this context, the fast differentiation of gl/gl ETP population 

(Fig.2.3E) could be inherited from gl/gl CLPs (Zlotoff and Bhandoola 2011, Miyazaki, Miyazaki 

et al. 2014). Moreover, the thymus periodicity for progenitor colonization has been directly 

connected to full and empty status of the thymic niches (Foss, Donskoy et al. 2001). Therefore, 

an accelerated differentiation of gl/gl ETPs could result in enhancing emptiness of the thymic 

niches, thus allowing for the thymic gate-opening and concomitant input from the thymus 

seeding progenitors, including CLPs and ETPs, in order to replenish thymic niche and sustain 

long-term T cell differentiation.  
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 This idea is reinforced by our observations in the CD2-Ostm1 gl/gl transgenic model, where 

marrow space and CLPs number reflect similar findings in gl/gl mice (Fig.2.4) despite their 

rescued ETP number and T cell differentiation. This observation reveals low CLPs number as a 

consequence of reduced gl/gl marrow space. Additionally, this data could suggest a time-

limitation of the CLP compensatory effect for the cell intrinsic defect of gl/gl ETPs, possibly due 

to their limited number. Therefore, these findings could explain the visible T cell depletion in 

gl/gl mice (Fig.2.2),at the time point where lymphopoiesis is entirely dependent on BM input at 

approximately two weeks after birth (Jotereau, Heuze et al. 1987). 

 

 A recent study has shown the limited expansion capacity of the first fetal ETP progenitors 

entering the thymus at E12 as well as their accelerated differentiation to generate fewer DP cells. 

In contrast, the second wave of ETPs at E16 displayed a high proliferation rate and efficient 

differentiation to generate a higher number of αβ T cells (Ramond, Berthault et al. 2014). 

Interestingly, the rapid in vitro differentiation of ETPs (Fig.2.3E) and the deficit production of 

DP cells in the gl/gl thymi (Fig.2.2D) recapitulate hallmarks of first generation fetal progenitors 

recruited at E12. In this scenario, limited cell cycle progression of the fetal-like gl/gl ETPs could 

induce their time-dependent exhaustion, thus connecting the Ostm1 gene to the cycling or the 

recruitment of future generations of ETPs. 

 

 Overall, the gl/gl time-dependent phenotype becomes more apparent at the shift from fetal 

to post-natal lymphopoiesis (Fig.2.2D). Consequently, the reduced BM space and the shortage of 

CLP populations to compensate for the fetal-like differentiation of gl/gl ETPs into mature T cells 

are responsible for time-dependent abnormal T cell differentiation within gl/gl thymi. 
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4.3. DOES THE THYMUS ENVIRONMENT CONTRIBUTE TO 

gl/gl T CELL PHENOTYPE? 

 Time-dependent differentiation arrest of gl/gl ETPs at DN1-DN2 transition (Fig.2.3D) 

could either initiate or result from disrupted Notch-dependent crosstalk between developing 

thymocytes and thymus epithelial cells progenitors, thus leading to an underdeveloped and 

disorganized three-dimensional architecture of the gl/gl thymus structure (Fig.2.2A) (Anderson, 

Jenkinson et al. 2006). Nevertheless, maintained in vitro gl/gl ETP differentiation in the presence 

of BM-derived OP9-DL4 (Fig.2.3E) and the similar quantitative expression of Notch1 or 

Deltex1 (data not shown) between gl/gl DN1, control DN1 and gl/glTR DN1 suggest either 

normal Notch responsiveness or Notch-independent differentiation of early gl/gl T cells. These 

observations interrogate the intrathymic communication between developing gl/gl T populations 

and thymus environment in vivo.  

 

 Previous studies have shown an overlap between differentiation arrest of cortical epithelial 

progenitors at the immature stage and T cell development block before DN2 stage , as well as, 

the required interaction between fetal stroma cells and early pro-thymocytes to form the 

premature thymus cortex (Hollander, Wang et al. 1995, Klug, Carter et al. 1998). From these 

observations, we can speculate that a hindered lympho-stroma crosstalk in vivo could occur 

following post-natal differentiation arrest at the DN1-DN2 transition in gl/gl thymi. However, 

our findings did not characterize the lympho-stroma crosstalk that could potentially assist the 

rescue of T cell differentiation within CD2-Ostm1 transgenic mice.  

 

 Multiple features of gl/gl thymus including reduced thymus population, disorganized 

thymus architecture and unclear cortico-medullary junction (CMJ) border (Fig.2.2A) resemble 

thymus involution features, which usually occur in 6 months-old mice (Manley, Richie et al. 

2011). The premature thymus involution has been previously reported in in vitro studies of 

osteopetrotic gl/gl thymus and has been exhibited by the decelerated involution of all stroma 

progenitors and subsequent time-dependent increase in mature stroma cell number (Wiktor-

Jedrzejczak, Grzybowski et al. 1983).  
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 Moreover, the decreased number of stroma progenitors has been recently connected to 

rapid differentiation kinetic during the recovery of the declining thymic stroma cell population 

(Boehm and Swann 2013). Consequently, the boosted gl/gl ETP ratio in CD2-Ostm1 transgenic 

thymi (Fig.2.4F) could reverse the thymic degenerative changes by either providing an 

appropriate ratio of T cell progenitors per stroma cell to extend lympho-stromal interactions in 

the thymic niche, or by stimulating the recovery of stroma cell progenitor differentiation, which 

in turn assists the expansion, maintenance and differentiation of gl/gl ETPs (Anderson, Jenkinson 

et al. 2006). This theory may be supported by the partial improved thymus structure of CD2-

Ostm1 gl/gl animals (Appendix 1.5), which correlated with partial rescue of total thymocytes 

(Fig.2.4E). 

 

 Importantly, absence of peripheral inflammation in gl/gl animals (data not shown) and 

improved thymus structure of CD2-Ostm1 gl/gl transgenic mice despite their premature death 

strongly suggests that this early thymus involution phenotype is independent of inflammatory 

signals or the unknown cause of death in gl/gl animals.  

4.4. HOW COULD Ostm1 INDUCE RESCUE OF T CELL 

HOMEOSTASIS? 

Restoration of Ostm1 gene in the T cell lineage within the gl/gl thymus environment is able 

to increase the ratio of ETP populations by 4-fold, to rescue the developmental profile from DN1 

to DN4 stages and the subsequent distribution of DP populations (Fig.2.4). Moreover, 

maintenance of osteopetrotic bone marrow, low CLPs and abnormal osteoclasts exhibit the cell-

intrinsic function of the Ostm1 in early T populations 

In the thymus, the CMJ region has been established as the main site for proliferative 

expansion of the blood-borne ETPs/DN1 which is mediated by chemokines and growth factors 

secreted by the stroma environment (Lind, Prockop et al. 2001). ETPs/DN1 cells enter the CMJ 

where they undergo rounds of cell division before ceasing to proliferate as they migrate away 

from the CMJ for further commitment and differentiation steps in the outer cortex (Vasseur, Le 

Campion et al. 2001, Cai, Landman et al. 2007).  
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As shown previously, gl/gl ETPs has recapitulated the fetal-like phenotype as illustrated by 

their accelerated differentiation in vitro and lower production of the DP population in vivo 

(Fig.2.2 and Fig.2.3E). Additionally, time-dependent disruption of gl/gl thymus structure with 

an unclear CMJ demarcation (Fig.2.2A) could disrupt proliferative signals for gl/gl ETPs. 

Together, these observations indicate the potential impact on the proliferative state of ETPs/DN1 

populations in the absence of Ostm1 gene, which is consistent with an increase of Ki-67 positive 

cells in CD2-Ostm1 gl/gl transgenic thymus sections (Appendix 1.4).  

T cell-specific Ostm1 expression in CD2-Ostm1 transgenic mice could recover the gl/gl T 

cell intrinsic defect by maintaining the productivity of existing ETPs beyond P15 in CD2-Ostm1 

gl/gl transgenic thymi. Although, this hypothesis has been difficult to evaluate in a time-

dependent fashion due to the premature death of CD2-Ostm1gl/gl transgenic mice at around 3 

weeks, these animals have showed an exacerbated expansion of ETP population (Fig.2.4F) and 

an improved thymus structure (Appendix 1.5). c-Kit and IL7R expression have been implicated 

in supporting pro-thymocyte expansion and survival (Rodewald, Ogawa et al. 1997). 

Interestingly, reduction of c-Kit expression has been observed in gl/gl DN1 compared to control, 

while it has been rescued to normal levels in DN1 from CD2-Ostm1 gl/gl mice (Fig.2.6A). 

Overall, these observations align with an impact of Ostm1 in early T cell expansion and/or 

acquired self-renewal ability in the absence of BM input. 

Ostm1 gene could participate in the compensatory mechanism of the discontinued 

colonization of BM-derived T cell progenitors after birth. To this end, Ostm1 expression could 

support a longer survival of existing gl/gl ETPs to alleviate the shortage of thymic progenitors 

resulting from the lower number of CLP and ETP populations. This scenario would be relevant 

because of: 1) Diminished competition for growth factors and cytokines between few incoming 

(Fig.2.4J) and resident ETPs (Fig.2.3C) in the gl/gl thymic niches. 2) Rescued c-Kit expression 

in gl/glTRDN1 (Fig.2.6A) that could contribute to increasing their thymic expansion and 

survival following restoration of Ostm1 expression. 3) As previously shown, absence of 

competition between young BM-derived progenitors and old thymus DN T cell residents could 

promote self-renewal ability and in situ ageing of old DN2/DN3 T cells (Martins, Busch et al. 

2014). 4) Normalized expression of genes involved in T cell migration such as Rac1 and S1pr1 

(Fig.2.6A and B), could slow down old ETPs at the CMJ, thus prolonging their interaction with 

proliferative signals in gl/gl CD2-Ostm1 thymi.  
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Altogether, these hypotheses implicate Ostm1 gene in prolonged ETP expansion to sustain 

long-term thymus-autonomous T cell development which have been adequately revealed in the 

case of progenitor deprivation (Rodewald, Ogawa et al. 1997, Lind, Prockop et al. 2001, Martins, 

Ruggiero et al. 2012, Peaudecerf, Lemos et al. 2012). 

In conclusion, Ostm1 mediates transcriptional variations of Rho family GTPase including 

Rac1 (Fig.2.6A and B) which is  involved in cytoskeletal organization, microtubules dynamics, 

and cell polarity of T cells (Phee, Au-Yeung et al. 2014). Consequently, overexpression of Rac1 

in the absence of Ostm1 could result in dramatic changes in the cytoskeletal structure, interfering 

with engagement of ETP receptors with chemokines, growth factors and proliferative signals 

derived from the cortical epithelial environment (Manley, Richie et al. 2011), promoting early 

exhaustion of T cell differentiation. 

Overall, re-establishment of Ostm1 expression in the T cell lineage of gl/gl thymus have 

increased ETPs expansion by 4-fold with normalized Rac1 and S1pr1 expressions, and 

subsequent rescue of T cell differentiation pattern from DN1 to SP CD4+ or CD8+.. 

4.5.  IS B CELL DEFICIT SECONDARY TO THE 

COMPROMISED BM AND INACTIVE OSTEOCLASTS? 

Our study using transgenic mice expressing Ostm1 exclusively in the B cell lineage under 

the control of the CD19 promoter has failed to rescue the low B cell number in the spleen of 

CD19-Ostm1 gl/gl animals. Furthermore, conditional deletion of the Ostm1 gene from the 

earliest B cell population to mature B cells has been performed under the control of the Mb1-Cre 

expression system and it did not promote the B cell defect of gl/gl animals. The results suggest 

an indirect function for the Ostm1 gene in B cell populations (Chapter 3). 

BM signaling molecules play an important role in early B cell development to generate 

peripheral B cell populations found in the spleen (Nagasawa 2006). Therefore, the compromised 

BM of gl/gl could interfere with this early B cell development in many ways resulting in reduced 

numbers of total B cells in the gl/gl spleen. This theory is also consistent with the early detection 

of total B cell deficit in gl/gl spleen from 8 day old mice. 



 

162 

Extramedullary hematopoiesis has been reported in the spleen and liver of osteopetrotic 

mice to compensate for their reduced BM cavity. The same study has showed an extramedullary 

myelopoiesis in the spleen and liver whereas B lymphopoiesis has only been detected in the liver 

of these osteopetrotic animals. In these animals, altered generation of B populations was not 

related to the lack of growth factors provided by the stoma environment in the BM. 

Consequently, this previous work suggested that reduced osteopetrotic BM could abrogate the 

space for HSC niches leading to B cell development arrest (Tagaya, Kunisada et al. 2000).  As in 

other osteopetrotic animals, the gl/gl BM volume could then interfere with extramedullary B cell 

lymphoid by compromising the location of early B cell progenitors in extravascular spaces of the 

marrow near the bone cortex. Consequently, B lymphopoiesis would also be interrupted as it 

begins from the peripheral subendosteal area (Tagaya, Kunisada et al. 2000).  

Furthermore, extramedullary B lymphopoiesis of gl/gl could either be altered by an 

abnormal retention of early B cell populations in their bone marrow niches. This hypothesis 

aligns with a report showing the importance of osteoclast activity in mediating the retention of B 

cell progenitor by affecting the production of BM-derived factors (Mansour, Anginot et al. 

2011). Therefore, reduced immature and mature B populations in gl/gl spleen could either 

illustrate an altered retention or the compromised mobilization of early B cell progenitors from 

BM niches. This also indicates the need to characterize other potential sites for extramedullary B 

cell development, such as the liver, in gl/gl animals. 

Surprisingly, the rescued B cell population in the CD2-Ostm1 gl/gl transgenic mice has 

revealed the possibility to recover extramedullary B lymphopoiesis in gl/gl spleen while the BM 

was still compromised. This scenario is possible with the overexpression of the Ostm1 gene in B 

cell populations under the control of the CD2 promoter. However, this phenotype would require 

further investigation by measuring expression of the CD2-Ostm1 transgene in the CLP 

population and early B progenitors, as well as the quantification of pre-pro B mobilization from 

BM to the spleen. These experiments could help to dissociate the CD2-Ostm1 transgene effect on 

the BM niche containing CLP/pre-pro B cells from its intrinsic modulation of early B progenitors 

trafficking to peripheral lymphoid tissues.  
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Overall, compromised BM volume and inactive osteoclasts of the grey-lethal mice could 

compromise homeostasis of the B cell progenitor niche resulting in the disruption of 

extramedullary B cell development in gl/gl spleen.  

 

4.6. THE OSTEOIMUNOLOGY LESSON OF THE CTSK -Ostm1 

gl/gl TRANSGENIC MICE 

Our research also investigates the relationship between inactive bone resorption and 

defective B and T cell homeostasis in gl/gl animals. For this purpose, Ostm1 gene expression is 

re-established in mature osteoclasts of gl/gl mice under the control of the cathepsin K (Ctsk) 

promoter. The Ctsk-Ostm1 gl/gl transgenic mice demonstrate normalized lifespan, osteoclast 

activity, and bone parameters (Pata. M et al, unpublished data). These mice also show rescued 

cellularity in the thymus and spleen (Table 1.7),  as well as normal distribution of B cell and the 

T cell lineage including ETPs, DN1 to DN4, DP, and SP CD4+ or CD8+ (Appendix 2.1 and 2.4). 

Altogether, these data reveal the contribution of active bone resorption in promoting T and B cell 

homeostasis. 

Our findings are further supported by the undetectable expression of endogenous Ctsk and 

transgene Ctsk-Ostm1 in sorted CD3+T and B220+B cells (Appendix 2.2) Undetectable 

expression of the endogenous Ctsk and Ctsk-Ostm1 transgene is confirmed in flow cytometry 

sorted ETP populations of Ctsk-Ostm1 +/+ transgenic animals, and normal expression of 

endogenous Ostm1 gene is demonstrated in the same cell population (Appendix 2.3). 

Furthermore, conditional ablation of Ostm1 expression in mature osteoclasts mediated by 

the Ctsk-Cre has resulted in osteopetrotic phenotype highlighted by premature death, loss of 

tooth eruption and, inactive osteoclasts in conditional Ostm1lox/lox Ctsk-Cre+ progenies (Pata M et 

al, unpublished data). T cells and B cell deficiencies as well as accumulation of macrophage-

granulocytes populations are recapitulated in these conditional Ostm1lox/lox Ctsk-Cre+ animals. 
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Collectively, these results exhibit the importance of crosstalk between osteoclast activity 

and homeostasis of B and T cell differentiation. These observations are compatible with BM-

dependent thymus colonization of CLPs and ETPs. Consequently, the rescued osteoclast activity 

in the presence of Ostm1 has re-established a normal marrow space that could contain normal 

numbers of CLPs and ETPs and promote subsequent efficient progenitor input within Ctsk-

Ostm1gl/gl thymus after birth. Therefore, the subsequent competition between young progenitors 

and old thymus resident DN cells could compensate for the reduced number and fast-paced 

differentiation of gl/gl ETP, by maintaining thymic cell turnover and avoiding in situ ageing of 

DN2/3 cells (Martins, Busch et al. 2014). Surprisingly, Rac1 expression is diminished in sorted 

ETPs from Ctsk-Ostm1+/+ transgenic mice (Appendix 2.3), suggesting that ETP trafficking 

could also be modulated by osteoclast activity. Moreover, the inverse correlation between 

osteoclast activity and HSC mobilization into the periphery has been demonstrated previously 

(Miyamoto, Yoshida et al. 2011). Hence, the rescued osteoclast activity could stabilize HSC 

mobilization supporting the generation of CLP and ETP populations. 

Overall, Ctsk-Ostm1 gl/gl transgenic animals support crosstalk between osteoclast activity 

and early lymphoid cell input to sustain T and B cell differentiation programs within gl/gl 

lymphoid tissues. 

4.7. THE GREY-LETHAL MOUSE AS AN ANIMAL MODEL 

TO SUPPORT OSTEOIMMUNOLOGY STUDIES 

The gl/gl osteopetrotic mouse model is characterized by inactive bone resorbing 

osteoclasts causing a higher bone density and an abnormal BM cavity (Rajapurohitam, Chalhoub 

et al. 2001). These mice also exhibit an altered T cell differentiation and a significant B cell 

deficit (Pata, Heraud et al. 2008).  

The data from our studies allowed for clarification of the T cell intrinsic function of Ostm1 

from its indirect role in B cell physiology. Maintenance of an abnormal osteoclast physiology 

and a compromised BM in CD2-Ostm1 gl/gl transgenic mice (Fig.2.4H and I) suggests an 

insignificant role of normal T and B cell development (Appendix 1.6 and 1.7) in the molecular 

interplay stimulating osteoclast activity and BM homeostasis.  
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In contrast, the potential molecular interplay from active osteoclasts in promoting T and B 

cell lineage development and number is strongly supported by Ctsk-Ostm1 gl/gl transgenic 

animals (Appendix 2). These latest findings illustrate the promising potential of using gl/gl mice 

to dissect biological pathways involved in the crosstalk between lymphoid cell homeostasis and 

osteoclast activity or bone remodeling. 

Most studies in osteoimmunology use animal models of rheumatoid arthritis which exhibit 

enhanced osteoclast activity induced by inflammatory cytokines (Takayanagi 2007, Choi, Arron 

et al. 2009, Castaneda, Simon et al. 2011). In contrast, the gl/gl osteopetrotic mice offer an in 

vivo model with enhanced osteoclast differentiation producing inactive bone-resorbing 

osteoclasts. Hence, these mice could represent another mouse model to identify cytokines other 

than RANKL that can be produced by T and B cell lineages to stimulate osteoclast activity or 

bone-remodeling. For example, gl/gl mice could facilitate the study of other osteoimmunological 

markers in the absence of severe inflammatory conditions. Additionally, these animals could be 

useful for characterizing the potential positive feedback between bone resorption efficiency and 

immune cell activation or responses. 
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4.8. PERSPECTIVES AND KEY POINTS  

Maintained differentiation of the gl/gl ETP population in vitro co-culture differentiation assay 

suggest either conserved responsiveness to Notch or gl/gl ETP differentiation independent of 

Notch signaling. Therefore, this result interrogates the potential effect mediated by the gl/gl 

thymus environment in either initiating or potentiating abnormal T cell development of gl/gl 

mice. 
 

Time-dependent disruption of T cell development at DN1-DN2 transition and DP cell loss 

coincides with the time point for independence of the neo-natal immune system, which mainly 

relies on BM content. Consequently, the obliterated BM of gl/gl could also be involved in this 

time-dependent T cell phenotype. Thus, it is crucial to distinguish intrinsic versus extrinsic 

influence of the Ostm1 gene in the time-dependent aspect of abnormal T cell development in 

gl/gl mice. 

 

Furthermore, the differential expression pattern of migration-associated genes in gl/gl DN1cells 

should be studied at the cellular level by using appropriate functional assays. It would also be of 

interest to investigate the molecular connection between the Ostm1gene and the early T cell 

migration changes once they are confirmed in vivo. The additional data gathered from these 

experiments could offer more insight into the general function of the Ostm1 gene. 

 

The exacerbated B cell phenotype of the CD19-Ostm1 gl/gl mice suggests the importance of 

gene expression level and the specificity of B cell differentiation stage regulated by the Ostm1 

mutation. However, further investigation is needed to confirm the efficiency of the CD19-Ostm1 

transgene either by demonstrating CD19-Ostm1 BAC integrity in all transgenic lines or 

analyzing other transgenic lines with a higher expression of the CD19-Ostm1 transgene. 

Additionally, Mb1-Cre expression and Ostm1 deletion efficiency should be confirmed in cellulo 

of sorted B subpopulations based on the B cell differentiation sequence. 

 

In conclusion, the comparative study of the aforementioned results in the osteopetrotic gl/gl mice 

and other animal models could reveal data that support identification of molecular pathways that 

are responsible for crosstalk between bone and immune cells.  
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4.9.  CONCLUSIONS  

My thesis work presents analysis of Ostm1 gene function in the lymphoid B and T cell 

homeostasis. First, we characterized the time-dependent defect in T cell development resulting in 

thymus atrophy in gl/gl animals. These studies also suggest a contribution of the Ostm1 gene in 

T cell development during modulation of ETPs expansion and reduction of Rac1 expression in 

ETPs/DN1 populations. These results also illustrate the subsequent role of Ostm1 in T cell 

differentiation from early DN1 to mature SP CD4+ or CD8+.Moreover, these data reveal the 

importance of Ostm1 expression to prolong long-term thymus-autonomous T cell differentiation 

in response to the progenitor deprivation resulting from an osteopetrotic gl/gl BM. Secondly; we 

have initiated the characterization of defective B cell differentiation in gl/gl mice. Our findings 

indicate the non-cell-autonomous effect of Ostm1 expression in the abnormal B cell physiology. 

Further analyses indicate that restoration of BM volume could efficiently compensate for the 

gl/gl ETP intrinsic defect. These data also suggest an induction of the B cell lineage phenotype in 

gl/gl mice mediated by negative crosstalk between inactive osteoclasts and the B cell niche. 

Overall, these studies have illustrated the promising potential of the osteopetrotic gl/gl mouse 

model to support research in osteoimmunology. 
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Appendix 2.1. Lymphoid and myeloid phenotype of gl/gl Ctsk-Ostm1 transgenic mice.  
The cathepsin K (Ctsk) promotor has been used to target Ostm1 gene expression in mature and 

active osteoclasts of transgenic gl/gl Ctsk-Ostm1 animals. A) Flow cytometry comparing the 

distribution of T cell expressing surface markers CD4 and CD8 at P21. B) Flow cytometry 

graphs representing the distribution of macrophage-granulocytes population based on their 

surface expression of CD11b and Gr-1 at P21. C) Distribution of the splenic B cell population 

identified with surface expression of B220 and CD19 at P21. 
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Table 1.7. Cellularity of lymphoid tissues in gl/gl Ctsk-Ostm1 transgenic mice 
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Appendix 2.2. Endogenous Ostm1, Cathepstin K and the transgene Ctsk-Ostm1 expression 

in lymphoid populations by qPCR.  

Quantitative expression of  enogenous Ostm1 and Cathepstin k (Ctsk) as well as transgence Ctsk-

Ostm1  in enriched B220 positive B cells  from the spleen and enriched CD3 positive T cells  

from the thymus harvested from +/+ NT  and +/+ Ctsk-Ostm1 TR mice at 3 weeks of age. 
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Appendix 2.3. Endogenous Ostm1, Rac1 and the transgene Ctsk-Ostm1 expression in ETPs 

populations by qPCR.  

Quantitative expression of endogenous Ostm1 and Rac1 as well as Ctsk-Ostm1 transgene in 

sorted ETPs cells from the thymus harvested from +/+ TR and gl/gl Ctsk-Ostm1 TR mice line 

585  and line 587 at 3 weeks of age. 
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gl/gl  gl/glCtskTR1  gl/glCtskTR2 

spleen  

                                            BM 

   Thymus 

 
Appendix 2.4. Lymphoid and myeloid phenotype of gl/gl Ctsk-Ostm1 transgenic mice in 

comparison to gl/gl animals at P21.  

A) Normalized distribution of the splenic macrophage-granulocytes identified with surface 

expression of CD11b and Gr-1 in gl/gl Ctsk-Ostm1 transgenic compared to gl/gl mice. B) Flow 

cytometry graphs representing the corrected macrophage-granulocytes distribution in the bone 

marrow of gl/gl Ctsk-Ostm1 transgenic compared to gl/gl mice. C) Flow cytometry plot showing 

rescued distribution of ETPs within gl/gl Ctsk-Ostm1 transgenic in comparison to gl/gl thymi. 

CD11b 

  Gr-1 

CD11b 

  Gr-1 

CD44 

 c-KIt 
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Appendix 2.5. Thymic and splenic lymphoid and myeloid phenotype of three independent 

conditional knock-out Ostm1lox/lox Ctsk-Cre +mice.  

A) Flow cytometry comparing the distribution of T cell expressing surface markers CD4 and 

CD8. B) Flow cytometry panels representing the macrophage-granulocytes population based on 

their surface expression of CD11b and Gr-1. C). Distribution of the splenic B cell population 

identified with surface expression of B220 and CD19.at P21 
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Table 1.8. List of primers used in quantitative PCR assays 

qPCR         
qS16 FOR GCTACCAGGGCCTTTGAGATG 
qS16 REV AGGACGGATTTGCTGGTGTGG 
qOstm1 EX5  FOR GCTTCCTTCACTCAGAGCAA 
qOstm1 EX6  REV GTGAGAATGCAACTTGTCCGA 
qOstm1 E6  FOR GCCAACATTCAAGAAAATGC 
qCD2-gl  REV CACATCAGGAGGGCAGAAATC 
qOstm1 E6  FOR GCCAACATTCAAGAAAATGC 
qCD19-gl  REV GGAATGCTCGTCAAGAAGACAGG 
qiCre  FOR CCTGGTCTGGACACAGTG 
qicre  REV TTGCCCCTGTTTCACTATCC 
qCD2 FOR TGCGGTCTTGCAAGGGACAGATTT     
qCD2  REV GGACAGACCTTTCTCTGGACAGTT     
qCD19  FOR GGTCCCAGTCCTATGAAGATATGAG 
qCD19  REV CCTCTCCTTCCCATGCTGGTTCTA 
qGFP FOR GACCCTGAAGTTCATCTGCA 
qGFP REV CCGTCGTCCTTGAAGAAGA 
qRac 1              FOR CTGAAGTGCGACACCACTGT 
qRac 1              REV CTTGAGTCCTCGCTGTGTGA 
qSpns2     FOR GGATCCGCCATCTTCATCTG 
qSpns2   REV GAGGATGTCTGCAGTGATGG 
qSphk2  FOR TGGGCTGTCCTTCAACCTCATACA 
qSphk2  REV AGTGACAATGCCTTCCCACTCACT 
qS1pr1  FOR GTGTAGACCCAGAGTCCTGCG 
qS1pr1  REV AGCTTTTCCTTGGCTGGAGAG 
qSgpp1  FOR  CCTGCTGGAGTTCACTAGTTT 
qSgpp1   REV GTCCACCAATGGGTAGAAGATAA 
qSgpl1 FOR GCTCTGGGATCCAACGATTT 
qSgpl1 REV CGCTTCCGAGTATGTACTAACG 
qSgpp2  FOR CCCTTTCACCCACTGGAATATC 
qSgpp2  REV GGCATTCCGTACTCTGCAATAA 
qCtsk FOR CCAATACGTGCAGCAGA 
qCtsk REV TGCATCGATGGACACAGA 
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Table 1.9. List of primers used in genotyping and RT-PCR assays 

 

RT-PCR     
B-actin  FOR TGACGATATCGCTGCGCTG 
B-actin REV ACATGGCCTGGGGTGTTGAAG 
Ostm1Ex3  FOR CCTGCTTTGAGCATAACCTGC 
Ostm1Ex6  REV CTGCAGTCCCAACATTTCGTGAG 
GFP FOR CCTGAAGTTCATCTGCACCA 
GFP REV ACTGGGTGCTCAGGTAGTGG 

 
  

Genotyping     
GL +  F1 FOR CCTCTGGAAGACTAATACTTGCTG 
GL +  R1 REV GCCTGGAACAGAGCAAAGC 
GL +  F2 FOR GCTACATCTGGGTCCTTTCG 
GL +  R2 REV CGCTTGCTTTTGTCTGTTACCTTTGTGTTC 
V5 AgeI  FOR GTGTGTACCGGTAAGCCTATCCCTAAC 
GL EX5REV1                     REV GGACACCGTGTCGCTGCAGGTGAC 
pCD2  FOR TCCACCAGTCTCACTTCAGGTCCC 
pCD19 FOR TGCTGGGTGACAGGGAGGGG 
Cre  FRO FOR AATGCTTCTGTCCGTTTGC 
Cre REV REV CGGCAACACCATTTTTTCTG 
Gl 5' FOR3 (lox/+) FOR AATAGCCAGGGTTGCACAGAGAGT 
GL EX5 REV2 (lox/+) REV ACGGCCTTGTGCATACAGGTAAGA 
GL 3’  REV1 REV GCATCGGCACATGAACTCTTCACT 
CD2 icre  FOR TGTGGATGCCACCTCTGATGAAGT 
CD2 icre  REV ATGTGGATCAGCATTCTCCCACCA 
Mb-1 Cre  FOR CCCTGTGGATGCCACCTC 
Mb-1 Cre  REV GTCCTGGCATCTGGTCAGAG 
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