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Bone and bone marrow (BM) are major components of the human body, with a pivotal role in skeletal 

structure and hematopoietic cell function. Most bones in the human body form and heal through a 

process called endochondral ossification, whereby human mesenchymal stromal cells (hMSC) generate 

a hypertrophic cartilage (HyC) intermediate which progressively remodels into bone and BM. In my 

thesis, I propose to engineer HyC by recapitulating the key developmental features of endochondral 

ossification, and to exploit it for inducing bone repair and modelling human hematopoiesis. 

Part I of my thesis aims at generating devitalized HyC to be used as a graft for bone repair by 

engineering hMSC with an inducible apoptotic cassette. Apoptosis devitalization showed that by 

preserving the factors embedded in the extracellular matrix, endochondral bone formation could be 

achieved by osteoinduction in an ectopic environment. In a second phase, the process to generate 

devitalized HyC was upscaled and streamlined using a perfusion-based bioreactor system. The 

resulting devitalized HyC was assessed against a clinically used human processed allograft in a rabbit 

calvarial model. Efficient and homogenous production of devitalized HyC could be accomplished in a 

single step process. Finally, orthotopic implantation demonstrated the superiority of devitalized HyC 

compared to a clinical standard-of-care.  

Part II targets the exploitation of this developmental process to create a model for the study of 

interactions between human stroma and hematopoietic cells. Until now, most human hematopoiesis 

studies are carried out using humanized mice models, missing a human stromal compartment. By 

keeping alive the human stromal cellular fraction in the HyC, we generated an ectopic humanized bone 

organ (ossicle) in the mouse. The ossicles successfully engrafted long term functional human 

hematopoietic stem and progenitor cells (HSPC) and increased the fraction of quiescent human 

hematopoietic stem cells (HSC) as compared to the native mouse bone. Then, we asked whether the 

ossicles could be customized to visualize the human stroma and influence the hematopoietic 

environment. By engineering hMSC to overexpress a fluorescent reporter and the stromal cell-derived 

factor 1 alpha (SDF1α) cytokine, we visualized and quantified the human stromal cell fate in the ossicles 

and modified the hematopoietic cell homeostasis. Finally, this system allowed the visualization of 

putative human HSPC niches. 

Overall, by using engineered hMSC and HyC tissue, this work tackles both a clinical application by 

developing a new material for bone repair, and the generation of fundamental knowledge by 

establishing a model of human hematopoietic cells interacting with their stromal niche.  
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I. The bone organ 
A. Skeletal structure 

Bones are major components of some living organisms giving them their shape, dynamic and owing 

them to pertain to a specific phylogenetic class: the vertebrates.  The human body is composed of over 

200 bones which can be divided into two classes depending on their origins. Bones from the vertebral 

column, the rib cage as well as the appendicular skeleton come from the mesoderm whereas the 

craniofacial skeleton arises from the neural crest cells (ectoderm) [1,2]. Contrary to old beliefs giving 

bones the status of a relatively inert materials having a protective and scaffolding role shaping 

vertebrae, bones are highly complex and dynamic organs hosting the bone marrow (BM) where the 

hematopoietic system is homed and regulated [3,4]. Nevertheless, bones primary architectural role 

implies a stiff and robust structure [5]. Bones structures are comprised of cortical bone and trabecular 

bone (Fig. 1). The cortical bone is a very dense tubular ECM structure giving the shape and the stiffness 

to the organ and hosting the trabecular bone. Cortical bone is surrounded on the outside by the 

periosteum (except at the articulation where it is replaced by cartilage) and on the inside by the 

endosteum. Periosteum and endosteum are connective tissues tightly bound to the cortical bone and 

comprised of osteoblasts and additionally of osteoclast for the endosteum. Bone diameter growth is a 

slow process involving periosteal growth by osteoblasts matrix deposition and on the other side, 

endosteal bone resorption by osteoclasts [3].  

Figure 1: Overview of the general bone structure with the periosteum, cortical bone 

(compact bone) and the trabecular bone (spongy bone).  
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One of the main characteristic of the bone organs is their stiffness provided by a very dense and 

mineralized extracellular matrix (ECM) coupled to proteins such as collagen type I, osteocalcin, 

osteopontin, osteoconectin, sialoprotein, thrombospondin, and some serum proteins such as albumin 

[3,6,7].  

During the embryonic development osteoblasts depositing the mineralized matrix are generated along 

two specific pathways namely the intramembranous ossification and the endochondral ossification 

[8,9]. Most bones are derived from endochondral ossification involving a primary differentiation of 

mesenchymal stromal cells into chondrocytes and the generation of a cartilaginous templates which 

upon subsequent remodeling will give rise to long bone organs with BM [10]. The details of this process 

will be described in a subsequent chapter. Intramembranous ossification on the other hand happens 

in the craniofacial bones, the mandibula as well as the clavicula. Also starting from mesenchymal cells 

condensation, they will undergo a direct differentiation into osteoblasts leading to the deposition of a 

mineralized matrix and bone formation [10,11]. 

B. Endochondral ossification 

Most of the human bones in the body develop through an endochondral ossification process [10,12]. 

First, mesenchymal cells condense and differentiate into chondrocytes. Chondrocytes will then start 

producing an ECM composed of aggrecans and collagen type II. On the periphery of the mesenchymal 

condensation, some cells generate an outer layer called the perichondrium. Chondrocytes at the 

center undergo hypertrophy increasing by 5-10 folds in size and further depositing a dense matrix 

composed of collagen type X [13]. Other growth and remodeling factors such as VEGF attract blood 

vessels and macrophages while MMP13 triggers the action of osteoclast and ECM remodeling [14]. 

Chondrocytes will then develop along a gradient from the center of the future bone to the epiphysis. 

Chondrocytes closer to the center gradually become hypertrophic and organize into columnar patterns 

[15,16]. Further from the center, chondrocytes remain in a proliferating state generating new 

chondrocytes that can enter pre-hypertrophy and a columnar structure leading to the axial growth of 

long bones. Chondrocytes at the epiphysis remain in a resting state providing a pool for either 

proliferating chondrocytes or generating hyaline cartilage for the articulations. While the cartilaginous 

template undergoes longitudinal growth by chondrocytes columnar organization and hypertrophy. 

Part of the hypertrophic chondrocytes from the primary hypertrophic cartilage center undergo 

apoptosis while blood vessels as well as osteo-progenitors, osteoblasts and osteoclasts invade the 

hypertrophic cartilage and start a primary ossification center [12,16]. ECM is remodeled and generate 

a cavity for the establishment of the bone marrow space. It has long been believed that all hypertrophic 

chondrocytes underwent apoptosis. Recently some lineage tracing studies clearly shed the light on the 

fact that some of these hypertrophic chondrocytes also transdifferentiated into osteoblasts (Fig. 2A) 
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[9,16]. Osteoblasts from the perichondrium surrounding the hypertrophic ECM lay down 

mineralization and matrix deposition leading to the formation of the bone collar and the periosteum. 

The periosteum expands as the bone grows longitudinally. On the epiphysis, blood vessels also invade 

the cartilage and generate a second ossification center. Some osteoblasts on the bone collar get 

trapped in the ECM and further evolve towards osteocytes generating the cortical bone. The inner 

cavity remodels and become trabecular bone and BM (Fig. 2A) [17].  

 

Due to its implication in bone development, repair and bone marrow formation, scientists have tried 

to recapitulate the different steps of endochondral bone tissue formation [18,19]. Starting from 

different cells sources, cells were successively condensed and driven towards chondrogenic and 

hypertrophic chondrocytes differentiation (Fig. 2B). The final remodeling steps requiring invasion of 

the hypertrophic ECM by blood vessels, osteoclasts and osteoprogenitors was initially recapitulated by 

subcutaneous implantation of mineralized cartilaginous tissues subcutaneously in immunodeficient 

mice [20–22]. 

Figure 2: Overview of the endochondral ossification pathway (A) and its recapitulation by different 

labs (B). Briefly, MSCs condensate (a) and differentiate into chondrocytes (c) (b) then hypertrophic 

(h) chondrocytes (c). Blood vessels and osteoprogenitors invade the hypertrophic cartilage and 

remodel it into bone and BM (hm) forming the primary spongiosa (ps) (d, e). Axial bone growth 

continues with columnar proliferating chondrocytes (col) while a secondary ossification center (soc) 

is generated at the epiphysis (f, g). Adapted from (Kronenberg 2003).  

A 

B 

MSCs 
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C. Home of the bone marrow 

BM is present in most human bones’ inner cavity. It is a complex, densely vascularized environment 

with a wide variety of cell types. It can be subdivided into three different sections with a cellular, 

extracellular and liquid compartment. The cellular compartment is composed cells involved in the bone 

and hematopoiesis homeostasis. Cells can be divided on one hand into stem and progenitor cells and 

on the other hand into mature, differentiated cells. Skeletal stem cells (SSC) and hematopoietic stem 

cells (HSC) represent the most undifferentiated cell types respectively responsible for the 

establishment of the bone and hematopoietic cells [23,24]. Stromal and bone cells in the BM are 

composed of MSC, osteoblasts, osteoclasts, chondroblasts and adipocytes. BM is the home of 

hematopoiesis and therefore, all blood cells types are present within the BM. HSCs are the only blood 

cells with true stem cells properties: long term self-renewal and multi-differentiation potential. The 

current model of hematopoiesis relies on a differentiation tree with HSCs being at the apex. Typically, 

HSC remain in a quiescent state [23]. To repopulate some hematopoietic populations, they 

differentiate to short-term HSC and multipotent progenitors (MPP) with multi lineages differentiation 

potential but limited self-renewal capacities. MPP can further differentiate into progenitors restricted 

to either the lymphoid lineage (multi lymphoid progenitor, MLP) or the myeloid lineage (common 

myeloid progenitors, CMP). Lymphoid lineage comprises T and B cells as well as natural killer cells (NK). 

Myeloid lineage contains erythrocytes and megakaryocytes. Both LMP and CMP can generate 

granulocyte and macrophages progenitors (GMP) leading to neutrophils, eosinophils, basophils, mast 

cells, macrophages and monocytes [25–27].  

The extracellular compartment is mostly composed of bone ECM with dense mineralized matrix 

primarily composed of collagen type I [7,23]. Finally, the liquid compartment contains many growth 

factors involved in the autocrine and paracrine signaling as well as cytokines and other small 

molecules.  

Cells present in the BM closely interact in bone growth and repair as well as hematopoiesis 

homeostasis, thereby instigating a specific microenvironment called HSC niche [28].  

II. HSC niche modeling 

A. General structure and function (Stem cell niche) 

A stem cell niche is a microenvironment within a tissue where stem cells are maintained and regulated. 

This regulation is associated with other different cell types secreting growth factors and cytokines [29]. 

The HSC niche has different locations during the development and become mainly restricted under 

physiological condition to the bone marrow tissue within the bone organs in the human adults [30]. 
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The maintenance of HSC is of primary importance as they are the one leading to the different blood 

lineages. They can replenish any blood cell type through tightly controlled regulation. Failure in their 

maintenance or regulation would lead to serious functional defect in physiological processes such as 

oxygen transport, coagulation and immune responses [31]. Therefore, deciphering and understanding 

the human HSC niche is of crucial importance towards the development of new therapies in a wide 

variety of pathologies.  

The first postulate of a specific niche for HSC dates from 1978 by Schofield when he observed superior 

mature hematopoietic cells replacement following irradiation by bone marrow derived cells 

transplantation compared to cells derived from the spleen [32]. It was not until 2003 and due to major 

technical progresses in microscopy that the first evidences of osteoblast implication in the HSC niche 

could be suggested [33,34]. Since then, many studies complemented this finding and added to the 

description of the actual HSC niche [35–37]. The major fraction of HSCs is associated to the perivascular 

environment and more precisely next to sinusoidal vessels. Interestingly, the osteoblastic niche even 

though being the first to be described do not represent the main actor in HSC niche modeling [28,38]. 

Despite being extensively studied, the HSC niche composition and location remain controversial. 

B. Main actors and role 

The HSC niche is composed of hematopoietic and non-hematopoietic cells such as stromal cells, 

endothelial cells, endosteal cells and nerve cells. Despite being identified as a first cell type implicated 

in the establishment of HSC niches, osteoblasts do not seem to have a direct effect on the HSC niche 

[33,34,39]. They seem more involved in the direct maintenance of progenitors such as the lymphoid 

progenitors [28]. As described earlier, HSC are mainly associated to the perivascular environment and 

more specifically next to sinusoids [40]. Endothelial cells were shown to be of major importance in the 

HSC niche through the secretion of stem cell factor (Scf) and stromal derived factor 1 alpha (SDF1α, 

also known as CXC chemokine ligand 12 (CXCL12)) (Fig. 3). Other cells directly associated with the 

vasculature are stromal cells. Though being a very heterogenous cell population, specific subtypes have 

been identified has being of high importance in the HSC niche. CXCL12 abundant reticular (CAR) cells, 

Nestin-GFP positive cells and leptin receptor expressing cells (Lepr) showed high level of Scf and 

CXCL12 expression and functional depletion of HSC upon conditional knock out of these cells 

[28,38,41]. In humans, a specific CD146+ subtype of MSC showed similar characteristics to Nestin-GFP 

positive cells. Direct implication of these cells has been confirmed by mutant comparison expressing 

either soluble Scf or the membrane bound Scf. Depletion of HSC was only observed in the deletion of 

membrane bound Scf but not in the soluble Scf deletion [42]. This indicates the direct cell to cell 

contact requirement for the establishment of the HSC niche with Scf. Finally, other cell types like nerve 

cells, non-myelated Schwann cells, megakaryocytes and osteoclasts have been shown to influence and 
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regulate the HSC niche but rather in an indirect or less significant fashion by stimulating endothelial 

and stromal cells (i.e. CXCL12, Scf), modifying the micro-environment (calcium release by osteoclasts 

activity). 

Despite the recent advances, much remains to be elucidated especially on specific roles of cells and 

growth factors on the HSC regulation, the role of stress on the HSC niche and other potential factors 

especially some possible long distance paracrine factors [38].  

C. SDF1α (CXCL12) 

CXCL12 is an important factor participating to the HSC niche. It was first characterized as a growth-

stimulating factor for B cell precursor [43] and for the role of its receptor CXCR4 in HIV infection [44]. 

Since then the CXCL12 factor has been extensively described. It has an important role in B and lymphoid 

progenitors maintenance and proliferation [45,46]. More recent studies uncovered the major 

participation of CXCL12 in HSC quiescence, homing, maintenance and retention [47]. Many cells within 

Figure 3: Overview of the current hematopoietic stem cell niche model with its different actors and 

Scf and CXCL12 secretion profiles. (Crane et al. 2017) 
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the bone marrow express CXCL12 at different levels and therefore have different levels of implication 

in the HSC niche. CXCL12 abundant reticular (CAR) cells, leptin receptor-expressing cells (LEPR+ cells) 

express the highest levels of CXCL12 and are mostly located in the perivascular and sinusoidal region. 

Other cells secreting CXCL12 are endothelial cells, Nestin-GFP cells and osteoblasts (Fig. 3). 

D. Mouse vs Human 

Since the discovery of HSCs by Till and McCulloch, most studies were conducted on the mouse 

hematopoietic system [48]. However, and despite being relatively close in the phylogenetic tree, mice 

and humans remain different species with some major differences (Fig. 4). Usually mice used for 

research studies are rather homogenous in population as compared to the diversity encountered in 

human population [25]. Therefore, studies carried out in the mice may not accurately reflect all the 

eventualities that may occur in humans. Mice are small animals exposed to different ecological cues 

and with a short lifespan and a precocious reproductive maturity. All these aspects influence their 

exposure to tumors, stress, telomerase activity and growth factors expression. Most of these 

parameters have a significant impact on hematopoiesis and therefore despite similarities, a direct 

correlation between the mouse and human biology cannot be established. It is also necessary to 

develop models closer to the actual human hematopoiesis.  

First studies on human HSCs were conducted in vitro following the colony forming unit (CFU) paradigm 

previously validated with mice HSCs [49,50]. The evolution towards the in vivo engraftment in mice of 

human HSC was the logical next step. In 1988, several studies showed the first engraftment of human 

T and B blood cells in mice due to the generation of the severe combined immunodeficiency mice (Scid) 

[51–53]. Transplantation of differentiated cells however could not lead to long term engraftment. 

Further studies used the co-injection of human bone marrow cells and human growth factors in order 

to prolong the lifespan of human blood cells [54]. The persistence of the innate immune system did 

not allow a high and long-term engraftment of human HSC. Further mice models with more severe 

immunodeficiency were then generated in order to progressively shut-down the immune response 

establishing the non-obese diabetic (NOD), Scid, IL-2R common ɣ chain deletion (gc-/-) (NSG). The final 

step towards better and longer engraftment was the generation of mice constitutively expressing 

human specific hematopoietic growth factors [25]. 
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These mice models allowed to underline similarities and differences between the human and mouse 

hematopoiesis. Among the similarities are some signaling pathways like bmi1 and Notch as well as 

surprisingly the number of division per lifespan of HSCs [25]. Major differences could be found in the 

HobB4 pathway and in the DNA damage response with in the latter case a different response 

undertaken. While mouse HSCs tend to favor repair DNA repair and mutations accumulation, human 

HSCs favor an apoptotic approach. A possible explanation could be the difference in lifespan and 

Figure 4: Current understanding of the mouse and human hematopoietic lineages. Despite some 

similarities, some major differences in the hematopoietic lineages and markers call for the 

development of humanized models. (Doulatov et al. 2012) 
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reproductive maturity between the two species [25]. These similarities and differences underline the 

need for a more thorough analysis of the human HSC niche, homing, engraftment and molecular 

pathways. In particular, the humanized mice models despite expressing some human cytokines do not 

reflect possible human HSC niche. There is a need for the establishment of a human stroma supporting 

human hematopoiesis model [55,56].  

III. Bone fracture healing 

A. Physiological fracture healing 

Physiological fracture healing is a natural and efficient process regenerating broken bone without 

leaving any scar tissue. Most fracture heals through a developmental process resembling the 

endochondral bone formation (Fig. 5). It can be divided into four steps with an inflammation phase, 

soft callus formation phase, hard callus formation phase and remodeling phase [57].  

Upon injury, the hematoma will lead to the aggregation of many inflammatory cells such as 

macrophages, monocytes and other phagocyting cells. They will secrete important quantities of 

cytokines and growth factors such as interleukins (IL-1 and IL-6, vascular endothelial growth factor 

Figure 5: Physiological fracture healing in the mouse. (Einhorn, Gerstenfeld 2015) 
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(VEGF), transforming growth factors-β (TGF-β), bone morphogenetic proteins (BMPs)… Secretion of 

these factors will lead to the recruitment of surrounding MSCs from the periosteum, and the bone 

marrow [58]. MSCs will differentiate into chondrocytes and recapitulate the endochondral pathway. 

Chondrocytes and fibroblasts will generate a soft tissue called soft callus. Gradually, the fibrous tissue 

will be replaced by expanding chondrocytes before undergoing hypertrophy and mineralization leading 

to the hard callus generation phase. Osteoblast from either exogenous location or transdifferentiated 

from hypertrophic chondrocytes lay down an intermediate extracellular matrix stably bridging the two 

broken pieces. This process happens simultaneously with an important vascularization process 

enhancing the remodeling of the hard callus [59]. Final remodeling involves the formation of lamellar 

and trabecular bone structures restoring the complete bone organ structure and function. This is 

carried out by osteoblast orchestrating the osteoclasts activity [57,60].  

B. Current clinical treatments and limitations 

Due to their actual structural role, bones are prone to damage and fractures but in most cases, can 

regenerate in a quick and efficient way without the need of any exogenous assistance other than 

immobilization. Moreover, newly regenerated bones do not show any sign of scar tissue and the 

border with the native bone can hardly if at all be noticed. However, for some clinical and pathological 

cases such as bone non-union, craniofacial reconstruction, bone tumor removal and hip implantation, 

there is a critical need for exogenous therapies to prime and enhance bone healing. Bone repair can 

be induced either by osteogenesis  (e.g. autograft) where bone is generated by the transplanted tissue, 

by osteoconduction which is the passive process of bone formation from an already existing bone 

structure or by osteoinduction where cues induce a tissue to actively differentiate into bone [61]. The 

current clinical gold standard is autologous bone graft where bone from the patient is typically taken 

from the hip and re-allocated to the site of injury. While being quite efficient, it has several drawbacks 

such as creating a second site of injury, having a limited amount of material and cannot be used in 

some feeble patients and increasing the risks of infection. Therefore, there has been a critical need for 

exogenous therapies. Processed allo- and xenografts as well as synthetic bone substitutes such 

hydroxyapatite (one of the major bone component) or ceramics are typically used as a material for 

bone regeneration. However, these materials are inefficient in generating efficient osteoconduction 

and are often used in combination with osteoactive agents such as bone morphogenetic proteins 

(BMPs). The problem comes from the fact that important doses of BMPs are required. BMPs being an 

extremely potent growth factors, a careless and imprecise dosage as well as uncontrolled released in 

vivo can lead to dramatic effects like tumor formation or ectopic bone growth [61,62]. A most recent 

and promising approach consist in the use of stem and stromal cells either to generate tissue after 
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seeding on scaffolds [63]. This new area of research and development is called tissue engineering and 

will be developed in a subsequent chapter. 

C. Cell source 

Tissue engineering for bone regeneration requires a reliable cell source capable to efficiently 

differentiate into either chondrocytes (endochondral ossification) or osteoblasts (intramembranous 

ossification). To be used in clinical settings, some properties are recommended such as availability in 

term of access and quantities, robust and reproducible differentiation, low immunogenic response, 

safety post transplantation [64,65]. In this regard, several cell sources have been identified with 

different potential and attributes [66].  

MSCs are the most studied and evident cells for bone regeneration as they have been among the first 

to be described for their potential to generate bone [67–69]. Cells designated as MSCs are present in 

many tissues and refer to heterogenous populations. They are defined as plastic adherent cells without 

hematopoietic marker and harboring CD44, CD73, CD90, CD105 and CD146. Additionally, these cells 

can differentiate into chondrocytes, osteocytes and adipocytes. MSCs can be harvested from many 

different tissues but predominantly from BM, adipose tissue, umbilical cord blood or periosteum for 

bone regeneration purposes. So far, there are no reliable and specific marker identifying MSCs. This 

impairs the research in the MSC field as MSC from various tissues or isolated using different methods 

(FACS sorting or plastic adhesion) harbor different potency regarding their proliferation and 

differentiation capacities. For bone regeneration, two sources of MSCs are mainly used, namely BM-

MSCs and adipose derived mesenchymal stem cells (ASCs) [66,70–73]. BM-MSCs are the most potent 

for osteoblasts and chondrocytes differentiation leading to the two ossification pathways, namely 

intramembranous and endochondral ossification. ASCs are on the other hand much easier to harvest 

from patient in term of surgery procedure and available quantities. They also possess a potential for 

vascularization making them of great interest for bone grafts as a main factor for graft failure is the 

absence or delayed vascularization of the newly implanted graft.  
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D. 3D tissue engineering 

Conventional cell culture relies on 2D systems to expand and differentiate cells towards a specific 

phenotype. It can result in the formation of ECM and tissues. However, their physiology and 

applications to clinical trials remains limited due to their size and lack of complexity. To better develop 

tissue engineering, the use of 3D scaffolds has become very attractive. The scaffolds must possess 

several characteristics to be used for clinical translation (Fig. 6). Ideally, scaffolds should allow or 

promote cell attachment, proliferation and viability, be resorbable to leave space to the newly formed 

and remodeled tissue, have a low or inexistent immunogenic response, be load bearing, and finally 

possess some osteoinductive properties [74,75]. There is a wide variety of scaffolds available for bone 

tissue engineering. They can be classified in four categories (i) ceramic scaffolds, (ii) synthetic 

polymers, (iii) natural polymers, (iv) acellular tissue.  

Figure 6: Criteria and features entering in the choice of a scaffold for bone regeneration using 3D 

tissue engineering.  (Roseti et al. 2017) 
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Each scaffolding materials has a set of pros and cons making them suitable for different applications. 

Ceramic scaffolds are usually quite stiff and are the closest to the bone chemical composition. It 

naturally makes them a good candidate for bone tissue engineering. They however are difficult to 

shape to the defect size, resorb and remodel following in vivo implantation. Synthetic polymers have 

a great modularity but some concerns remain regarding their bioactivity and degradation products. 

Natural polymers are mainly composed of collagens and proteoglycans. They have the advantage of 

being bioactive and easily resorbable leading to the absence of residual scaffolding material following 

in vivo remodeling. The major drawback is their lack of load bearing properties. Finally, devitalized 

tissues either from cadavers or from tissue engineering can be used as a scaffolding material. They 

provide a very suitable ECM bioactive composition but are difficult to produce in large amounts and 

can be difficult to shape to the defect.  

Scaffolds allow the generation of a 3D shape tissue with a larger size and complexity. However in vitro 

culture of large tissues does not provide a homogenous access to oxygen and nutrients throughout the 

tissue. In facts, 3D static culture generates tissues with non-homogenous cell seeding and therefore 

tissue formation coupled to a necrotic core at the center, with viable cells and tissues present only on 

the peripheral tissue located a few hundred microns from the culture medium. To circumvent this 

issue, perfusion bioreactors have been developed to allow a better repartition and diffusion of cells, 

oxygen and nutrients throughout the tissue leading to improved cell survival and tissue quality [76,77]. 

Also, 3D perfusion bioreactor provides a flow and a shear stress to the tissue thus better mimicking in 

vivo environment. Advanced 3D perfusion bioreactor can control culture parameters such as 

temperature, oxygen and pH allowing a tight regulation of the culture conditions. Finally, they allow 

to envision Good Manufacturing Practices (GMP) and streamlined processes towards the generation 

of clinically compatible grafts.  

E. Devitalization Techniques 

Bone repair requires the simultaneous action of a variety of factors initiated by inflammation in the 

standard healing process. The major problem of all the scaffolds mentioned above is that they do not 

possess any or very little osteoconductive or oestoinductive potential as they are lacking growth 

factors by themselves. They need to be combined to synthetic growth factors cross linked to the 

scaffold or not or used in combination with cells, generally MSCs, providing essentials factors for bone 

regeneration. These cells are commonly driven to either the osteo lineage or the chondrolineage to 

recapitulate either intramembranous or endochondral ossification. Growth factors by themselves or a 

combination of growth factors has a real potential for bone regeneration as they can be easily 

synthesized and added to any suitable scaffold. There is very limited risk of contamination, the process 

can be easily validated towards a GMP procedure and the efficiency remains high. Major concerns 
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however are related to the proper dosage. Indeed, BMP2 growth factor has been shown to induce 

ectopic bone formation and tumorigenesis when used in inadequate amounts. The number of growth 

factors bound to the scaffold as well as their kinetic release is also hard to control.  

Cell seeded scaffold are coated with physiological doses and combination of growth factors making 

them ideal candidate for bone regeneration, yet it is inconceivable to implant allografts. The use of 

engineered tissues for bone regeneration therefore requires their devitalization. The different 

techniques used for tissue devitalization are (i) chemical agents (ii) biological agents (iii) physical agents 

[78–80]. Chemical agents are detergents, acid and basic solutions, hypo and hypertonic solutions, 

alcohols and other solvents. Biological agents comprise enzymatic (i.e. collagenase, trypsin, dispases…) 

and non-enzymatic agents such as ethylenediaminetetraacetic acid (EDTA). Physical agents are mostly 

temperature or pressure based by repetition of cycles of freezing and thawing. These techniques are 

either used alone or in combination to achieve efficient devitalization. All these techniques have an 

important effect on the ECM with major deterioration either to the ECM structure or proteins 

therefore reducing their potential following in vivo implantation.  

IV. Aims of the thesis 

In the past years, the possibility to recapitulate the developmental biology paradigm of endochondral 

ossification from human cells has been developed by several labs including ours. The recapitulation of 

endochondral ossification involves an in vitro phase with the generation of a hypertrophic cartilage 

tissue which upon in vivo implantation will be remodeled into a complete bone organ made of donor 

and host cells. This technological achievement paves the way for new perspectives both in translational 

and fundamental research. Generating human in vitro tissue graft for clinical bone regeneration 

applications is attractive but an efficient and protective decellularization method is required as well as 

an automated and upscaled production of the tissue graft. Moreover, the chimeric humanized bone 

organ generated ectopically contains human cells associated to the vasculature region corresponding 

to the localization of putative human HSC niches [38]. My thesis proposes to harness the endochondral 

ossification paradigm for either bone regeneration purposes by using in vitro generated devitalized 

hypertrophic cartilage ECM properties or the study of the human HSC niche compartment by the mean 

of in vivo subcutaneous humanized ossicles generation combined with human cord blood derived 

CD34+ cells.  

The first chapter shows how preservation of the cartilaginous ECM is critical for bone formation. 

Primary human MSCs are engineered with an inducible apoptotic cassette using retroviral 

transduction. Following an in vitro differentiation towards hypertrophic cartilage, the cells within the 
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generated tissue are induced towards apoptosis. The resulting devitalized ECM has preserved growth 

factors content triggering bone remodeling by osteoinduction. 

In the second chapter, devitalized hypertrophic cartilage is generated in a perfusion bioreactor and 

used to prime bone regeneration using an in vivo upscaled rabbit orthotopic model to move on closer 

to a potential clinical trial. To achieve this, the same techniques developed in the chapter one are used 

but within an upscaled perfusion bioreactor to achieve better tissue homogeneity and envisioning 

standardized streamlined process. Devitalized ECM shows superiority in de novo bone formation 

compared to current commercially available clinical gold standard for maxillofacial reconstruction.  

The third chapter relates to the validation of the humanized ossicles [22] for human HSC long term 

engraftment. In this chapter, hypertrophic templates are implanted in humanized mice and following 

remodeling into bone, mice are sub-lethally irradiated and transplanted with human cord blood 

derived CD34+ cells. Engraftment, HSC functionality and cell cycle are tested in the ossicle in 

comparison to the native bone of the mice. Engraftment, colony forming unit assay, secondary 

transplant and cell cycle analysis show potential superiority of the ossicles in human HSC quiescence 

and functionality within the humanized ossicles. 

To follow up on the validation of humanized ossicles for human HSC engraftment, the fourth chapter 

describes how the human MSC and therefore the ossicles can be genetically engineered to directly 

influence the human HSC niche interactions and composition. human MSC are engineered with a 

fluorescent reporter as well as the CXCL12 protein involved in HSC homing and homeostasis. Successful 

human HSC engineering led to the determination of the cell fate from the implanted tissue cells as well 

as functional engineering on the human HSC niche with modulation of the engraftment levels of human 

HSC within the engineered ossicles as opposed to the native ossicles. 
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Endochondral ossification is a developmental process occurring both during bone formation with the 

creation of the BM and bone repair reinstating the normal bone function and properties. In this thesis 

we proposed to harness the properties of endochondral ossification to tackle bone repair and the 

interactions of human stroma with human HSC. This was pursued by the in vitro generation of HyC, a 

critical intermediate in endochondral ossification.  

Indeed, despite important progresses in biomaterials and cell therapies, there is a clear need for off-

the-shelf products for bone regeneration as most existing products remain limited. In fact, the clinical 

gold standard remains autologous bone graft. In the chapter 2, we demonstrate the potential of tissue 

engineering and devitalized HyC for bone formation. By engineering BM-MSC with an inducible 

apoptotic cassette, the resulting devitalization leads to better preservation of the ECM as opposed to 

standard devitalization techniques. The developed ECM can induce bone formation by osteoinduction 

recapitulating biological processes. The validation of biologically active devitalized grafts for bone 

formation is a major step towards the development of an off-the-shelf product bypassing the use of 

autologous materials and extensive doses of growth factors.  

Chapter 3 tackles the upscaling and standardization of a potential off-the-shelf production as well as 

direct comparison of the apoptosis devitalized ECM against a clinical allograft gold standard in an 

immunocompetent orthotopic animal model. Engineered BM-MSCs seeded on a collagen sponge 

scaffold in an upscaled perfusion bioreactors generate uniform and homogenous HyC improving the 

standardization of the graft generation envisioning the use of GMP compatible bioreactors for 

streamline processing of devitalized HyC. The upscaled devitalized HyC led to increased bone 

formation both by osteoconduction and osteoinduction confirming the potential of devitalized ECM as 

allograft for bone regeneration.  

Chapters 4 deals with the validation of a model for human HSC engraftment in a humanized stroma. 

This comes from the simple analysis that despite extensive HSC niche studies, very few have to do with 

the actual human HSC niche and direct correlation to human is often admitted. It is therefore 

primordial to develop models capable of analyzing the direct interactions between human stromal cells 

and human HSC in the bone marrow niche. By using in vitro generated human HyC and subsequent in 

vivo implantation and CD34+ cells transplantation we could demonstrate that a humanized stroma is 

favorable to long term engraftment of self-renewing hematopoietic progenitors and promote their 

quiescence. 
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Following up on the chapter 4, chapter 5 aimed at further describing this humanized ossicle model by 

further engineering the implanted human stromal cells and HyC by overexpression of a critical HSC 

quiescence and homing factor: CXCL12. We could convincingly show that human MSC genetic 

engineering did not alter their capacity to undergo endochondral ossification. Moreover, they could 

be harnessed to functionally modify the human HSCs and progenitors’ composition within the 

generated ossicles. Further engineering with a VENUS reporter allowed the quantification of human 

stromal cells fate in the remodeled ossicles after 12 weeks in vivo. Using this model, interactions 

between human stromal cells and human hematopoietic progenitors could be visualized and 

quantified.  

In conclusion, this thesis showed that by following a developmental tissue engineering program both 

translational and fundamental research could be carried out, respectively for bone repair and the study 

of human HSC niches. In the first case, in vitro upscaled perfusion bioreactor devitalized tissues are 

used as bone substitute material for bone grafting. In the second case, in vitro living tissues are 

implanted in humanized mice to generate ectopic bone organ with human stroma and hematopoietic 

compartments in order to study their interactions. It shows the versatility and potential of this tissue 

engineered model for two distinct biological areas. 

For the bone… 

The work presented in this thesis bring about major progresses towards envisioning new 

osteoinductive bone substitute material based on tissue engineered grafts. Nevertheless, crucial steps 

need to be tackled to bring this strategy further to be used as a clinical product. First of all, the cell 

source need to be standardized to obtain reproducible results with unlimited and easy to access cells. 

To this purpose, the use of a cell line carrying the apoptotic cassette and capable to undergo 

chondrogenic differentiation is of primary importance. Then, the development of a good 

manufacturing practice (GMP) bioreactor is required to comply with the necessary requirements to 

reach the clinic. Finally, an efficient and reliable storing strategy needs to be developed. All of these 

aspects are currently being developed by me and others in the lab. An immortalized cell line carrying 

the apoptotic cassette has been engineered [81] but could not reproducibly undergo chondrogenic 

differentiation. We further engineered this cell line with the major osteoinductive protein, the bone 

morphogenetic protein 2 (BMP2). This newly generated cell line proved to efficiently and reproducibly 

undergo chondrogenic differentiation and remodel into bone upon in vivo subcutaneous ectopic 

implantation in immunodeficient mice (Fig.7). Furthermore, the remodeling process occurs much 
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faster than previously observed using primary human  BM-MSCs engineered with the apoptototic 

cassette [81]. 

 

 

Following this significant step forward, we set out to tackle the storing process by developing a 

lyophilization (also known as freeze-drying) protocol to preserve and store the in vitro generated HyC 

before in vivo implantation. Preliminary results confirmed the potential of the devitalized graft for 

bone remodeling following the lyophilization procedure (Fig. 8). Current and future experiments will 

aim on one hand at better understanding the recruitment of the host cells leading to a superior 

remodeling as the one observed with primary BM-MSC. On the other hand, storage and upscaling in a 

GMP compliant bioreactor experiments are undergoing to move closer to a clinical setup. The final 

validation before moving to the clinic would be in a large orthotopic animal model such as a primate. 

 

 

Figure 7: Generation and characterization of the MSOD-BMP2 cell line. (A) Schematic representation 
of the genetic engineering steps towards the creation of the MSOD-BMP2 cell line. (B) BMP2 protein 
content in the different HyC after 3 weeks of chondrogenic differentiation in vitro, pre (Apop-) or 
post (Apop +) apoptosis decellularization. (C) Histological stainings and microtomography (µCT) of 
the decellularized generated HyC tissues, before (3 weeks in vitro) and after in vivo implantation (3 
weeks in vivo). Glycosaminoglycan (GAG, Safranin-O staining), a major component of cartilaginous 
ECM, is only present in the MSOD-BMP2 HyC (red staining) in vitro. µCT analysis after 3 weeks in vivo 
ectopic implantation represents a cross-section throughout the ossicle with the presence of mature 
cortical bone and immature trabecular bone. The cartilage tissue generated by MSOD-BMP2 
completely remodeled into bone. Tissue generated by the MSOD line did not lead to any 
mineralization. (Scale bars, 500 µm) 

No 

mineralization 

detected 
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… and the bone marrow 

Following years of study in the mouse or using genetically engineered mice, the appeal for human 

ectopic ossicles and HSC engraftment in a humanized stroma is rising [55,56]. The possibility to 

visualize cellular interactions in an in vivo environment with or without modification of the human 

stroma or hematopoietic cells opens up a whole field of possibilities to study the human HSC niche. 

Other main factors involved in the HSC engraftment and homeostasis such as Scf could be targeted for 

genetic engineering. These strategies could be coupled with conditional knock-in or knock-out to allow 

an in vivo temporal control. Similar approaches could be coupled with leukemic cells transplantation 

providing an adequate model for allele specific leukemia.  

Finally, primary BM-MSC form diseased patients such as myelodysplastic syndromes (MDS) could be 

used to recreate an analogous stromal environment as in the patients allowing a more precise study 

of this specific stromal environment. Despite being an attractive approach, low number of diseased 

BM-MSC can be obtained and generating HyC is poorly reproducible and (Fig. 9). 

Figure 8: Remodeled HyC following 6 weeks subcutaneous in vivo implantation in immunodeficient 
mice. MSOD-BMP2 cells were seeded on a collagen scaffold and differentiated toward 
chondrogenesis as in Fig. 7. Four devitalization conditions were tested: apoptized (Apop), freeze and 
thaw (F&T), lyophilized (Lyo), apoptized and lyophilized (Apop+Lyo). (A) µCT reconstruction following 
the 6 weeks in vivo implantation. No structural differences can be observed. (B) Remodeled ossicles 
volume analysed by µCT. Interestingly, lyophilized tissues led to a significantly bigger size (n=3).  
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Nevertheless, combining these cells with more chondrogenic cells or even the MSOD-BMP2 cell line 

could lead to a mixed environment allowing both in vivo bone remodeling and the generation of a 

specific MDS environment. Also, other techniques allow the generation of in vivo subcutaneous 

ossicles such as synthetic gels coupled with specific growth factors such as BMP2. It could be 

envisioned to couple MDS BM-MSC inside those BMP2 synthetic gels to generate ossicles with a MDS 

stromal environment. 

 

To conclude, the work carried out in this thesis paves the way for clinical applications in the orthopedic 

regenerative medicine using devitalized in vitro engineered tissue grafts. In another way, the use of 

similar in vitro generated graft but keeping the living cells allows the generation of a powerful tool to 

study the human HSC niche and opens the door to many potential studies.  

 

 

 

 

Figure 9: 3D chondrogenic differentiation of BM-MSCs from 5 different patients affected with MDS 
disease. Cells expansion was difficult and low numbers of tissues could be generated. Only 2 patients 
(3 & 5) showed slight chondrogenesis (assessed by GAG deposition in red on the safranin-O staining) 
following 3 weeks in vitro culture. The red cross shows the absence of chondrogenesis, the green tick 
shows the presence of chondrogenesis. The ratio at the bottom correspond to the number of 
chondrogenic tissues out of all the tissues generated. 
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