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Chapter 1. Introduction 
1.1 The bone organ, anatomy and function 

1.1.1 Bone structure and composition 

Adult bone is a mineralized connective tissue which exerts important functions in the body, 

such as locomotion, support and protection of organs, calcium and phosphate homeostasis 

and harboring of hematopoiesis in the bone marrow (BM). Bone structure is stable in shape 

lifelong except in certain case like pathologies or pregnancy. The adult human skeleton has a 

total of 213 bones composed of 80% cortical bone and 20% trabecular bone overall. Cortical 

bone is dense and solid and surrounds the trabecular bone which is composed of a 

honeycomb-like structural network forming the BM compartment. Bones are surrounded by 

the periosteum, a fibrous connective tissue sheet on their outer cortical surface, except at 

joints where bone is lined by articular cartilage. The endosteum is a membranous structure 

covering the trabecular bone in contact with BM [1]–[3] (Figure 1). 

Figure 1. Detail of femur bone anatomy. Cross section through cortical and cancellous bone 

indicating anatomical and cellular features of the organ. Adapted from [4] 

Bone extracellular matrix (ECM) determines the mechanical properties of the skeleton. 

Similarly to other connective tissues, cells are not its primary constituents. One important role 

for the ECM is to serve as a scaffold onto which minerals are deposited. It is composed of an 

inorganic and an organic phase providing load-bearing strength. 
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The inorganic phase is mostly composed by hydroxyapatite (HA; Ca10(PO4)6(OH)2) with 

citrate, carbonate and ions such as F−, K+ , Sr2+, Pb2+, Zn2+, Cu2+, and Fe2+. It is the largest 

source calcium with 99% of it as crystalline hydroxyapatite. Calcium plays a major role in the 

mechanisms of nerve impulse transmission, muscular contraction and blood coagulation and 

mediates cell-ECM interactions from fertilization to apoptosis and cell migration [5] as well as 

in bone homeostasis [6]. 

The organic phase is mainly composed of Type 1 collagen (Col1) bringing elasticity and 

flexibility to the bone while being involved in binding of mineral components. In addition to 

Col1, other ECM proteins represent 30% of the 315 proteins identified via secretome analysis 

[7], [8]. The most abundant are osteocalcin, osteopontin and bone sialoprotein. Matrix 

metalloproteinases are the major protease family first described in bone tissue responsible 

for the cleavage of the matrisome (global components of the ECM proteome) and various 

proteoglycans have an important role in its maturation [9]. 

Bone tissue exhibits four main cell types [10]: Osteoblasts (Ob) are largely known as bone-

forming cells and deposit Coll1-rich mineralized ECM. Osteocytes are long-lived cells deriving 

from and 10 times more abundant than Ob after becoming embedded within their secreted 

ECM and are committed to remove damaged organelles and macromolecules by autophagy. 

Bone lining cells are quiescent Ob that cover the bone surfaces, where bone resorption or 

bone formation are not required [6].Those three first cell types differenciate from a common 

progenitor, namely Mesenchymal Stromal Cells (MSC) Lastly, Osteoclasts (Oc) originating from 

Hematopoietic Stem Cells (HSC) are responsible for bone resorption [11], [12]. 
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During embryonic development, bone formation occurs by two mechanisms Figure 2. 

 

Figure 2. Bone formation from MSCs displaying key cell types and proteic actors. (a) Schematic 

representation of intramembranous ossification. (b) Schematic representation of 

endochondral ossification.  

• Intramembranous ossification starts when MSC begin to replicate and form a small, dense 

cluster of cells in which they differentiate into Ob. Runx2 is the master gene inducing 

osteogenic differentiation directly inducing the expression of Osterix. Successively, Ob mature 

in Oc while replacing connective tissue membrane sheets with mineralized matrix [13]. The 

surface of trabeculae is filled with matrix forming the compact bone while spongy bone 

persists at the inner part. Flat bones of the skull, the mandible, and the clavicles are formed 

by intramembranous ossification process. 

• Endochondral ossification starts in the limb bud with proliferating MSC which condensate 

and differentiate into the chondrogenic lineage, determining the formation of a cartilaginous 

template mainly composed of type 2 collagen. Sox9 and Runx2/3 are indispensable 

transcription factors for the initiation of chondrogenesis and the hypertrophy of 

chondrocytes, respectively. Successively, chondrogenic MSC become hypertrophic and 

upregulate type 10 collagen. At this stage, the cartilaginous template is progressively 
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remodeled while hypertrophic cells differentiate in Ob. Invading blood vessels deliver an influx 

of HSC and osteoprogenitors that populate the newly formed BM cavity [14]. 

Main molecular actors have been characterized after genetic studies in human and animal 

models which suggest that the canonical Wnt pathway, together with BMP signaling and key 

transcription factor RUNX2, have an important role in skeletal development, osteoblast 

differentiation and bone formation. There are at least 30 bone morphogenetic proteins 

(BMPs) that form the largest group of the TGF (transforming growth factor)-β superfamily. 

BMPs are so named for their osteo-inductive properties, and regulate differentiation of MSC 

into components of bone, cartilage or adipose tissue[15]–[17]. Establishment of a blood vessel 

network by vasculogenesis and angiogenesis is essential during bone formation and 

homeostasis [18][19]. Chondrocytes and bone-forming osteoblasts release vascular 

endothelial growth factor (VEGF). VEGF stimulates the migration of endothelial cells and the 

formation of an immature vascular network [20]. The rate of ossification depends on 

vascularization, and only the cells that are near capillaries contribute to bone formation.  

 

1.1.2 Bone homeostasis and regeneration 

Despite its inert appearance, bone is a highly dynamic organ that is continuously remodeled 

to maintain robust structure and function [21]. Remodeling sites may develop randomly but 

also in areas that require repair or in reaction to mechanical cues. Old bone is replaced by new 

bone, in a cycle composed of three phases: Initiation of bone resorption by Oc, Transition from 

resorption to new bone formation and New bone formation by Ob [22].Imbalance of this 

tightly coupled process can cause pathological conditions resulting in osteoporosis (bone loss) 

or osteosclerosis (bone gain) [23]. Thus, Ob and Oc proliferation, differentiation, and function 

are under tight molecular control; osteoclastogenesis is regulated by the ratio of receptor 

activator of NF-κB ligand (RANKL) to osteoprotegerin (OPG) expression in Ob-lineage cells. [24] 
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Figure 3. Spatiotemporal sequence of bone healing of the femur (time scale of healing is 

equivalent to a mouse closed femur fracture fixed with an intramedullary rod). Modified from 

[25]. 

When loads are high enough in the skeleton to exceed local critical stress limits and yielding 

beyond the elastic point, microcracking or fracture may occur. Bone is characterized by an 

intrinsic regenerative capacity in response to injury [26], [27]. Its repair is also dependent on 

the blood vessel network. Upon disruption of blood vessels, bone fracture triggers 

inflammation. Pro-inflammatory signals, tumor necrosis factor-α (TNFα) and interleukin-1β 

(IL1β), recruit cells for bone formation[20]. This inflammatory stage results in clot formation 

and is followed by the recapitulation of normal fetal skeletogenesis. Oc degrade necrotic 

tissue, while Ob cells form new bone. [25], [28]. 

 

1.1.3 Bone Damages, clinical procedures and limitations 

Worldwide more than 20 million patients are annually affected by a loss of bone tissue caused 

by trauma, infections, tumors, avascular necrosis or congenital disorders impairing the 

regeneration process and leading to surgical intervention. With 1 million procedures every 
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year in the European Union [29], the cost is estimated at about 40 billion Euro and is set to 

increase by 25% by 2025 [6] especially in regards to the aging of the population [12]. 

To date the clinical gold standard treatment for bone repair consists in the transplantation of 

autologous bone grafts with the advantage to be biocompatible and non-immunogenic. They 

provide osteogenic cells, osteoinductive (sustaining osteoprogenitors) growth factors, and an 

osteoconductive scaffold, all essential for new bone growth Unfortunately, this strategy is 

associated with severe donor-site morbidity, high risk of infections and logistic shortcomings. 

Allografts or xenografts exist as alternative, but have been associated with pathogen 

transmission and host rejection [30], (Table 1). 

 

Table 1. Some advantages and disadvantages of the most commonly used bone graft types 

Other strategies are tested experimentally in patients. Concentrated bone marrow can be 

combined intraoperatively with a synthetic or natural osteoconducting matrix (bone 

substitutes) before implantation [31], [32] but still leave bone defect in 20% of the cases. 

Another consists in the delivery of recombinant growth and differentiation factors such as 

recombinant BMP-2, capable to induce osteogenesis of resident progenitor cells. However, 

this approach has been associated with aberrant bone formation, neurotoxicity, cancer 

development, high costs and short recombinant BMP-2 half-life resulting a difficult tuning of 

the local application [29], [33], [34]. 

Long bone segmental critical size defects (4–7 cm length, i.e. after tumor resection) will not 

heal spontaneously due to cellular insufficiency. Other conditions like non-union (fracture 

failing to resorb) has been addressed with mitigate success with the use of calcium phosphate 

bioceramics [35]. Cell therapy solutions providing MSCs intended to enhance osteogenesis. 

Nevertheless, healing were insufficient to prove enhanced bone [36] an BM and their direct 

used did not end up in reliable results [37]. Thus, stringent clinical scenario where enhancing 
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bone regeneration is mandatory requires more than can be achieved only in the operating 

room. 

 

1.2 Bone tissue engineering 

1.2.1 Regenerative medicine and tissue engineering paradigm (TE) 

“Regenerative medicine aims at helping the body to form new functional tissue to replace lost 

or defective ones” [38]. Among regenerative medicine fields, tissue engineering (TE) is 

composed of multidisciplinary methods at the interface of biology and engineering tackling 

the difficulties currently encountered in clinical treatments [21]. Skeletal TE started in the 

early 1970’s as pediatric orthopedic surgeon (W. T. Green), aimed at generating new cartilage 

using chondrocytes seeded onto spicules of bone and implanted in nude mice [39]. 

In general, the TE paradigm (Figure 4, a)) consists in incremental steps aiming at the repair of 

one patient’s organ using its own tissues. 

 

Figure 4: Tissue engineering (TE) paradigms. a) Conventional TE approach based on patient 

cells. b) Amended TE paradigm based on the use of a cell line and generation of ECM decorated 

scaffolds for bone TE, devitalized (yellow lightning) prior to implantation. 

The paradigm starts with a biopsy-based cell isolation and its proliferation in vitro followed by 

the seeding of the expanded cells onto a scaffold. Specific culture protocols are applied to 

stimulate the cells and instruct them to develop a tissue proxy. This step may necessitate 

specific bioreactor systems optimizing the culture conditions. Ultimately, the in vitro matured 

tissue now considered as a graft is implanted back to the donor patient.  
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To address unmet clinical needs in bone regeneration, TE proposed many strategies (Figure 5) 

relying on the combination of three-dimensional (3D) scaffolds and/or signals and/or 

autologous progenitor cells [40], [41]. 

 

Figure 5. Strategies for bone tissue engineering underlines several key players for cell 

attachment, growth, and bone tissue formation. From [42]. 

 

However, these approaches are still associated with drawbacks and limitations such as the 

inter-donor variability, limited cell supply [43], [44] and controversy exists about their efficacy 

and cost-effectiveness. A more attractive strategy (Figure 4, b))consists in the removal of the 

cellular fraction (devitalization) from the graft prior to its implantation in order to avoid 

immuno-matching requirements resulting in a graft able to drive tissue repair [45]. 
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1.2.2 Optimal culture conditions  

Controlled in vitro culture systems are needed to ensure sterility and simulate the physiologic 

conditions required for cellular or tissular functions including optimal pH, oxygen 

concentration, temperature, nutrient transfer, waste removal and promoting cell-cell and cell-

matrix interactions [46]. Generation of skeletal tissues based on human MSC usually involves 

two steps: (1) expansion of MSC to obtain the needed amount of cells for the specific 

defect/scaffold dimension and (2) their subsequent seeding on scaffolds and differentiation 

into mature cells. 

If 2-dimensional (2D) approaches are the gold standard for classic cell culture and cell 

expansion, TE requires 3-dimensional (3D) culture systems to recapitulate native tissue 

architecture. In general, bioreactors and microfluidic systems are designed to perform at least 

one of the following five functions [47]: 

-Achieving uniform cell distribution 

-Keeping constant and optimized concentration of gasses and nutrients 

-Performing mass transport to the tissue 

-Increasing tissue maturation by applying physical stimuli 

-Providing information about the formation of 3D tissue by attaching sensors and designing 

transparent chambers 

For the generation of small tissues, passive diffusion is sufficient for a thickness of 100–200. 

Over this distance, an active fluid circulation is required to overcome the diffusion limit. For 

this reason, commercially available bioreactors often comprise medium displacement 

systems, generally used in conjunction with chambers, columns or cartridges to hold the cell-

seeded scaffold. Nevertheless, a universal consensus on the optimal bioreactor solution for 

bone TE is yet to be reached [48], [49]. Among existing bioreactor systems, perfusion-based 

bioreactors show greater potential towards bone TE applications [50]. Indeed, flow perfusion 

leads to upregulated expression of osteogenic marker genes including Runx2, ALP, BMP-2, 

bone sialoprotein, and osteopontin [51] while ECM production is significantly increased by 

increasing flow velocity and shear stress[52]. 
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1.2.3 Mesenchymal Stromal cells for TE 

Mesenchymal stem cells (MSC) were described by Friedenstein et al. in 1970 as fibroblastic 

cell type producing clonal colonies with the capacity to generate bone in guinea-pig models 

[53]. Murine models trace MSC back from mesodermal precursors, such as lateral plate 

mesoderm-derived mesoangioblast-cells from the embryonic dorsal aorta. Other reports 

suggest they partly descend from a subpopulation of neural crest cells and thus the precise 

embryonic origin of MSC is still under discussion [54], [55]. In the adult BM, MSCs have been 

reported to typically localize near the sinusoidal endothelium in close association with the 

resident HSC. In addition to BM, MSC have also been found in many other tissues, including 

the synovial membrane, adipose tissue, dental pulp tissue or perinatal tissue, such as umbilical 

cord blood and umbilical cord tissue. tissues [56]. 

The International Society for Cellular Therapy (ISCT) defined criteria in 2006 to define human 

MSC based on their positivity for CD73, CD90 and CD105 markers (>95%) and negativity for 

CD45, CD34, CD14 or CD11b, CD79α or CD19, and HLA class II (<2%) [57], [58] (Table 2). 
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Table 2: Potential surface markers for MSC identification and enrichment. Bolded text 

indicates the minimal markers recommended by the International Society for Cellular Therapy 

(ISCT) defining human multipotent mesenchymal stromal cells by positive and negative 

selection. Adapted from [58] 

 

Despite these specifications, fibroblasts may be named as MSC displaying similar 

immunophenotypes, differentiation potential, and proliferative capacities [59]. 

In vitro, MSC are plastic adherent cells that can differentiate into osteoblasts, adipocytes, and 

chondrocytes after exposure to specific soluble factors [60]. They retain sufficient proliferative 

and differentiation potential to generate an ECM forming bone-like tissue when differentiated 

in porous scaffolds under osteoinductive conditions [61] and to repair the skeletal organ upon 

implantation [62]. They thus have been considered as a versatile and frequently utilized cell 

source in TE and clinics for bone regeneration [29]. As a result of over five decades of 

investigation, MSCs exert their healing effects not only through engraftment and 
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differentiation but also through paracrine signaling and cell-cell contacts communication. 

They have also been described as modulating immune cells through the actions of a number 

of molecules, including VEGF, BMP2 and prostaglandin E2 (PGE2) [58], [63]. 

In addition to growth factors, MSCs also secrete microvesicles (>200 μm) and exosomes (~50–

200 μm). Recent evidence suggests that several of the functional components in these cargo 

could regulate processes of bone formation, inhibit osteoclast activity and promote fracture 

repair [64]. Nevertheless, the number of MSC within BM aspirate varies among patients 

(0.001–0.01% of the nucleated cells). Thus, their expansion in culture is needed to reach 

clinically relevant numbers for therapeutic purposes.  

 

1.2.4 Scaffolding material 

Scaffolds characteristics for bone TE need to meet certain requirements for physiological 

processes described above (Figure 5). Indeed, from immune reaction to wound healing 

(mainly angiogenesis and bone remodeling…), cell migration is an essential physiological 

process that requires either specific cellular adaptations to mechanical features of the ECM 

or, to the contrary, remodeling by the cell striding through [65]. Scaffolding biomaterials 

composition and porosity should thus allow those cellular movements. Most used 

biomaterials have been recently reviewed and classified in 3 categories [42], [48]. The first 

generation of biomaterials has been developed with the aim to “achieve a suitable 

combination of physical properties to match those of the replaced tissue with a minimal toxic 

response to the host”. Biologically inert once implanted these materials mainly serves as joint 

replacements and reinforcements bars. The second generation include osteoconductive 

biomaterial as synthetic and naturally-derived biodegradable polymers (e.g. collagen, 

polyesters), calcium phosphates (synthetic or derived from natural materials such as corals, 

devitalized human or bovine bone), calcium carbonate (natural or synthetic), calcium sulfates, 

and bioactive glasses. Most commonly used scaffolding biomaterials in clinic and TE 

applications are calcium-phosphate based such as hydroxyapatite achieving comparable 

porosity than trabecular bone. The first use of calcium phosphates for bone repair was 

reported in 1920 by Albee and Morrison in dogs and mainly rabbits, starting research in 

ceramics [66]. Nevetheless, hydroxyapatite based material are highly stable despite in vivo 

remodeling remaining potential weak points in the bone [11], [67]. Third generation 
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biomaterials are designed to incorporate instructive cues into the material rendering them 

osteoinductive (property of biomaterials to ectopically induce bone formation). Some of these 

approaches involve insoluble (ECM) and soluble (growth factors, cytokines, hormones and 

chemicals), factors conjugated or not with external stimuli (mechanical loading, compressive 

stress, shear stress, cyclic stretch, use of conducting polymers, magnetic actuation) [40], [68]. 

This latter generation of material paved the way for cell-free but cell laid biomaterials. 

 

1.2.5 Decellularized ECM for bone regeneration 

The role of ECM in TE has gained increasing recognition since it can modulate tissue 

morphology and cellular behavior [65], [69], [70]. Its use has been explored from autologous 

living MSC “cell sheets” embedded in their excreted ECM [71] to entire decellularized organs 

(heart, lung kidney liver mainly from porcine or rat origin) [72]. The extension of this concept, 

the use of cell-free scaffolds (Figure 3) decorated by a cell-laid ECM relies on the capacity of 

inductive signals, trapped in the secreted ECM, to instruct endogenous cells toward tissue 

repair [73]–[76]. The collagenous ECM and especially bone devitalized ECM promotes BMP-

induced osteogenesis [77] and can be optimized by enrichment in VEGF and/or BMP2 known 

to enhance both vascularization and bone formation in vivo. Decorated scaffolds have already 

been used in bone TE in vitro resulting in an enhancement of MSCs differentiation and 

improved mineralized matrix deposition [45], [78]–[80]. Furthermore, ECM-based scaffolds 

promote a switch from a predominately M1-like macrophage (pro-inflammatory, cytotoxic) 

population immediately post-implantation to a population enriched in M2-like macrophages 

(anti-inflammatory and pro-healing) 1–2 weeks post-implantation thus favoring remodeling 

and tissue regeneration [81]. 

The preparation of cell-free ECM-based biomaterials involves devitalization and/or 

decellularization [61], [82] (Table 3) challenging to keep structure and more sensitive 

components intact.  
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Table 3. Advantages and disadvantages of various methods used for tissue decellularization. 

Adapted from [82]. 

In this regard, controlled apoptosis triggering stands as an attractive technique of devitalizing 

tissue to preserve cell-laid ECM. Notably, the absence of cells allows the storage of decorated 

scaffolds as off-the-shelf materials and permits to bypass the immuno-matching requirements 

needed by cell-based strategies. Thus, devitalized ECM are envisioned as biomaterials may 

become the gold standard[83], [84]. As MSC lose their capacity to proliferate and differentiate 

in osteoblastic lineage while secreting abundant ECM after a ten passages, a death-inducible 

human MSC line capable to secrete the ECM and undergo apoptosis after induction has been 

developed [85]. Using this unlimited and well-characterized cellular tool acellular ECM grafts 

can be generated in perfusion bioreactor. 
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1.3 Bone marrow and hematopoiesis 

1.3.1 Hematopoiesis 

The hematopoietic system supplies our body with more than 4×1011 mature blood cells every 

day ensuring oxygen transport, immunity, and tissue remodeling [86]. Hematopoietic Stem 

Cells (HSC) are the key cells with the unique capability to give rise to all blood-cell lineages 

[87]. The identification of human HSCs was accomplished in 1992 through isolation of a 

candidate population from the fetal bone marrow [88]. Since then, the cellular and molecular 

regulation of specific HSC properties such as long-term self-renewal is being elucidated mainly 

thanks to the study of fish [89] and murine HSCs [90], since experimental access to human 

bone marrow (BM) remains complicated. 

The exact origin and developmental events giving rise to the hematopoietic system in humans 

are still under investigation. HSCs emerge in the later embryo (intra-embryonic 

hematopoiesis) in the aorta-gonad mesonephros region, budding from the endothelial floor 

of the dorsal aorta. The development of this cell population is evolutionarily conserved among 

many vertebrates and co-expresses endothelial and hematopoietic markers [91], [92]. During 

later intra utero development, HSCs migrate to the fetal liver, and finally home into the BM, 

where most hematopoietic progenitors reside throughout adult life [93]. 

In the adult, HSCs remain in a quiescent state and exit dormancy to restore the homeostasis 

of the hematopoiesis before returning to a quiescent state. The reversion of HSCs to a 

quiescent state may minimize replicative stress and DNA damage accumulation, HSC 

exhaustion, malignant evolution and other possible BM failure [94], [95]. 

Functional mature blood and immune cells are derived from HSCs [96]. According to the 

current model, initiation of differentiation is associated with the loss of self-renewal, and 

several subsequent binary branching decisions lead to a hierarchical tree-like model of 

hematopoiesis[97], [98] (Figure 1). 
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Figure 1. Current model of lineage determination in the adult human hematopoietic hierarchy. 

The major classes of stem and progenitor cells are defined by cell surface phenotypes listed 

next to each population and in the gray bars below. Mature blood cells are shown on the right, 

and inferred lineage relationships are depicted with arrows. Adapted from [87]. 

 

This model is mainly based on analyses of FACS-purified cell populations confirmed by in vitro 

colony formation capacity or long-term in vivo reconstitution of the whole blood tissue in 

preconditioned murine recipients by transplantation assays. The gold standard functional test 

consists in xenotransplantation in drastically immunodeficient NSG mouse strains (Non-Obese 

Diabetic [NOD], Severe Combined ImmunoDeficiency [SCID], IL-2R common ɣ chain deletion 

(gc-/-)), which lack not only B- and T-, but also functional natural killer (NK)-cells, allowing 

higher human engraftment rates [99]. 

Human phenotypic HSCs are defined by their surface markers as CD34+CD38-CD45RA-CD90+ 

cells. It was recently reported that the adhesion molecule CD49f (integrin α6) also 

characterizes primitive HSCs. The positivity for this marker has proven to be sufficient for HSC 

engraftment and blood lineage reconstitution by one single cell after transplantation [100]. 

The differentiation of phenotypic HSCs toward mature lineages has been extensively reviewed 

[87]. HSCs exiting quiescence differentiate into multipotent progenitors (MPPs, CD34+CD38-
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CD45RA-CD90-) displaying in vitro multi lineage differentiation potential but limited long-term 

engraftment capacity. MPP will then commit to either lymphoid or myeloid lineages, 

respectively described as multi lymphoid progenitors (MLPs, CD34+CD38-CD45RA+) and 

common myeloid progenitors (CMPs, CD34+CD38+CD45RA-). Hematopoietic stem and 

progenitor cells (HSPCs, CD34+CD38-) define the population commonly used for human 

transplantation in clinical scenarios, which is composed by HSCs, MPPs and MLPs. MLPs will 

then only mature and give rise to lymphocytes B, T and NK cells, but both MLPs and CMPs can 

give rise to granulocyte/macrophages progenitors (GMPs, CD34+CD38-CD45RA+) at the origin 

of dendritic cells, monocytes and granulocytes (grouping neutrophils, eosinophils, basophils, 

mast cells). Myelo-erythroid progenitors (MEPs, CD34+CD38-CD45RA-CD135-) will only 

mature to produce erythroid and megakaryocyte cells later resulting in erythrocytes and 

platelets. In parallel and grouping some of the previous progenitors, larger groups of 

CD34+CD38- cells can be considered as committed progenitors and CD34+CD38+ cells as 

maturing progenitors. It is important to note that CD38 was shown to be unstable in vitro and 

can be lost in culture without associated phenotype change [101]. These tightly controlled 

events take place in the adult in a specific microenvironment in the BM, termed the niche, 

which ensures hematopoietic homeostasis by controlling the proliferation, self-renewal, 

differentiation of HSCs in health and in response to stress or injury [86]. 

 

1.3.2 Hematopoietic Stem Cells Niche  

The concept of a stem cell niche for HSCs was first described in 1978 by R. Schoffield [102]. 

Since then, the adult HSC niche has predominantly been studied with the help of conditional 

transgenic mouse models to detect and explore in vivo the expression and localization of key 

niche factors, which has been reviewed extensively [103]. In human, due to difficult 

accessibility to the adult BM, its exact composition and features remain controversial [25] 

(Figure 2). 
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Figure 2. Hematopoietic stem cell (HSC) niche in the bone marrow (here, in rodent model). 

The HSC niche regroups several cell types (hematopoietic and non-hematopoietic) identified 

in mice and putative in human, as well as soluble factors (SCF, CXCL12) controlling blood tissue 

homeostasis in the adult. Adapted from [104]. 

 

The human HSC niche is thought to be composed by multiple hematopoietic and non-

hematopoietic cell types including mesenchymal stromal cells [105] and more differentiated 

osteoblasts, osteoclast macrophages, fibroblasts and vascular endothelial cells [104]. Both 

sympathetic and sensory nerves innervate the bone and BM controlling homing or the release 

of HSCs and HSPCs from the marrow to peripheral organs [86]. Based on the study of human 

BM specimens, HSCs reside preferentially in endosteal regions (osteoblastic niche; in the 

periphery of the BM). Interestingly, a second niche has been described in mice where HSCs 

are associated to the perivascular microenvironment and more precisely close to sinusoidal 

vessels (vascular niche; central area of the BM). HSCs from this area also display superior 

regenerative and self-renewal capacity from those localizing close to the bone surface, the 

zone preferentially populated by HSPCs [106]. 
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Each “niche cell type” is necessary yet not sufficient. HSC niches are much more complex than 

the sum of different cell types. Besides the cell-to-cell interactions, multiple factors [107] 

present in the surrounding extracellular matrix are also synthetized and contribute to HSC 

niche homeostasis. Two of the best studied cytokines are CXC-chemokine ligand 12 (CXCL12, 

also known as SDF1α) and stem cell factor (SCF, also known as KIT ligand), which bind to CXC-

chemokine receptor 4 (CXCR4) and KIT on HSCs, respectively. Under basal conditions, these 

cytokines ensure homing to the BM, retention and quiescence of HSCs [108]. 

A pathological HSC niche results in reduced CXCL12 expression from mesenchymal stromal 

cells and HSPC mobilization. The HSC niche can also be altered by malignant cells, which 

disrupts the hemostatic role of multiple stromal cell populations. This might induce increased 

niche support to malignant cells over normal HSCs [109]–[111]. 

 

1.3.3 Blood associated disorders 

Common blood disorders include anemia, bleeding disorders, blood clots, and blood cancers. 

As part of the latter, Myeloproliferative Neoplasms (MPNs) are clonal HSC diseases 

characterized by increased proliferation of the erythroid, megakaryocytic, or myeloid lineages. 

MPNs regroups three phenotypic entities: polycythemia vera (PV), essential thrombocythemia 

(ET) and primary myelofibrosis (PMF) [112], [113] (Figure 3). 
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Figure 3. Pathology of myeloproliferative neoplasms (MPN). MPN regroups polycythemia vera 

(PV), essential thrombocythemia (ET) and primary myelofibrosis (PMF) associated with 

specific mutated genes (observed frequencies in %). Some of these conditions can derive to 

another pathology of MPN (blue arrows) and each of them has a probability (blue-red arrows, 

in %) to evolve towards acute myeloid leukemia (AML). Observed symptoms are 

splenomegaly, headaches, fatigue, bleeding and thrombotic complications. 

 

The most frequent acquired mutation is JAK2-V617F, is found in >95% of PV patients, and also 

in about half of the patients with ET or PMF [114]–[117]. This mutation is present in purified 

phenotypic HSCs, in myeloid lineages of the peripheral blood and in variable proportions of 

lymphoid cells [118]–[120]. Quantification of the JAK2 mutant allele burden can be used to 

monitor the size of the mutant clone in the peripheral blood. Each MPN phenotype has an 

intrinsic risk of evolution into acute myeloid leukemia (AML) depending on numerous different 

factors (exposure to myelosuppressive therapy, cytogenetic abnormalities and increased 

number of mutations in cancer associated genes) [121]. AML remains a devastating disease 

with less than 30% of patients surviving five years after diagnosis. Although the outlook for 

patients with AML has improved over the past 30 years, still more than half of younger adults 

and about 90% of elderly patients diagnosed with AML die from the disease [122], [123]. 

Additionally, leukemic cells surviving chemotherapy in vivo were shown to reside in 

osteoblastic BM niches [124], which also harbor the most primitive and potent HSCs, as 

described in 3.2. 

Both BM niche disruption due to malignant HSCs and systemic damages (infections, acute 

blood cells loss, chemotherapy, or irradiation-induced cytotoxicity) alter BM homeostasis. 

However, the subsequent consequences on HSC biology are still poorly described in humans. 

MPN transition toward leukemia is associated with poor prognosis and currently the gold 

clinical standard of care is allogeneic HSC transplants. Transplants have been successfully 

performed clinically for over 40 years, but their efficacy can be limited due to variable 

engraftment or donor availability [125]. The development of novel and efficient in vitro 

systems would contribute to bypass these limitations. 
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1.3.4 In vitro HSC niche modeling 

The capacity of HSCs to survive, self-renew, proliferate and give rise to all blood cell lineages 

makes them a valuable option for the treatment of blood-associated disorders[87], [126]. 

However, the scarcity of HSC in adults together with the insufficient number of compatible 

donors highly restrains the treatment potential [127]. These constraints have led to the 

development of in vitro systems to expand HSCs for therapeutic purposes [128]. In vitro 

culture systems initially developed by Dexter and colleagues in 1977 established that BM 

stromal layers support ex vivo hematopoiesis [129]. 

Despite substantial improvements, the development of suitable in vitro conditions supporting 

HSC culture remains a challenge. Typical 2D strategies focus on the maintenance/expansion 

of CD34 positive hematopoietic progenitor cells on specific materials and/or in co-culture with 

stromal cell types (murine or human) serving as feeder-layer [130], and supplemented with 

several growth factors. [131]–[134]. Such strategies result in a mild HSC expansion while 

maintaining their repopulation capacity [135], [136]. Currently, the use of induced pluripotent 

stem cells for large-scale production of blood cells is under assessment[127]. This approach 

could address therapeutic demands on blood cells, but its capacity to mimic and study the 

human HSC niche biology is rather limited. 

2D culture systems cannot reflect the complexity of in vivo microenvironments. 3D 

approaches explore the use of hydrogels or polymeric scaffold, coated or not with 

collagen/fibronectin substrates capable of hosting HSC [135], [137]. However, results offered 

by these models might not be very reliable since the purity of CD34+ seeded cells is variable 

[138]. A better phenotypic HSC characterization is required to improve this and only few 

studies assessed the in vitro/in vivo functionality of expanded HSCs. Moreover, these culture 

systems are based on high concentrations or non-physiologic levels of growth factors. Finally 

the rare existing 3D macroscale models reviewed [139] require non-commercial devices or 

animal models for their generation [140], restricting their availability and implementation. The 

modelling of a HSC niche in disease has partially been explored but mainly based on malignant 

cells lines [141] known to have limited needs for their survival. An ideal model for blood 

associated disorders should be able to sustain maintenance and expansion of primary patient 

hematopoietic progenitors. 
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Thus, considering the need of a better understanding of healthy and pathological 

hematopoiesis, as well as the clinical perspectives, the establishment of an improved in vitro 

protocol sustaining HSC culture while recapitulating human niche biology and mechanisms 

driving their homeostasis is required. Nevertheless, 3D studies for HSC culture is a promising 

tool for the engineering of HSC niches [139]. Despite the use of several human cell types, ECM 

and serum-free soluble compounds, appropriate 3D culture systems remain critical. In this 

regard, perfusion systems allow homogenous cell seeding, culturing and ECM deposition 

within scaffolds with superior waste removal and nutrient supply, while introducing the notion 

of flow as culture parameter [142]. Finally, as the native HSC niche is located in the core of the 

bone, the use of a porous hydroxyapatite based scaffold is a good template to mimic 

trabecular BM [143]. 
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Chapter 2. Aims of the thesis 

1.5 General aim of the thesis 

The bone organ has two main functions in the adult. a) It provides mechanical support and 

protects organs, while b) the bone marrow hosts hematopoiesis, a process ensuring lifelong 

production and renewal of the blood tissue. Therefore, the general aim of my thesis is to 

engineer mesenchymal tissues able to support bone healing and bone marrow functions. Their 

recapitulation in vitro by using primary hMSCs (or mesenchymal cell lines) could: (i) help 

fulfilling a clinical need in bone regenerative medicine by providing engineered off-the-shelf 

coated extracellular matrix (ECM) with tunable compositions, and (ii) provide an animal-free 

model to study bone biology and hematology in health and disease. These aims are addressed 

through a combination of hMSCs and 3D perfusion bioreactor systems. 

1.6 Specific aims of the chapters 

1.6.1 Chapter 1: Engineering of VEGF-enriched mesenchymal tissues 

Article: Engineered extracellular matrices (ECMs) as biomaterials of tunable composition and 

function 

This chapter serves as proof of concept that a material coated with the ECM secreted by a 

standardized, immortalized and death-inducible mesenchymal cell line (MSOD) is able to 

trigger a process of endogenous bone regeneration upon in vivo implantation. In this first 

chapter, vascular endothelial growth factor alpha (VEGFa) is used as first instructive signal to 

engineer VEGF-enriched grafts for bone regeneration. The originality of the present approach 

here described lies on the opportunity to trigger apoptosis in MSOD cells in order to generate 

devitalized constructs. The use of this controlled mechanism leads to a clean and efficient cell 

death while preserving ECM components compared to standard devitalization procedures 

(e.g. freeze/thaw treatment). The better preservation of ECM components and embedded 

VEGFa leads to a dense vasculature and enhanced bone formation upon implantation in nude 

rat’s calvarias defects.  

1.6.2 Chapter 2: Engineering of BMP2-enriched mesenchymal tissues 

Project Report: 3D in vitro engineering of decellularized osteoinductive grafts using a custom-

designed hMSC line 
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This chapter explores another genetic modification of the MSOD cell line to overexpress Bone 

Morphogenic Protein 2 (BMP2) as main osteoinductive factor. By exploiting the same concept 

described in Chapter 1, the goal is to generate and characterize a BMP2-overexpressing MSOD 

cell line (MSOD-B), and the subsequent cell-free BMP2 enriched ECM grafts, in 3D-perfusion 

bioreactors. The osteoinductivity of BMP2 engineered grafts in comparison to non-enriched 

scaffolds or uncoated material is evaluated in vivo, and revealing mature bone formation in 

the sole condition of devitalized MSOD-B grafts.  

1.6.3 Chapter 3: Engineering of mesenchymal tissues supporting healthy hematopoiesis 

Article: In vitro biomimetic engineering of a human hematopoietic niche with functional 

properties 

As some bone tissue engineering applications are aiming at transplanting osteoinductive 

material to restore functionality of the full bone organ, these grafts should be also engineered 

to contain bone marrow (BM) and to sustain hematopoiesis. This chapter pursues the 

establishment of an in vitro BM niche based on the principles described in the previous 

chapters, but with hydroxyapatite scaffolds seeded with primary hMSC. This BM analog offers 

an experimentally accessible and tunable platform to study human hematopoiesis. The 

resulting 3D engineered niche (eN) recapitulates some of the composition of the BM 

hematopoietic microenvironment elements. eN can sustain hematopoiesis, as revealed by the 

maintenance and expansion of CD34+ hematopoietic stem and progenitors cells (HSPCs) from 

human cord blood. Importantly, eN preserve their functionality both in vitro and in vivo.  

1.6.4 Chapter 4: Engineering of mesenchymal tissues supporting malignant hematopoiesis 

Project Report: In vitro engineering of a human bone marrow proxy to model 

myeloproliferative neoplasms. 

This chapter extends the use of the previously described eN in the malignant context of 

myeloproliferative neoplasm (MPN). The capacity of eN in maintaining MPN phenotypes and 

function has been assessed replacing healthy hematopoietic cells by HSPCs from patient’s 

phlebotomies. This chapter also explores the possibility to standardize the eN by using MSOD 

cells cultured on collagen sponges in 3D perfusion bioreactors. This work validates the 

possibility to extend the concept of engineered BM proxy to disease modeling and 

standardization, setting the basis for personalized and custom-designed drug testing 

platforms. 
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Chapter 3. Engineering of VEGF-enriched mesenchymal tissues 

Article: Engineered extracellular matrices (ECMs) as biomaterials of tunable composition and 

function 
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to instruct regenerative processes.[3,4] If 
processed as acellular materials, ECMs 
can be stored off-the-shelf[5] and bypass 
immuno-matching requirements, thereby 
offering an engaging alternative to living 
tissue grafts engineered out of autologous 
cells.

ECM can be derived from pre-existing 
tissue (native ECM, nECM) after isolation 
and subsequent decellularization[6] (e.g., 
demineralized bone matrix, Matrigel). 
Their structure/composition can match the 
target tissue, whereby the inherent biolog-
ical recognition[7] would potentially result 
in effectiveness of repair. However, in addi-
tion to purification, immunogenicity and 
pathogen transmission issues,[8] nECM 
typically suffers from batch-to-batch varia-
bility,[8] derived from the source of material. 
Moreover, the decellularization protocols 
can significantly impair the nECM integ-
rity[9,10] (structure and composition) and 
challenge the generation of cell-free mate-
rial with standardized potency.[11,12]

These limitations have driven the devel-
opment of synthetic ECM (sECM) alterna-
tives. These include scaffolding materials 
capable of driving endogenous repair 
events by relying on the targeted delivery 

of bioactive substances embedded or presented within ECM 
molecules.[1] The emergence of technical advances such as 
matrix–peptide-conjugation,[13,14] proteolytic site integration[15] 
or advanced micropatterning[16] converged toward enabling 
recapitulation of the natural protein diversity and distribution 
found in nECM.[14,17] Predominantly developed in the form of 
hydrogels, sECM thus currently holds great promise as fully 
tunable system of increasing complexity. Despite their proof-
of-principle effectiveness in specific regenerative contexts, 
including bone repair[13] and induction of angiogenesis,[18] 
sECMs carry inherent limits. To date, synthetic strategies only 
allow for the release of single or a limited combination of 
growth factors, and their presentation (biochemically, tempo-
rally, and spatially) remains artificial.[13]

In the attempt of combining the physiological diversity of 
multiple interacting molecules found in nECM with the tuna-
bility of artificially designed sECM, biomaterials manufactured 
by decoration of scaffolds with cell-laid ECM (engineered ECM, 
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flow. The strategy allows for robust ECM deposition and subsequent decel-
lularization by deliberate cell-apoptosis induction. As compared to standard 
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ECM, leading to enhanced bone formation upon implantation in calvarial 
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1. Introduction

The role of the extracellular matrix (ECM) in tissue engineering 
has gained increasing recognition, not only as supportive struc-
tural template[1,2] but also as reservoir of inductive cues capable 
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eECM) have been proposed.[19–21] Previous studies reported the 
feasibility of in vitro engineering tissue inductive ECM, which 
following decellularization retained some of their instructive 
functions.[21] However, these were based on the use of human 
primary cells, inherently limited by donor-related variability and 
lack of control toward target properties.

In this study, we aimed at exemplifying the paradigm of 
standardized and customized eECM. In particular, we tested 
the hypothesis that designed human cell lines can be used to 
achieve efficient ECM deposition and decellularization, with the 
possibility of targeted enrichment in the content and delivery 
of specific molecules. The developed strategy was based on 
immortalized human mesenchymal stromal cells (hMSC)[22] 
carrying an inducible suicide function serving as intrinsic 
decellularization strategy.[23] Cells were cultured in 3D under 
perfusion flow to achieve efficiency and uniformity of tissue 
manufacturing. The resulting eECM was demonstrated to func-
tion as a customizable biomaterial, with regeneration potency 
both in ectopic and orthotopic models of bone formation and 
tissue vascularization.

2. Results

2.1. Engineering of ECM Constructs

Constructs were generated by dynamic seeding and differ-
entiation of the Mesenchymal Sword of Damocles (MSOD) 
stromal cell line on porous ceramic materials cultured within 
a perfusion bioreactor (Figure S1, Supporting Information). A 
two-phase protocol was adopted, consisting in one week of pro-
liferation medium (PM) to increase cell numbers and ensure 
colonization of the material. This was subsequently followed by 
three weeks of osteogenic medium (OM) supplementation to 
promote cell osteogenic differentiation while stimulating ECM 
production. This resulted in a total culture period of four weeks.

After overnight seeding, cells were shown to be homoge-
nously distributed within the pores of the ceramic by tetrazo-
lium assay (MTT staining, Figure 1A). A total of 0.52 million 
(±0.0077) cells were found on the ceramic scaffolds (day 1, 
Figure 1B), corresponding to a 70% seeding efficiency. A 3.1-
fold cell expansion was reached after one week in PM, followed 
by an additional 3.8-fold increase in cell number during the sub-
sequent three weeks in OM (Figure 1B). At the end of the 3D 
culture, ceramic scaffolds were decorated with a layer of cells 
and collagen-rich ECM, extending from the surface toward the 
pore voids (scanning electron microscopy (SEM) and Masson’s 
trichrome, Figure 1A and Figure S2A,B, Supporting Informa-
tion), as compared to the original “naked” material (Figure S3, 
Supporting Information). This was confirmed by immunofluo-
rescence, revealing MSOD cells largely embedded in a collagen 
type 1 matrix (Figure 1C). Similar results were obtained using 
alternative scaffolds, in a variety of compositions and archi-
tectures (Figure S4, Supporting Information), indicating the 
robustness of the method.

During the four weeks culture on the ceramic scaffolds, the 
MSOD cells differentiated toward the osteogenic lineage. This 
was shown by detection of osteocalcin (OC) in the cytosol of 
MSOD cells, also present to a limited extent in the surrounding 

ECM (Figure 1D). Gene expression analysis of typical osteo-
genic markers confirmed immunofluorescence observations, 
with the increased expression of RUNX2, alkalyne-phosphatase 
(ALP), OC, osterix (OSX), and bone sialoprotein (BSP) of 2.1-, 
12.1-, 3.2-, 17.1-, and 6.1-fold, respectively (Figure 1E), as com-
pared to undifferentiated cells (day 0, seeding day). Matrix 
metallopeptidase 13 (MMP-13) was also strongly upregulated 
(17-fold, Figure 1E), consistent with the process of collagen 
matrix remodeling toward mineralization.[24] Cell differen-
tiation was further confirmed at the protein level by intracel-
lular staining and subsequent flow-cytometric quantification of 
Stro-1, ALP, and OC protein expression, selected as markers of 
mesenchymal progenitors, early and late-osteoblastic differenti-
ation, respectively. After four weeks of culture in bioreactor, the 
majority of cells positively expressed OC (82.2%, Figure 1D), 
ALP was produced by 26.5% (Figure 1F), while solely 3.7% 
expressed the Stro-1 progenitor marker. In comparison, the 
starting MSOD population was shown to express 1.6%, 0.6%, 
and 4.1% of OC, ALP, and Stro-1 (day 0, Figure 1F).

Taken together, these data demonstrate the possibility to 
engineer ECM-coated scaffolds by proliferation and induction 
of osteogenic differentiation of the MSOD line on a ceramic 
substrate under perfusion flow.

2.2. Decellularization of Engineered ECM

The resulting constructs were decellularized (or not, Living) 
either by means of standard Freeze and Thaw (F&T) technique 
or induction of apoptosis (Apoptized) by convecting the chem-
ical inducer of apoptosis within the generated tissues thanks to 
the perfusion culture.

Both decellularization methods resulted in an important cell 
death, with 92.4% and 97.5% positivity for Annexin-V/PI in the 
F&T and Apoptized groups, respectively (Figure 2A). Living 
grafts displayed 13.6% of cell death (Figure 2A). These results 
were confirmed by MTT staining, indicating cellular metabolic 
activity only in Living grafts (Figure 2B). The use of the per-
fusion system offered the possibility to dynamically remove 
cellular/DNA debris postdecellularization, leading to 81.4% 
and 72.5% of DNA removal in F&T and Apoptized constructs, 
respectively (Figure S5, Supporting Information).

The impact of the decellularization procedures was subse-
quently assessed by total collagen quantification, as main struc-
tural proteins of the ECM. As compared to the Living grafts, 
total collagen content was reduced by 74.2% following F&T 
treatment, whereas it was maintained in the Apoptized group 
(Figure 2C). In addition to structural proteins, luminex-based 
analysis was performed to evaluate the content of a panel of rep-
resentative factors involved in angiogenic (vascular endothelial 
growth factor alpha (VEGF),[25] Interleukin-8 (IL-8),[26] stromal 
cell-derived factor 1 alpha (SDF-1!),[27]) inflammation (IL-8,[28] 
macrophage colony-stimulating factor (M-CSF)[29]), osteo-
clastogenesis (SDF-1![30]) processes, and hMSC recruitment 
(M-CSF,[29] SDF-1![30]). As compared to F&T, the apoptotic 
method allowed for superior preservation of ECM-embedded 
cytokines (Figure 2D), with content of IL-8, M-CSF, and VEGF 
being, respectively, 4.8-, 1.9-, and 3.5-fold higher. However, 
none of the decellularization methods entirely preserved the 
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ECM composition, as exemplified by the marked loss in SDF-
1! in both F&T (85%) and Apoptized (73%) groups when com-
pared to Living grafts.

Hence, the use of a dedicated cell line with intrinsic decel-
lularization capacity resulted in ECM-coated materials with 
enhanced preservation of composition.

2.3. Bone Repair Capacity of Engineered Grafts

The bone-forming capacity of generated constructs was 
assessed by implantation into critically sized cranial defects in 
nude rats (Figure S6A, Supporting Information). The acellular 
scaffold (empty) was also implanted as control condition.

Adv. Funct. Mater. 2017, 27, 1605486
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Figure 1. Engineering of ECM-coated scaffold in perfusion bioreactor. A) Representative MTT, scanning electron microscopy, and Masson’s trichrome 
staining of the engineered construct after four weeks in perfusion bioreactor (scale bar = 100 µm). Cells and associated ECM are deposited on the 
surface of the material. Ce = ceramic, ECM = extracellular matrix. B) Proliferation of MSOD cells during the bioreactor culture phase at day 1, 7, and 
28. C) Immunofluorescence analysis of the deposited ECM. MSOD cells (GFP positive, green) are embedded within a collagen type 1 (red) matrix that 
fills the pore of the material. eGFP = enhanced Green Fluorescent Protein, Scale bar = 100 µm. D) Immunofluorescence analysis of the deposited ECM. 
Osteocalcin (red) is predominantly detected in the cytosol of the MSOD cells (green). To a limited extent, osteocalcin could also be detected in the ECM 
(white arrow). Scale bar = 100 µm. E) Gene expression pattern of MSOD prior to (white) and after culture in perfusion bioreactor (black) (n = 3, *P < 0.05, 
n.s = not significant). ALP = alkalyne phosphatase, OC = osteocalcin, OSX = osterix, BSP = bone sialopro F) Percentage of Stro-1, alkalyne phosphatase 
(ALP), and osteocalcin (OC) positive cells within the MSOD population before (black) and after four weeks of perfusion bioreactor culture (white).
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After 12 weeks in vivo, µCT analysis of F&T samples indi-
cated the formation of mineralized tissue principally localized at 
the periphery of the implants, suggesting a mechanism of oste-
oconduction rather than osteoinduction (Figure 3A; Figure S6B, 
Supporting Information). Conversely, Living and Apoptized 
grafts promoted mineralized tissue formation up to the inner 
part of the defect (Figure 3A; Figure S7, Supporting Informa-
tion), in significantly higher percentages as compared to F&T 
samples (respectively, 5.2- and 7.8-fold increase, Figure 3B).

The formation of de novo frank bone tissue within implanted 
grafts was assessed by histological analysis. Remarkably, newly 
formed bone tissue appeared mature in all groups with no 
evident qualitative distinction from the host bone matrix 
(Figure 3C; Figure S6B, Supporting Information). The dark-red 
Masson’s trichrome positivity revealed the presence of elastin 
in the bone matrix, also strongly stained by Eosin (deep-orange, 
Figure 3C). Immunohistochemical stainings indicated the pres-
ence of mature, Osterix positive osteoblastic cells in the bone 
matrix, with osteocalcin positivity in the surrounding ECM 
(Figure 3C). The presence of human cells was only detected 
in the Living group as revealed by arthrobacter luteus (ALU)-
repeats staining (Figure 3C). However, their presence was 
extremely marginal, suggesting a massive cell death and/or 
migration outside the defect area. This could be explained by 
the previously reported unfavorable orthotopic environment for 
hMSC.[31]

Quantification of de novo bone tissue formation was per-
formed by histomorphometric processing of sectioned samples 
(Figure 3D), in order to avoid possible µCT biased analysis 
derived from the presence of ceramic substrate and/or imma-
ture calcified tissue. In the Apoptized group, a 5.5-fold increase 
in the percentage of newly formed bone covering the defect site 
was found as compared to the F&T (Figure 3D). Interestingly, 
no statistical difference in the percentage of bone formation 
was observed between Living and Apoptized groups, suggesting 
a limited contribution of implanted mesenchymal cells in 
the bone formation in Living grafts, to be correlated with the 
low frequency of hMSC detected within Living implants after 
12 weeks in vivo.

Overall, we demonstrate the functional superiority of Apop-
tized grafts in supporting bone regeneration as compared to 
F&T treated constructs, likely due to the improved preservation 
of ECM composition.

The generated constructs were then ectopically implanted 
in nude rats, as a stringent test of osteoinductivity. After 
12 weeks, Living and Apoptized samples were more strongly 
stained for bone sialoprotein and osteocalcin than those 
decellularized by F&T, indicating the development of a more 
mature osteoid tissue (Figure S8, Supporting Information). 
However, since no frank bone tissue was observed in any 
experimental group, the materials cannot be formally defined 
as osteoinductive.

Adv. Funct. Mater. 2017, 27, 1605486
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Figure 2. Decellularization of engineered grafts. A) Flow cytometry quantification of cell death by Annexin-V/PI stainings in nondecellularized con-
structs (Living), decellularized by Freeze & Thaw (F&T), or by apoptosis induction (Apoptized) (n " 3, **P < 0.01, ***P < 0.001). B) MTT staining of 
engineered grafts prior to (Living) and after decellularization procedure. C) Total collagens content in constructs before (Living) and postdecellulariza-
tion treatments by mean of F&T or apoptosis (Apoptized) (n " 4, **P < 0.01, ***P < 0.001, n.s = not significant). D) Luminex-based quantification of 
Interleukin-8 (IL-8), macrophage colony-stimulating factor (M-CSF), stromal cell-derived factor 1 alpha (SDF-1!) and vascular endothelial growth factor 
alpha (VEGF) in corresponding grafts (n " 3, *P < 0.05, n.s = not significant).
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Figure 3. Bone repair capacity of engineered grafts. A) 3D microtome reconstitution of cranial defect 12 weeks postimplantation based on the full 
z-stacks (top view). cB = calvarial bone, nB = new bone. B) Microtome-based quantification of mineralized tissue formation within the cranial defect 
(n = 3, *P < 0.05). C) Histological analysis of the bone tissue by Masson’s trichrome, Hematoxylin & Eosin (H&E), tartrate-resistant acid phosphatase 
(TRAP), ALU, osteocalcin, and osterix stainings of explanted grafts. Arrows indicate positively stained human cells for ALU repeats (scale bars = 
50 # 10$6 M). f = fibrous tissue, b = bone, c = ceramic. D) Histomorphometric quantification of newly formed bone tissue within engineered constructs 
(n = 3, *P < 0.05), displayed as bone/defect area based on histological analysis (left) and bone volume/total volume based on microcomputerized 
tomography analysis (right). Dashed lines represent indicative values of the material without cells/ECM decoration (empty; n = 1), consistent with 
previous literature reports.[45]
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2.4. Engineering of VEGF-Enriched ECM-Coated Grafts

The possibility to preserve ECM-associated factors by apoptotic 
decellularization opens the prospective for a targeted ECM 
enrichment in specific cues. To exemplify this paradigm, we 

designed engineered ECM with enhanced content in VEGF, as 
a potent promoter of vascularization.[32]

To this end, a VEGF-over-expressing hMSC line was gen-
erated by retroviral transduction of the original MSOD cells 
(Figure 4A). Successfully transduced cells were purified by 

Adv. Funct. Mater. 2017, 27, 1605486
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Figure 4. In vitro engineering of ECM-coated scaffold using MSOD and MSOD-V lines. A) Genetic modifications in MSOD and MSOD-V lines 
(tr: truncated). B) Flow cytometric analysis eGFP and CD8 expression in MSOD and MSOD-V cells. C) Gene expression level of VEGF gene in MSOD 
and MSOD-V lines (n = 4, *P < 0.05). D) Supernatants measurements of 3D bioreactors seeded with MSOD or MSOD-V cells (n " 3, *P < 0.05). E) Pro-
tein quantification of MSOD Apoptized and MSOD-V Apoptized ECM-coated grafts after 3D perfusion culture (n " 3, **P < 0.01, n.s = not significant).
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flow cytometry, based on the expression of 
the truncated CD8 surface marker (>93%, 
Figure 4B), leading to the isolation of a 
MSOD population overexpressing VEGF, 
referred to as the MSOD-V line. MSOD-V 
cells were shown to significantly overex-
press the Vegfa transgene as compared 
to MSOD (60.2-fold increase, Figure 4C), 
while retaining apoptotic-induction func-
tionality over a three-week course of 2D 
osteogenic differentiation (Figure S9A, Sup-
porting Information). MSOD-V cells were 
also shown to deposit mineralized matrix 
similarly to the MSOD line upon exposure to 
osteogenic medium (Figure S9B, Supporting 
Information).

ECM constructs were engineered as pre-
viously described using either the MSOD or 
the MSOD-V line (Figure S9C, Supporting 
Information). Over the 3D culture time, 
secretion profiles of MSOD and MSOD-V 
for IL-8, M-CSF, SDF-1!, and VEGF pro-
teins were measured from the corresponding 
perfusion bioreactor systems. Both lines dis-
played similar patterns of IL-8, M-CSF, and 
SDF-1! production, whereas VEGF secre-
tion was significantly higher throughout 
the culture time in bioreactors seeded with 
MSOD-V than with MSOD (average of 
2.0-fold increase; Figure 4D). After 28 d, 
constructs were decellularized by apoptosis-
induction and assessed for the content of 
representative factors in the ECM. As com-
pared to MSOD, MSOD-V constructs con-
tained similar amounts of IL-8, M-CSF, and 
SDF-1!, but were significantly enriched in 
VEGF (1.7-fold, Figure 4E), consistent with 
the supernatant measurements. We thus 
validated the possibility to generate ECM spe-
cifically enriched in VEGF by engineering of 
a dedicated cell line, and to maintain it upon 
apoptosis-driven decellularization.

2.5. Vascularization Efficiency of VEGF-Enriched 
ECM Constructs

The angiogenic potential of VEGF-enriched engineered ECM 
was assessed by subcutaneous implantation of Apoptized sam-
ples (MSOD and MSOD-V) in the back of nude rats. Constructs 
were retrieved one week postimplantation and processed to 
assess vasculature formation. As controls, “naked” ceramic 
(empty), nondecellularized grafts engineered with the MSOD 
(MSOD Living) and the MSOD-V (MSOD-V Living) lines were 
implanted.

Immunofluorescence stainings (CD31 and DAPI, Figure 5A) 
of whole tissue cross-sections revealed different patterns of 
vasculature. Constructs from the “MSOD Apoptized” group 
showed formation of vessels principally localized at the 

periphery and were associated with the presence of a necrotic 
core characterized by absence of vessels (CD31 staining) and 
cells (DAPI staining). In contrast, “MSOD-V Apoptized” grafts 
displayed deeper vessel colonization, approaching the one 
observed in the MSOD Living constructs. Living MSOD-V 
grafts reproducibly showed the deepest vessel distribution, 
with grafts largely vascularized. Importantly, hMSC derived 
cells were abundantly detected only in Living grafts (green 
fluorescent protein (GFP) staining, Figure 5A), confirming the 
efficiency of decellularization.

Quantification of vessel ingrowth, defined as the mean depth 
penetration of CD31-positive vessels from the edge to the inner 
part of the scaffolds (Figure S10, Supporting Information), con-
firmed histological observations. Indeed, a significantly deeper 
penetration of host vasculature toward the center of the grafts 
was observed in the “MSOD-V Apoptized” group (1170 ± 79 µm, 
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Figure 5. In vivo assessment of angiogenic performance of ECM-coated materials. A) Repre-
sentative immunofluorescence staining of engineered grafts one week post-in vivo implanta-
tion in nude rats. B) Quantification of vessel ingrowth in the corresponding grafts (n = 3, 
*P < 0.05, ***P < 0.001, ****P < 0.0001, n.s = not significant). C) Quantification of vessel
coverage in corresponding explanted samples (*P < 0.05, n.s = not significant).
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Figure 5B) as compared to Apoptized samples without VEGF 
enrichment (713 ± 54 µm, Figure 5B). Quantification of vessel 
coverage over the total surface area did not reveal significant 
differences between the two apoptized groups, despite slightly 
superior (1.3-fold higher) values in VEGF-enriched samples 
(Figure 5C). As expected, MSOD-V Living grafts were the most 
vascularized, with 72.0 ±3.7% of surface invaded by vessels.

Overall, we report that the targeted enrichment of engineered 
ECM in VEGF resulted in increased angiogenic potential.

3. Discussion

In this study, we report the successful generation of ECM bio-
materials, based on the decellularization of pre-engineered 
tissue within a 3D perfusion culture system, via deliberate acti-
vation of apoptosis pathway. The proposed approach resulted 
in superior preservation of graft integrity, associated with 
increased performance in the specific context of bone tissue 
regeneration. The paradigm was extended toward genera-
tion of grafts tunable in composition. This was demonstrated 
through a targeted enrichment in VEGF, ultimately resulting 
in an enhanced biological functionality. The work exemplifies 
for the first time the concept of customizable eECM grafts, with 
the potential to be designed to regulate specific regenerative 
processes.

The engineered graft materials were generated by pro-
liferation and differentiation of the MSOD line toward the 
osteoblastic lineage, associated with the deposition of a dense 
ECM. In this experimental configuration, cell osteogenic dif-
ferentiation was likely favored by the calcium phosphate com-
position of the scaffold,[33] in combination with the mechanical 
conditioning, in the form of flow-induced shear, introduced by 
the perfusion device.[34] The use of the perfusion-based biore-
actor system was pivotal in our model also to (i) facilitate cell 
seeding into the scaffold pores, (ii) enhance mass transport 
to support homogenous tissue development, (iii) convect the 
apoptotic inducer through the deposited ECM, (iv) dynami-
cally remove the cellular debris after construct devitalization 
and (v) streamline the processes, since scaffolds remained 
confined within the culture chambers from the cell seeding 
phase to the decellularization step, with minimal operator 
handling.

Decellularization by apoptotic induction was shown to effi-
ciently preserve the deposited ECM. In particular, the procedure 
did not reduce the content of collagens—the most abundant 
ECM backbones,[35] unlike conventional freeze/thaw treatment. 
Remarkably, collagens and associated structural proteins have 
been directly associated with mechanisms of tissue remodeling, 
longevity and regeneration,[36,37] thus going beyond a merely 
architectural role, as predominantly reported. Preservation of 
a collagen-rich ECM was associated with the maintenance of 
key embedded cytokines and morphogens, including media-
tors of immune reactions,[28,29] inducers of angiogenesis,[25–27] 
as well as molecules chemotactic for host progenitors.[29,30] 
This appeared to be of particular importance to induce de novo 
bone formation, since the crucial steps driving bone-healing 
processes include an inflammation phase and the ingrowth of 
vasculature along with endogenous osteoprogenitors.[38]

The efficiency of ECM preservation upon apoptotic decel-
lularization allowed investigating the possibility of selective 
enrichment. As a proof-of-principle for the strategy, and con-
sidering that rapid vascularization is an essential process in 
a variety of settings in regenerative medicine,[39] we selected 
VEGF as potent inducer of angiogenesis. Targeted enrichment 
of ECM with VEGF by genetic manipulation of the MSOD 
line resulted in a measurable biological effect, with signifi-
cant increase of graft vascularization. Although in our model 
we did not observe evidences of vessel aberrancies, the doses 
of VEGF in the ECM might need to be carefully controlled, in 
order to remain in a therapeutic window while avoiding the for-
mation of hemangiomas or a pathologic shift of homeostatic 
processes (e.g., too high osteoclastic activity in de novo bone 
formation[40]). In this context, the dose of VEGF could be con-
trolled by the flow cytometry-based isolation of sub populations 
homogeneously expressing specific levels, as previously shown 
with primary hMSC.[41]

This study reports the first design of ECM materials through 
the use of dedicated cell lines. In fact, the generation of cell 
lines overexpressing defined factors in specific doses is the con-
ceptual basis for the generation of customized eECM. Although 
the technology was not shown to fully achieve very fine tuning 
of each factor, the decellularization by apoptosis supports the 
generation of ECM with distinct, “by design” enrichment. The 
degree of tunability of the material can be further extended by 
the degree of ECM maturation and stiffness, which may be 
regulated through culture time, the use of different scaffolds 
or pre-conditioning with cytokines priming matrix remode-
ling.[42] Engineered ECM materials for regenerative medicine 
could ideally be designed to enhance functions required at 
early stages after transplantation (e.g., vascularization, host 
cell recruitment) to target repair effectiveness. This is in line 
with the concept to induce recapitulation of developmental pro-
cesses,[5,43] which may not be optimally achieved upon the use 
of nECM from fully developed tissues.

If cell lines introduce notions of standardization and custom-
ization, they also raise safety concerns regarding clinical trans-
lation. In fact, despite proven efficiency, the decellularization 
step does not exclude presence of remaining living cells after 
treatment. This issue can be addressed through the systematic 
characterization of the generated cell lines (e.g., tumorigenicity 
test similarly to those published for the MSOD line[22]), but also 
by improving the genetic engineering strategy. This includes 
the possibility to combine the human telomerase and apop-
totic cassette under the control of a single promoter, so that 
silencing of inducible apoptotic function also results in loss of 
immortalization. In addition, implementation of transgenes 
by site-specific genome editing using CrispR/Cas9 technology 
is a relevant alternative for the generation of cell lines with 
improved safety/control.[44]

4. Conclusions

Our findings consolidate the perspective of bioreactor-based 
production of eECM as off-the-shelf biomaterials with tunable 
biological properties based on the presentation of instruc-
tive biological signals. The approach represents the first step 
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toward the generation of customizable eECM for a variety of 
clinical indications or biological models, which could ultimately 
compete in modularity and efficiency with current sECM 
approaches.

5. Experimental Section
Cell Lines: Primary bone-marrow material was obtained after informed

signed consent from the patients. The MSOD line was previously 
generated by modification of primary hMSC.[46] Briefly, cells were 
immortalized by insertion of the human telomerase gene. Successfully 
immortalized cells were further modified by insertion of an inducible 
apoptotic genetic device.[47] A clone was subsequently selected based on 
the proliferative and differentiation potential, giving rise to the MSOD 
line.

The MSOD-VEGF line was derived from the previously generated 
MSOD line transduced with a bicistronic retrovirus expressing 
human VEGF165 (VEGF) linked to a nonfunctional, truncated form of 
the syngeneic molecule human CD8a, as previously described.[48,49] 
Successfully transduced cells were purified by flow cytometry sorting 
based on the expression of the CD8 marker, after staining with Mouse 
Anti-Human CD8-APC (BD Pharmingen, cat# 561952).

MSOD and MSOD-V lines were cultured in complete medium (CM) 
consisting of !-minimum essential medium with 10% fetal bovine 
serum, 1% HEPES (1 M), 1% sodium pyruvate (100 # 10$3 M), and 1% 
of penicillin-streptomycin-glutamin (100X) solution (all from Gibco). 
During culture, cells were placed in a humidified 37 °C per 5% CO2 
incubator and medium was changed twice in a week.

Osteogenic Differentiation in 2D: hMSC lines were seeded 
at 3 000 cells cm$2 and differentiated for three weeks in OM. 
Osteogenic medium consisted of CM supplemented with 10 # 10$9 M  
dexamethasone, 0.1 # 10$3 ML-ascorbic acid-2-phosphate and 10 # 10$3 M  
%-glycerophosphate.[50]

Apoptosis-Induction: Induction of apoptosis in MSOD and MSOD-V 
lines was performed as previously described.[47] Briefly, the B/B 
homodimerizer (Clontech, cat# 635060) was added at 50 # 10$9 M 
in culture medium to activate the apoptosis pathway through the 
dimerization of the modified caspase 9. The percentage of induced death 
was assessed 12 h later by FACS analysis, after cell harvest and staining 
with Annexin V-APC (BD Biosciences, cat# 550475) and propidium 
iodide (PI, BD Biosciences, cat# 51–66211E) in Annexin-V binding buffer 
(BD Biosciences, cat# 556454).

3D Cell Seeding: The 3D culture was performed using a previously 
developed perfusion bioreactor system (U-cup, Cellec Biotek AG), 
allowing controlled flow of a cell suspension or culture medium directly 
through the scaffold pores.[51] Cells were seeded on hydroxyapatite 
scaffolds (Engipore, Finceramica-Faenza, Faenza, Italy) in the form of 
porous cylinders of 4 mm height and 8 mm diameter. Scaffolds were 
seeded with 0.75 # 106 of cells by overnight perfusion at a superficial 
velocity of 1 000 µm s$1 in proliferation medium (PM), consisting of CM 
supplemented with 100 # 10$9 M dexamethasone, 0.1# 10$3 M ascorbic 
acid-2-phosphate and 5 ng mL$1 FGF-2. After 12 h (cell seeding phase), 
the superficial velocity was reduced to 100 µm s$1 for perfusion culture 
of the cells. The cell homogeneity and viability within constructs was 
assessed by methyl-tetrazolium staining (MTT, Sigma).

Graft Generation: The protocol for the generation of ECM-coated 
constructs was adapted from a previous study.[52] Briefly, cells were 
cultured in the ceramic scaffolds for one week in PM and additional 
three weeks in OM, within the 3D perfusion bioreactor system. Culture 
medium was changed twice a week. Cell numbers were assessed after 
1, 7, and 28 d to derive cell seeding efficiency and growth.

Graft Decellularization in Bioreactor: Constructs were decellularized 
using the previously described apoptotic approach or a conventional 
F&T method.[52] Apoptosis was induced by overnight dynamic 
convection of the homodimerizer within bioreactors. The F&T technique 
consisted of three cycles of dry freezing in liquid nitrogen and thawing 

in a 37 °C water bath for 10 min each. Samples were rinsed in double 
distilled water after the first thaw in order to hypotonically lyse the cells. 
Subsequently to F&T or apoptotic treatments, cell debris was removed 
from the constructs by sterile phosphate-buffered saline (PBS) washing 
in the perfusion system (100 µm s$1 for 30 min at 37 °C).

Gene Expression Analysis: Total RNA was extracted from cells 
using TRIzol (Invitrogen, Carlsbad, CA), treated with DNAse and 
retrotranscribed into cDNA, as previously described.[53] Real-time 
polymerase chain reaction (RT-PCR) was performed with the ABIPrism 
77000 Sequence Detection System (Perkin Elmer/Applied Biosystem, 
Rotkreuz, Switzerland) and expression levels of genes of interest 
were normalized to glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH). Primers and probe sets of osteogenic genes (RUNX2, 
osteocalcin, alkaline phosphatase, osterix, bone sialoprotein type 1, 
matrix metalloproteinase-13) were designed and used as previously 
described.[53]

Histological Analysis: After in vitro and/or in vivo cultures, constructs 
were fixed in 4% (vol/vol) paraformaldehyde and decalcified with 7% 
(vol/vol) ethylenediaminetetraacetic acid (EDTA) solution (Sigma). 
For biochemical and immunohistochemical analysis, samples were 
embedded in paraffin. Sections (5 µm thick) were stained for either 
Hematoxylin & Eosin (Baker), alizarin red, Masson’s trichrome 
(Sigma, cat# HT15-KT), tartrate-resistant acid phosphatase activity by 
means of the leukocyte acid phosphatase kit (Sigma, cat# 387A-1KT). 
Chromogenic in situ hybridization (Zytovision kit) to detect human 
ALU repeat sequences was performed following the manufacturer’s 
instructions, using nuclear fast red (N3020, Sigma) as nuclear 
counterstaining. Osterix (Abcam, cat# ab22552), bone sialoprotein 
type 1 (Abcam ab52128), and osteocalcin (Millipore, cat# AB10911) 
were stained by use of primary antibodies and the immunobinding was 
detected with biotinylated secondary antibodies, using the appropriate 
Vectastain ABC kits. The red signal was developed with the Fast Red kit 
(Dako Cytomation), and sections were counterstained by hematoxylin. 
Histological and immunohistochemical sections were analyzed using an 
Olympus BX-61 microscope.

For immunofluorescence analysis, samples were cryoprotected by 
overnight incubation in a 20% sucrose solution, followed by embedding 
in optimal cutting temperature compound (CellPath, UK) and snap 
frozen in liquid nitrogen. Subsequent cryosections (10 µm thick) 
were incubated for 1 h in 0.3% Triton X-100 and 2% normal goat or 
donkey serum (Sigma-Aldrich) in PBS with corresponding primary 
antibodies. This includes anti-collagen type 1 (Cedarlane CL50151AP), 
anti-osteocalcin (Biorad 7060-1815), anti-CD31 primary antibody (BD 
bioscience 555025). Secondary antibodies consisted in Alexafluor 546 
and Alexafluor 633 conjugated anti-mouse IgG1 (Life Technologies, 
Basel, Switzerland). Nuclei were stained using DAPI dye (Invitrogen, 
Basel, Switzerland) at 1:50 for 1 h. All antibodies were diluted in 0.3% 
Triton X-100 and 2% normal goat or donkey serum in PBS. Endogenous 
GFP was detected by samples excitation with a 488 nm laser. Negative 
controls were performed during each analysis by omitting the primary 
antibodies. Fluorescence images were acquired using Olympus BX63 
microscope (Olympus, Volketswil, Switzerland) and Zeiss LSM 710 
confocal microscope (Zeiss).

Osteogenic Marker Analysis: Cells from 2D culture were retrieved 
by a regular trypsinization step. Cells from 3D generated ECM were 
extracted from the scaffold pores by sequentially perfusing a solution 
of 0.3% collagenase (Worthington, USA) for 40 min and 0.05% 
trypsin/0.53 mm EDTA (GIBCO, Switzerland) for 10 min, both at a 
superficial velocity of 400 µm s$1. Cells were further permeabilized 
for 15 min in permeabilization buffer (R&D systems, cat# F005) 
and stained at 4 °C for 30 min with an antibody against Stro-1 (R&D 
systems, cat# MAB1038), OC (R&D systems, cat# IC1419P), or ALP 
(R&D systems, cat# FAB1448A). Cells were washed and stained with PE, 
PerCP, and APC conjugated secondary antibodies (R&D systems, cat# 
IC002A) for 30 min and analyzed using a FACSCalibur flow cytometer 
(BD Biosciences, Germany). Positive expression was defined based 
on superior fluorescence intensity than the respective controls with 
omission of primary antibodies.
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DNA Quantification: Constructs retrieved from the bioreactor 
chamber were digested with proteinase K solution (1 mg mL$1 
proteinase K, 50 mm TRIS, 1 mm EDTA, 1 mm iodoacetamide, and 
10 µg mL$1 pepstatin-A; Sigma-Aldrich, USA) in double distilled 
water or potassium phosphate buffer for 16 h at 56 °C as previously 
described (14). DNA quantification was performed by means of a 
commercially available fluorescence-based kit, namely CyQUANT Cell 
Proliferation Assay (Invitrogen, USA). Working solutions were prepared 
according to the manufacturer’s protocols. Analyses were carried out 
measuring fluorescence with a Spectra Max Gemini XS Microplate 
Spectrofluorometer (Molecular Devices, USA). Excitation and emission 
wavelengths were, respectively, 485 and 538 nm. Samples in each plate 
included a calibration curve.

Collagen and Calcium Quantification: Total calcium was measured 
using a colorimetric-based assay. Briefly, calcium present in the 
mineralized ECM was solubilized in 0.5 N hydrochloric acid for 4 h 
at 4 °C before quantification (Total Calcium Assay, Randox, UK). Total 
collagen content was determined using the Sircol assay (Biocolor, UK) 
after samples solubilization in 3% v/v acetic acid (Fluka, Switzerland) 
and 0.01% w/v pepsin (Sigma-Aldrich, USA) overnight at 4 °C. The 
calcium/collagen concentration was assessed using a Spectra Max 
190 microplate colorimeter (Molecular Devices, USA) following the 
parameters provided in the respective assay kits.

Luminex-Protein Quantification: Supernatants and/or ECM generated 
in the 3D bioreactor culture were analyzed for the content of a panel 
of growth factors (i.e., SDF-1!, VEGF, IL-8, M-CSF), according to the 
manufacturer’s instructions (R&D eBiosciences, Immunoassay Kit). 
Supernatants were collected twice a week during exchange of culture 
medium. ECM grafts were collected and entirely lysed at the end of the 
3D culture (day 28), prior or subsequently to decellularization treatment. 
Supernatant values were expressed as amounts produced per day per 
single construct (pg/mL/day/construct). ECM values correspond to the 
total content per construct (pg/construct).

SEM: For SEM, cell-seeded constructs were fixed overnight at 4 °C 
with 4% formaldehyde and washed with PBS. Samples were gradually 
dehydrated with 30%–50%–70%–90%–100% ethanol, coated with gold 
and imaged with a Philips XL 30 ESEM microscope.

Microtomography: Microtomography (µCT) was performed at the 
Biozentrum of the University of Basel (Basel, Switzerland). After fixation 
in formalin and storage in PBS, microcomputerized tomography data 
were acquired using a Phoenix nanotom m scanner (General Electric) 
with 0.5 mm aluminum filtered X-rays (applied voltage, 70 kV; current, 
260 µA). Transmission images were acquired during a 360° scan 
rotation with an incremental rotation step size of 0.25°. Reconstruction 
was made using a modified Feldkamp algorithm at an isotropic voxel 
size of 2.5 µm. Threshold-based segmentation and 3D measurement 
analyses (mineralized tissue density and volume) were performed using 
the ImageJ software (ImageJ; National Institutes of Health) with the 
BoneJ[54] and 3D Shape[55] extensions. 3D rendering of the structures 
was performed using VGStudio MAX 2.2 software (Volume Graphics).

Animal Experiments: Animals were treated in compliance with Swiss 
Federal guidelines for animal welfare and all procedures were approved 
by the Veterinary Office of the Canton (Basel, Switzerland), conform to 
the Directive 2010/63/EU of the European Parliament.

Bone formation efficiency of engineered grafts was assessed by 
ectopic subcutaneous implantation and orthotopic implantation into 
generated critically sized cranial defects (8 mm) all in male nude rats 
(Hsd: RH-rnu/rnu, animal permit 2590). For the surgical procedure, 
animals were anesthetized by inhalation using a mixture of oxygen 
(0.6 L min$1) and isoflurane (1.5–3 vol%). Samples were retrieved 
12 weeks postimplantation and fixed prior to microtomography and 
histological analysis.

To assess their angiogenic properties, in vitro engineered grafts were 
implanted in subcutaneous pockets of male nude rats (Hsd: RH-rnu/rnu, 
animal permit 2590). At 7 d postimplantation, rats were anesthetized 
by intraperitoneal injection of a mixture of Ketamine (100 mg kg$1) and 
Xylazin (10 mg kg$1) and sacrificed by total body vascular perfusion of 
1.5% paraformaldehide for graft explantation.

Quantification of Vascularization Efficiency of Engineered Grafts: Vessel 
ingrowth was defined as the mean depth penetration of CD31-positive 
vessels from the edge to the inner part of the scaffolds. Briefly, CD31/
DAPI images of the entire cross-sections were acquired using a wide-
field fluorescence microscope (Olympus BX63). To randomly define 
the penetration of the blood vessels toward the center of the grafts, 
each section length was divided in six equal parts (line 1, white ticks; 
Figure S6, Supporting Information). Vessel ingrowth was measured 
along the three central perpendicular lines (line 2, green; Figure S6, 
Supporting Information) as the distance from the edge until a positive 
signal was detected (line 3, blue; Figure S6, Supporting Information).

Vessel coverage was measured as the ratio between the surface 
covered by CD31-positive vessels and the total surface of the scaffolds. 
Statistics were performed based on a minimal of six sections, at about 
500 µm distance in depth.

Statistical Analysis: Data are presented as means ± standard error 
of the mean. For single comparison, differences were evaluated using 
Mann Whitney U test, with P < 0.05 considered to indicate statistical 
significance (GraphPad Prism 5). Standard One-way ANOVA was used 
for multiple comparisons test.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure S1. Experimental design for the generation of bone grafts in perfusion bioreactor. 

Following four weeks of culture, constructs are decellularized (F&T, Apoptized) or not 

(Living). The resulting grafts are analysed in vitro or implanted in vivo subcutaneously or into 

critical-sized cranial defect in nude rats (PM = proliferative medium, OM = osteogenic 

medium). 

 

Figure S2. (A) Scanning electron microscopy image of the generated living graft prior to 

decellularization. Cells and ECM form visible structures interconnected through the pores of 
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the material. (B) Histological analysis by Masson’s trichrome of the deposited ECM prior to 

decellularization treatment.  

Figure S3. (A) Electron microscopy of ceramic scaffold without cell seeding. (left scale bar = 

300µm, right scale bar = 10µm). A uniform distribution of the macro-structure with apparent 

interconnectivity and porosity can be observed. (B) High resolution of electron microscopy 

ceramic material without cells. The micro-structure reveals the intergranular porosity with 
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grain size comprised between 0.25-2.5µm. (C) Physical and chemical properties of ceramic 

scaffold. Data were obtained from previous studies by scanning electron microscopy, X-ray 

diffraction and inductively coupled plasma analysis.

Figure S4. MTT stainings (top) and scanning electron microscopy pictures (central and 

bottom) of ceramic (Engipore®), collagen (Ultrafoam®) and polycaprolactone-tri calcium 

phosphate (PCL-TCP) scaffolds, seeded and cultured with MSOD cells for 5 days. All 

material supported cell viability and ECM deposition. 
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Figure S5. Decellularization efficiency of the F&T and Apoptized methods after four weeks 

of 3D perfusion culture (n=3). DNA content was measured prior to and after decellularization 

treatment to express percentage of DNA removed by the decellularization procedure. 

 
48



 

Figure S6. (A) Generation of the critical-sized cranial defect. The defect consisted in a 8mm 

x 8mm area in which the cranial surface of the animal was removed. (B) Representative 

Hematoxylin & Eosin stainings of implanted grafts 12 weeks post-in vivo implantation into 

cranial defect of nude rats. Deep pink staining is indicative of frank bone tissue. Dashed lines 

delimit graft areas. Low magnification and high magnification images are presented on left 

and right respectively. Scale bar = 1mm. cB = calvarial bone, nB = new Bone. 
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Figure S7. Microtomography analysis of cranial defects. (A) MicroCT analysis allows for the 

detection of both ceramic scaffolds and rat calvarial bone (side view). (B) Thresholding of 

MicroCT scanning for bone quantification. During scanning of the rat calvarial defect 

containing the graft, a “naked” ceramic scaffold is also scanned as internal control to 

distinguish grey value corresponding to the scaffold or to mature bone. During analysis, the 
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threshold is set up in order to remove the ceramic traces, thus considering only frank bone 

formation. (C) Top and transverse views of rat cranial defect 12 weeks post implantation. 

 

Figure S8. Bone sialoprotein (BSP) and Osteocalcin stainings from retrieved grafts 12 weeks 

post-subcutaneous implantation. The pink colour is indicative of positivity. A stronger 

coloration is observed in Living and Apoptized samples. For each group, low magnification 

(scale bar = 500µm) and high magnification images (scale bar = 100µm) are displayed on the 

left and right respectively. 
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Figure S9. (A) Cell-death assessment of the MSOD-V line in the three weeks course of 2D 

osteogenic differentiation, following exposure (white, Apoptized) or not (black, control) to the 

apoptotic inducer. The MSOD-V was successfully induced toward apoptosis (n=3, 

***P<0.001). (B) Total calcium deposition of MSOD and MSOD-V lines after three weeks of 

osteogenic differentiation in 2D. The MSOD and MSOD-V lines displayed similar 

mineralization potential (CM = complete medium, OM = osteogenic medium). (C) 

Experimental design for the generation of MSOD or MSOD-V derived grafts. In vivo analysis 

consisted in subcutaneous implantation in Nude rat for a 1 week period for vascularization 

assessment. 
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Figure S10. Methodology of vascularization quantification. Vessel ingrowth was defined as 

the mean depth penetration of CD31-positive vessels from the edge to the inner part of the 

scaffolds. To randomly define the penetration of the blood vessels towards the centre of the 

grafts, each section length was divided in 6 equal parts (line 1, white ticks). Vessel ingrowth 

was measured along the three central perpendicular lines (line 2, green) as the distance from 

the edge until a positive signal was detected (line 3, blue). Vessel coverage was measured as 

the ratio between the surface covered by CD31-positive vessels and the total surface of the 

scaffolds. Statistics were performed based on a minimal of 6 sections, at about 500 µm 

distance in depth. Scale bar = 1mm. 
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designed hMSC line 
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3D in vitro engineering of decellularized osteoinductive grafts using a custom-

designed hMSC line. 

Investigators: Thibaut Klein1, Fabiana Gullotta1, Julien Guerrero1, Claude Jaquiery1, Sébastien 

Pigeot1, Paul Emile Bourgine1, 2 and Ivan Martin1 

1Tissue Engineering, Department of Biomedicine, University Hospital Basel, University of Basel, 4031 Basel, 

Switzerland. 

2Laboratory for Cell, Tissue and Organ engineering, Wallenberg Center for Molecular Medicine, University of Lund, 

223 50 Lund, Sweden. 

1. Description of project

Infection, trauma or tumors can generate critical bone defects with a compromised 

regeneration, thus necessitating the development of suitable strategies to promote the repair. 

Conventional tissue engineering approaches propose the use of a three-dimensional (3D) 

scaffold, in which seeded patient-derived osteoprogenitor cells can grow, differentiate and 

secrete an extracellular matrix (ECM) that coats the scaffold. The resulting bone graft can then 

be implanted in the patient in an autologous approach. However, a more attractive paradigm 

consists in the removal of the cellular fraction (decellularization) from the graft prior to its 

implantation to reduce immuno-matching requirements. This strategy relies on the capacity 

of osteoinductive signals (e.g. Bone morphogenetic proteins – BMPs) embedded in the ECM 

to instruct endogenous osteoprogenitor cells toward bone repair. The success of this approach 

requires a standard cell source capable of secreting an osteo-inductive ECM, but also the 

development of a suitable decellularization protocol leading to both: efficient cell removal 

from the graft and preservation of ECM osteoinductive properties. To this aim, we developed 

a death-inducible human Mesenchymal Stromal Cell (hMSC) line capable to secrete the ECM 

and undergo apoptosis after induction (MSOD line). Using this unlimited and well-

characterized cellular tool, we successfully generated an acellular ECM graft within a perfusion 

bioreactor. However, the graft contained only traces of BMP2, the main osteoinductive signal. 

Thus, the enrichment of the deposited ECM enriched in BMP2 through cellular overexpression 

may lead to an increased bone formation capacity of the graft. The aim of this project is to 

engineer a death-inducible hMSC line capable to overexpress BMP2, leading to its deposition 
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within the secreted ECM to achieve the generation of a BMP2-enriched acellular ECM. The 

resulting acellular bone graft is expected to exhibit increased osteoinductive properties 

capable to instruct bone regeneration in both ectopic and orthotopic sites. 

1. Objectives / Milestones

Hypothesis 1: A human mesenchymal cell line (Mesenchymal Sword of Damocles - MSOD) 

previously established can be further modified to overexpress BMP2 (MSOD-B). 

Aim 1: Develop the MSOD-B line selecting an optimal clone based on BMP2 secretion, 

proliferation and differentiation capacity as well as the possibility to induce cells toward 

apoptosis. 

Hypothesis 2: Cell-free but cell-laid BMP2 enriched ECM grafts can be generated in vitro. 

Aim 2: Generate and characterize cell-free BMP2 enriched grafts in 3D-perfusion bioreactors. 

Hypothesis 3: BMP2 enriched grafts can lead to a higher quantity of bone deposition after 

ectopic and/or orthotopic implantation. 

Aim 3: Evaluation of the bone formation capacity of BMP2-enriched graft in comparison with 

non-enriched grafts and uncoated material in nude mice (ectopic implantation model) and in 

nude rats (orthotopic critical-sized cranial defect model). 

2. Material and methods

a. Cell lines culture and expansion

The MSOD line was previously generated by modification of primary hMSCs [1]. Briefly, cells 

were immortalized by insertion of the human telomerase gene. Successfully immortalized 

cells were further modified by insertion of an inducible apoptotic genetic device [2]. A clone 

was subsequently selected based on its proliferative and differentiation potential, giving rise 

to the MSOD line. The MSOD line overexpressing BMP2 (hereinafter referred to as MSOD-B) 

was derived from the previously generated MSOD, as described below. MSOD and MSOD-B 

lines were cultured in Proliferating Medium (PM) consisting Complete Medium (CM, α-

minimum essential medium with 10% fetal bovine serum, 1% HEPES 1M, 1% sodium pyruvate 

0.1M, and 1% of penicillin-streptomycin-glutamin 100X solution (all from Gibco) and 

supplemented with 5ng/mL of FGF-2. During 2D and 3D culture, cells were placed in a 

humidified 37 °C per 5% CO2 incubator and medium was changed twice in a week. 
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b. MSOD-B line generation 

BMP2-ΔNGF lentivirus generation: The new lentivirus (LV) BMP2/ΔNGFR was generated from 

the bidirectional self-inactivating backbone vector 

pCCLsin.cPPT.ΔLNGFR.minCMV.hPGK.eGFP.Wpre [3]. Briefly, BMP2 cDNA, taken from 

Ensambl, was flanked by AgeI e SalI restriction sites. The artificial sequence was cloned in a 

plasmid by GeneART® (Thermofisher Scientific). Then, the BMP2 plasmid was digested with 

SalI and AgeI (New England Biolabs, NEB) and the resulting fragment was ligated into the 

digested backbone vector. LV BMP2-ΔNGF production: BMP2-ΔNGFR vector was packaged in 

293T cells by an integrase-competent third generation construct and pseudotyped by the VSV. 

FuGENE 6 was used as transfection reagent. Cell culture medium was changed 16h post-

transfection. Viral supernatant was harvested after 48h, passed through a 0.45μm filter and 

concentrated by ultracentrifugation at 70000g for 2h. The concentrated virus was 

resuspended in sterile phosphate buffered saline (PBS) and stored at -80°C until use. Viral titer 

was determined by transduction of 293T cells. Transduced cells were analyzed 72h later by 

flow cytometry to detect ΔNGFR as described below. Viral titers were typically in the range of 

3x109 UI/mL. Lentiviral transduction: MSOD were plated at 6000 cells/cm2 in 150-mm dishes 

the day preceding the transduction. Various Multiplicity of Infection (MOI) have been tested 

resulted in successful infections with minimal risk of cell viability impairment [1]. Cells were 

transduced by incubation with BMP2-ΔNGFR vector at a MOI=5 overnight, followed by fresh 

medium replacement. Cells stably expressing hTERT-eGFP, inducible caspase 9 (iC9)-ΔCD19 

and BMP2-ΔNGFR were purified using a FACS-Vantage SE cell sorter (Becton Dickinson, Basel, 

Switzerland). Successively, sorted cells were plated at 1000 cells/cm2 in 150-mm dishes and a 

clone (MSOD-BMP2) showing good proliferation, osteogenic differentiation and apoptosis-

induction responsiveness was selected. 

c. 2D Doubling time 

MSOD and MSOD-B lines were seeded at 3000 cells/cm2 and cultured in PM. At time point 24, 

48, 72 and 96h after seeding, cells were retrieved by a regular trypsinization step and counted 

by trypan blue staining. The doubling time was calculating accordingly to an adapted protocol 

(Citation Mather, J.P., and P.E. Roberts, 1998. Introduction to Cell and Tissue Culture: Theory 

and Technique. Plenum Press. New York and London.). 

d. MTT quantitative metabolic activity assessment 
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MSOD and MSOD-B lines were seeded at 3000 cells/cm2 and cultured in PM in 96-well plates. 

At confluence, culture wells were rinsed with PBS and 150 µL of fresh PM supplemented with 

0.05mg/mL of Tetrazolium Bromide (MTT, Sigma-Aldrich, and cat # M5655) was placed/well. 

The plate was incubated for 4 hours at 37°C, 5% CO2. After incubation, 150 µL of cell culture 

grade DMSO was added per well and the plate was placed on an orbital shaker for 40 minutes 

in the dark. Supernatant has ultimately been placed in a new plate and absorbance read at 

575nm (Spectramax 190). 

 

e. 2D apoptosis-induction 

Induction of apoptosis in MSOD and MSOD-B lines was performed as previously described 

[2].Briefly, the Cell Death inducer (CDi; B/B homodimerizer; Clontech cat# 635060) was added 

at 50nM in culture medium to activate the apoptosis pathway through the dimerization of the 

modified caspase 9. The percentage of induced cell-death was assessed 12h later by FACS 

analysis, after cell harvest and staining with Annexin-V-APC (BD Biosciences, cat#550475) and 

Propidium Iodide (PI, BD Biosciences, cat# 51-66211E) in Annexin-V binding buffer (BD 

Biosciences, cat# 556454). 

 

f. Flow cytometry 

The immunophenotypic analysis of hMSCs, MSOD and MSOD-B lines was performed using LSR 

II FORTESSA SORP (BD Biosciences) cell analyzer. Cells were harvested by regular trypsinization 

step and labelled at 4°C for 20 min with following fluorochrome-conjugated antibodies diluted 

in PBS 2% FBS 0.5mM EDTA: human anti-CD271 (for ΔNGFR detection, BD BIOSCIENCES 

cat#562123), human anti-CD19 (BioLegend, cat#119520), human anti-CD34 (BioLegend cat# 

343512), human anti-CD45 (BD BIOSCIENCES cat#560973), human anti-CD29 (BioLegend, 

cat#303014), human anti-CD44 (BD BIOSCIENCES cat# 559942), human anti-CD73 (BD 

BIOSCIENCES cat# 561014), human anti-CD90 (BD BIOSCIENCES cat# 559869), human anti-

CD146 (BioLegend, cat#342003). Positive expression was defined based on superior 

fluorescence intensity than the respective unstained and controls stained with isotype 

controls.  

g. Osteogenic, adipogenic and chondrogenic differentiation in 2D 
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MSOD and MSOD-B lines were seeded at 3000 cells/cm2 and differentiated for 3 weeks 

towards osteogenic, adipogenic and chondrogenic lineages using following medium. 

Osteogenic medium (OM) consists CM supplemented with 10nM dexamethasone, 0.1mM 

ascorbic acid-2-phosphate and 10mM β-glycerophosphate. Adipogenic medium consists in 

CM supplemented with 10-6M Dexamethasone, 10ug/ml methyl-isobuthylxantine, 0.1mM 

Indomethacin and 10ug/ml Insulin ACTRAPID HM. Chondrogenic medium consists in serum-

free CM supplemented with 10ng/ml TGFβ3, 10-6M Dexamethasone 0.1mM ascorbic acid-2-

phosphate. Medium was changed twice per week in each condition. 

 

h. BMP2 quantification 

Supernatants from the 2D and 3D culture were analyzed for their BMP2 content by ELISA, 

according to the manufacturer’s instructions (hBMP2 DuoSet, BioTechne, cat#DY355-05). In 

2D culture, the supernatants were collected after 24h and 48h of culture. In 3D-perfusion 

bioreactor culture, an aliquot of retrieved supernatant was saved at each medium change and 

stored at -80°C prior analysis. For determination of BMP2 content in the living and 

decellularized generated ECM-coated scaffold, the whole construct was mechanically 

disrupted and mixed with recommended buffer prior to analysis. 

 

i. Calcium quantification 

Total calcium was measured using a colorimetric-based assay. Briefly, calcium present in the 

mineralized extracellular matrix after 3 weeks of culture in PM or OM was solubilized in 0.5 N 

hydrochloric acid for 4h at 4°C before quantification (Total Calcium Assay, Randox, UK) 

following the manufacturer’s instructions. 

 

j. Gene expression analysis 

Total RNA was extracted from cells using TRIzol (Invitrogen, Carlsbad, CA), treated with DNAse 

and retrotranscribed into cDNA, as previously described[4].Real-time polymerase chain 

reaction (RT-PCR) was performed with the ABIPrism 77000 Sequence Detection System 

(Perkin Elmer/Applied Biosystem) and expression levels of genes of interest were normalized 
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to glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Primers and probe sets of 

osteogenic genes (RUNX2, alkaline phosphatase; ALP, bone sialoprotein type 1; BSP, and 

Osteocalcin, Assay-on-Demand™; all from thermofischer, Switzerland) were designed and 

used as previously described [4]. 

 

k. 3D Graft Generation 

The 3D culture was performed using a previously developed perfusion bioreactor system (U-

cup, Cellec Biotek AG), allowing controlled flow of a cell suspension or culture medium directly 

through the scaffold pores [5].Cells were seeded on hydroxyapatite scaffolds (Engipore®, 

Finceramica-Faenza, Italy) in the form of porous cylinders of 4mm height and 8mm diameter. 

Scaffolds were seeded with 0.75*106cells by overnight perfusion at a superficial velocity of 

2.8ml/min in PM. After 12h (cell seeding phase), the superficial velocity was reduced to 

280µl/min for perfusion culture of the cells. The protocol for the generation of ECM-coated 

constructs was adapted from a previous study [6]. 

 

l. Graft decellularization in bioreactor 

Constructs were decellularized as described for 2D cultures. Apoptosis was induced by 

overnight dynamic convection of the homodimerizer within bioreactors. Subsequently, cell 

debris were removed from the constructs by sterile PBS washing in the perfusion system 

(280µl/min for 30 min at 37°C).  

 

m. Histological analysis 

After in vivo implantation and explantation, constructs were fixed in 4% paraformaldehyde 

and decalcified with 7% ethylenediaminetetraacetic acid (EDTA) solution. For endogenous 

fluorescence analysis, samples were embedded in optimal cutting temperature compound 

(CellPath, UK), and snap frozen in liquid nitrogen. Subsequent cryosections (10 μm thick) were 

counterstained with DAPI (Invitrogen) for 15 min. MSOD and MSOD-B were revealed by 

endogenous GFP expression. For biochemical analysis, samples were embedded in paraffin. 

Sections (5 μm thick) were stained for hematoxylin & eosin (Baker), Masson’s trichrome 
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(Sigma, cat# HT15-KT). Both bright field and fluorescence images were acquired using Nikon 

Ti2 microscopes. 

 

n. Microtomography 

Microtomography (µCT) was performed at the DBE of the University of Basel (Basel, 

Switzerland). After fixation in formalin and storage in PBS, microcomputerized tomography 

data were acquired using a Phoenix nanotom m scanner (General Electric) with 0.5 mm 

aluminum filtered X-rays (applied voltage, 70 kV; current, 260 μA). Transmission images were 

acquired during a 360° scan rotation with an incremental rotation step size of 0.25°. 

Reconstruction was made using a modified Feldkamp algorithm at an isotropic voxel size of 

2.5 μm. Threshold-based segmentation and 3D measurement analyses (mineralized tissue 

density and volume) were performed using the ImageJ software (ImageJ; National Institutes 

of Health) with the BoneJ29 and 3D Shape30 extensions. 3D rendering of the structures was 

performed using VGStudio MAX 2.2 software (Volume Graphics).  

 

o. DNA quantification 

Constructs retrieved from the bioreactor chamber were digested with proteinase K solution 

(1 mg/ml proteinase K, 50 mm TRIS, 1 mm EDTA, 1 mm iodoacetamide, and 10 μg/ml 

pepstatin-A; Sigma–Aldrich, USA) in double distilled water or potassium phosphate buffer for 

16 h at 56 °C as previously described [7]. DNA quantification was performed by means of a 

commercially available fluorescence based kit, namely CyQUANT® Cell Proliferation Assay 

(Invitrogen, USA). Working solutions were prepared according to the manufacturer's 

protocols. Analyses were carried out measuring fluorescence with a Spectra Max Gemini XS 

Microplate Spectrofluorometer (Molecular Devices, USA). Excitation and emission 

wavelengths were respectively 485 nm and 538 nm. Samples in each plate included a 

calibration curve. 

 

p. Prostaglandin E2 (PGE2) quantification 
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Supernatants from the 3D perfusion bioreactor culture were analyzed for their Prostaglandin 

E2 content by ELISA, according to the manufacturer’s instructions (PGE2 Parameter Assay, 

BioTechne, cat#KGE004B). 300µL of supernatant were collected per Bioreactor every hour for 

6 hours and avec 12 hours (Overnight) upon apoptosis induction and store at -80°C prior 

analysis. For determination of PGE2 content in the living and decellularized generated ECM-

coated scaffold, the whole construct was mechanically disrupted and mixed with 

recommended buffer prior to analysis. 

 

q. Animal experiments 

Animals were treated in compliance with Swiss Federal guidelines for animal welfare and all 

procedures were approved by the Veterinary Office of the Canton (Basel, Switzerland), 

conform to the Directive 2010/63/EU of the European Parliament. MSOD-B-derived  

osteoinductivity was assessed in vivo by its capacity to form osteoids upon ectopic 

implantation. Briefly, 1x106 MSOD or MSOD-BMP2 cells were mixed with hydroxyapatite 

granules (mechanically discrupted ENGIPore scaffolds) and embedded in 60μL of fibrin gel. 

After 1h at 37°C, resulting constructs were subcutaneously implanted in nude mice. For the 

surgical procedure, animals were anesthetized by inhalation using a mixture of oxygen (0.6L 

min−1) and isoflurane (1.5–3vol%). Samples were retrieved 12 weeks post implantation and 

fixed in formalin 4% and stabilized in Histogel (HG-4000-012, Thermofischer, Switzerland) 

prior to micro tomography and histological analysis. 

 

3. Results 

a) Novel MSOD-B line generation and cellular characterization 

Since lentiviral infection is associated with a random integration of the transgene within the 

genome of the cells, it results in the generation of a highly heterogeneous cell MSOD-B 

population. The obtained MSOD-BMP2 population has thus been expanded and sorted for 

GFP (reporter of hTERT immortalization), CD19 (marker of iCas9 system) and Δ-NGFR (marker 

of BMP2 transgene) positivity by cytofluorimetry. For clonal cell line establishment, 1152 

(12x96-wells plates) candidates were screened in the weeks following single-cell sorting for 

survival, proliferation and BMP2 secretion. The results presented hereafter are generated 
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from the best candidate based on the previous criteria (Fig. 1A). To better characterize the 

proliferative capacity of the selected MSOD overexpressing BMP2 clone, we established a 

growth curve to determine the doubling time (Fig. 1B). One doubling of the population 

occurred every 22,1±0,3 hours for MSOD and 19,9±1,2 hours for MSOD-B. Since the new 

MSOD-B line is constantly stimulated by a strong morphogenic protein, we assessed its 

metabolic activity by Tetrazolium (MTT) assay. MSOD-B showed a 33.7% higher metabolic 

activity in comparison to MSOD line (Fig. 1C). The inducible Caspase 9 (iC9) functionality was 

also assessed since the transduction and the chromatin remodeling (occurring during cell 

differentiation) can potentially hamper its expression and functionality. After 3 weeks of 

osteogenic induction, an overnight exposure to Cell Death inducer (CDi) resulted in an efficient 

death induction both in MSOD-B and in MSOD lines (99.55 ± 0.3% vs 99.18 ± 0.2%, 

respectively, Fig. 1D). MSOD-B lines phenotype was further characterized by cytofluorimetry, 

using the original primary hMSCs donor and MSOD line as control (Fig. 1E). MSOD-B line 

displayed a profile comparable to primary hMSCs and MSOD line: high expression of typical 

hMSCs markers (>99% positivity for CD29, CD44, CD90 and CD146), while being negative for 

hematopoietic markers (CD34 and CD45). Nevertheless, although all markers remained stable 

in their level of expression, we noticed decreased expression of CD73 in MSOD-B. This 

decrease could be related to chondrogenic or osteogenic commitment, independently of the 

culture medium used [8]–[10]. Finally, we compared the trilineage differentiation capacity of 

MSOD-B line versus MSOD line after 3 weeks of 2D culture in adipogenic, osteoblastic or 

chondrogenic medium (Fig. 1F). We could observe commitment in MSOD-B line among tested 

lineages, with presence of lipids droplets after Oil Red-O staining, mineralized matrix 

deposition after Alizarin Red staining and presence of glycosaminoglycanin after Safranin-O 

staining. Overall, these results indicate that we could transduce the MSOD line while 

preserving its commitment/differentiation features. 
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b) MSOD-B line possesses intrinsic osteogenic capacity 

In order to assess the functionality of the MSOD-B line toward osteoblastic differentiation in 

2D culture, we first evaluated the production of BMP2 proteins. MSOD and MSOD-B lines were 

cultured in proliferative medium and their supernatants were analyzed by ELISA (Fig. 2A). 
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Increasing levels of BMP2 were measured at different time points, indicating an active and 

sustained secretion (1324 ± 411 pg/mL after 48h of culture). In contrast, MSOD did not 

produce BMP2 during proliferation. To quantitatively assess the increase in mineralized matrix 

deposition we measured the calcium deposited (Fig. 2B) by both cell lines after osteogenic 

differentiation in 2D culture. MSOD-B showed 24.5% more calcium in its deposited ECM than 

original MSOD line. The osteogenic commitment capacity was also confirmed by the up-

regulation of both early (Runx2 and ALP) and late (BSP and Osteocalcin) osteogenic genes, as 

compared to undifferentiated cells (Fig. 2C). Intriguingly, Osteocalcin gene was expressed at a 

lower level after osteogenic differentiation in 2D culture (fold increase<1) in both MSOD and 

MSOD-B (gene expression normalized to undifferentiated cells). We then studied the in vivo 

MSOD-B direct osteogenic potential by embedding MSOD-B cells in fibrin gels together with 

ceramic granules (crushed ENGIPore Scaffolds). MSOD cells were used as control. These basic 

constructs were subcutaneously implanted in nude mice and explanted after 12 weeks. 

MSOD-B based osteoids showed a dense collagen matrix and frank bone formation, as 

demonstrated by H&E and Masson's trichrome staining (Fig. 2D). To the contrary, MSOD 

generated only fibrotic and elastic tissues. Notably, GFP positive MSOD-B cells surrounded by 

lacunae were detected in the bone suggesting that these cells differentiated in mature 

osteocytes and give rise to osteogenesis. Overall, these results demonstrated that MSOD-B 

line is osteogenic per se and leads to bone formation upon in vivo implantation.  
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c) Engineering of BMP2 enriched ECM coated scaffolds

ECM coated scaffolds were then generated according to a previously established two-phase 

protocol (Fig. 3A). To follow and quantify BMP2 release during 3D culture, we assessed the 

supernatant by ELISA twice a week, at each medium change (Fig. 3B). We could detect an 

increase in BMP2 secretion until Day 14, followed by a plateau until the end of bioreactor 

culture. This measurement indicated a continuous and stable secretion of the protein of 

interest. No BMP2 could be detected in the supernatant from MSOD-based tissues. At the end 
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of the 3D culture phase, we mechanically disrupted living and decellularized grafts to 

determine the quantity of BMP2 entrapped in the scaffold (Fig. 3C). Like in 2D cultures and 3D 

bioreactor supernatant analyses, no BMP2 was detected in MSOD based grafts. We could 

observe similar quantities between living and devitalized MSOD-B based scaffold (8.72±2.6 

and 9.22±6.4ng/scaffold, respectively), suggesting that BMP2 is tightly embedded within the 

deposited ECM and stable upon devitalization and debris removal procedures. These findings 

demonstrate the capacity of MSOD-B line to release BMP2 and generate a ECM-decorated 

ceramic substrate in a dynamic 3D culture system.  

d) MSOD-B devitalized ECM coated scaffold display osteogenic potential.

Finally, we studied the osteogenic potential of generated ECM decorated scaffolds, by in vivo 

ectopic implantation (subcutaneous pockets) for 12 weeks in nude mice (Fig. 4A). MSOD-B 
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decellularized grafts gave rise to bone marrow (BM)-like structures and bone. The presence of 

mineralized bone tissue was also confirmed by microtomography. MSOD-B based 

decellularized graft showed higher bone than the other conditions (Fig. 4B). Interestingly, 

grafts containing living MSOD-B revealed comparable histologic structures to MSOD based 

grafts (both living and decellularized). Efficiency of the death inducible device ensured that no 

living cells were implanted. Nevertheless, an important quantity of DNA could be detected in 

the grafts before implantation (Fig. 4C). We estimate that only two third of cells were retrieved 

from the grafts. As a high number of apoptotic bodies were also implanted, we studied if those 

could play a role in the generation of bone by MSOD-B based devitalized grafts. Prostaglandin 

E2 (PGE2) has shown to be involved in tissue regeneration trough the Phoenix-Rising pathway 

[11]. Briefly, PGE2 is secreted in the local microenvironment by apoptotic bodies after 

caspase9 and triggers some enzymatic cascades. We thus monitored PGE2 concentration in 

the bioreactor supernatant every hour upon death induction until the end of the devitalization 

process. In this assessment, we could not find any significant differences among conditions 

(data not shown). Nevertheless, when we measured the global quantity of PGE2 released  in 

both supernatant and entrapped in the scaffold, we observed a significantly higher quantity 

in MSOD-B devitalized graft compared to other conditions (Fig. 4D). Taken together, those 

results suggest that the osteogenic properties of devitalized MSOD-B grafts could impact PGE2 

signaling in vivo. 
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4. Discussion, conclusions and perspectives 

In this study, we report the design of an innovative cellular tool to engineer osteoinductive 

grafts for bone regeneration. Critical bone defects together with stringent clinical scenarios 

require the development of novel bone repair strategies. Recently, tissue engineering has 

proposed attractive approaches based on ECM-decorated cell-free scaffolds [6], [7]. However, 

the quality of the engineered ECM is typically affected by the interdonor variability [12], [13]. 

Thus, the use of an hMSC line could suppress the need of primary material, standardize and 

increase efficiency of osteoinductive grafts by tuning its properties. We previously developed 

an immortalized hMSC cell line, MSOD [1], engineered with an inducible apoptosis system. 

Unfortunately, MSOD displayed solely an immature bone formation capacity in vivo [14]. To 

obtain mature bone, we engineered a novel hMSC starting from the MSOD line capable to 

constitutively express BMP2, key factor during bone morphogenesis and repair by promoting 
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MSC recruitment, differentiation, and calcified matrix deposition [15][16]. We describe here 

that MSOD-B line secretes a high quantities of BMP2 and efficiently differentiates towards the 

osteoblastic lineage, both in vitro and in vivo, while maintaining its capacity to undergo 

apoptosis upon exposure to a clinically approved Cell Death inducer [2], [14]. 

We observed that this new cell line displays a higher metabolic rate than MSOD, likely 

resulting from continuous BMP2 stimulation. Since cell immortalization could lead to a gradual 

loss of the undifferentiated status of MSCs, all experiments were performed with MSOD-B at 

the same passage, ensuring also an equivalent time of BMP2 exposure. In order to better 

control in space and time the secretion of key factors by cellular tools, we envision the use of 

inducible promoters [17]. This type of mechanisms would allow the controlled spatiotemporal 

secretion of several morphogenetic factors by pooling distinct engineered lines re-enacting 

the embryonic developmental path or regenerative sequence leading to harmonious and 

stable in vitro tissue engineering. 

Since the half-life of rhBMP2 is about 6.7 min due to enzymatic degradation and rapid rate of 

clearance, to increase its effectiveness in non-union fractures, rhBMPs are combined with 

biocompatible carriers such as absorbable collagen sponges [18]. To date, commercial 

collagen sponges loaded with BMP2 (InFUSE, Medtronic) are used for critical-sized long-bone 

defects repair [19]. Nevertheless, those products exhibit a sub-optimal delivery system 

characterized by a high initial burst and poor long-term release. This kinetics is associated with 

development of antibodies against BMP2, ectopic bone formation in fracture treatment and 

critical soft tissue swelling [20]. In contrast, ECM-decorated scaffolds enriched in BMP2 ensure 

a long-term morphogen release. Indeed, during ECM deposition, cells also produce other 

growth factors that are entrapped in the secreted matrix and released in vivo upon matrix 

remodeling. BMP2 protein distribution and embedding in the ECM should be further explored 

to increase our understanding in the optimal fashion to present this molecule. This might also 

help to explain the positive effect in bone formation we observed with a BMP2 dose x times 

lower than previously described [21]. 

Physical and enzymatic decellularization procedures affect ECM composition and cause 

ultrastructure disruption [22]. To avoid these detrimental effects, MSOD-B line expresses an 

inducible death system that permits complete cell death within 24 hours. This system has 

already been used to devitalize ECM-decorated scaffolds with better preservation of the 
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matrix structure and composition, compared to other existing devitalization methods [7]. 

Nevertheless, we could measure a high quantity of DNA per scaffold after death induction. 

Exogenous DNA triggers immune reaction and apoptotic vesicles have been shown to 

modulate tissue regeneration through (PGE2) signalling [11]. Indeed, our data show that PGE2 

secretion is increased upon apoptosis induction. This point could also rise concerns in view of 

any human clinical application for which the presence of cells or free DNA are not acceptable 

parameters [23]–[25]. 

Previous studies reported that the BMP2 overexpression in primary MSCs leads to bone 

formation and critical-sized defects repair. On the other hand, it was demonstrated that 

immortalized hMSCs were able to differentiate in immature osteoid tissue in vivo [26]–[28]. 

Interestingly, we firstly showed that the implantation of living hMSC cell line overexpressing 

BMP2 resulted in mature bone formation highlighting its osteogenic potential. However, we 

observed non-homogeneous bone distribution throughout the scaffold (higher quantity in the 

margins of the explant), which could be the next feature to optimise for complete critical size 

defect regeneration. 

Additionally to the elements described in this report, the capacity of MSOD-B to undergo 

chondrogenesis and to remodel into endochondral bone has also been assessed, driven by the 

strong presence of glycosaminoglycan after 2D differenciation (Fig. 1C). Briefly, cartilaginous 

templates based on collagen sponge statically seeded with MSOD-B (ref for protocol) were 

devitalized by apoptosis induction prior to subcutaneous implantation in nude mice (6 weeks). 

The devitalized tissues were remodelled generating small bone organoids. Microtomography 

analysis displayed perichondral and trabecular bone structures as well as bone marrow in a 

very consistent fashion still under investigation. Taken together, those data suggest that 

MSOD-B could be the first cell line reported to achieve both endochondral and 

intramembranous ossification. 
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In adults, human hematopoietic stem and progenitor cells (HSPCs)
reside in the bone marrow (BM) microenvironment. Our under-
standing of human hematopoiesis and the associated niche bi-
ology remains limited, due to human material accessibility and
limits of existing in vitro culture models. The establishment of an
in vitro BM system would offer an experimentally accessible and
tunable platform to study human hematopoiesis. Here, we de-
velop a 3D engineered human BM analog by recapitulating some
of the hematopoietic niche elements. This includes a bone-like
scaffold, functionalized by human stromal and osteoblastic cells
and by the extracellular matrix they deposited during perfusion
culture in bioreactors. The resulting tissue exhibited compositional
and structural features of human BM while supporting the main-
tenance of HSPCs. This was associated with a compartmentaliza-
tion of phenotypes in the bioreactor system, where committed
blood cells are released into the liquid phase and HSPCs preferen-
tially reside within the engineered BM tissue, establishing physical
interactions with the stromal compartment. Finally, we demon-
strate the possibility to perturb HSPCs’ behavior within our 3D
niches by molecular customization or injury simulation. The devel-
oped system enables the design of advanced, tunable in vitro BM
proxies for the study of human hematopoiesis.

hematopoiesis | bone marrow niche | 3D culture | tissue engineering |
hematopoietic stem cell

The bone marrow (BM) microenvironment is responsible for
the maintenance of hematopoietic stem cell (HSC) activity,

enabling the lifelong production of mature blood cells (1, 2). The
regulation of HSC self-renewal and differentiation is achieved by
complex cellular (3), molecular (4, 5), structural (6), and physical
(7, 8) cues defining the HSC niche (2, 9). The components of the
human HSC niche, and how these elements interact to modulate
stem cell fate, remain poorly understood.
The field is hampered by the limited possibilities to access and

harness information from human specimens. Chimeric animal
models (10) most closely recapitulate in vivo human physiology,
but, in this setting, the niche has remained inaccessible to ex-
perimental manipulation and optical observation (11, 12). In
addition, the interspecies-chimerism in both hematopoietic cells
and their environment makes interpretation of experimental
results difficult. The development of in vitro substitutes is a
promising alternative with superior tunability and throughput
(13, 14). Previous studies have described the combination of
different stromal and hematopoietic progenitors using a variety
of culture substrates (9–11), resulting in the phenotypic preser-
vation of specific blood phenotypes. However, the recapitulation
of the structural organization of BM, including essential cell–cell
and cell–matrix interactions (15–19), and the associated func-
tional preservation of HSCs (20) are still elusive.
The need for advanced culture systems of higher biological

complexity has gained increasing recognition (21) to study the fun-
damental biology of stem cells. Similarly to the “organogenesis in a

dish” proposed for complex organs [e.g., lung (22), breast (23),
kidney (24), and liver (25)], the in vitro engineering of human BM
environments (21, 26–28) capable to sustain HSCs (28, 29) would
enable their study in xeno-free settings.
Here, we report an in vitro system supporting the development

and maintenance of a human BM analog. Our approach consists
in the use of porous hydroxyapatite scaffolds with structural and
compositional features of bone (30), functionalized by human
mesenchymal stromal cells (hMSCs) and the extracellular matrix
(ECM) deposited during their progressive maturation into the
osteoblastic lineage. The hMSC culture is performed under di-
rect perfusion flow (31), offering efficient nutrient supply/waste
removal, while mimicking interstitial flow and associated shear
stress. The blood compartment was introduced into the resulting
3D stromal tissue by perfusion of human purified cord blood
(CB)-derived CD34+ cells. This engineered organoid partially
recapitulates structural and functional features of the human BM
in defined and tunable settings.

Results
Three-Dimensional Microenvironments Can Be Engineered Within the
Perfusion Bioreactor System. The generation of the 3D micro-
environments was performed by differentiation of primary
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The development of an in vitro human bone marrow (BM) tissue
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sis. Conventional systems fail at both capturing the complexity of
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BM-derived hMSCs on ceramic materials within a perfusion
bioreactor. Cells were first labeled with a VENUS transgene
(>93%) (SI Appendix, Fig. S1A) to facilitate subsequent analysis.
To achieve the engineering of an osteoblastic-like stroma, we
adopted a protocol previously used for the generation of bone
grafts (32) (Fig. 1A). hMSCs were first cultured 1 wk in pro-
liferative medium (PM) to increase cell number and ensure
scaffold colonization, followed by 3 wk of osteogenic medium
(OM) supplementation, to promote cell differentiation while
stimulating extracellular matrix (ECM) production (33). The
resulting tissue was defined as “engineered niche” (eN) (Fig. 1A)
while naked ceramic (Ce) (Fig. 1A), not containing hMSCs but
loaded with CD34+ cells, was used as internal 3D culture control.
The blood compartment was subsequently introduced by inject-
ing CB-derived human CD34+ cells from single donors into the
device tubing. The in vitro coculture was sustained for 1 wk in
serum-free medium supplemented with a low concentration of
hematopoietic cytokines [10 ng/mL thrombopoietin (TPO), stem
cell factor (SCF), and Fms-related tyrosine kinase 3 ligand (Flt3-
L)]. Upon retrieval from the bioreactor chamber, the Ce was
devoid of apparent ECM structures (Ce, SI Appendix, Fig. S1B)
while the eN exhibited features of an engineered tissue with thick
gel-like structures homogenously covering the starting material
(eN, Fig. 1B). Scanning electron microscopy confirmed the de-
position of an ECM which embeds cells, presumably of both
stromal (fibroblastic shape, Fig. 1B) and blood origins (round
shape, Fig. 1B), including dividing cells (Fig. 1B).

Engineered 3D Microenvironments Allow the Maintenance of
Hematopoietic Stem and Progenitor Cells with Functional Properties.
To characterize their cellular composition, the 3D microenviron-
ments were digested for cell retrieval (>92% retrieval efficiency,

with an overall cell death below 1.5%) (SI Appendix, Fig. S1 B and
C) and subsequent quantitative phenotypic analysis (SI Appendix,
Fig. S1 D and E).

The eN was composed of over 4.7 ! 106 blood cells (SI Ap-
pendix, Fig. S1F) per bioreactor system [61-fold increase (f.i.)
over the initial 70,000 CD34+ cells] (SI Appendix, Fig. S1G). In
contrast, in the absence of engineered stroma, blood cell ex-
pansion was limited to a 7.8 f.i. (SI Appendix, Fig. S1 F and G).
With a ratio of HSPCs over committed cells (CD34!/CD38+)
lower than the Ce (38 vs. 204) (SI Appendix, Fig. S1H), the eN
was shown to sustain the proliferation of differentiated pop-
ulations. The eN also promoted the maintenance of phenotypic
hematopoietic stem and progenitor populations (HSPCs) (Fig.
2A), yielding systematically higher total numbers of HSPCs
(46.2 f.i. vs. 6.4 for Ce), including HSCs (13.8 f.i. vs. 1.6), mul-
tipotent progenitors (MPPs) (8.5 f.i. vs. 2.3), and multipotent
lymphoid progenitors (MLPs) (161 f.i. vs. 20) (SI Appendix,
Fig. S2A).
The capacity of hMSCs to support the proliferation of CD34+

cells was further confirmed in a 2D setup (SI Appendix, Fig.
S2B). Using undifferentiated hMSCs as feeder layer (2D hMSCs)
compared with a hMSC-free control (2D), we observed a signifi-
cant increase of phenotypic HSPCs (100 f.i. vs. 15), HSCs (29 f.i.
vs. 4), MPPs (43 f.i. vs. 16), and MLPs (279 f.i. vs. 21) (SI Ap-
pendix, Fig. S2B), in line with results derived from well-established
Dexter cultures (34, 35). The capacity of the generated stroma to
preserve the functionality of cultured blood cells was assessed both
by in vitro and in vivo assays. The corresponding donor cells before
in vitro culture (“uncultured”) were used as functional positive
control. In vitro colony-forming unit assays demonstrated the
maintenance of stem or progenitor cell capacities (with multi-
lineage and proliferation potential) of cultured CD34+ cells,
indicated by the generation of myeloid colonies with the same
morphology as their uncultured counterparts (SI Appendix, Fig.
S2C). Colony numbers were increased for cells retrieved from
3D cultures for colony-forming unit-granulocyte and macro-
phage (GM) (42.8 f.i vs. 4.8 for Ce), burst-forming unit-erythroid
(BFU-E) (113 f.i vs. 18), and Colony-forming unit-Granulocyte
(GEmM) (36.5 f.i vs. 4.8) colonies (Fig. 2B).
Stem and progenitor potential of cultured cells was further

tested by intrafemoral transplantation of equal numbers of
CD34+ cells from Ce or eN in irradiated NSG mice. The human
blood compartment was successfully reconstituted in all groups
[>1% human CD45 positive cells (hCD45) in peripheral blood]
(Fig. 2C). Chimerism was detectable as early as week 6 and
persisted over 28 wk posttransplantation, indicating the long-
term repopulation capacity of transplanted cells. As antici-
pated, the highest chimerism was obtained by transplantation of
uncultured CD34+ serving as positive control (27.9 ± 3.1%) (Fig.
2C). CD34+ cells derived from Ce and eN exhibited similar re-
constitution levels, with an average of 2.7 ± 0.8% and 6.4 ± 1% of
hCD45 respectively, detected in the peripheral blood (Fig. 2C). The
chimerism was also assessed in the BM and the spleen of animals
with human cells robustly engrafted in all conditions, with a trend for
higher hCD45 frequency detected in the eN than in the Ce group,
both in BM (6.4% ± 0.5 vs. 5.2% ± 2.5, Fig. 2D) and the spleen
(12.6% ± 4.4 vs. 5.6% ± 2.8, Fig. 2D). Functionality of CD34+ cells
was further assessed by multilineage reconstitution capacity. At
week 18 posttransplantation, cells from all conditions successfully
reconstituted the myeloid and lymphoid lineages (SI Appendix,
Fig. S2D).
These data demonstrate that, compared with the Ce counter-

parts, the eN yields hematopoietic cells with similar reconstitution
potential, but in higher numbers. This suggests that the generated
tissue provides cues capable to enhance the maintenance/expansion
of CFU-HSPCs with in vivo engraftment and multilineages rec-
onstitution potential.

Fig. 1. Three-dimensional microenvironments can be engineered within
the perfusion bioreactor system. (A) Experimental design for the generation
of 3D niches in a perfusion bioreactor. OM, osteogenic medium; PM, pro-
liferative medium; SFEM+GF, serum-free medium plus growth factors stem
cell factor, thrombopoietin, and Flt3-ligand. (B) The engineered niche (eN,
Left) exhibits thick gel-like structures homogenously covering the starting
material (Ce). Scanning electron microscopy images of eN (Right) confirmed
the deposition of an ECM which embeds cells, presumably of both stromal
and blood origins. Arrowheads indicate the presence of dividing cells.
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Molecular Characterization of the Engineered Niche Reveals the
Establishment of an Osteoblastic-Like 3D Environment. To identify
factors associated with robust hematopoiesis development, the
eN was further characterized. First, we monitored the secretion
of key cytokines throughout culture times. Inflammatory factors
[interleukin 6 (IL-6), interleukin 8 (IL-8), macrophage colony-
stimulating factor (MCSF) (Fig. 3A), and monocyte chemo-
attractant protein-1 (MCP-1)] showed the highest differences
and were found at high concentrations in eN. In particular, IL-6
and IL-8 production increased substantially upon HSPC addition
(eN, Fig. 3A). Flt3-L, TPO, and SCF proteins were found at
concentrations similar to those supplemented in the coculture
medium (SI Appendix, Fig. S3A), suggesting that hMSCs secrete
low levels of those HSPC supportive factors. Vascular endothe-
lial growth factor ! (VEGF!) and angiopoietin 1 (Ang-1) were also
detected at significant levels (eN, SI Appendix, Fig. S3A) although
Ang-1 decreased over time to remain stable after HSPC loading.
To obtain a more comprehensive understanding of the cellular

compartments associated with factor secretion, we isolated both
blood progenitors (CD34+) and mesenchymal populations be-
fore (defined as hMSC day 28) (SI Appendix, Fig. S3B) and after
CD34+ coculture (defined as eN-hMSC day 35, SI Appendix, Fig.
S3B). This confirmed the strong expression of inflammatory cy-
tokines (IL-6, MCSF) by hMSCs during coculture with HSPCs,
with levels markedly higher than those in blood progenitor cells
(Fig. 3B). IL-8 and MCP-1 were expressed by both blood and
mesenchymal cells (Fig. 3B). Interestingly, following coculture

with CD34+ cells, hMSCs substantially increased their IL-6 and
IL-8 expression (Fig. 3B).
To assess the role of IL-6 and IL-8 in the system, we in-

vestigated the effect of their addition in the Ce condition (SI
Appendix, Fig. S4A). IL-6 and IL-8 at doses corresponding to
those measured in the eN led to a significant increase in the
number of HSPCs, committed progenitors (CD34+/CD38+),
Granulocyte-monocytes progenitors (GMPs), and MLPs (SI
Appendix, Fig. S4B). However, no effect was measured on HSCs
and MPPs (SI Appendix, Fig. S4B). This suggests that these in-
flammatory cytokines mediate the proliferation of committed
populations in the eN whereas the observed stem cell compart-
ment expansion is driven by other hMSC factors.
Before CD34+ loading, hMSCs in the engineered tissue pre-

dominantly consisted of not only osteoblastic-like cells, but also
of a pool expressing progenitor markers (SI Appendix, Fig. S5).
We further analyzed the transcription profile of eN-hMSCs as
niche cells at the end of the culture (eN-hMSC day 35) and
compared it to postexpanded hMSCs (hMSC Day 0) and hMSCs
in the eN before CD34+ loading (hMSC day 28). This confirmed
the osteoblastic profile of hMSC (day 35) at the end of the 3D
culture, evidenced by the up-regulation of alkaline phosphatase
(ALP) and bone sialoprotein (BSP) (17 and 869 f.i., respectively)
(Fig. 3C). Interestingly, a marked increase in Nestin expression
(117 f.i.) was acquired by hMSCs after coculture with blood
cells (Fig. 3C), as well as a decrease in hypoxia-inducible factor
1-alpha (HIF1!, 8.9-fold) expression.

Fig. 2. Engineered 3D microenvironments allow the maintenance of HSPCs with functional properties. (A) The engineered niche (eN) supports the expansion
of phenotypic hematopoietic stem and progenitor cells (HSPCs), hematopoietic stem cells (HSCs), multipotent progenitors (MPPs), and multipotent lymphoid
progenitors (MLPs), as assessed by quantitative flow cytometry analysis post-3D culture. n " 8 biological replicates. Ce, ceramic only. ***P < 0.001, ****P <
0.0001. (B) Improved maintenance of colony-forming potential of eN versus Ce cultured CD34+ cells. BFU-E, burst-forming unit-erythroid; GEmM, colony-
forming unit-granulocyte, erythroid, macrophage, megakaryocyte; GM, colony-forming unit-granulocyte and macrophage. n " 9 biological replicates. (C) The
long-term repopulation capacity of eN and Ce cultured CD34+ cells. Reconstitution of the human blood compartment (percentage of human CD45+ cells in
mononuclear cells) in NSG mice is shown by flow cytometry analysis of peripheral blood. Uncultured CD34+ cells served as positive control. n " 4 biological
replicates. Human CD34+ cells cultured on eN and Ce also robustly engrafted in the bone marrow and spleen (D) of transplanted mice, as assessed by flow
cytometry 28 wk posttransplantation. n " 4 biological replicates.
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Thus, by combining protein and gene expression analyses, we
describe an osteoblastic (36, 37) and niche-associated (1) mo-
lecular signature of hMSCs, associated with proinflammatory
features, which is acquired following the coculture with the blood
compartment. This suggests the establishment of an osteoblastic-
like niche environment, mutually interacting with hematopoietic
cells and capable of regulating HSPC activities, including pro-
liferation and functional regulation.

The Engineered Niche Shares Structural and Compositional Features
with Native Human BM. The role of hMSCs in the establishment of
a supportive environment for the hematopoietic compartment
was further investigated by studying the organization and com-
position of the eN. Immunofluorescence analysis of thick con-
struct sections revealed a homogeneous network formed by
hMSCs within the scaffold (VENUS signal, Fig. 4A). This ob-
served mesenchymal fraction consisted in 1.3 ! 106 hMSC-
derived cells (Fig. 4B), as assessed by flow cytometry. The gen-
erated tissue resulting from the osteoblastic differentiation of
hMSCs consisted in a dense human stroma filling the material
pores and embedding mesenchymal cells (Fig. 4C). The com-
position of the deposited ECM included collagen type 1, colla-
gen type 4, and fibronectin (Fig. 4C), reported as the main
structural proteins of BM (38). Indeed, these were also abun-
dantly found in healthy donor-derived BM specimens (human
niche, Fig. 4D). The similarities between the human tissue and
our engineered niche were not restricted to structural proteins.
In human biopsies, osteocalcin staining revealed the presence of
osteoblasts lining the bone surface (Fig. 4D). Remarkably, in the

eN, a comparable pattern was observed by detection of osteo-
calcin in cells at the interface between the ceramic material and
the cellular/ECM stroma (Fig. 4C).
Altogether, these results evidence the successful formation of a

complex tissue under perfusion culture, associated with the de-
velopment and support of human hematopoiesis (Fig. 2). The
engineered environment was shown to share structural and com-
positional features typical of native human BM, suggesting the
partial reconstitution of an osteoblastic-like niche environment.

The Bioreactor-Engineered Niche Displays a Functional Compartmental-
ization. The developed culture system comprises two distinct
phases: a liquid-fraction consisting in the supernatant (SN) SI
Appendix, Fig. S6) and the stromal/ECM tissue confined within
the scaffold chamber (ECM, SI Appendix, Fig. S6). This led us
to further hypothesize that the two environments could dif-
ferently impact the distribution of blood cell phenotypes. We
thus separately analyzed HSPCs derived from these two phases
by flow cytometry (SI Appendix, Fig. S6).
Despite the convection induced by perfusion flow, a specific

cellular allocation was observed as 80% of the retrieved HSPC
(CD34+/CD38!) populations resided in the ECM (Fig. 5A, Left).
Conversely, more committed populations (CD34!/CD38+) ex-
hibited a balanced distribution with 54% in ECM and 46% in SN
(Fig. 5A, Right). A distinct pattern could be identified by further
assessing the preferential localization of stem and progenitor
populations, according to their progressive commitment (Fig.
5B). Remarkably, HSCs were found almost exclusively in the
stroma (98%) (Fig. 5B) together with a vast majority of MPPs

Fig. 3. Molecular characterization of the engineered niche reveals the establishment of an osteoblastic-like 3D environment. (A) The engineered niche (eN)
condition presents a higher concentration in inflammatory cytokines than the ceramic condition (Ce), based on Luminex analysis of 3D culture supernatants.
IL-6, interleukin 6; IL-8, interleukin 8; MCP-1, monocyte chemotactic protein 1; MCSF, macrophage colony-stimulating factor. n " 3 biological replicates.
Addition of CD34+ cells to the niches only induces cytokine secretion in eN conditions. (B) hMSCs are principally responsible for the high levels of inflammatory
cytokines detected in the eN. This was assessed by gene expression analysis of blood progenitor cells (CD34+), and hMSCs before (day 28) and after coculture
with blood cells (day 35). n " 3 biological replicates. (C) hMSCs acquire an osteoblastic-like niche genetic profile in culture. Gene expression analysis of hMSCs
retrieved from the eN (eN hMSC). hMSCs (hMSC day 0) indicate the basic gene expression levels before their 3D culture. ALP, alkalyne phosphatase; BSP, bone
sialoprotein; HIF1!, hypoxia-inducible factor 1!. n " 3 biological replicates.
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(76% in ECM) (Fig. 5B). This applied to a lower extent to
common myeloid progenitors (CMPs) and megakaryocyte-ery-
throid progenitors (MEPs) (67% in ECM) while GMPs were
more abundant in the SN (61%) (Fig. 5B). The localization was
also shown to impact on the in vitro functionality of cells since
CD34+ cells retrieved from ECM exhibited an increased capacity
to form myeloid colonies compared with their SN counterpart
(Fig. 5C). This includes the superior formation of GEmM, GM,
and BFU colonies (2.6, 3.7, and 3.1 f.i., respectively).
The presence of human blood cells in the niche was confirmed

by immunofluorescence, with human CD34+ cells abundantly
detected within the ECM of the engineered tissue (Fig. 5D).
Cells were predominantly located at the periphery of the scaf-
folds (Edge, Fig. 5D) but also largely infiltrated the tissue as
shown by presence in the inner pores (Inner, Fig. 5D) and in the
more central area (Central, Fig. 5D). Importantly, the mesen-
chymal and hematopoietic fractions in the engineered stroma
were found within an organized ECM (Fig. 5E, Left) and closely
interacted, as shown by explicit physical contacts (Fig. 5E, Right).

Altogether, this demonstrates the existence of a functional
compartmentalization in the 3D perfusion system. The eN dis-
plays a hierarchical chemoattractant property on HSPC pop-
ulations while commitment is progressively associated with a
release into the liquid phase. The preferential stem cell con-
finement in the stroma, together with evidences of hMSC–
CD34+ interactions, suggests an essential hMSC-triggered reg-
ulation of HSPC activities, resulting in a superior preservation of
stem cell functionality.

BM Niches with Customized Molecular Signatures Can Be Genetically
Engineered. We next aimed at a proof of principle for the use of
our system for the generation of customized hematopoietic
niches with tailored molecular signature.

To this end, primary hMSCs were efficiently transduced using
a VENUS-SDF1! lentivirus (>95%) (SI Appendix, Fig. S7 A and
B), resulting in SDF1! overexpression (SI Appendix, Fig. S7C).
SDF1!-engineered niches (eN-SDF1!) were subsequently pro-
duced, following the previously described protocol, and compared
with eN without SDF1! enrichment. Throughout the culture pe-
riod, substantial levels of SDF1! protein were continuously pro-
duced by the eN-SDF1! (>2,000 pg/mL/day/bioreactor) (Fig. 6A)
compared with the eN (<300 pg/mL/day/bioreactor) (Fig. 6A).

When retrieved from the bioreactor chambers, the different
engineered tissues were macroscopically identical (Fig. 6B).
Immunofluorescence analysis revealed the presence of hMSCs in
both niches, but eN-SDF1! displayed an increased presence of
SDF1! protein, confirming the secretion pattern previously ob-
served and validating the molecular customization of the niche.
The protein was particularly abundant intracellularly within
hMSCs directly lining on the ceramic surface (eN-SDF1!, Fig.
6B and SI Appendix, Fig. S7D).
Flow cytometry quantitative phenotypic analysis was performed

to assess the effect of the SDF1! enrichment in the system. The

Fig. 4. The engineered niche shares structural and compositional features
with native human BM. (A) hMSCs form a homogeneous cellular network
distributed within the scaffolding material (confocal microscopy, represen-
tative images shown). (B) eN consists of 1.3 ! 106 hMSC-derived cells at the
end of the 3D culture (flow cytometry quantification). n = 9 biological
replicates. Compositional and structural similarities of extracellular matrix in
engineered niche (C) and human bone marrow samples (D), assessed by
confocal microscopy. b, bone tissue (autofluorescence in the blue channel).
Arrowheads indicate the presence of osteocalcin in osteoblasts lining at the
bone surface.

Fig. 5. The bioreactor-engineered niche displays a functional compart-
mentalization. (A) In the bioreactor system, the majority of HSPCs localized
in the tissue (ECM) while committed cells are more equally distributed be-
tween the ECM and the supernatant (SN). n " 8 biological repeats. (B) HSC,
MPP, and CMP/MEP populations preferentially localize in the stroma (ECM),
not in the liquid phase. n " 8 biological repeats. (C ) Superior myeloid col-
ony formation potential of CD34+ cells retrieved from the ECM. BFU,
burst-forming unit-erythroid; GEmM, colony-forming unit-granulocyte, ery-
throid, macrophage, megakaryocyte; GM, colony-forming unit-granulocyte
and macrophage. n " 12 biological replicates. (D) Confocal microscopy
analysis of the eN demonstrates the presence of CD34+ cells at different
depths throughout the tissue (Right, magnification). The CD34+ and hMSC
fractions were found within an organized extracellular matrix (E, Left) in
which they established physical interactions (E, Right). Ce, ceramic; Col1,
collagen type 1.
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total number of blood cells pooled from both compartments
(ECM and SN) was similar in the eN and eN-SDF1! groups (SI
Appendix, Fig. S8A). However, a marked reduction in the number
of HSPCs was observed in the eN-SDF1!, reflected by a signifi-
cant fold increase in HSCs (1.9 f.i.) and MPPs (1.4 f.i.) in the eN
systems compared with the eN-SDF1!. Importantly, the SDF1!
effect appeared to be restricted to these populations since the
MLPs and general blood contents were identical in both niches
(SI Appendix, Fig. S8A). Interestingly, observed differences were
correlated with the system compartmentalization. Indeed, the SN
cellular content of both eN and eN-SDF1! was identical in
composition (SN, Fig. 6C). Instead, the ECM compartment of the
eN showed a higher number of HSPCs, including superior content
in HSCs and MPPs (2.1. and 1.6 f.i., respectively) while, again, the
MLPs and global blood numbers were not affected.
We investigated the cell cycle status of HSPC, HSC, and MPP

populations retrieved from our 3D conditions. This revealed a
quiescence-inducing effect of SDF1! in eN-SDF1!, with a sig-
nificant increase of HSPCs, MPPs, and HSCs in G0 phase (Fig.
6D and SI Appendix, Fig. S8 B and C). In particular, in cells
retrieved from the ECM, we measured an increase of 29.6%,
36.1%, and 26.9% in the number of quiescent HSPCs, HSCs, and
MPPs, respectively (Fig. 6D). Thus, the observed lower propor-
tions of HSCs and MPPs in the ECM of eN-SDF1! niches were
due to the quiescence induction by SDF1! overexpression.

These findings exemplify the possibility to use the described
model to engineer customized BM niches, capable to specif-
ically impact on HSC and MPP distribution and behavior in
the system.

Perturbation of HSC Behavior by Simulation of Injury in Engineered
Niche. We further assessed whether the blood cell distribution
can be perturbed by simulating a niche injury (SI Appendix, Fig.
S9A). Before CD34+ loading, the eN were exposed to bleomycin

(eN-Bleo), as potent drug inducing DNA damage (39). The drug
altered hMSC metabolism (30% reduction of activity) (SI Ap-
pendix, Fig. S9B) but not their viability in the system (SI Ap-
pendix, Fig. S9C).
While both niches displayed similar HSPC content, the total

number of HSCs was significantly higher in the eN-Bleo (SI
Appendix, Fig. S9 D and E). The observed increase resulted from
a higher HSC content in the ECM of eN-Bleo (Fig. 7A) while
blood composition was identical in the SN of both eN and eN-
Bleo (SI Appendix, Fig. S7A). Cells isolated from respective
ECM niches showed a substantial decrease in the percentage of
quiescent HSCs in eN-Bleo (8% vs. 20% in eN) (Fig. 7B). In-
terestingly, this was restricted to HSCs, and the cell cycle of
HSPC and MPP populations was not affected.
These data indicate that the exposure to bleomycin impairs the

capacity of hMSCs to maintain HSCs in a quiescent status,
resulting in their increased proliferation. We thus validate the
possibility to exploit our system for the study of human hema-
topoiesis in particular scenarios, like after injury.

Discussion
We report the successful in vitro engineering of BM-like tissues
in a perfusion bioreactor system. The generated niches displayed
high biological complexity, capturing structural, compositional,
and organizational features of a native human osteoblastic en-
vironment, resulting in the support of HSPC functions. More-
over, using a proof-of-principle molecular customization of the
3D niche and through the design of specific injury scenarios, the
system was validated as a BM engineering platform with tunable
properties.
Tissue engineering offers new opportunities for stem cell re-

search, enabling us to address fundamental biological questions
that cannot be otherwise investigated using traditional culture
plates. However, its application to the generation of viable BM
environments in vitro has remained challenging, due to modeling
constraints associated with the tissue complexity. This includes a
precisely defined spatial organization, cellular diversity, and
combined proliferation and maintenance of functionality of the
blood compartment. Since existing models (14, 15) do not re-
capitulate all these features without bypassing the use of animals
(40), we alternatively proposed the design of an “organ-like” tissue
to support the development and maintenance of hematopoiesis.
Our system offers key advantages over existing approaches.

First, unlike synthetic materials (41–43), the cell-deposited ECM
more closely replicates native microenvironments. Despite sub-
stantial advances in the field, artificial matrices cannot re-
capitulate the distribution and diversity of signals existing in

Fig. 6. Bone marrow niches with customized molecular signature can be
genetically engineered. (A) The SDF1!-engineered niche (eN-SDF1!, red tri-
angles) secretes superior levels of SDF1! than the control engineered niche
(eN, black crosses) throughout the 3D culture period. n " 3 biological rep-
licates. (B) The eN and eN-SDF1! appeared macroscopically identical (Left),
but confocal microscopy images revealed the increased presence of the
SDF1! protein in the eN-SDF1! tissue. (C) Comparing the ratio of absolute
number of hematopoietic populations from the eN and eN-SDF1! revealed
an identical supernatant content (SN, Left) while the stroma of eN-SDF1!
(ECM, Right) contained a reduced number of HSPCs, HSCs, and MPPs. n " 8.
(D) The SDF1! customization significantly increased the percentage of qui-
escent HSPCs, HSCs, and MPPs in the ECM of eN-SDF1!, as assessed by cell
cycle analysis of corresponding populations. n = 5. HSCs, hematopoietic stem
cells; HSPCs, hematopoietic stem and progenitor cells; MLPs, multilymphoid
progenitors; MPPs, multipotent progenitors. *P < 0.05.

Fig. 7. Perturbation of HSC behavior by simulation of injury in engineered
niche. (A) Engineered niches exposed to bleomycin (eN-Bleo) displayed a
higher number of HSCs and MPPs in the ECM. In contrast, bleomycin injury
did not affect the blood composition of the SN. n " 3. (B) Injured niches (eN-
Bleo) displayed an impaired capacity to maintain HSCs in a quiescent status,
as assessed by cell cycle analysis. n " 3. HSCs, hematopoietic stem cells; HSPCs,
hematopoietic stem and progenitor cells; MLPs, multilymphoid progenitors;
MPPs, multipotent progenitors. **P < 0.01.
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natural ECM nor offers their suitable and physiological pre-
sentation (44–46). Moreover, through hMSC genetic modifica-
tions and their tailored profile of secreted factors, we introduced
the notion of modularity previously achieved by synthetic ma-
trices (41–43). The biological delivery of defined cytokines by
cells is a continuous process, as opposed to exogenous supple-
mentation to culture medium, potentially associated with the
issue of stability over time. This strategy is highly relevant when
extended to putative niche factors, toward the identification of
key cellular subsets/molecules that influence stem cell behavior
(47). In this regard, the presence of a compartmentalization in
our system can be exploited to address specific questions. These
span from the possibility to study the chemoattractant effects of
factors of interest to the investigation of mechanisms driving the
release of stem cells outside of their niche, and the associated
functional differences.
Despite being biologically inspired, our approach does not

fully reflect the complexity of its in vivo counterpart (9). Im-
portant lacking components are, for instance, vascular and
neuronal networks known to be regulators of HSC activity (48–
50). This warrants the investigation of their integration into the
system, though requiring the establishment of culture conditions
sustaining the viability of multiple cell types (51). Nevertheless,
the described model has reached a next step in complexity, il-
lustrated by the observed self-organization of the mesenchymal
and blood compartments that suggests the development of a BM
proxy with organoid features.
As opposed to microfluidic approaches, we targeted the design

of macroscale niches to combine reasonable throughput and
multiple readouts. While microfluidic platforms consist in min-
iaturized systems with a high level of parallelization, the limited
volume and cell numbers restrain multiplex analyses. Instead, the
dimension of our system was compatible with several simulta-
neous assessments, including gene expression, flow cytometry,
imaging, and necessary in vivo determination of stem and pro-
genitor cell functionality.
We observed in our system an important increase in phenotypic

HSC number. This was achieved in stringent xeno-free conditions,
including low concentration of hematopoietic cytokines, and was
validated with the use of single CB donors and multiple hMSC
primary materials. However, HSC functionalities still need to be
rigorously assessed by secondary transplantation and limiting-
dilution assays before claiming a functional expansion of HSCs.
Toward this objective, development and optimization of 3D

parameters could be adopted to challenge gold-standard sus-
pension cultures (52), currently requiring high levels of cytokine
(53, 54) and agonist supplementation (52). Some of the param-
eters which may be tuned in the 3D-engineered culture platform
include the types of niche cells, their specific stage of differen-
tiation, the scaffolding material (e.g., structure/composition), or
the physical factors driven by the perfusion system (e.g., shear
stress, oxygen/hypoxia levels). All these act in concert with syn-
ergistic and competing effects and can be harnessed to modulate
stem cell fate (55).
Finally, our system could be adapted to recapitulate patho-

logical settings (56). The use of hMSCs and/or HSPCs harvested
from patients suffering from blood disorders (e.g., leukemia) can
offer the opportunity to model the disease in vitro, in an entirely
human and ideally personalized setting. This could represent a
powerful tool with a wide range of applications, from the iden-
tification of factors deregulating niche or blood functions to the
screening of drugs to predict a patient-specific response to de-
fined treatments.

Methods
Cord blood (CB) cells and human bone marrow aspirates were collected from
healthy donors at the University Hospital Basel and the Universitäts-
Kinderspital beider Basel (Ref.78/07), after obtaining informed consent. The
study was approved by the ethics board of the canton Basel, Switzerland.

Osteoblastic nicheswere generated using hMSCs, following a preestablished
protocol (32). Briefly, hydroxyapatite scaffolds were seeded directly in a per-
fusion bioreactor with 0.75 ! 106 of hMSCs by overnight perfusion at a su-
perficial velocity of 2,800 "L/s. After 24 h (cell-seeding phase), the superficial
velocity was reduced to 280 "L/s for the perfusion culture of hMSCs. Cells were
then cultured for 1 wk in proliferative medium (PM), followed by 3 wk of
osteogenic medium (OM). Human CD34+ hematopoietic stem and progenitor
cells (HSPCs) isolated from cord blood samples were seeded after 4 wk of
hMSCs, by overnight perfusion at a superficial velocity of 2,800 "L/s with 7 !
105 HSPCs resuspended in serum-free expansion medium, supplemented
with the following cytokines: SCF (10 ng/mL; cat. no. 130-093-991), FLT3-ligand
(10 ng/mL; cat. no. 130-093-854); TPO (10 ng/mL; cat. no. 130-094-011), all from
Miltenyi Biotec. After 24 h (cell-seeding phase), the superficial velocity was
reduced to 280 "L/s for perfusion culture during 1 wk. Cells were then col-
lected from the bioreactor system by collagenase and trypsinization treat-
ments for subsequent analysis. A more detailed description of themethods can
be found in SI Appendix.
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Supplementary Materials 

Hematopoietic Stem and Progenitor Cells extraction and purification 

Cord blood (CB) samples were collected from placenta of full-term healthy caesarean 

section. The CB was drained from the umbilical vein into a single-use bag containing 

anticoagulants (MSC1206DU - Cord blood collection bag – MacoPharma, France) and 

mononuclear Cells (MNC) were isolated within the 24 hours after collection by density 

gradient centrifuge separation on Ficoll (Histopaque®: cat# 1077, SIGMA-ALDRICH: cat# 

1077-1) after a 1:1 dilution in PBS. HSPCs were then isolated from MNCs based on their 

positive CD34 expression using the magnetic EasySep CD34+ positive selection Kit (Stemcell 

Technologies, Grenoble, France), following manufacturer’s protocol and ultimately stored in 

liquid nitrogen.  

Lentiviral transduction 

HMSCs were lentivirally transduced using VENUS or VENUS-SDF1D virus particles, at a 

Multiplicity of Infection (MOI) of 20. Four days post-transduction, cells were collected and 

analysed by flow cytometry to assess their VENUS expression. Cell populations with purity 

inferior to 90% were further purified by flow cytometry sorting prior to their experimental 

use in 3D.  

HMSC culture 

Marrow aspirates (20 ml volumes) were harvested from healthy donors (nt3) using a bone 

marrow biopsy needle inserted through the cortical bone and immediately transferred into 

plastic tubes containing 15,000 IU heparin. After diluting the marrow aspirates with 

phosphate buffered saline (PBS) at a ratio of 1:4, nucleated cells were isolated using a 

density gradient solution (Histopaque, Sigma Chemical, Buchs, CH).  Complete medium 

consisting in α-minimum essential Medium (αMEM) with 10% fetal bovine serum, 1% HEPES 

(1 M), 1% sodium pyruvate (100 mM) and 1% of Penicillin–Streptomycin– Glutamine (100X) 

solution (all from Gibco). Nucleated cells were plated at a density of 3.106 cells/cm2 in 

complete medium supplemented with 5 ng/ml of fibroblast growth factor-2 (FGF-2, R&D 

Systems) and cultured in a humidified 37 °C/5% CO2 incubator. Medium was changed twice 
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in a week. HMSC were selected on the basis of adhesion and proliferation on the plastic 

substrate one week after seeding.  

 

Generation of osteoblastic niches 

Osteoblastic niches were generated using hMSC, following a pre-established protocol(32). 

Briefly, hydroxyapatite scaffolds (Engipore®, Finceramica-Faenza, Faenza, Italy) of 4 mm 

height and 8 mm diameter were seeded directly in perfusion bioreactor with 0.75x106 of 

Venus hMSC or Venus-SDF1α hMSC by overnight perfusion at a superficial velocity of 2800 

μL/s. After 24 hours (cell seeding phase), the superficial velocity was reduced to 280 μL/s for 

the perfusion culture of hMSC. Cells were then cultured for one week in proliferative 

medium (PM), consisting in CM supplemented with 100 nM dexamethasone (SIGMA: cat# 

D4902), 0.1 mM ascorbic acid-2-phosphate (SIGMA-ALDRICH: cat# A92902) and 5 ng/ml 

FGF-2, followed by 3 weeks of Osteogenic Medium (OM) consisting in CM supplemented 

with 100 nM dexamethasone, 10 mM β-glycerophosphate, and 0.1 mM ascorbic acid-2-

phosphate. Culture medium was changed twice a week. 

  

HSPC Seeding 

Human CD34+ Hematopoietic Stem and Progenitor Cells (HSPCs) isolated from cord blood 

samples were seeded after 4 weeks of hMSC culture. Initial experiments comparing Ceramic 

(Ce) and engineered niche (eN) conditions were performed with different single donors 

(n=3). Comparison between eN and eN enriched in SDF1D were performed with batch of 

pooled donors (nt4). In both case, scaffolds were seeded by overnight perfusion at a 

superficial velocity of 2800μL/s with 7x105 HSPCs resuspended in Serum Free Expansion 

Medium (SFEM, Stemcell Technologies: StemSpan™), supplemented with of the following 

cytokines: SCF (10ng/mL; cat#130-093-991), FLT3-ligand (10ng/mL; cat#130-093-854); TPO 

(10 ng/mL; cat#130-094-011), all from Miltenyi Biotec. After 24 h (cell seeding phase), the 

superficial velocity was reduced to 280μL/s for perfusion culture during one week. Culture 

medium was changed twice a week, during which the retrieved medium was harvested and 

spun down (300g, 10min) to collect cells in suspension. The pelleted cells were resuspended 

in fresh medium and injected back in the corresponding bioreactor. 

 

Cell harvesting from 3D systems  
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Floating and loosely attached cells (Supernatant fraction, SN) were collected from the 

medium contained in the bioreactors tubes and chamber, combined with the fraction 

retrieved from the scaffold after one wash with 6mL of PBS under perfusion. 

Cells present on the scaffolding material (ECM) were collected by collagenase (0.3%, 

Thermofischer 17101015) and trypsinization treatments (0.05% Trypsin-EDTA, Gibco 25300-

054). For collagenase treatment: 6 ml of collagenase/bioreactor, under perfusion at a 

superficial velocity of 2800μL/s for 5 min, 37°C followed by 2 washes with 6 mL of PBS. For 

trypsin treatment: 6mL of Trypsin/bioreactor, under perfusion at a superficial velocity of 

2800μL/s for 5 min, 37C 2x wash ~6 mL of PBS. Harvested cells were spun down (300g, 

10min) and resuspended in IMDM (Sigma: cat# I3390-500ML) 

 

Flow cytometry 

The purity of purified CB CD34+ cells was determined with BD Accuri™ C6 Cytometer - BD 

Biosciences by labelling cells using a human antiCD34 antibody (BD BIOSCIENCES: cat# 

555824). 

The quantitative phenotype of hematopoietic cells retrieved from bioreactors has been 

determined using the LSR II FORTESSA SORP (BD Biosciences) cell analyser. Blood cells 

harvested from the Ce, eN or eN-SDF1α were labelled using following surface antibodies: 

human anti-CD34 (BioLegend cat# 343512 or BD BIOSCIENCES cat# 563756), human anti-

CD38 (BD BIOSCIENCES cat# 555460), human anti-CD45RA (BD BIOSCIENCES cat# 563429), 

human anti-CD90 (BD BIOSCIENCES cat# 559869). 

Human hematopoietic in vivo engraftment was determined with either the LSR II FORTESSA 

SORP or CytoFLEX (BD Biosciences) cell analysers by labelling cells with the following 

antibodies: human anti-CD45 (BD BIOSCIENCES, cat# 560973), mouse anti-CD45 (BioLegend: 

cat# 103126), human anti-CD3 (BD BIOSCIENCES: cat# 340663), human anti-CD33 (BD 

BIOSCIENCES: cat# 555450), human anti-CD19 (BD BIOSCIENCES: cat# 555412). Cells viability 

was assessed using Propidium Iodide (BioLegend: cat# 79997).  

For cell cycle analysis, harvested cells were first labelled using the surface markers described 

above. After fixation with 1% paraformaldehyde for 10 minutes on ice, cells were 

permeabilized according to the manufacturers protocol (eBioscience Permeabilization 

Buffer Invitrogen cat#00-8333-56) and intracellularly labelled using human antiKI67 (BD 

BIOSCIENCES cat#563756) and Hoechst (BD BIOSCIENCES cat# 561908). 
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Flow cytometry analysis of Venus hMSC was performed using the following surface 

antibodies: human anti-CD105 (BD BIOSCIENCES cat# 560839), human anti-CD146 

(BioLegend cat# 342003), human anti-CD73 (BD BIOSCIENCES cat# 561014), human anti-

CD49e (BD BIOSCIENCES cat# 555617), human anti-CD166 (BioLegend cat# 343903) and 

human anti-CD31 (BD BIOSCIENCES cat# 340297). For Intracellular protein analysis, cells 

were first fixed with 1% paraformaldehyde for 10 minutes on ice and permeabilized 

according to the manufacturer’s protocol (eBioscience Permeabilization Buffer Invitrogen 

cat# 00-8333-56). Cells were subsequently labelled using the following antibodies: 

Osteocalcin (R&D Systems cat# IC1419P), Alkaline Phosphatase (R&D Systems cat# 

AFB1448A), STRO-1 (BioLegend cat# 340104). 

 

Colony Forming Unit Assay 

The colony forming unit assay was performed according to the provided R&D Systems’s 

protocol. Briefly, 500 cells were collected before and 1200 cells after expansion under the 

different conditions, washed with PBS, resuspended in 240 mL Cell Suspension Media and 

mixed with 2.4 mL Human Methylcellulose Complete Media (all from R&D Systems). The 

mixture was plated in duplicates (2 times 1.1 mL) in 35mm petri dishes and incubated for 14 

days. The colonies were identified by light microscopy and characterized after Cytospin and 

Haematostaining (Hematek 2000; Stain Pack Modified Wright Stain – Bayer Healthcare) 

according to the “Atlas of human haematopoietic colonies from cord blood” (Stemcell 

Technologies). The numbers of counted colonies were normalized to express the fold 

increase in the number of cultured CD34+/CD38- cells capable to give rise to the GM, BFU or 

GEmM colonies in comparison with the uncultured condition. The percentage of colonies 

formed was applied to the total number of CD34+/CD38- (able to give rise to each colonies 

types) retrieved cells, determining the absolute number of functional cells : ((Number of 

colony Type)*100/Total number of colonies)*(Number of CD34+/CD38- Cells)/100. This 

number was ultimately divided by the one obtained in the uncultured condition for each 

colony type, resulting in a fold increase. 

 

Proteins expression levels- Luminex 

The protein levels in the culture supernatant was measured according to manufacturer’s 

instructions using a Luminex screening assay (R&D), based on the following analytes: 
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Angiopoietin-1, IL-6: Interleukin 6, IL-8: Interleukin 8, MCP-1: monocyte chemotactic protein 

1, SCF: Stem Cell Factor, TPO: Thrombopoietin, Flt3-L: Fms-related tyrosine kinase 3 ligand, 

MMP-13: Matrix metallopeptidase 13 (Collagenase 3), G-CSF: Granulocyte colony-

stimulating factor, BMP-4: Bone morphogenetic protein 4, MMP-9: Matrix metallopeptidase 

9 (Gelatinase B), SDF1α: (Stromal-Derived Factor-1), VEGF: Vascular endothelial growth 

factor, M-CSF: macrophage colony-stimulating factor, BMP-2: Bone morphogenetic protein 

2. Briefly, ECM-coated graft were lysed and minced in provided lysis buffer. 100uL was 

loaded on the designed place and latterly analysed using a Bio-Plex® 200 Systems. 

 

Gene expression analysis 

Total RNA was extracted from cells using TRIzol (Invitrogen, Carlsbad, CA), treated with 

DNAse and retrotranscribed into cDNA, as previously described(1). Real-time RT-PCR was 

performed with the ABIPrism 77000 Sequence Detection System (Perkin Elmer/Applied 

Biosystem, Rotkreuz, Switzerland) and expression levels of genes of interest were 

normalized to GAPDH. Primers and probe sets of investigated genes (Alkalyne Phosphatase 

= ALP, Bone Sialoprotein = BSP, interleukin-8 = IL-8, interleukin-6 = IL-6, Monocyte 

chemoattractant protein 1 = MCP-1, Stromal derived factor 1D = SDF1D, Nestin, Hypoxia-

inducible factor 1D = HIF1D, neuron-glial antigen 2 = NG2, von Willebrand factor = vWF, 

Fatty Acid Binding Protein 4 = FABP4, Peroxisome Proliferator-Activated Receptor gamma = 

PPARγ) were purchased as assays on demands (ThermoFischer scientific). 

 

Confocal immunofluorescence staining 

Immunofluorescence protocol was adapted from a previously published study(2). Briefly, 

prior to sectioning, samples were fixed in 4% formalin, decalcified in 10% EDTA solution and 

subsequently embedded in 4% low-melting agarose (Sigma). Sections of 150-250µm 

thickness were obtained using a Leica VT1200S vibratome with Endurium® low-profile 

ceramic injector blades (Cadence Inc.). 

Sections were blocked and permeabilized with TBS (final concentration 0.1M Tris, 0.15M 

NaCl, pH: 7.5) containing 0.05% Tween-20, 20% DMSO (both from Sigma) and 10% donkey 

serum (Jackson ImmunoResearch). This buffer was also used to dilute all primary antibodies, 

secondary detection reagents and blocking reagents. After blocking/permeabilization, 

endogenous avidins and biotins were block using the kit from Vector Labs, each step one 

 
88



hour followed by 30 minute washes. Sections were then sequentially stained with primary, 

secondary antibodies, each overnight with 5x1h washes in between using TBS containing 

0.05% Tween-20. A list of primary and secondary antibodies is provided (SI Appendix Figure 

S10). 

 

Optical clearing and mounting of sections  

Sections were optically cleared with graded series of 2,2’-thiodiethanol (TDE, Sigma) diluted 

in TBS until 100% TDE was reached. The final mounting solution consisted of 100% TDE with 

0.1M N-propyl gallate (pH: 8.5, Sigma). The refractive index of this solution was measured 

using a handheld refractometer (Atago) and adjusted to 1.518 with TDE or TBS. Sections 

were mounted using custom-made silicone spacers (Grace Biolabs) on custom-made size 00, 

D263M borosilicate coverglass (RI: 1.518, Menzel-Gläser). Alternatively, sections were 

mounted directly in Prolong Gold Antifade (Thermo) or dehydrated with methanol and 

mounted in BABB33. In both cases, sections were mounted on size 1.5 coverslips. For 

Prolong Gold Antifade, images were acquired with glycerol immersion. 

 

Confocal microscopy 

Confocal microscopy was performed on a Leica TCS SP5 equipped with three 

photomultiplier tubes, two HyD detectors, five lasers (405nm blue diode, argon [458, 476, 

488, 496 and 514nm], and three helium neon [543, 594 and 633nm]) using type F immersion 

liquid (RI: 1.518) and a 20X multiple immersion lens (NA 0.75, FWD 0.680mm). All scans 

were acquired at 20-25oC, 400Hz, in the bidirectional mode, with z-spacing of 2.49mm (the 

optical slice thickness of the optics used was 2.69mm). Images were acquired either with a 

2.2x optical zoom at 512x512 resolution or with a 1.1x zoom at 1024x1024 resolution. 

 

Scanning electron microscopy 

For SEM, cell-seeded constructs were fixed overnight at 4°C with 4% formaldehyde and 

washed with PBS. Samples were gradually dehydrated with 30-50-70-90-100% ethanol, 

coated with gold and imaged with a Philips XL 30 ESEM microscope. 

 

Mice and xenotransplantation procedure 
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All mice were maintained at the University Hospital Basel animal facility according to the 

guidelines of the Swiss Federal Veterinary Office, and all the experiments were approved by 

the Veterinäramt of Kanton Basel, Basel, Switzerland (permit 2697). NOD.Cg-Prkdcscid 

IL2rgtmWjl/Sz (also termed NOD/SCID/IL2Rγnull, NSG) mice were purchased from Jackson 

Laboratory (Bar Harbor, ME, USA) and maintained under pathogen-free conditions 

according Swiss federal and state regulations. 6 weeks old female animals were sublethally 

irradiated (225 cGy) 24 hours prior to receiving an intrafemoral injection of 30,000 CD34+ 

cells resuspended in 25 μl PBS. From week 4 onwards, PB mononuclear cells were analysed 

regularly by flow cytometry to monitor engraftment using either the LSR II FORTESSA SORP 

or CytoFLEX (BD Biosciences) cell analysers. Cells were labelled using following antibodies: 

human anti-CD45-APC (BD BIOSCIENCES: cat# 560973), mouse anti-CD45-PB (BioLegend: 

cat# 103126), human anti-CD3-PerCP (BD BIOSCIENCES: cat# 340663), human anti-CD33-PE 

(BD BIOSCIENCES: cat# 555450), human anti-CD19-FITC (BD BIOSCIENCES: cat# 555412). In 

accordance with the animal protocol, animals were euthanized if signs of wasting were 

observed. 

 

Dexter-inspired 2D culture 

2D culture was performed by seeding 1,5x104 Venus hMSC per well in 12-wells plates. Cells 

were seeded and cultured in Complete Medium supplemented with 5 ng/ml of fibroblast 

growth factor-2 (FGF-2, R&D Systems) and cultured in a humidified 37 °C/5% CO2 incubator. 

Medium was changed twice in a week. After one week, hMSC reached confluency and 

1,65x104 Human CD34+ from pooled cord blood samples were seeded in each well. This 

number was determined in order to correspond to the inital hMSC/CD34+ ratio in the eN 

condition. Cells were co-cultured in Serum Free Expansion Medium (SFEM, Stemcell 

Technologies: StemSpan™), supplemented with of the following cytokines: SCF (10ng/mL; 

cat#130-093-991), FLT3-ligand (10ng/mL; cat#130-093-854); TPO (10 ng/mL; cat#130-094-

011), all from Miltenyi Biotec. Culture medium was changed twice a week, during which the 

retrieved medium was harvested and spun down (300g, 10min) to collect cells in 

suspension. The pelleted cells were resuspended in fresh medium and placed back in the 

corresponding well. After one week of co-culture, cells were collected by trypsinization 

(0.05% Trypsin-EDTA, Gibco 25300-054), spun down (300g, 10min) and resuspended in 

IMDM (Sigma: cat# I3390-500ML). 
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Assessment of Interleukin supplementation in 3D 

Experiments comparing Ceramic (Ce) and Ceramic with IL-6 and IL-8 supplementation (Ce + 

IL6/IL8) conditions were performed with CD34+ cells isolated from pooled cord blood 

samples. Scaffolds were seeded by overnight perfusion at a superficial velocity of 2800μL/s 

with 7x104 HSPCs resuspended in Serum Free Expansion Medium (SFEM, Stemcell 

Technologies: StemSpan™), supplemented with of the following cytokines: SCF (10ng/mL; 

cat#130-093-991), FLT3-ligand (10ng/mL; cat#130-093-854); TPO (10 ng/mL; cat#130-094-

011), all from Miltenyi Biotec, IL-6 (22.28 µg/mL) and IL-8 (128.34 µg/mL) from R&D 

Biosystems. After 24 h (cell seeding phase), the superficial velocity was reduced to 280μL/s 

for perfusion culture during one week. Culture medium was changed twice a week, during 

which the retrieved medium was harvested and spun down (300g, 10min) to collect cells in 

suspension. The pelleted cells were resuspended in fresh medium and injected back in the 

corresponding bioreactor.  

 

Niche impairment using Bleomycin treatment 

The impact of Bleomycin treatment on Venus hMSCs was first determined in 12-wells plates, 

based on a pre-existing study(3). Cells were seeded at a density of 3x104 cells per well and 

cultured in Complete Medium supplemented with 5 ng/ml of fibroblast growth factor-2 

(FGF-2, R&D Systems). Medium was changed twice in a week. After one week cells were 

exposed to bleomycin at a concentration of 1800 ng/ml for 4 hours. At the end of the 

treatment the wells were rinsed twice with Complete Medium. The metabolism of Venus 

hMSC was assessed 48 hours later by MTT staining (Yellow Tetrazolium salt, SIGMA cat#: 

M5655). Briefly, cells were incubated with 500 µl of Complete Medium supplemented with 

MTT (50 µg/ml) and incubated for 4 hours in a humidified 37 °C/5% CO2 incubator. 200 µl of 

DMSO (Dimethylsulfoxyde, SIGMA cat#: D2650) was added to each emptied well and the 

plate was placed on an orbital shaker for 40 minutes in the dark. The absorbance of the 

supernatant was ultimately measured at 575nm using a Synergy™ H1 BioTek microplate 

reader. 

Engineered osteoblastic niches were exposed to Bleomycin (Bleomycin 15000I.U. Baxter AG 

Switzerland) at Day 28, prior to CD34+ seeding. Bleomycin was purchased from the central 

pharmacy of University Hospital Basel. The drug was reconstituted in 0.9% NaCl injectable 

solution (Bichsel cat#100 0 090) and further diluted in Osteogenic Medium at 1800 ng/mL 
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prior to carrying out the experiment. The engineered tissue was exposed to Bleomycin 

during 4 hours under perfusion at a superficial velocity of 280μL/s then rinsed twice with 

SFEM (Stemcell Technologies: StemSpan™) prior to CD34+ loading. 

 

Statistics 

Data are presented as means ± standard error of the mean and were analysed using the 

GraphPad Prism software. Unless indicated, single comparison was performed using the 

non-parametric Mann Whitney t-test assuming a non-gaussian distribution of the values. 

Multiple comparisons were performed using the one way ANOVA assuming a non-gaussian 

distribution of the values. Statistical significant differences were defined as: * =p < 0.05, ** = 

p < 0.01, *** = p <0 .001, **** = p <0 .0001.   
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Figure S1. (A) Primary hMSC are successfully labelled with the VENUS transgene (>90%, VENUS 

hMSC) by lentivirus transduction, as assessed by flow cytometry. (B) Percentage of cells retrieved 

from 3D conditions determined by number of cells left on digested scaffolds (DNA 

quantification). (C) Percentage of cell death in the retrieved populations from the Ce and eN 

bioreactors measured by flow cytometry after propidium iodide (PI) staining. n≥3. (D) 

Phenotypes of hMSC and human blood populations. (E) Gating strategy for the flow 

cytometry analysis of cells retrieved from 3D culture. (F) Absolute number of blood cells at 

the end of the 3D culture. n=9 biological replicates. (G) Fold increase of blood cells at the 

end of the 3D culture. n=9 biological replicates. (H) Ratio HSPCs (CD34+CD38-) over mature 
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cells (CD34-/CD38+) in corresponding conditions. ****p<0.0001. 

 

 
Figure S2. (A) Fold increase in the number of HSPCs, HSCs, MPPs and MLPs retrieved from 

eN and Ce conditions, normalized to the seeded populations. n=8 biological replicates. (B) 

Fold increase in the number of HSPCs, HSCs, MPPs and MLPs retrieved from 2D Dexter-

inspired conditions. 2D: culture of CD34+ cells for 1 week without hMSC as feeder layer. 2D 

hMSC: culture of CD34+ cells for 1 week with hMSC as confluent feeder layer. Data were 

normalized to the seeded populations. n≥4. (C) Representative morphology (Inverted 

microscope, bright field) of colonies formed by HSPCs before (uncultured) and after 3D 
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culture on ceramic (Ce) or engineered niche (eN). GM: Colony-forming unit-granulocyte and 

macrophage, BFU-E: Burst-forming unit-erythroid, GEmM: Colony-forming unit-Granulocyte, 

Erythroid, macrophage, Megakaryocyte). *p<0.05 ***p<0.001. (D) Assessment of multi-

lineage reconstitution capacity of uncultured and cultured CD34+ cells (Ce and eN) in NSG 

animals, 18 weeks post-transplantation. n≥3. *p<0.05.     

 

 
Figure S3. (A) Luminex-based analysis of secreted proteins during 3D cultures. Flt3-L: Fms-

related tyrosine kinase 3 ligand, TPO: thrombopoietin, SCF: stem cell factor, Ang-1: 

angiopoietin 1, VEGFα: vascular endothelial growth factor α, GCSF: granulocyte colony-

stimulating factor, MMP-9: matrix metalloproteinase 9, MMP-13: matrix metalloproteinase 

13. n≥3. (B) Nomenclature given to the different hMSC populations according to the culture 

time; Post-expanded hMSC initially seeded on the material: hMSC (Day 0), hMSC after 

proliferation and osteogenic differentiation: hMSC (Day 28), hMSC at the end of the 3D co-

culture with CD34+ cells: eN-hMSC (Day 35). 
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Figure S4. (A) Experimental plan for the quantitative assessment of blood populations in 

ceramic conditions with or without interleukin 6 (IL-6) and interleukin 8 (IL-8) supply. The 

concentrations of IL-6 (22.28 µg/mL) and IL-8 (128.34 µg/mL) correspond to the average 

values measured in the eN conditions during the co-culture period with CD34+ cells. (B) The 

combined addition of IL-6 and IL-8 led to an increased number of phenotypic Hematopoietic 

Stem and Progenitor Cells (HSPCs), Committed Progenitors, Granulocyte Macrophage 

Progenitors (GMPs) and Multipotent Lymphoid Progenitors (MLPs). No effects on the 

number of Hematopoietic Stem Cells (HSCs) and Multipotent Progenitors (MPPs) were 

observed. Data were collected by quantitative flow cytometry analysis one week post-
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seeding of the CD34+ fraction. n=3 biological replicates. Ce: ceramic only. Ce + IL6/IL8: 

ceramic supply with interleukin 6 and interleukin 8. *p<0.05, **p<0.01, ***p<0.001.  

 

 
Figure S5. (A) Phenotypic analysis of the hMSC (Day 28) composing the engineered tissue. 

n=4. (B) Gene expression analysis of hMSC (Day 28) composing the engineered tissue prior 

to CD34+ loading. n≥4. 

 

 
Figure S6. Experimental design for the generation of niches in 3D perfusion bioreactor, with 

distinct analysis of cells retrieved either from the liquid phase (supernatant, SN) or from  the 

digested tissue (ECM). PM: proliferative medium. OM: osteogenic medium. SFEM+GF: 

serum free medium supplemented with hematopoietic growth factors.  For both conditions, 

cells were collected 1 week post co-culture for quantitative assessment of population’s 

distribution. PM: proliferative medium. OM: osteogenic medium. SFEM+GF: serum free 

medium supplemented with hematopoietic growth factors. 
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Figure S7. (A) Lentivector map of the SDF1α construct. The overexpression is driven by the 

Steroidogenic Factor-1 (SF) consitutive promoter, while a 2A sequence between VENUS and 

SDF1α ensure the stochiometric expression of both sequences. (B) Transduction efficiency 

of Primary Human Mesenchymal Cells using the SDF1α lentiviruse measured by flow-

cytometry analysis of VENUS expression in cells. (C) Gene expression analysis of SDF1α in 

hMSC and hMSC-SDF1α transduced populations, prior to and after 3D culture (eN). (D) 

Confocal microscopy of the eN and eN-SDF1α images revealing the presence of the VENUS 

positive hMSC (green) and the SDF1α protein (red). 
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Figure S8. (A) The eN-SDF1α displayed a lower total number (ECM and SN combined) of 

HSPCs, HSCs and MPPs than the eN. n≥8. (B) Cell cycle analysis of populations retrieved from 

the ECM of Ce, eN and en-SDF1α conditions. n≥3. (C) Cell cycle analysis of populations 

retrieved from the ECM of Ce, eN and en-SDF1α conditions. n≥3. HSPCs: Hematopoietic 

Stem and Progenitor Cells, HSCs: Hematopoietic Stem Cells, MPPs: Multipotent Progenitors. 

MLPs: Multilymphoid progenitors. *p<0.05, **p<0.01. 
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Figure S9. (A) Experimental design for the generation of niches in 3D perfusion bioreactor, 

with (eN-Bleo) or without (eN) injury by Bleomycin exposure. In the eN-Bleo, the engineered 

tissue was exposed 4h to 1800 ng/mL prior to CD34+ loading.  For both conditions, cells 

were collected 1 week post co-culture for quantitative assessment of population’s 

distribution. (B) Assessment of Bleomycin impact on hMSC metabolism. The exposure to 

bleomycin led to a 30% reduction of hMSC metabolism. n=3. Data were measured 48h after 

the 4h exposure to bleomycin. n=4. (C) Quantitative assessment of the number of hMSC in 

respective conditions and the end of the 3D culture (Day 35). The 4h exposure to bleomycin 

did not significantly impact hMSC viability.  n≥3. (D) The ratio eN/eN-Bleo of cells retrieved 
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from the bioreactors (ECM and SN combined) indicates that eN-Bleo displayed a higher 

number of HSCs. (E) Total quantification of retrieved blood cells confirmed the specific 

increased number of HSCs in the eN-Bleo. PM: proliferative medium. OM: osteogenic 

medium. SFEM+GF: serum free medium supplemented with hematopoietic growth factors. 

n≥3. HSPCs: Hematopoietic Stem and Progenitor Cells, HSCs: Hematopoietic Stem Cells, 

MPPs: Multipotent Progenitors. MLPs: Multilymphoid progenitors. Bleo: Bleomycin. 

*p<0.05., **p<0.01.  
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Figure S10. (A) List of primary antibodies used for confocal immunofluorescence. (B) List of 

secondary antibodies used for confocal immunofluorescence. 
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Chapter 6. Engineering of mesenchymal tissues supporting malignant 
hematopoiesis 

Project Report: In vitro engineering of a human bone marrow proxy to model 

myeloproliferative neoplasms. 
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In vitro engineering of a human bone marrow proxy to model 

myeloproliferative neoplasms. 

Investigators: Thibaut Klein1, Morgane Hilpert2, Andrés García-García1, Radek Skoda2, Paul E. 

Bourgine1, 3 and Ivan Martin1 
1Tissue Engineering, Department of Biomedicine, University Hospital Basel, University of Basel, 4031 Basel, 

Switzerland. 
2Experimental Hematology, Department of Biomedicine, University Hospital Basel, University of Basel, 4031 Basel, 

Switzerland. 
3Laboratory for Cell, Tissue and Organ engineering, Wallenberg Center for Molecular Medicine, University of Lund, 

223 50 Lund, Sweden. 

1. Description of project

Lack of in vitro culture systems sustaining human primary myeloid malignancies severely 

impairs development, test and personalized selection of drugs. Existing protocols do not allow 

in vitro maintenance of myeloproliferative neoplasms (MPN) clinical samples, and the 

surrogate JAK2-mutated cell lines do not reflect diseases features (e.g., proliferation and 

response to drugs). Similarly to their healthy counterpart, MPN stem cells reside and are 

regulated in the bone marrow (BM), providing unique structural/physical/cellular/molecular 

cues defining the hematopoietic niche. Conventional 2D models do not mimic this complex 

BM microenvironment associated with MPN functional maintenance. Here we thus aim at in 

vitro engineering 3D BM niches thanks to the use of bone-like scaffolds, functionalized by 

human Mesenchymal Stromal Cells (hMSC) and their extracellular matrix deposited during 

perfusion culture. The resulting organoids will then be used as supportive BM niches substrate 

for MPN cells. The system will be validated towards the capacity to (i) maintain MPN cell 

phenotypes/function and (ii) test their response to drugs. Validation of this target will open 

new perspectives to investigate MPN therapeutic strategies. The same paradigm will also 

warrant extension to the modelling of other hematopoietic malignancies. 

2. Objectives / Milestones

Hypothesis 1: A 3D engineered BM niche previously established for healthy HSPCs can 

maintain human MPN cells in vitro 
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Aim 1: Demonstrate the capacity of our 3D approach in maintaining MPN phenotypes and 

function. 

Hypothesis 2: The 3D engineered BM niche loaded with patient-derived MPN cells can be 

used as a drug-testing platform 

Aim 2: Validate the possibility to use the developed 3D model to assess the effect of drugs 

on MPN. 

3. Material and methods 

 

a. 3D perfusion culture 

Two different systems have been used in this study to generate 3D BM niches. 

Engineered niches based on culture of human bone marrow mesenchymal stromal cells (hBM-

MSCs) in ENGIpore ceramic scaffolds (eN-E) were generated as previously described in 

Bourgine PE et al. 2018. Briefly, hydroxyapatite scaffolds (ENGIpore, Fin-Ceramica Feanza 

S.p.A. cat# SP-ENGI-PROD-01) were directly seeded in perfusion bioreactors (CELLEC, 

Switzerland) together with 0.75*106 hMSCs by overnight perfusion at a superficial velocity of 

2,800 μL/s. After 24 h (cell-seeding phase), the superficial velocity was reduced to 280 μL/s 

for the perfusion culture of hMSCs. Cells were then cultured for 1 week in proliferative 

medium (PM). This medium is composed by complete medium (CM; α- MEM with 10% fetal 

bovine serum, 1% HEPES (1M), 1% sodium pyruvate (100*10−3M), and 1% of penicillin-

streptomycin-glutamine (100X); supplemented with dexamethasone (10*10−9M), ascorbic 

acid-2-phosphate (0.1*10−3M) and fibroblast growth factor 2 (5 ng/mL). Then, cells were 

cultured by 3 weeks in osteogenic medium (OM). This is CM supplemented with 

dexamethasone (10*10−9M), ascorbic acid-2-phosphate (0.1*10−3M) and β-glycerolphosphate 

(10*10−3 M) (See Fig. 1A).  

Alternatively, standardized engineered niches based on culture of MSOD mesenchymal 

stromal cell line in collagen sponges scaffolds (eN-CM) niches were generated as follows. 106 

MSOD cells (Bourgine PE et al. 2017) were directly seeded on collagen sponge scaffolds 

(ULTRAFoam, Avitene cat# 1050050) in perfusion bioreactors (CELLEC, Switzerland). Perfusion 

flow rate was maintained at 2,800 μL/s for cell seeding phase, and reduced to 280 μL/s for 

culture phase. Cells were then cultured directly for 3 weeks of osteogenic medium (OM) (See 

Fig. 4A).  
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Bioreactors containing engineered niches were maintained in humidified 37 °C per 5% CO2 

incubators. For both systems, human CD34+ hematopoietic stem and progenitor cells (HSPCs) 

isolated from cord blood, buffy coat or phlebotomies from MPN patients were seeded on our 

3D engineered niches by overnight perfusion at a superficial velocity of 2,800 μL/s in serum-

free expansion medium (SFEM), supplemented with the following growth factors (GF): SCF (10 

ng/mL; cat. no. 130-093-991), FLT3-ligand (10 ng/mL; cat. no. 130-093-854); TPO (10 ng/mL; 

cat. no. 130-094-011), all from Miltenyi Biotec. After 24 h (cell-seeding phase), the superficial 

velocity was reduced to 280 μL/s for perfusion culture during 1 week. Cells were then retrieved 

from the bioreactors by collagenase digestion and trypsinization for subsequent analysis. 

 

b. HSPC extraction and purification 

Cord blood (CB) samples were collected from human placenta of full-term healthy caesarean 

section. The CB was drained from the umbilical vein into a single-use bag containing 

anticoagulants (MSC1206DU - Cord blood collection bag – MacoPharma, France) and 

mononuclear Cells (MNC) were isolated within the 24 hours after collection. Buffy Coat (BC) 

were obtained from the University Hospital Basel (Blutspendezentrum) from healthy 

volunteer donors. MPN cells were obtained from patients undergoing phlebotomy at the 

University Hospital Basel as part of their treatment. 

In all cases, blood mononuclear cell fraction was separated by density gradient centrifuge 

separation on Ficoll (Histopaque®: cat# 1077, SIGMA-ALDRICH or Lymphoprep™: cat# 07851, 

Stemcell Technologies, Grenoble, France) in SepMate™-50 tubes (cat# 85460 Stemcell 

Technologies, Grenoble, France) after a 1:1 dilution in PBS. HSPCs were then isolated based 

on CD34 expression using the magnetic EasySep CD34+ positive selection Kit (Stemcell 

Technologies, Grenoble, France) following manufacturer’s protocol and ultimately stored in 

liquid nitrogen.  

 

c. Flow cytometry 

The purity of purified CB, BC and MPN CD34+ cells was determined with BD Accuri™ C6 

Cytometer (BD Biosciences) by labelling cells with human anti-CD34 antibody (BD 

BIOSCIENCES: cat# 555824). 

The immunophenotypic analysis of HSPCs retrieved from bioreactors was performed using LSR 

II FORTESSA SORP (BD Biosciences) cell analyzer. Harvested blood cells were labelled using 
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following antibodies diluted in PBS 2% FBS 0.5M EDTA: human anti-CD34 (BioLegend cat# 

343512 or BD BIOSCIENCES cat# 563756), human anti-CD38 (BD BIOSCIENCES cat# 555460), 

human anti-CD45RA (BD BIOSCIENCES cat# 563429), human anti-CD90 (BD BIOSCIENCES cat# 

559869), human anti-CD14 (BioLegend cat# 301840), human anti-CD66b (BioLegend cat# 

305106), human anti-CD71 (BioLegend cat# 334110), human anti-CD3 (BioLegend cat# 

100236) and human anti-CD19 (BioLegend cat# 302216). 

 

d. Colony Forming Unit in culture (CFU-C) Assays 

CFU-C assays were performed according to Stemcell Technologies’s protocol. Briefly, 500 

HSPCs pre- culture and 1200 HSPCs post-culture were washed with PBS, resuspended in 240 

µL IMDM (Gibco, cat# 12440-053) and mixed with 2.4 mL MethoCult (Stemcell Technologies, 

cat# 04034). The mixture was plated in duplicates (1.1 mL) in 35mm petri dishes and incubated 

for 14 days at 37ºC and 5% CO2. The colonies were identified by light microscopy and 

characterized according to the “Atlas of human haematopoietic colonies from cord blood” 

(Stemcell Technologies). 

 

e. Histological Analysis:  

eN-CM samples were fixed adding 4% paraformaldehyde (vol/vol) directly inside the 

bioreactor prior to unmounting and embedding the generated tissue in paraffin. Sections (5 

μm thick) were stained with Hematoxylin & Eosin (Baker) or processed for immunostaining. 

Briefly, antigen retrieval was performed using citrate buffer pH 6 (10mM Sodium Citrate, 

0.05% Tween 20) in a pressure cooker at 100 °C during 1 h. Slides were rinsed and blocked 

with PBS containing 10% goat serum for 30 min to reduce nonspecific bindings. Then, samples 

were incubated for 1 h at room temperature with mouse anti human alkaline phosphatase 

(ALP) (Abcam ab54778). Sections were washed 3 times with PBS and incubated with A546 goat 

anti-mouse antibody (Thermofischer, A11030). Nuclei were counterstained with DAPI 

(Invitrogen) for 15 min. hMSC were revealed by endogenous GFP expression. Negative 

controls for each analysis were run by omitting the incubation with primary antibodies. Both 

bright field and fluorescence images were acquired using Nikon Ti2 microscopes. 
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f. Allele burden measurement:  

The allele-specific PCR for JAK2 genotyping was carried out using 20 ng genomic DNA, 45 nM 

forward primer JAK2-F, and 22.5 nM each of the allele-specific reverse primers JAK2-R-T and 

JAK2-R-G (table below) in a buffer containing 50 mM KCl, 10 mM Tris pH 8.0, and 1.5 mM 

MgCl2. Thirty PCR cycles with denaturing at 94°C for 30 seconds, annealing at 61°C for 30 

seconds, and extension at 72°C for 30 seconds were applied. The PCR products were analyzed 

using the 3100 Genetic Analyzer (Applied Biosystems, Carlsbad, CA). The percentage of 

chromosomes carrying the G>T transversion representing the JAK2V617F allele (%T) were 

calculated using the formula: %T = (height of T-peak) / (height of T-peak + G-peak) * 100.  

 

4. Results 

 

a. Survival and maintenance of MPN cells in 3D engineered BM niches  

We initially hypothesized that 3D engineered BM niches, previously shown to maintain 

healthy HSPCs (Bourgine et al. 2018), could also support malignant HSPCs such as MPN 

progenitor cells. For this purpose, osteoblastic-like engineered niches were generated using 

ENGIpore scaffolds (from here referred as eN-E) following our validated protocol. hBM-MSCs, 

which were lentivirally transfected to overexpress Venus protein (yellow fluorescent protein, 

YFP), were seeded in eN-E and cultured for 4 weeks to engineer 3D BM niches. Then, CD34+ 

HSPCs isolated from phlebotomies of MPN patients were loaded into the system and co-

cultured for 1 week. HSPCs isolated from peripheral blood (buffy coat, BC) of healthy donors 

and cord blood (CB)-derived HSPCs were used as controls. After one week of co-culture under 

perfusion, eN-E were disrupted by enzymatic digestion and cells harvested for quantitative 

phenotypic and functional assessment (Fig. 1A). Taking advantage of Venus fluorescent 

protein expression to identify hBM-MSCs, we firstly analysed the percentage of stromal and 

hematopoietic cells in our system. Independently of HSPC source, generated eN-E were mainly 

composed of blood cells (CB: 78.43 % ± 4.37, BC: 55.40 % ± 15.26 and MPN: 60.23 % ±3.03; 

Fig. 1B). As expected based on their higher proliferative capacity (Sotnezova et al. 2016), CB-

HSPCs exhibited higher hematopoietic expansion than peripheral blood HSPCs (BC and MPN), 

confirming different HSPC potential according to the cell source. Then, we evaluated the 
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expansion of both total blood cells (negative for Venus fluorescence) and 

immunophenotypically defined HSPCs (CD34+CD38-) normalized to cells seeded and cultured 

in eN-E. Our results reveal that, similar to CB-HSPCs although at lower extent, both healthy BC 

and MPN cell numbers increased in eN-E in comparison to empty ENGIPore ceramic (Ce). 

Intriguingly, total blood cells fold increase for MPN cells trended to be higher than for BC cells 

(BC: 7,21 ± 1.32 vs MPN: 23.48 ± 4.08), while HSPC fold increase was slightly reduced (BC: 8.53 

± 1.58 vs. MPN: 4.45 ± 0.62) (Fig. 1C-D). This might suggest that MPN-HSPCs could differentiate 

into more mature cells in eN-E. Overall, these results indicate that both healthy (BC) and 

malignant (MPN) peripheral blood-derived HSPCs exhibit are able to survive and can be 

maintained in eN-E. 
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In order to further explore MPN-HSPC maintenance, proliferation and differentiation in eN-E, 

we analysed committed HSPC subsets by quantitative flow cytometry. According to the trends 

observed for total blood cells and primitive HSPCs (Fig. 1C-D), we observed a dramatic 

expansion of MPN committed progenitors (40-fold increase; Fig. 2A), common-myeloid 

progenitors/megakaryocytic-erythroid progenitors (CMPs/MEPs) (35-fold increase; Fig. 2B) 

and granulocyte-macrophage progenitors (GMPs) (225-fold increase; Fig. 2C). We next 

measured the in vitro functionality of HSPCs cultured in eN-E with colony-forming unit in 

culture (CFU-C) assays. In agreement with HSPC fold increase data, CB cells had the highest 

colony forming capacity, while peripheral blood derived-BC and MPN cells showed a similar 

potential. But more interestingly, BC and MPN progenitors only gave rise to burst-forming unit 

erythroid (BFU-E) and colony-forming unit granulocyte and macrophage (GM) colonies; 

whereas CB progenitors also formed less-committed granulocyte, erythroid, macrophage and 

megakaryocyte (GEmM) colonies (Fig. 2D). Moreover, we assessed the maintenance of MPN 

mutant HSPCs after culture in eN-E through JAK2V617F allele burden measurement (percentage 

of cells carrying the JAK2V617F mutation). Findings revealed that JAK2V617F allele burden was 

not only maintained in HSPCs after culture in eN-E, but it was particularly high in sorted 

primitive HSPCs (CD34+CD38- cells) (Fig. 2E). Furthermore MPN-HSPCs differentiated in eN-E, 

leading to a very pronounced myeloid skewing, while preserving JAK2V617F mutation. 
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Since eN-E seemed to promote myeloid differentiation in MPN-HSPCs, we wanted to test 

mature hematopoietic cell lineages generated in this system after culture. Unfortunately, we 

did not manage to get robust data yet due to scarcity of MPN material available. However, our 

preliminary results showed that all different subsets of mature hematopoietic cells 

(monocytes, neutrophils, erythroid cells, B and T cells) could be detected in eN-E at the end of 

the culture period (Fig. 3A-E). Therefore, we have now proven that our eN-E is not only able 

to harbor highly proliferative CB-derived HSPCs (as previously reported), but also healthy (BC-

derived) and malignant (MPN) HSPCs isolated from peripheral blood. Nevertheless, the eN-E 

system has several limitations. Since eN-E is generated using primary hBM-MSCs, the 

functionality of the system is highly influenced by donor cell variability. In addition, the hard 

hydroxyapatite of ENGIPore scaffolds hinders good histological analysis. In order to overcome 
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these constraints, we followed the same principles of eN-E to develop standardized 3D 

engineered BM niches (from here referred as eN-CM) based on the use of a mesenchymal cell 

line (MSOD; (Bourgine PE et al. 2017)) and collagen sponge scaffolds (ULTRAFoam). In contrast 

to eN-E, HSPCs were directly cultured for 3 weeks in OM in eN-CM (Fig. 4A). 

 

In sharp contrast to eN-E, the vast majority of cells harvested from eN-CM were stromal MSOD 

cells, which might reflect a higher proliferation rate of MSOD cells in comparison to hBM-

MSCs. Yet, we detected that the percentage of blood cells was higher in eN-CM seeded with 

MPN-HSPCs (similar to CB-HSPCs) than in those seeded with BC-HSPCs (Fig. 4B). As previously 

shown for eN-E, eN-CM promoted BC and MPN cell numbers increase in comparison to empty 

ULTRAFoam scaffolds (Fig. 4C). Intriguingly, when we focused in primitive HSPCs, we detected 

that BC HSPC fold increase was similar in eN-CM and empty ULTRAFoam scaffolds, while MPN 

HSPC fold increase was 2-fold higher in eN-CM (compared to empty scaffold) (Fig. 4D). 

ULTRAFoam collagen sponge consistency let us to obtain histological sections from eN-CM 

without decalcification (required for eN-E). Hematoxylin-Eosin staining was used to reveal 

general structures in eN-CM (Fig. 4E). Then, we performed immunofluorescence stainings to 

focus in more specific aspects. Immunostaining against alkaline phosphatase (ALP; 

osteoblastic marker) showed co-expression (yellow) of MSOD cells (GFP; green) and ALP (red) 
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(Fig. 4F-H). These results validate eN-CM as osteoblastic-like BM niches, which are able to 

maintain and expand immunophenotypically-defined healthy BC-HSPCs and malignant MPN-

HSPCs. 
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Mimicking eN-E, we also observed an important expansion of committed progenitors (10-fold 

increase; Fig. 5A), common-myeloid progenitors/megakaryocytic-erythroid progenitors 

(CMPs/MEPs) (10-fold increase; Fig. 5B) and granulocyte-macrophage progenitors (GMPs) 

(20-fold increase; Fig. 5C). CFU-C experiments with HSPCs harvested from eN-CM confirmed 

that, similarly to eN-E, GEmM colonies were only generated from CB-HSPCs, whereas BC- and 

MPN-HSPCs only form erythroid BFU-E and granulocyte/macrophage GM colonies (Fig. 5D). 

Finally, JAK2V617F allele burden assessment revealed that JAK2V617F mutation was similarly 

represented in MPN-HSPCs before and after culture in eN-CM (Fig. 5E). 

Thus, we have used two different models of 3D engineered BM niches to reveal that, similar 

to CB-HSPCs, healthy BC-HSPCs and malignant MPN-HSPCs isolated from peripheral blood 

could be maintained in 3D engineered BM niches. However, in contrast to BC-HSPCs, MPN-

HSPCs tend to differentiate and exhibit a pronounced myeloid skewing. 

 

b.  Test the possibility of using 3D engineered BM niches loaded with patient-derived 

MPN cells as a drug testing platform 

 

Once we demonstrated that our in vitro 3D engineered BM niches can maintain patient-

derived MPN-HSPCs, we hypothesized that we could use our system as drug testing platform. 

Since drug testing platforms require high reliability and reproducibility, we engineered 

standardized 3D BM niches using a mesenchymal cell line (eN-CM) and validated their capacity 

to host MPN-HSPCs (Fig. 4 and 5). The standardized eN-CM could circumvent donor-to-donor 

variability inherent to the use of primary hBM-MSCs to engineer 3D BM niches. Although 
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functional, eN-CM system exhibits a limited capacity to maintain MPN-HSPCs in comparison 

to eN-E. Therefore, this system requires further optimization prior to its application as a drug-

testing system. This, together with the limited availability of MPN patient material, have 

prevented the full achievement of this goal at the expected period. 

 
 

5. Discussion, conclusions and perspectives 

Classic 2D and 3D cultures have been reported to be inefficient in maintaining human HSPCs 

ex vivo (Ferreira et al. 2012; Prewitz et al. 2013), since they fail to recapitulate the complexity 

of signaling networks governing native BM niches (Morrison and Scadden 2014). We recently 

reported the in vitro engineering of BM niches in a perfusion bioreactor system, which were 

capable to maintain and expand human CB-derived HSPCs (Bourgine et al. 2018). This 

 
115



encouraged us to use our system to model hematological diseases in vitro and explore its 

potential application as drug-testing platform. In this work, we followed similar principles to 

develop two different models of 3D engineered BM niches that can maintain not only CB-

HSPCs, but also mutant JAK2V617F HSPCs isolated from phlebotomies of MPN patients and 

healthy counterparts isolated from buffy coats. 

In first instance, we demonstrated that BM niches engineered with hBM-MSCs and 

hydroxyapatite scaffolds (eN-E) were able to sustain and expand immunophenotypically-

defined BC-HSPCs and MPN-HSPCs. Moreover, MPN-HSPCs exhibited a marked skewing 

toward erythroid/myeloid differentiation while preserving JAK2V617F mutation, which are 

some of the key traits revealed in MPN patients (Jamieson et al. 2006). In order to generate a 

customizable and standardized system which could be used as drug-testing platform, we also 

developed engineered BM niches using a mesenchymal cell line (MSOD; (Bourgine PE et al. 

2017)) and collagen sponges. We adapted this system by increasing the amount of cells seeded 

in the bioreactor and modulating the culture period for niche engineering. However, its 

capacity to maintain and expand both healthy (BC) and malignant (MPN) HSPCs isolated from 

peripheral blood remains limited. In this regard, we noticed that, in sharp contrast to eN-E, 

most cells harvested from eN-CM were non-hematopoietic cells. This might result from a 

higher proliferative capacity of MSOD cell line in comparison to hBM-MSCs. Therefore, 

envisioned strategies to optimize eN-CM should consider a reduction in the amount of 

mesenchymal cells seeded to reach a better balance between stromal and hematopoietic 

cells. Furthermore, the mechanisms underlying the positive impact of 3D engineered BM 

niches on HSPCs are completely unknown. In this regard, the analysis of stromal cells 

secretome and extracellular matrix deposited in these engineered BM niches might provide 

important insights. 

In summary, here we have applied tissue engineering to develop a customizable and 

standardized 3D in vitro culture system capable to maintain healthy and malignant JAK2V617F 

HSPCs in a BM niche-like environment. Although, this system still requires further 

investigation to increase its efficiency, it might be exploited to explore other hematological 

diseases (e.g. leukemia) or as a platform for drug testing (e.g. JAK1/2 inhibitor Ruxolitinib) in 

personalized settings. 

 

6. Other research 
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In this report, we have presented and discussed the results generated for the funded project. 

However, we have also performed other experiments in the context of this project that were 

not included in the results chapter because either they failed or they are still ongoing. In this 

sense, we attempted to evaluate the in vivo functionality of peripheral blood-derived HSPCs 

cultured in eN-E. Briefly, immunodeficient NOD.Cg-Prkdcscid IL2rgtmWjl/Sz (also termed 

NOD/SCID/IL2Rγnull) 6-weeks old female mice were sublethally irradiated (225 cGy) and 

transplanted (intravenously) with 260000 post-culture cells (mix of both MSOD stromal and 

hematopoietic cells) resuspended in 25μl PBS. We measured human peripheral blood 

mononuclear cells at week 4, 8 and 12 by flow cytometry to assess the engraftment of human 

HSPCs cultured in eN-E. Unfortunately, we could not detect human blood chimerism (>1% 

human hematopoietic cells in mouse peripheral blood) at any of the tested time points. 

Following the established protocols (Animal permit 2697, Veterinäramt of Kanton Basel), mice 

were euthanized 12 weeks after transplantation. This result might be explained by the 

insufficient number of primitive hematopoietic stem cells inside the HSPC pool isolated from 

peripheral blood and later in vitro expanded in eN-E. Therefore, the transplantation of sorted 

HSCs could be a potential solution for future experiments. 

On the other hand, we are currently assessing Dexter-inspired 2D cultures as controls to better 

evaluate the potential of our 3D engineered BM niches. To this end, hBM-MSCs or MSOD cells 

are allowed to reach confluence in 12-well plates and then cultured with 7000 human CD34+ 

HSPCs isolated from BC or MPN phlebotomies. Cells are co-cultured in SFEM complemented 

with growth factors as previously described. After one week of co-culture, cells are retrieved 

from the bioreactor and quantified by flow cytometry. These analysis will allow us to directly 

compare 2D and 3D cultures in our established settings. 

Finally, we also had to perform multiple experiments in order to optimize techniques and 

protocols (e.g. CD34+  cells isolation from peripheral blood, FACS antibodies cocktails, etc). 

These experiments were not detailed here but they were essential for the success of this 

project. 
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Chapter 7. Discussion and perspectives 

The aim of this thesis was to explore the potential of hMSCs cultured within 3D perfusion-

based bioreactors to engineer functional bone organs in vitro. This approach has given rise to 

innovative models for fundamental biology, but also for regenerative medicine. On the one 

hand, our results showed that cell-free ECM coated material enriched with potent 

morphogens (e.g. VEGFa and BMP2) exhibits osteoinductive features and remodel into bone 

upon in vivo implantation (Chapters 1 and 2). On the other hand, we have engineered BM 

microenvironments or niches that can sustain human hematopoiesis in both health and 

disease (Chapters 3 and 4). 

The first two chapters of this thesis represent a step forward in the generation of cell-laid but 

cell free material as off-the-shelf products for bone tissue regeneration. This relies on the 

advantage of devitalizing ECM using a death-inducible mesenchymal cell line (MSOD) instead 

of more aggressive traditional methods (e.g., freeze & thaw), which results in a better 

conservation of ECM components. Furthermore, the genetic modification of MSOD as ECM-

depositing cellular tool enables the overexpression of key factors for angiogenesis and bone 

regeneration (e.g., VEGFa and BMP2) that remain entrapped within the matrix during graft 

generation. 

VEGFa-enriched grafts showed a clear increase in vascularization and enhanced bone repair 

capacity upon in vivo implantation. These advantages over the unmodified MSOD line validate 

the possibility of customization and gain of function for specific regenerative features of the 

resulting implantable material. In case of MSOD-B based grafts, results were more variable. 

Even if we could observe more bone formation with BMP2-enriched devitalized grafts after in 

vivo implantation, this was not distributed homogeneously throughout the construct. Full 

tissue mineralization should be the next milestone to achieve with this model since this is the 

most important feature of osteogenic grafts. Indeed, when considering large defects 

compromising mechanical stability of the skeleton, perfect graft integration, maturation, 

homogeneity and stability are mandatory. For this purpose, a better understanding of both 

composition and kinetic of grafts generation and remodeling upon implantation is still 

required.  

The half-life of those growth factors entrapped in the ECM is an important aspect to take into 

consideration. VEGFa and BMP2 stability in this context has to be assessed to validate the 
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possibility of long-term, storable and off-the-shelf graft with high and preserved regenerative 

potential. At cellular level, we have engineered grafts using a single cell type but this could be 

implemented to generate more elaborated grafts combining different customized cell lines 

secreting growth factors through activation of distinct inducible promoters. This possibility 

would allow the spatiotemporal secretion of several morphogenetic factors for synergic 

instructive signals. Aside of growth factors, and since grafts will trigger an immune response 

upon in vivo implantation, customized cell lines might be used to enrich ECM-coated materials 

in key factors to instruct a favourable immune response for endogenous tissue regeneration 

[1]. 

Finally, in perspective of an efficient transition from bench to bedside, our approach should 

be adapted to use material validated for clinical applications as early as possible in the 

research process. In this sense, our cellular tools should be engineered in a more GMP 

compliant way. The use of lentiviral vectors for genetic modification result in permanent 

insertion of the sequence of interest in an uncontrolled fashion (e.g., multiple insertions or 

side mutations). This can potentially disrupt the expression of key genes for cell metabolism 

or trigger the expression of oncogenes. Thus, we propose the use of CRISPR-Cas methods and 

target gene insertion in Safe Harbors sequences [2] and to strictly control genome integration 

of vectors followed by a strict tumorogenecity test [3]. 

Our results suggest that the synergy of entrapped growth factors and secreted PGE2 promote 

bone formation and tissue integration. Interestingly, PGE2 has been described to be secreted 

in vesicles by apoptotic bodies [4], like those present in the ECM after devitalization (Chapter 

2). Therefore, the role of those extracellular vesicles (EVs) needs to be further explored in this 

context. As EVs also contain nucleic acids and proteins promoting tissue regeneration [5] they 

could enhance efficiency of ECM decorated grafts for cell-free based therapeutic strategies. 

Current clinical attempts to repair the bone organ are not limited to the sole use of mineral 

materials. Indeed 5-10% of fractures are resulting in non-union but 94% of them can be 

avoided by the use of concentrated bone marrow aspirate (cBMA) combined with allograft 

[6]. Even if the role of hematopoietic stem cell fraction in cBMA still needs to be further 

investigated, better bone grafts should include a functional BM, capable to sustain 

hematopoiesis.  
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To target this question, we took advantage of a previously established model developed for 

3D bone generation in vitro and based on primary cells to generate a BM niche (Ref Arnaud 

primary MSCs in BR). After adding CD34+ hematopoietic stem and progenitors cells (HSPCs), 

the resulting osteoblastic engineered niche (eN) resembles the BM organ, recapitulating some 

of the main components of the in vivo hematopoietic microenvironment. Furthermore, eN 

maintains and expands HSPCs in xeno-free conditions with limited supply of 

cytokines/agonists while preserving their functionality both in vitro and in vivo.  

Despite the relevance of this model, to better resemble the native hematopoietic niche, a 

higher level of complexity should be reached. So far, in vitro systems are mainly under 

constraint of cell culture parameters (e.g., culture media and cytokines required to fulfil 

different cell requirements). We envision that niche complexity could be increased 

introducing other well-known players of the hematopoietic stem cell niche to increase the cell 

diversity (e.g. nerve cells, endothelial cells, etc). 

For a better evaluation of the possibilities offered by this innovative tool, a more complete 

characterization of the system is needed. Some physical cues inside of the bioreactors’ 

chamber still remain uncertain (medium fluidics movements and speed, shear stress…). Those 

parameters could influence stromal and hematopoietic homeostasis but also HSPCs 

distribution in the niche.  

Once we established the healthy eN as a bone marrow proxy, we took the opportunity to use 

it to model malignant hematopoiesis in vitro by using malignant HSPCs from patients with 

myeloproliferative neoplasms (MPN). Myeloid skewing of the niche and expansion of mutated 

MPN hematopoietic progenitors are some of the traits revealed by this niche in vitro. 

This niche might set the basis for the development of personalized and custom-designed drug 

testing platforms. As therapeutic agent screening requires minimal system variability, we 

studied the possibility to standardize the eN, by using the MSOD cell line. MSOD based eN also 

sustained hematopoiesis (in health and disease) although to a lower extent than primary MSCs 

based eN. MSOD based eN can be considered as the first step toward standardization, but it 

still needs to be improved. Our results showed an uncontrolled proliferation of the resulting 

stromal tissue, which could lead to the collapse of the niche in the long-term. To circumvent 

excessive stromal cell proliferation, MSOD based eN could be treated with anti-mitotic drugs 

[7] or irradiated [8]. Importantly, engineered tissues’ stability over time is under assessment 

 
121



and eN has been shown to maintain cord blood HSPCs for 3 weeks in vitro. Extending the time 

of co-culture opens new possibilities to study complex functions like HSC engraftment in the 

niche in vitro, but also key parameters in blood diseases initiation and maintenance.  

Taken together, the results generated in my thesis are paving the way to the development 

and engineering of devitalized grafts with instructive properties, but also the generation of 

innovative in vitro culture systems recapitulating some aspects of the structure and function 

of a bone organ. Importantly, this technology might be beneficial for humans (clinical grafts), 

but also for experimental animals, since it can be used as a tool to study human biology, 

reducing costs and number of animals required in science. (3Rs principles; W. M. S. Russell 

and R. L. Burch, 1959). 
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Public presentations and communication of results during international congresses.

Department of Biomedicine - Tissue Engineering Professional, scientific and technical activities

https://biomedizin.unibas.ch/en/research/research-groups/martin-lab/  

Hebelstrasse 20, ivan.martin@unibas.ch, 4031, Basel, Switzerland  

01/11/2010 – 01/10/2013 – Strasbourg, France 
PRESIDENT – AFGES - ASSOCIATION FÉDÉRATIVE GÉNÉRALE DES ETUDIANTS DE STRASBOURG 

Strategic planning and daily management of the association and its restaurant’s staff management.
Students and student associations representation in national institutions and local Prefecture, Rector, Local
Government and University of Strasbourg.
Regular media relation (television, print, radio) and social media.
Expertise gained in project management, conflict resolution, negociation and communication.
15000 members, 32 federated associations, 300 volunteers, 1M€ turnover, 40 employees.

Administrative and support service activities  https://www.afges.org/ 

1, Place de l'Université, 67000, Strasbourg, France  

WORK EXPERIENCE

mailto:klein.thibaut@gmail.com
https://www.linkedin.com/in/thibaut-klein-13243a79/
mailto:ivan.martin@unibas.ch
https://biomedizin.unibas.ch/en/research/research-groups/martin-lab/
https://biomedizin.unibas.ch/en/research/research-groups/martin-lab/
https://www.afges.org/


20/10/2020 – 21/10/2020 – Rischerstraße 8, Heidelberg, Germany 
GOOD MANUFACTURING PRACTICES (GMP) FOR BEGINNERS – European Compliance Academy - Concept Heidelberg 

GMP History and Trends
Hygiene / Personnel Hygiene
Training / Personnel
Documentation
Premises / Production
General & Specific Aspects of a QA system
Risk Management
Qualification / Calibration / Maintenance
Validation
Audits and self-inspection
Packaging / Storage / Transportation
Falsified Products

Field(s) of study

Engineering, manufacturing and construction : Manufacturing and processing not further defined Manufacturing
and processing not elsewhere classified 

https://www.concept-heidelberg.com/  

01/11/2014 – 31/01/2020 – Klingelbergstrasse 50, Basel, Switzerland 
PHILOSOPHIÆ DOCTOR - CELL BIOLOGY – Philosophisch - Naturwissenschaftliche Fakultät 

Field(s) of study

Natural sciences, mathematics and statistics : Biology 

EQF level 8  https://philnat.unibas.ch/de/forschung/promotionphd/  

01/09/2010 – 30/06/2014 – 28 rue Goethe, Strasbourg, France 
MASTER IN SCIENCE, TECHNOLOGIES, HEALTH, MENTION LIFE SCIENCE, SPECIALITY INTEGRATED MOLECULAR

AND CELLULAR BIOLOGY, OPTION DEVELOPMENT AND STEM CELLS – Université de Strasbourg - Faculté des
Sciences de la Vie 

Field(s) of study

Natural sciences, mathematics and statistics : Biology Biochemistry 

EQF level 7  

https://sciencesvie.unistra.fr/formation/master/genetique-moleculaire-du-developpement-et-des-cellules-souches  

2010 – 2011 – 4 rue Blaise Pascal, Strasbourg, France 
UNIVERSITY DEGREE IN STUDENT COMMITMENT – Université de Strasbourg 

Field(s) of study

Education : Inter-disciplinary programmes and qualifications involving education 
Generic programmes and qualifications : Personal skills and development 
Business, administration and law : Business, administration and law not elsewhere classified 

EQF level 6  https://svu.unistra.fr/vie-des-campus/vie-universitaire/diplome-universitaire-dengagement-etudiant  

01/09/2009 – 30/06/2010 – 28 rue Goethe, Strasbourg, France 
BACHELOR IN CELL BIOLOGY AND PHYSIOLOGY – Université de Strasbourg - Faculté des Sciences de la Vie 

Field(s) of study

Natural sciences, mathematics and statistics : Biology Biochemistry Biological and related sciences not further
defined 

EQF level 6  https://sciencesvie.unistra.fr/formation/licence/biologie-cellulaire-et-physiologie-des-organismes  

EDUCATION AND TRAINING

◦ 

◦ 

◦ 

◦ 
◦ 
◦ 

◦ 

https://www.concept-heidelberg.com/
https://philnat.unibas.ch/de/forschung/promotionphd/
https://sciencesvie.unistra.fr/formation/master/genetique-moleculaire-du-developpement-et-des-cellules-souches
https://svu.unistra.fr/vie-des-campus/vie-universitaire/diplome-universitaire-dengagement-etudiant
https://sciencesvie.unistra.fr/formation/licence/biologie-cellulaire-et-physiologie-des-organismes


01/09/2007 – 30/06/2009 – 5 Rue Edmond Labbé, Strasbourg, France 
ADVANCED TECHNICIAN'S CERTIFICATE IN BIOTECHNOLOGY (FRENCH HDN EQUIVALENT) – LEGTP Jean Rostand 

Field(s) of study

Natural sciences, mathematics and statistics : Biology Biological and related sciences not further defined Bioc
hemistry 

EQF level 5  https://www.lycee-jean-rostand.fr/  

01/09/2003 – 30/06/2007 – 28 rue Goethe, Strasbourg, France 
UNIVERSITY DEGREE LEVEL IN LIFE SCIENCE AND GEOLOGY – Université de Strasbourg - Faculté des Sciences de la
Vie 

Field(s) of study

Natural sciences, mathematics and statistics : Biology Environmental sciences 

https://sciencesvie.unistra.fr/  

2003 – 9a, Boulevard Hanauer, Haguenau, France 
BACCALAURÉAT - SPECIALITY PHYSICS AND CHEMISTRY (A LEVEL EQUIVALENT) – Institution Sainte Philomène 

Field(s) of study

Generic programmes and qualifications 
Natural sciences, mathematics and statistics : Biology Natural sciences, mathematics and statistics not further
defined 

EQF level 4  http://www.sainte-philo.com/  

Mother tongue(s): FRENCH 

Other language(s): 

UNDERSTANDING SPEAKING WRITING

Listening Reading Spoken production Spoken interaction

ENGLISH C2 C2 C1 C1 C1

GERMAN B2 B2 B1 B1 A2

Levels: A1 and A2: Basic user; B1 and B2: Independent user; C1 and C2: Proficient user

Communication

Presenting  Zoom  Excellent writing and verbal communication skills  Presentation and negotiation skills  Cros
s cultural skills  Written and Verbal skills 

Office Suite 

Microsoft Excel  Microsoft PowerPoint  Microsoft Word  Google Docs  Google Drive 

Data analysis and scientific research

Research and analytical skills  Internet user  Detail-Oriented  curious  Critical thinking 

Project management

Reliability  Highly adaptable  Project management  resilient  innovative  Creativity  Good at being
proactive and efficient in high stress situations  Efficient multi-tasking  Quick Learner and adaptable to new
exposures and experiences  Problem-solving  Strategic Planning 

◦ 

◦ 

◦ 
◦ 

LANGUAGE SKILLS 

DIGITAL SKILLS 

https://www.lycee-jean-rostand.fr/
https://sciencesvie.unistra.fr/
http://www.sainte-philo.com/


Leadership and Teamwork

Conflict resolution  integrity  Motivator  Responsibility  Excellent organizational planning and solving
problems in short time  leadership  positive thinking  Team-work oriented  Decision-making  Friendly  Go
od listener and communicator 

Social Media

WhatsApp  Skype  LinkedIn  Facebook  Gmail 

Analysis of the subcapital two-part humerus fracture by fluoroscopy – objective criteria for classification and

decision making Archives of Orthopaedic and Trauma Surgery 

Accepted and under publication process in Archives of Orthopaedic and Trauma Surgery under reference AOTS-
D-20-01674R2.

PhD Thesis - Engineering of 3D mesenchymal tissues for bone regeneration and hematopoiesis modeling 

2020 
The bone organ has two main functions in the adult. a) It provides mechanical support and protects organs, while b)
the bone marrow hosts hematopoiesis, a process ensuring lifelong production and renewal of the blood tissue.
Therefore, the general aim of my thesis is to engineer mesenchymal tissues able to support bone healing and bone
marrow functions. Their recapitulation in vitro by using primary hMSCs (or mesenchymal cell lines) could: (i) help
fulfilling a clinical need in bone regenerative medicine by providing engineered off-the-shelf coated extracellular matrix
(ECM) with tunable compositions, and (ii) provide an animal-free model to study bone biology and hematology in
health and disease. These aims are addressed through a combination of hMSCs and 3D perfusion bioreactor systems.

In vitro biomimetic engineering of a human hematopoietic niche with functional properties 

https://doi.org/10.1073/pnas.1805440115 – 2018 
In adults, human hematopoietic stem and progenitor cells (HSPCs) reside in the bone marrow (BM) microenvironment.
Our understanding of human hematopoiesis and the associated niche biology remains limited, due to human material
accessibility and limits of existing in vitro culture models. The establishment of an in vitro BM system would offer an
experimentally accessible and tunable platform to study human hematopoiesis. Here, we develop a 3D engineered
human BM analog by recapitulating some of the hematopoietic niche elements. This includes a bone-like scaffold,
functionalized by human stromal and osteoblastic cells and by the extracellular matrix they deposited during perfusion
culture in bioreactors. The resulting tissue exhibited compositional and structural features of human BM while
supporting the maintenance of HSPCs. This was associated with a compartmentalization of phenotypes in the
bioreactor system, where committed blood cells are released into the liquid phase and HSPCs preferentially reside
within the engineered BM tissue, establishing physical interactions with the stromal compartment. Finally, we
demonstrate the possibility to perturb HSPCs’ behavior within our 3D niches by molecular customization or injury
simulation. The developed system enables the design of advanced, tunable in vitro BM proxies for the study of human
hematopoiesis.

Engineered Extracellular Matrices as Biomaterials of Tunable Composition and Function 

https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.201605486 – 2017 
Engineered and decellularized extracellular matrices (ECM) are receiving increasing interest in regenerative medicine
as materials capable to induce cell growth/differentiation and tissue repair by physiological presentation of embedded
cues. However, ECM production/decellularization processes and control over their composition remain primary
challenges. This study reports engineering of ECM materials with customized properties, based on genetic
manipulation of immortalized and death-inducible human mesenchymal stromal cells (hMSC), cultured within 3D
porous scaffolds under perfusion flow. The strategy allows for robust ECM deposition and subsequent decellularization
by deliberate cell-apoptosis induction. As compared to standard production and freeze/thaw treatment, this grants
superior preservation of ECM, leading to enhanced bone formation upon implantation in calvarial defects. Tunability of
ECM composition and function is exemplified by modification of the cell line to overexpress vascular endothelial
growth factor alpha (VEGF), which results in selective ECM enrichment and superior vasculature recruitment in an
ectopic implantation model. hMSC lines culture under perfusion-flow is pivotal to achieve uniform scaffold decoration
with ECM and to streamline the different engineering/decellularization phases in a single environmental chamber. The
findings outline the paradigm of combining suitable cell lines and bioreactor systems for generating ECM-based off-
theshelf materials, with custom set of signals designed to activate endogenous regenerative processes.

PUBLICATIONS 

https://doi.org/10.1073/pnas.1805440115
https://onlinelibrary.wiley.com/doi/full/10.1002/adfm.201605486


Selective proapoptotic activity of polyphenols from red wine on teratocarcinoma cell, a model of cancer stem-

like cell 

https://link.springer.com/article/10.1007%2Fs10637-009-9352-3 – 2011 
Cancer stem cells are expected to be responsible for tumor initiation and metastasis. These cells are therefore
potential targets for innovative anticancer therapies. However, the absence of bona fide cancer stem cell lines is a real
problem for the development of such approaches. Since teratocarcinoma cells are totipotent stem cells with a high
degree of malignancy, we used them as a model of cancer stem cells in order to evaluate the anticancer
chemopreventive activity of red wine polyphenols (RWPs) and to determine the underlying cellular and molecular
mechanisms. We therefore investigated the effects of RWPs on the embryonal carcinoma (EC) cell line P19 which was
grown in the same culture conditions as the most appropriate normal cell line counterpart, the pluripotent embryonic
fibroblast cell line NIH/3T3. The present study indicates that RWPs selectively inhibited the proliferation of P19 EC cells
and induced G1 cell cycle arrest in a dose-dependent manner. Moreover, RWPs treatment specifically triggered
apoptosis of P19 EC cells in association with a dramatic upregulation of the tumor suppressor gene p53 and caspase-3
activation. Our findings suggest that the chemopreventive activity of RWPs on tumor initiation and development is
related to a growth inhibition and a p53-dependent induction of apoptosis in teratocarcinoma cells. In addition, this
study also shows that the EC cell line is a convenient source for studying the responses of cancer stem cells to new
potential anticancer agents.

President - AFGES 

Team building and co-ordination (Board direction, bureau meeting, administration conciles; from 5 to 150
participants)
Starting, follow up and completion of several projects
Delegation of specific tasks
Strategic decision making (annual and pluriannual policies)
Human resources related question management in crisis context

Project Management Fundamentals 

• Understand what a project is,
• Know what project management is about,
• Implement key concepts of project management in a research environment,
• Formulate a project goal,
• Analyse the stakeholder setting and devise ways of how to handle stakeholders,
• Plan their project, define milestones and set realistic deadlines, and
• Acquire skills to deal with the high degrees of uncertainty in research.
https://www.leadtotrust.com/ 

Conflict Management and Better Communication 

Background to conflict situations and the effects of conflicts
The stages and phases of conflict and Methods for conflict resolution
Managing confluct - practical strategies
Transactional Analysis
Benefits of conflict
Communication techniques and action plan
Reflection and discussion

Improve Negotiation Skills 

Recognize the characteristics and consequences of various styles of interactions, whether conflictual or not
Understand how to build relationships based on interest and opportunity, rather than on conflict or persuasion
Acquire the objectivity and competence necessary to prepare and lead negotiations for building sustainable
partnerships
Know how to prepare in an efficient and detailed way: what they want, how to quantify their aim, how to break
it down into negotiable units
Learn how to use effective questioning techniques, and verbal / non-verbal communication
Increase their negotiation capacities (hands-on practice) in a “risk-free” environment, thus enabling them to be
more efficient.

MANAGEMENT AND LEADERSHIP SKILLS 

◦ 

◦ 
◦ 
◦ 
◦ 

COMMUNICATION AND INTERPERSONAL SKILLS 

◦ 
◦ 
◦ 
◦ 
◦ 
◦ 
◦ 

◦ 
◦ 
◦ 

◦ 

◦ 
◦ 

https://link.springer.com/article/10.1007%2Fs10637-009-9352-3
https://www.leadtotrust.com/


Driving Licence: B1

Driving Licence: B

01/12/2010 – 01/12/2012 
Board Member of the University of Strasbourg 

Strasbourg 
Development and approval of strategic goals and objectives, and establishment of policies related to programs and
services.
Negociation and approval of the annual budget of the University.

01/12/2009 – 01/12/2013 
Student Dean of the Life Science Faculty of Strasbourg 

Strasbourg 
Student representation among the Faculty Board and first interlocutor to the Dean regarding student related
questions. 
Participation to the implementations of pedagogic offer, rules of procedure and methods of control.
Verification and approval of the budget.

CURRENT 
3D printing and modelling 

Design and modification of basic models. Building, maintenance and regular usage of 3D printers (Fused Deposition
Modeling -FDM and resin Stereolithography -SLA). Prints are then used for professional application (laboratory related
prototypes, bioreactors...) or personnal application (tool-building, models for metal work in lost-wax casting technique,
decoration...).

CURRENT 
Experimental archeology and metallurgy 

Experimentation and reconstitution based on archeologic findings and scientific publications of ancient tools, weapons,
jewellery and sculptures. Mastery of nonferrous (copper, bronze, silver) melting and casting. Collaborations with
museum and archeologic parcs for demonstration of Bronze Age and Iron Age metal working reenactment. In this
activity I have recreated my own tools according to historical findings. I also built my own complete propane forge/
melting oven and vacuum assisted casting device.

CURRENT 
Craftsman furniture upholsterer and decorator 

Born into a family of craftsmen, my grand father, master craftsman, taught me the rudiments of the profession of
woodworking, upholstering and sewing that I still practice on a weekly basis.

SOCIAL AND POLITICAL ACTIVITIES 

CREATIVE WORKS 

DRIVING LICENCE 


