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INTRODUCTION 
 
1. Bone formation via endochondral ossification 

 Endochondral ossification is a critical biological process that shapes our 
skeletal system, involving the gradual replacement of transient cartilage with bone 
tissue. During endochondral ossification, most bones develop from a cartilaginous 
template, transforming soft tissue into the stiff framework of mature bone that supports 
our bodies [1]. 

Endochondral ossification begins during embryonic development and continues 
into early adulthood to allow the growth of most of bones. It is composed of several 
stages, presented in Fig. 1. First, human mesenchymal stromal cells (hMSCs) 
differentiate into chondrocytes, producing a cartilaginous extracellular matrix (ECM). 
The chondrocytes in the center of the cartilage template undergo hypertrophy. 
Hypertrophic chondrocytes trigger mineralisation by precipitating calcium and 
phosphate, thus mineralising the cartilage matrix. This mineralised matrix serves as 
the scaffold for bone formation. Blood vessels are formed and recruited due to the 
angiogenic factors released by the hypertrophic chondrocytes [2]. At this time, in 
endochondral bone formation of primary ossification the transverse partitions of the 
hypertrophic zone are incompletely mineralised, consequently permitting vascular 
invasion, while the longitudinal intercolumnar septa are well-mineralised and serve as 
scaffolds for primary trabeculae spicules [3]. Blood vessels invade this primary 
ossification center through the cartilage matrix. Blood-derived monocytes can 
differentiate into osteoclasts to resorb the mineralised or unmineralised cartilage 
matrix, which is necessary for cartilage matrix removal [4]. Hypertrophic chondrocytes 
mainly undergo apoptosis, but some are also described to transdifferentiate into 
osteoblasts and osteocytes [5]. Osteoblasts differentiated from osteoprogenitors 
migrating into the remodelling cartilage eventually lay down new bone matrix on the 
mineralised cartilage remnants, gradually replacing it with spongy bone tissue. The 
spaces within this spongy bone form the initial bone marrow cavity [1]. As the marrow 
cavity expands, various niche cell types including endothelial cells (ECs), stromal cells 
including CXCL12-abundant reticular (CAR) cells and osteoblasts home near the bony 
surface, creating distinct microenvironments or niches for hematopoietic stem cells 
(HSCs) [6]. In this way, mature bone containing bone marrow is eventually formed. 
Primary ossification occurs in the centre of the diaphysis leading to the formation of 
the primary ossification center during fetal life. After birth, secondary ossification will 
occur in the epiphyses of long bones [3]. In the case of secondary ossification the 
sequence of events is partially different, as vessels can invade cartilage which has not 
yet undergone hypertrophy or mineralisation [7]. This form of bone growth will continue 
until puberty to allow for bone elongation.  

 

Cartilage mineralisation and remodelling during endochondral ossification 

In the early stages of endochondral ossification, chondrocytes generate the 
cartilage matrix consisting of various components that play essential roles in bone 
formation. The matrix components include glycosaminoglycans/proteoglycans, 
aggrecan, hyaluronic acid and collagens [8]. Unlike most connective tissues, cartilage 
is avascular, meaning it lacks blood vessels for nutrient supply and waste removal, 
relying on diffusion through the matrix for these functions [9]. In the growth plate, the  
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Fig. 1. The process of endochondral ossification. 
 
area of new bone growth, proliferation and hypertrophy of chondrocytes occur in a 
sequential manner within specific zones of the developing cartilage: a resting zone, 
where chondrocytes are quiescent; a proliferative zone, where chondrocytes are 
actively dividing; this is followed by a prehypertrophic zone, where cells begin to 
enlarge; finally, a hypertrophic zone which consists of enlarged chondrocytes. The 
hypertrophic differentiation stage is regulated by several signalling molecules, 
including indian hedgehog (IHH), parathyroid hormone-related protein (PTHrP), and 
bone morphogenetic proteins (BMPs) [10]. The start of the mineralisation process 
involves the formation of matrix vesicles (MVs) by hypertrophic chondrocytes [11], 
through mechanisms which have not been fully clarified [12]. The hypertrophic 
chondrocytes thus contribute to the calcification of the surrounding cartilage matrix. 
The mineralisation process creates a barrier that prevents nutrients from reaching the 
chondrocytes, leading to their apoptosis. This makes the cartilage matrix less 
continuous, creating spaces or cavities which allow migrated or transdifferentiated 
osteoblasts to form mature bone matrix on top of the mineralised cartilage template 
[13].  

 In endochondral ossification, cartilage and bone resorption and remodelling 
occur along with mineralisation. Unmineralised cartilage, mineralised cartilage and 
bone formed by osteoblasts can all be degraded and resorbed by monocyte-derived 
chondroclasts/osteoclasts [14]. In the early stages of endochondral ossification, 
monocytes migrate to the cartilage template with the invading vessels. After 
differentiating into multinucleated clasts, they secrete enzymes including cathepsin K 
and collagenase that break down the organic components of the cartilage extracellular 
matrix. They also dissolve the mineral component of the cartilage through the release 
of hydrogen ions [15].  

 

Vascularisation of the cartilage template 

Vascularisation is a critical process in endochondral ossification which provides 
the nutrients required for bone formation and growth. Vessels not only constitute 
mature bone structures, but also support the bone forming process. The invasion of 
blood vessels allows the recruitment of osteoprogenitor cells, monocytes as osteoclast 
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precursors, immune cells and HSCs, which all contribute to cartilage remodelling and 
new bone formation with the establishment of a marrow niche [16].  

Vascularisation during endochondral ossification is comprised of several stages. 
The initial attraction of ECs or endothelial progenitors is mediated by several cell types 
including hypertrophic chondrocytes, osteoclasts and septoclasts. Septoclasts are 
specialised perivascular cells that play a crucial role in bone growth by breaking down 
the terminal transverse septum of cartilage in the growth plate, facilitating the invasion 
of capillaries necessary for bone elongation [17]. Angiogenesis is initiated by the 
secreted pro-angiogenic factors, including vascular endothelial growth factor (VEGF), 
epidermal growth factor (EGF) and platelet-derived growth factor (PDGF) [18]. These 
pro-angiogenic factors are important mediators that regulate blood vessel invasion 
(neovascularisation) into hypertrophic cartilage [16]. Hypoxic conditions in the 
cartilage template also stimulate the production of VEGF by chondrocytes. At the 
same time, chondrocytes and clastic cells produce catabolic enzymes which mediate 
ECM proteolysis and pave the way for vessel infiltration [19]. The ECs themselves 
secrete matrix metalloproteinases (MMPs), such as MMP9 and MMP14, to facilitate 
vessel ingrowth [20].  

Other than forming vessels, ECs actively and directly participate in the 
regulation of cartilage remodelling and bone formation. Vessels invade and grow into 
the forming bone thanks to matrix remodelling, and the central portion of the cartilage 
template is digested to make space for the formation of bone marrow [21]. Two types 
of vessels, called H type vessels and L type vessels, constitute the hematopoietic 
niche of the bone marrow. The ECs of H type vessels exhibit higher levels of the 
adhesion molecule CD31 and the transmembrane glycoprotein endomucin compared 
to L type vessels [22]. The studies focused on ECs in type H vessels indicated their 
unique function in affecting different types of cells. Type H vessels can promote bone 
formation by secreting various factors, including transforming growth factor β1 (TGF-
β1) and TGF-β3, that stimulate proliferation and differentiation of osteoprogenitors in 
the bone marrow [23; 24]. Type H vascular ECs exhibit high expression of Noggin 
protein under the influence of Notch signalling [25]. Noggin is an antagonist of BMP 
signalling pathway and regulates chondrocyte maturation and osteogenesis [26]. The 
ECs in type H vessels also exhibit increased proteolytic activity by secreting MMPs, 
which in turn facilitates osteoclast activity and angiogenesis [22]. In contrast to the 
type H vessels, the ECs in type L vessels do not directly contribute to bone formation. 
Although direct proof is still necessary, type L vessels are thought to secrete stem cell 
factor (SCF), CXCL12, and angiopoietin-1 (ANG1), which interact with HSCs in the 
regulation of haematopoiesis [24; 27]. The paracrine crosstalk between ECs and bone 
cells is thus essential for bone formation to occur effectively.  

 

Tissue engineering bone via endochondral ossification 

 A model widely employed by several groups including ours for studying 
endochondral bone formation is the hMSC pellet culture system. In this model, hMSCs 
are centrifuged to form a three-dimensional (3D) pellet, which recapitulates the 
condensation process that occurs during embryonic skeletal development. The hMSC 
3D-pellets are then cultured in chondrogenic medium containing growth factors like 
TGF-βs and BMPs to induce chondrogenesis. During this chondrogenic priming phase, 
typically lasting 2-4 weeks, hMSCs differentiate towards the chondrocyte lineage and 
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produce a cartilage-like extracellular matrix rich in glycosaminoglycans and type II 
collagen. hMSC-derived chondrocytes generally exhibit hypertrophic features, with 
increased expression of COL10A1, RUNX2 and MMP13. The cartilage template 
generated in vitro provides the initial shape and structure for bone formation. At this 
stage, pellets need to be transplanted into animals, usually via subcutaneous 
implantation in nude mice [28-30], to induce cartilage mineralisation, remodelling, 
vascularisation and new bone formation. Bone marrow, vessels, osteoclasts and 
cancellous bone can be normally observed after 8-12 weeks in vivo [31]. This strategy 
thus models the natural in vivo process of bone formation, generating fully mature 
bone with similar structure to the native tissue. 

 

2. Towards modelling endochondral ossification in vitro using tissue 
engineering 

Due to the complexity of bone formation and the number of cell types involved, it 
is still impossible to completely recapitulate this process in vitro. This severely limits 
the options for in vitro disease modelling in the bone field. Developing in vitro models 
of endochondral ossification could provide us with new tools to study pathological 
cartilage resorption during growth or repair, which can lead to skeletal deformities, 
short stature, and disrupted fracture healing [32]. Such in vitro models would enable 
us to investigate the (dys)regulation of the crosstalk between hypertrophic 
cartilage/chondrocytes, endothelial cells and osteoclasts, and evaluate tools to rescue 
physiological interactions [33]. In the field of bone regeneration, in vitro modelling 
could help us better understanding and utilising the mechanisms which enhance bone 
repair, such as effective vascularisation [34]. Among other bone-related diseases 
which could particularly benefit from in vitro modelling is cancer metastasis to the bone. 
Bone is one of the most frequent metastatic sites, and bone metastasis remains an 
incurable condition and a leading cause of death worldwide [35]. This is partly due to 
the lack of understanding of the molecular basis of the metastatic process. There 
remains an urgent need to identify effective drug targets that could inhibit the migration 
of cancer cells to the bone and disrupt their crosstalks with bone cells.  

 

In vitro bone models: towards the replacement of animal models  

Bone research relies on a variety of models to investigate bone formation, 
regeneration, and disease processes. This spectrum of models ranges from in vivo 
animal studies to increasingly complex in vitro systems. Each type of model offers 
unique advantages and limitations in our quest to understand bone biology and 
develop new therapeutic strategies. Animal models allow systematic evaluation of 
bone formation processes, making it possible to study bone degeneration and healing 
in the context of specific diseases, or tissue engineering approaches to promote bone 
repair. These in vivo models include calvarial defects, long bone segmental defects, 
partial cortical defects and cancellous bone defects [36; 37]. Furthermore, 
subcutaneous or intramuscular implantation models are commonly used as ectopic 
bone formation systems [38]. Animal models have however important limitations in 
relation to the bone formation process. Ectopic bone models lack the physiological 
microenvironment and are thus significantly influenced by the site of implantation [38]. 
Orthotopic bone defect models may not accurately reflect the human bone physiology, 
anatomic properties of the defect site and biomechanical conditions. For instance, the 
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use of an intramedullary pin for fixation limits the volume of material that can be tested 
and affects the stability of the model, leading to challenges in reproducing rotational 
and axial stability that would be present in human cases [39]. There are also concerns 
about the regulation of biological processes. For example, the role of angiogenic 
factors and their interactions with bone cells may not be fully recapitulated due to 
species-specific differences in signalling pathways and vascular responses [40]. 
Finally, in vivo imaging and quantitative analysis on vascularised bone can be 
extremely challenging in animal models, especially in small rodents, due to technical 
limitations and the small size of the vasculature. Similar problems also occur with 
animal models to study bone metastasis, with the complex interactions between 
cancer cells and the bone cells taking place in a not fully humanised microenvironment 
[41]. 

In view of these limitations, developing suitable in vitro models could provide 
several advantages. They can be potentially fully humanised, better controlled, more 
reproducible, and eventually reduce the need for animal testing. In vitro models can 
be used to study the fundamental processes of bone formation, maturation and bone 
remodelling, enabling researchers to dissect and investigate the roles of different cell 
types, signalling pathways and mechanical stimuli that regulate bone homeostasis [42]. 
In vitro systems can more accurately reflect aspects of human bone physiology and 
allow for precise manipulation of specific anatomical and biomechanical conditions. 
Additionally, in vitro bone models can be adapted to study bone-related diseases, such 
as growth diseases and metastatic cancers, as well as to test the reliability and safety 
of new treatments and biomaterials for bone regeneration [43]. These models can 
overcome some of the scale issues present in small rodent studies and allow for more 
detailed examination of human-specific biological processes and responses. 
Nevertheless, in vitro bone models currently lack sufficient biological complexity to 
replace the in vivo setting. By advancing in vitro bone modelling, researchers can 
obtain deeper insights into bone biology, accelerate the development of novel 
therapies, and reduce the reliance on animal experiments, finally leading to improved 
patient status. 

 

Strategies and directions of in vitro bone modelling 

There are multiple strategies available for designing in vitro bone models, as 
summarised in Fig. 2. 2D models represent a minority of the work, although they may 
still be applicable to answer some of the basic questions or to gain knowledge towards 
the development of more complex structures. Current strategies to model bone 
formation in vitro mainly involve developing 3D co-culture systems that strive to mimic 
aspects of the native bone environment, matrix formation and remodelling process. 
These differ in terms of supportive scaffolds, choice of cell type(s), presence of a 
vascularisation component, and incorporation of biological factors. The co-culture 
setup enables the incorporation of multiple relevant cell types including 
osteoprogenitors, osteoblasts, osteoclasts and ECs, allowing better recapitulation of 
the native bone microenvironment and cellular crosstalks [44]. Microfluidic systems 
have been developed to create dynamic environments that allow for continuous 
nutrient flow and waste removal, which are crucial for maintaining cell viability and 
functionality over extended culture periods [45]. Furthermore, spheroid/pellet  
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Fig. 2. The main strategies for in vitro bone modelling 

(co)culture systems have shown the potential to produce bone-like organoids via self-
assembly procedures that do not require exogenous biomaterials [46; 47]. Several 
strategies have also been developed to include a vascular component, such as loading 
angiogenic factors [48], 3D-printed scaffolds with vascular channels [49] and self-
assembly of microvasculature [50]. Compared to animal models, 3D co-culture 
systems integrating vasculature and multiple bone cells may present advantages for 
studying molecular mechanisms, drug effects, screening treatments and overall 
serving as preclinical models [51].  

Despite the variety of experimental systems, there are still several limitations 
concerning all the current in vitro bone models. This mainly relates to the difficulty of 
mimicking the complexity of the bone tissue, in terms of architecture, number of cell 
types and vascular supply [40]. There is still the challenge to support the co-culture of 
multiple cell types (osteoblasts, osteoclasts, and endothelial cells) over extended 
periods to study their interplay [52] and their involvement in multiple stages including 
vascularisation, remodelling, and new bone formation. 
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The achievements and challenges of in vitro vascularisation of tissue-engineered bone 
models 

The cellular interplay between ECs and other bone cells is of critical relevance for 
the control of skeletal remodelling and bone formation. In mature bone or during the 
processes of endochondral ossification, ECs form the lining of blood vessels and 
interact closely with other cell types, including stromal cells, osteoblasts, osteoclasts, 
and chondrocytes. Recapitulation of interactions between ECs and bone cells can 
improve the physiological relevance of in vitro models and improve the functionality of 
different bone cell types in vitro. For example, in the co-culture system with human 
microvascular endothelial cells (HMECs) and adipose-derived stromal cells (ASCs), 
osteogenic markers (BMP-2 and osteopontin (OPN)) and the mineralised tissue 
volume were increased compared with monoculture conditions [53]. The study also 
indicated that endothelial progenitor cells can promote the survival, migration, and 
osteoclastogenic differentiation of monocytes in co-culture [54]. More complex models 
were established via tri-cultures that used ECs as vascularisation component, and 
incorporated osteoblasts and osteoclasts for mimicking the bone microenvironment in 
vitro [55]. In this model, the presence of osteoblasts and osteoclasts improved human 
umbilical vein endothelial cell (HUVEC) survival. Chondrocytes have also been 
employed to support vascularisation. In a study by Freeman et al., hMSC-derived 
chondrocytes were co-cultured with HUVECs to mimic angiogenesis during 
endochondral ossification [56]. In this circumstance, osteogenesis with the formation 
of rudimentary vessels was detected in the 3D tissue-engineered constructs in vitro, 
without the addition of osteogenic supplements. Thus, recapitulating the natural 
crosstalk between ECs and chondrocytes can be advantageous to stimulate vessel 
formation as well as cell differentiation and activity in vitro.  

To date, researchers have applied several approaches for vascularising in vitro 
bone models:  

1) 3D bioprinting/manufacturing to generate 3D vascular network-like structures. This 
includes the use of multi-material bioprinting and the integration of vascular channels 
within the printed constructs [57].  

2) Conjugation of angiogenic factors to scaffolds to stimulate vessel formation. For 
instance, a 3D biodegradable porous calcium phosphate (CaP) scaffold combined with 
BMP2, WNT and VEGF promoted angiogenesis as well as osteogenic differentiation 
in vitro [58].  

3) Direct introduction of the stromal vascular fraction derived from adipose tissue, 
ASCs or hMSCs, which can facilitate endothelial cell assembly. When co-cultured with 
HUVECs, ASCs derived from non-expanded stromal vascular fraction could support 
capillary structure formation [59]. Similar results were obtained using hMSCs as 
pericyte-like cells [60]. hMSCs can also promote vessel formation in in vitro models 
through secreted angiogenic factors, including VEGF and HGF [61; 62].  

4) Dynamic fluid flow to induce the maturation of vessel structures. Vessel-like 
structures were significantly more developed under dynamic fluid flow conditions in 
comparison to static controls [63].  

Despite these significant achievements, there are still several challenges 
regarding vascularisation in in vitro bone models. The first one is to recapitulate the 
complex biological structure of vessels in bone. The vessel structure of bone is 
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hierarchical, and involves multiple cell types including ECs, pericytes, and smooth 
muscle cells. The ECM providing the proper conditions for vessel development is also 
indispensable. All the characteristics of ECM, including the mechanical properties, the 
binding of growth factors, proteins and ligands, and the remodelling process, can affect 
the behaviour of ECs and the vascularisation process [64; 65]. Controlling the manner 
of administrating factors is also a challenge since the angiogenic factors supporting 
vessel formation might negatively influence the behaviour of other cultured cell types 
[33]. Thus, vascular structures of native bone tissue are extremely difficult to establish 
in vitro. The specific signals required to induce suitable vessel generation, maturation, 
and their integration with the mineralisation/osteogenic components are still not fully 
understood. Overcoming these challenges is critical to developing more 
physiologically relevant in vitro bone models with functional vascular networks, which 
will eventually improve our understanding of skeletal biology and facilitate the 
development of novel therapeutic strategies. 

 

In vitro modelling of bone formation via endochondral ossification 

Existing in vitro models primarily mimic direct osteogenesis, which limits their 
ability to fully recapitulate the natural process of long bone formation [66]. A promising 
alternative is to emulate endochondral ossification, starting with the formation of a 
cartilage template. Several research groups including ours previously succeeded in 
recapitulating endochondral ossification in a tissue engineering setting via 
subcutaneous implantation of chondrogenically-differentiated hMSCs in mice [31; 67; 
68]. We hypothesise that reconstructing such events “in a dish” with a step-by-step 
approach that gradually increases in complexity could lead us to ultimately develop 
fully in vitro endochondral bone. To date, several groups have successfully generated 
cartilage templates and achieved in vitro mineralisation [31; 69-71]. However, most 
aspects of endochondral ossification remain challenging to replicate in vitro. The 
complex interplay between mineralisation, angiogenesis and tissue remodelling has 
not been sufficiently investigated in the tissue engineering context and the effective 
incorporation of vessels in a mineralised cartilage construct is still an open challenge 
[69]. Overall, progressing beyond the stage of mineralised cartilage remains 
challenging without implantation, highlighting the need for further advancements in in 
vitro models to mimic the endochondral bone formation process. 
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AIM AND THESIS OUTLINE  

 

In vitro bone models provide us with precious tools for the study of bone biology, 
bone-related diseases, and drug development. They could help overcoming the 
problems associated with the limitations of animal models, i.e. ethical concerns and 
the high costs. The development of reliable in vitro bone models would be particularly 
instrumental for a better understanding of bone formation or loss in the context of 
disease, and for developing new treatments for incurable conditions such as bone 
metastasis. Developing such models represents however a serious challenge, due to 
the complexity of the process and the multiple cell types and interactions involved. To 
date, this challenge is still far from being overcome.  

In the work of this thesis, we take inspiration from endochondral ossification, 
the developmental process through which most bones are formed via vascularised 
cartilage, to develop in vitro models that recapitulate specific aspects of bone 
formation. We aim to gradually construct a tissue-engineered model of endochondral 
ossification that encompasses essential elements present in vivo, namely the 
mineralised cartilage matrix, a vascular network and tissue-remodelling osteoclasts. 
We focus on multiple challenges that stand before us. Firstly, the need to better 
understand and mimic cellular and tissue changes during endochondral ossification, 
starting with the chondrogenic differentiation of human mesenchymal/marrow stromal 
cells (hMSCs) and their interaction with relevant cell types, such as endothelial cells 
and osteoclasts. Secondly, the creation of a polarised three-dimensional vascular 
network in contact with the bone-forming construct. Finally, we applied an in vitro 
model of endochondral ossification to investigate cellular mechanisms involved in 
bone metastasis, a process for which relevant in vitro models are still severely lacking.  

To mimic a process in vitro appropriately, we first need to characterise how it 
normally occurs in vivo. In Chapter 2, as a starting point for our work, we characterise 
the process of hMSC-based endochondral ossification in the tissue engineering setting, 
using an established animal model. Chondrogenically differentiated cells instruct bone 
formation, but the dynamics of the process and the effect of the duration of 
chondrogenic priming have not been comprehensively described. Thus, we 
characterise the sequence of events induced by chondrogenic priming that leads to 
bone formation in vivo. Furthermore, we perform RNA sequencing studies and identify 
critical gene regulatory networks in chondrocytes that lead them to instruct tissue 
remodelling and vascularisation during bone formation. This can provide us with 
crucial knowledge to recapitulate these processes in vitro.  

Since in vivo implanted cartilage undergoes mineralisation and vascularisation, 
we next investigate how to recapitulate these processes in the in vitro setting. The pro-
angiogenic ability of tissue-engineered cartilage is already well known, but we still 
need to understand how it changes in time when the mineralisation process starts. In 
Chapter 3 we investigate how mineralisation of tissue-engineered cartilage affects its 
pro-angiogenic potential. We induce in vitro cartilage mineralisation by the addition of 
β-glycerophosphate and evaluate the effect on endothelial cell migration, proliferation 
and tube formation. By this mean, the relationship between in vitro mineralisation and 
the pro-angiogenic effect of hMSC tissue-engineered cartilage can be revealed.  

During endochondral ossification, cartilage remodelling is highly dependent on 
the catabolic activity of monocyte-derived osteoclasts and endothelial cells. In 
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Chapter 4, we aim to establish an in vitro model incorporating hMSC-derived 
mineralised cartilage, vasculature and osteoclasts. We first separately co-culture 
chondrogenic pellets undergoing mineralisation with vessels or with osteoclasts, and 
characterise these co-cultures. Eventually, we combine (mineralised) hMSC-derived 
cartilage, tissue-engineered vessels and osteoclasts in vitro, with the aim to 
recapitulate in situ osteoclastogenesis and vascular network formation during cartilage 
mineralisation.  

Finally, we aim to demonstrate that in vitro models of endochondral ossification 
can be applied to study bone-related pathological conditions, such as bone metastasis. 
In Chapter 5, we evaluate an in vitro system including a tissue engineered model of 
endochondral ossification and fluid-flow to recapitulate the migration of metastatic 
breast and melanoma cancer cells to the bone. We further investigate how in vitro 
mineralised pellets can affect the proliferation and migratory behaviour of metastatic 
cancer cells.  

In Chapter 6, the findings of this thesis are placed in a broader context, with a 
thorough examination of the challenges and perspectives related to the in vitro 
modelling of bone formation. Finally, there is an English summary in Chapter 7.  
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ABSTRACT 

 

Tissue engineering bone via endochondral ossification requires the generation 
of a cartilage template which undergoes vascularisation and remodelling. While this is 
a promising route for bone repair, achieving effective cartilage vascularisation remains 
a challenge. Here, we investigated how mineralisation of tissue-engineered cartilage 
affects its pro-angiogenic potential. To generate in vitro mineralised cartilage, human 
mesenchymal stromal cell (hMSC)-derived chondrogenic pellets were treated with β-
glycerophosphate (BGP). After optimising this approach, we characterised the 
changes in matrix components and pro-angiogenic factors by gene expression 
analysis, histology and ELISA. Human umbilical vein endothelial cells (HUVECs) were 
exposed to pellet-derived conditioned media, and migration, proliferation and tube 
formation were assessed. We established a reliable strategy to induce in vitro cartilage 
mineralisation, whereby hMSC pellets are chondrogenically primed with TGF-β for 2 
weeks and BGP is added from week 2 of culture. Cartilage mineralisation determines 
loss of glycosaminoglycans, reduced expression but not protein abundance of 
collagen II and X, and decreased VEGFA production. Finally, the conditioned medium 
from mineralised pellets showed a reduced ability to stimulate endothelial cell 
migration, proliferation and tube formation. The pro-angiogenic potential of transient 
cartilage is thus stage-dependent, and this aspect must be carefully considered in the 
design of bone tissue engineering strategies. 
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INTRODUCTION 

 

Endochondral ossification is the most common process of bone formation and long 
bone elongation. It involves the condensation of mesenchymal cells which form a 
cartilaginous template of the future bone. Over time, these cells become enlarged 
(hypertrophy), and the cartilage matrix is mineralised and remodelled. Pro-angiogenic 
factors secreted by hypertrophic chondrocytes lead to blood vessel invasion, which 
allows the homing of remodelling osteoclasts and bone-forming osteoblasts [1-3]. The 
endochondral ossification process has been reproduced in the tissue engineering 
setting by several research groups around the world as a promising strategy to 
(re)generate bone [4-8]. This involves priming cells chondrogenically in vitro, followed 
by implantation in rodents to allow mineralisation, remodelling, vascularisation and 
formation of the true bone organ to occur. To date, this approach has not yet been 
translated to the patient, partly due to the effort required to expand and prime the cells 
in vitro, as well as the long time necessary to achieve complete remodelling of the 
implanted cartilage into mature bone following implantation. Improving these aspects 
remains a significant challenge, particularly since our understanding of the kinetics of 
cartilage vascularisation and remodelling in the tissue engineering setting is still limited. 
In vitro models of the early stages of endochondral ossification are lacking, further 
limiting our ability to study how hypertrophic cartilage is remodelled and to elucidate 
the underlying crosstalk between the several cell types that take part in the process. 

The most commonly used cell type for bone tissue engineering is the marrow 
stromal cell (MSC), which is differentiated chondrogenically for as little as 7 days [9] 
to as many as 42 days [10]. After implantation of MSC-derived cartilage in an animal, 
rapid mineralisation occurs (within 7 days, unpublished data). In our previous study, 
we proposed that an adequate chondrogenic matrix and hypertrophic chondrocytes 
are the requirements for successful mineralisation and consequent bone formation [9]. 
However, vascularisation of the (mineralised) cartilage, which allows the homing of the 
cell types that can drive cartilage remodelling, is observed only much later (4 to 8 
weeks post-implantation), likely due to slow invasion of a dense and compact matrix. 
Achieving sufficient and rapid implant vascularisation is a general concern in the bone 
tissue engineering field, and various strategies have been proposed to improve 
vascularisation dynamics, such as incorporating angiogenic growth factors [11; 12] 
and including hollow channels in the constructs [13-15]. Alternatively, several studies 
have investigated the use of pre-vascularisation strategies [16-18], whereby a 
rudimentary microvasculature pre-formed in vitro undergoes anastomosis with host 
blood vessels after implantation. A better understanding of the interactions between 
vessel-forming (endothelial) cells and bone-forming constructs is required for 
improved strategies to (pre-)vascularise tissue-engineered implants in vitro or in vivo 
[19; 20]. Particularly in the field of endochondral tissue engineering, research is 
needed to identify and harness the optimal cues that could drive the rapid 
vascularisation of chondrogenic implants.  

Angiogenesis, the formation of new blood vessels from pre-existing vessel 
structures, provides the nutrients required for bone formation and growth, and for cells 
involved in bone formation such as osteoblasts and monocytes/osteoclasts. During 
endochondral ossification, several cell types including hypertrophic chondrocytes [21], 
osteoclasts [22] and septoclasts [23] produce catabolic enzymes which mediate 
extracellular matrix (ECM) proteolysis [24] and pave the way for vessel infiltration [25; 
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26]. The endothelial cells themselves secrete matrix metalloproteinases (MMPs), such 
as MMP2 and MMP9, to facilitate vessel ingrowth [27]. Much research into the function 
of angiogenesis and its modulators in endochondral ossification has been conducted, 
but mainly in connection to the production of pro-angiogenic and anti-angiogenic 
factors by hypertrophic cartilage [28-30]. Previous work from our group and others has 
demonstrated that both human patient-derived cartilage and tissue-engineered 
cartilage (chondrogenic hMSC pellets) are pro-angiogenic [31-34]. Nevertheless, how 
cartilage mineralisation may impact the pro-angiogenic potential of cartilage has not 
been broadly investigated. Increased concentrations of calcium and phosphate have 
been shown to increase oxidative stress [35] and apoptosis [36] in endothelial cells. 
Therefore, we hypothesise that the mineralisation of MSC-derived cartilage could 
impact its ability to attract endothelial cells and stimulate the formation a vascular 
network. Importantly, this may strongly affect the vascularisation of chondrogenic 
implants, which undergo rapid mineralisation after implantation and prior to or during 
vascular infiltration. Furthermore, understanding the interactions between mineralised 
cartilage and endothelial cells will be crucial for tissue engineering strategies which 
aim to induce cartilage mineralisation prior to implantation to accelerate in vivo bone 
formation. 

In this work, we aimed to investigate how in vitro mineralisation of MSC-derived 
cartilage affects its ability to stimulate endothelial cell migration, proliferation and tube 
formation. First, we aimed to setup an optimised strategy to induce the in vitro 
mineralisation of chondrogenically primed hMSC pellets. We then characterised the 
response of the pellets to mineralisation in terms of matrix changes and expression of 
angiogenic markers. Finally, we examined how cartilage mineralisation affected 
endothelial cell behaviour and the formation of microvascular networks in vitro.  

 

RESULTS 

Establishment of the Culture Protocol to Induce In vitro Mineralisation of 
Chondrogenic Pellets 

In order to establish an effective culture scheme to induce in vitro mineralisation 
of hMSC-derived chondrogenic pellets, we tested several combinations of TGF-β and 
BGP addition over 28 days of culture (Fig. 1a). For all experimental groups, TGF-β 
was added from day 0 of pellet culture to induce chondrogenesis. In the case of group 
1 (TGF (4w) + BGP (2w)), we added BGP to the chondrogenic medium from day 14, 
according to a protocol that was previously used by our group for pellet mineralisation 
[8]. Since we generally observed that with this strategy the onset of mineralisation 
does not always occur within 28 days (Fig. 1b, c; donor 2), we hypothesised that a 
briefer chondrogenic priming whereby TGF-β is removed on day 14 could facilitate 
BGP-induced mineralisation. Hence, for groups 2, 3 and 4, TGF-β administrations 
were reduced to 2 weeks and BGP was added for 2, 3 or 4 weeks, respectively (TGF 
(2w) + BGP (2w/3w/4w)). The media from the pellets were collected at different time 
points to monitor the drop in extracellular calcium concentration, which is indicative of 
calcium uptake during mineralisation (Fig. 1b). Group 1 showed a decline in 
extracellular calcium levels during week 3 in the case of donor 1, but no sign of calcium 
uptake was observed in the case of donor 2 within 28 days. Interestingly, groups 2–4 
all showed a decline in calcium levels, suggesting an increase in the uptake of calcium  
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Fig. 1. Sequential exposure to TGF-β and BGP leads to in vitro mineralisation of 
chondrogenic pellets. (a) Culture scheme of the different approaches to stimulate in 
vitro pellet mineralisation over 28 days. N = 2 hMSC donors in triplicate samples per 
time-point. (b) Longitudinal measurements of extracellular calcium levels in the culture 
medium to assess calcium uptake by the pellets over 28 days. Data were normalised 
vs. medium only and shown as average ± SD. Error bars denote standard deviation. 
(c) Von Kossa-stained histological sections of the pellets subjected to the different 
mineralisation protocols (3 pellets/condition from 2 hMSC donors on day 21 and 28 of 
culture). (d) Quantification of the mineralised area using Von Kossa-stained 
histological sections. Data are presented as average ± SD (N = 2 hMSC donors). * 
0.01< p < 0.05, ** 0.01< p < 0.001, *** p < 0.001. 
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Fig. 2. Effect of BGP-induced mineralisation on GAG production and cell 
viability. (a) Culture scheme of chondrogenic (TGF-β (4w)) and mineralised pellets 
(TGF-β (2w) + BGP). A third group whereby TGF-β is withdrawn on day 14 but BGP 
is not added was included to account for potential effects caused by TGF-β withdrawal 
and unrelated to BGP. (b) Longitudinal measurements of extracellular calcium levels 
in the culture medium to assess calcium uptake by the pellets over 28 days. Data are 
normalised vs. medium only and shown as average ± SD. (c) Von Kossa-stained 
histological sections of the pellets of the BGP-treated group. Groups treated with TGF-
β only did not exhibit any staining (Fig. S2). (d) Quantification of the mineralised area 
using Von Kossa-stained histological sections. Data are shown as average ± SD (N = 
3 hMSC donors). (e) Representative images of the thionine staining of the pellets for 
the different experimental groups for donor 3. (f) Quantification of GAG content in 
pellet lysates by DMB assay. Data are shown as average ± SD (N = 3 hMSC donors). 
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(g) Flow cytometry-based live/dead assay of the pellets on day 14 and day 28 of 
culture. Data in the bar graph indicate the % of dead cells in the pellets and are shown 
as average ± SD (2–3 replicates per group per time point). Representative FACS plots 
are reported on the right. ** 0.01< p < 0.001, *** p < 0.001. 

 

by the pellets, within 4 weeks of culture for both donors. Of note, group 3 showed more 
consistency overall in terms of early onset of mineralisation among the two donors. 
Von Kossa staining of the pellets at day 21 and 28 indicated very limited (donor 1) to 
no mineralisation (donor 2) for the TGF (4w) +BGP (2w) group within 28 days (Fig 1c, 
d). Groups 2–4 showed an overall larger mineralised region, mainly in the peripheral 
area of the pellets. In agreement with the calcium uptake results, we found slightly 
accelerated or more intense deposition of minerals in the case of the group 3. Thus, 
the culture scheme of group 3 (TGF (2w) + BGP (3w)) was selected for all subsequent 
experiments.  

 

BGP-Driven Mineralisation Induces Cell Death and Matrix Changes in 
Chondrogenic Pellets 

We next investigated how mineralisation of chondrogenic pellets affects cell 
viability and matrix components. Importantly, these aspects may significantly impact 
the pro-angiogenic potential of cartilage. To answer these questions, we subjected 
pellets from 3 hMSC donors to the optimised mineralisation protocol and performed 
von Kossa staining, thionine staining, DMB assay and Live/Dead FACS assay 
throughout differentiation. To discriminate the effect of BGP-induced mineralisation 
from the effect of TGF-β withdrawal, control pellets were cultured with TGF-β for 2 
weeks, and the factor was then removed from the medium for the last 2 weeks without 
BGP addition (TGF (2w) condition) (Fig. 2a). As expected, calcium uptake 
measurements and von Kossa staining showed that BGP addition induced consistent 
pellet mineralisation (Fig. 2b–d; Fig. S2), starting of mineral deposits in the pellets was 
detected from day 14, and further progressed afterwards; donor 5 showed slower and 
more limited mineralisation (Fig 2c, d). H&E staining of the pellets further evidenced 
hypertrophic chondrocytes embedded in the calcified matrix of BGP-treated pellets 
(Fig. S3.). Thionine staining of the pellets and a DMB assay performed on the pellet 
lysates showed that glycosaminoglycans (GAGs) accumulated over time in the matrix 
of chondrogenic pellets from week 2–3 of culture for all donors. In the case of donors 
3 and 4, the presence (TGF (4w)), and this was not significantly affected by the 
removal of TGF-β after 2 weeks of culture (TGF (2w)) (Fig 2e,f). In the case of 
mineralised pellets (TGF (2w) + BGP), the GAG content was significantly decreased 
at all time-points (Fig 2f). During endochondral ossification, most hypertrophic 
chondrocytes in mineralised cartilage undergo apoptosis. Hence, we next aimed to 
quantify the number of viable cells in mineralised pellets. The live/dead FACS assay 
showed that on day 14, chondrogenic and mineralised pellets exhibited a low % of 
dead cells (TGF (4w): 5.69 ± 4.21%; TGF (2w) + BGP: 9.58 ± 7.93%). On day 28, 
mineralised pellets exhibited an increased ratio of dead cells (TGF (2w) + BGP: 34.73 
± 8.08%) when compared to chondrogenic pellets (TGF (4w): 8.47 ± 1.00%; TGF (2w): 
7.29 ± 0.58%) (Fig 2g, bar graph). 
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Fig. 3. Effect of in vitro mineralisation on collagen expression and accumulation 
in the pellets. (a) Representative images of the collagen type II (Col II) 
immunohistochemical staining of the pellets. (b) Representative images of the 
collagen type X (Col X) immunohistochemical staining of the pellets. (c) COL2A1 
mRNA expression determined by qRT-PCR. (d) COL10A1 mRNA expression 
determined by qRT-PCR. B2M was used as the housekeeper gene. Data are 
presented as average ± SD (N = 3 hMSC donors). * 0.01< p < 0.05, ** 0.01< p < 0.001, 
*** p < 0.001. 

 

To further investigate changes in the cartilage matrix, immunohistochemistry and 
gene expression analysis for collagen type II and X were performed. TGF-β induced 
abundant collagen type II and X production and accumulation during chondrogenesis, 
which was maintained in the last 2 weeks of culture regardless of the presence of TGF-
β in the culture medium (Fig 3a, b). Mineralised pellets did not exhibit major qualitative 
differences in collagen type II or X staining when compared with the other conditions. 
Further gene expression analyses showed that the mRNA expression of COL2A1 and 
COL10A1 was significantly reduced upon BGP-induced mineralisation, particularly at 
day 21 and 28 of culture (Fig 3c, d). A similar trend was observed for the osteogenic 
markers RUNX2 and COL1A1 (Fig. S4). 

In summary, our data show that BGP-induced mineralisation leads to specific 
changes in chondrogenic pellets, namely increased cell death, loss of GAGs and 
reduced expression but not protein abundance of collagen type II and X.  
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Fig. 4. Assessment of the angiogenic potential of in vitro mineralised pellets. (a) 
MMP13 and VEGFA mRNA expression was determined by qRT-PCR. B2M was used 
as the housekeeper gene (N = 3 hMSC donors). (b) ELISA-based quantification of 
secreted VEGFA in the CM of chondrogenic and mineralised pellets over time (N = 3 
hMSC donors). (c) Transwell migration assay performed with HUVECs exposed to the 
CM of the pellets. Representative images of migrated cells are shown. The graph 
displays the normalised number of migrated cells per field (vs. TGF (4w) day 7) (N = 
3 hMSC donors). (d) dEdU proliferation assay performed with HUVECs exposed to 
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the CM of the pellets. The graph displays the normalised EdU-positive cells per field 
(vs. TGF (4w) day 7 (N = 3 hMSC donors). (e) 3D tube formation assay in fibrin 
hydrogel performed using the CM from chondrogenic (TGF (4w)) and mineralised 
(TGF (2w) + BGP) groups from donor 3. Representative z-stack images obtained by 
confocal microscopy are shown. The graph displays the average VLD values per 
condition. All data are presented as average ± SD. * 0.01< p < 0.05, ** 0.001< p < 
0.01, *** p < 0.001. 

 

In vitro Mineralisation Reduces the Pro-Angiogenic Potential of Chondrogenic 
Pellets 

To gain insight into how cartilage mineralisation may potentially affect vessel 
attraction and invasion, we next performed multiple experiments to examine the 
angiogenic potential of in vitro mineralised pellets. First, we quantified MMP13 and 
VEGFA mRNA expression levels in hMSC-derived chondrocytes during in vitro 
mineralisation due to the relevance of these factors to matrix remodelling and 
angiogenesis during endochondral ossification. The TGF (2w) and TGF (2w) + BGP 
groups exhibited significantly lower VEGFA and MMP13 expression on day 21 
(VEGFA) and 28 (VEGFA, MMP13) when compared to TGF (4w), suggesting that 
TGF-β supplementation is necessary to sustain their expression (Fig. 4a). While TGF-
β withdrawal caused a significant decrease in VEGFA release in the medium, the 
effect was further anticipated and exacerbated by BGP-induced mineralisation (Fig. 
4b). Next, endothelial cell migration and proliferation assays were performed to 
investigate how HUVEC behaviour was affected by the CM from the pellets. The 
withdrawal of TGF-β from chondrogenic pellets (TGF (2w) group) led to decreased 
HUVEC migration in comparison to (4w) group on day 28 (Fig. 4c). In the case of 
mineralised pellets (TGF (2w) + BGP group), an inhibitory effect on cell migration was 
already observed for CM derived from day 21 pellets. Regarding HUVEC proliferation, 
there was no effect due to the withdrawal of TGF-β, while BGP-induced mineralisation 
resulted in significantly decreased proliferation levels compared with the other groups 
on day 21 and 28 (Fig. 4d). Finally, to further validate the overall reduction in the pro-
angiogenic potential of mineralised cartilage, we applied a model of 3D vascular 
network formation in fibrin hydrogels in the presence of CM. Here, we compared the 
effect of CM from TGF (4w) and TGF (2w) + BGP pellets at day 14 and day 28 on 
vessel length density (VLD) (Fig. 4e). In the case of day 14 CM, we observed similar 
VLDs for TGF (4w) and TGF (2w) + BGP groups (17.86 ± 0.38 and 17.52 ± 0.23 
mm/mm2, respectively). However, hydrogels cultured with CM derived from day 28 
mineralised pellets exhibited lower VLD when compared to the day 28 TGF (4w) group 
(19.12 ± 0.35 and 13.41 ± 1.23 mm/mm2, respectively) (Fig. 4e). 

In conclusion, our data show that the ability of chondrogenic pellets to induce 
endothelial cell migration, proliferation and tube formation is strongly reduced upon 
prolonged cartilage mineralisation. 
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DISCUSSION 

 
In this study, we investigated the changes in angiogenic potential that occur during 

the mineralisation of hMSC-derived cartilage. While the pro-angiogenic potential of 
tissue-engineered cartilage is well documented [4; 31; 32], the manner in which 
mineralisation specifically affects angiogenesis still requires investigation. Here, we 
optimised an in vitro strategy to induce the mineralisation of hMSC-derived 
chondrogenic pellets and characterised the cellular and matrix changes that occur 
overtime. Our data show that cartilage mineralisation leads to a strong reduction in the 
ability of tissue-engineered cartilage to stimulate migration, proliferation, and network 
formation by endothelial cells. These findings suggest that mineralisation itself is not 
one of the major factors in driving blood vessels to infiltrate cartilage during 
endochondral ossification, but may instead significantly delay vascularisation 
processes, at least in vitro.  

We first focused on establishing a reliable culture method to introduce 
mineralisation in chondrogenic pellets. Previously published protocols for in vitro 
mineralisation often require the use of multiple culture media and/or prolonged culture 
periods (4–6 weeks) due to the induction of mineralisation after prolonged maturation 
of the chondrogenic template [4; 6; 8; 10; 37-39]. Since there is evidence that TGF-β 
can inhibit mineralisation [40-42], we here withdrew TGF-β from the pellets after 2 
weeks of culture, and showed that this does not negatively affect the cartilage matrix 
or the expression of matrix-related genes. 

Furthermore, previous studies from our group have shown that 7 days of 
chondrogenic priming are sufficient to achieve cartilage mineralisation and bone 
formation after subcutaneous implantation of the pellets [9]. Therefore, we started 
adding BGP from day 7 of chondrogenesis. We succeeded in inducing the 
mineralisation of hMSC pellets as early as day 14. Interestingly, the region of 
mineralisation normally originates from the edge of pellets in our studies. This is 
consistent with previous in vitro mineralisation studies and may to some extent mimic 
the formation of the bone collar on the border of the cartilage rudiment during 
endochondral ossification [43]. These cells produce ECM to form the osteoid structure 
and also aggregate calcium phosphate to form hydroxyapatite [44]. Previously, we 
have observed that normally the same peripheral area of chondrogenic pellets 
undergoes bone formation after in vivo transplantation, leading to the generation of a 
ring of bone tissue [45]. The reason for this spatial difference in the distribution of 
mineral deposits and bone formation is not fully understood. Some possible 
explanations are the gradient in the diffusion of nutrients, growth factors and oxygen, 
as well as intrinsic heterogeneity in cellular populations within the pellets. Application 
of spatial omics approaches to these experimental models may provide further insights 
into the cellular processes underlining cartilage mineralisation and bone formation 
during endochondral ossification.  

In vitro cartilage mineralisation led to specific changes in matrix components. 
While collagen II and X protein expression was well maintained overall, the mRNA 
expression of collagens and RUNX2 was reduced after prolonged mineralisation. This 
is not surprising, since hypertrophic chondrocytes generally exhibit high expression of 
osteogenic markers, even in the absence of active mineralisation. The decrease in the 
expression of genes encoding for matrix and osteogenic factors may be due to an 
overall transition from an anabolic (chondrogenic) stage to a “remodelling” stage, 
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which is consistent with the fact that in vivo mineralised cartilage is infiltrated by blood 
vessels and gradually resorbed. At this stage, downregulation in the expression of 
these genes may occur. Alternatively, the downregulation of these factors may be 
related to the limitation of in vitro models, wherein only a limited number of cell types 
can be included and not all cellular crosstalk can be captured. BGP-induced 
mineralisation further led to a strong decrease in GAGs in the matrix from day 21 of 
culture. The fact that chondrogenic pellets from which TGF-β was withdrawn after 14 
days did not show GAG loss indicates that this process was related to BGP-driven 
mineralisation. During the early stages of endochondral ossification, GAGs are 
abundantly present in the matrix around hypertrophic chondrocytes. It has previously 
been shown that negatively charged GAGs could inhibit hydroxyapatite formation [46-
49], and the cartilage matrix thus needs to be degraded for endochondral ossification 
to proceed. With the expansion of the mineralisation border, the ECM containing 
collagen I will be calcified. Meanwhile, the protein components of the proteoglycans 
will be finally degraded by enzymes such as matrix metalloproteases (MMPs) and 
aggrecanases produced by the hypertrophic chondrocytes themselves [50]. Viable 
chondrocytes also play a direct role in maintaining GAGs [51] and the overall matrix 
integrity. In this study, we found that high levels of cell death occurred at the late time-
point of in vitro mineralisation (day 28). While few hypertrophic chondrocytes can 
transdifferentiate into osteoblasts during endochondral ossification, most late 
hypertrophic chondrocytes will undergo apoptosis and be removed from the cartilage 
template [52]. The increased levels of Pi and Ca2+ at the mineralisation front could 
locally induce chondrocyte apoptosis. Mansfield et al. showed that this ion pair can 
induce chondrocyte death by causing an increase in reactive oxygen species (ROS), 
which can initiate the induction of apoptosis [53]. Accordingly, studies on rickets, a 
disorder associated with failure of endochondral ossification and impaired 
mineralisation, have shown that hypophosphatemia leads to enlarged late 
hypertrophic chondrocytes and diminished cell death due to reduced caspase 
activation in the presence of lower Pi levels [54; 55]. Whether and to what extent these 
or other mechanisms mediate chondrocyte death during in vitro mineralisation remains 
to be clarified. 

Prolonged in vitro mineralisation strongly diminished the pro-angiogenic potential 
of hMSC-derived cartilage, as demonstrated by the proliferation and migration assay 
performed with HUVECs exposed to conditioned media from the pellets. The 
withdrawal of TGF-β itself led to a drop in the production of VEGFA by the pellets and 
a reduction in their ability to stimulate HUVEC migration. TGF-β has a variety of 
biophysical effects on MSCs [56; 57], and it was reported that angiogenic factors, such 
as hepatocyte growth factor (HGF), angiogenin (ANG) or VEGFA, can be released 
from MSCs exposed to TGF-β [31; 32; 45; 57]. BGP-driven mineralisation further 
exacerbated this loss of pro-angiogenic potential. It is likely that cell death occurring 
after prolonged mineralisation contributed to the reduction in VEGFA secretion. The 
reduction of VEGFA in (normalised) gene expression levels also indicate reduced 
VEGFA expression in each cell. Furthermore, TGF (2w) pellets did not show increased 
cell death, but exhibited decreased VEGF expression and secretion. In conclusion, it 
is likely that both cell death and cellular downregulation of angiocrine expression and 
secretion contributed to the reduced stimulatory effect of mineralised cartilage on 
endothelial cell migration and proliferation.  

When we performed a 3D vascular network formation assay in fibrin hydrogel, no 
significant difference in vascular network formation was found in the case of the 
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conditioned medium from chondrogenic and mineralised pellets on day 14. Since the 
VEGFA level already dropped on day 14 in the presence of BGP, it is likely that 
additional secreted factors may still be able to support vessel network formation. 
Nevertheless, the pro-angiogenic effect was again lost after prolonged mineralisation. 
While our data clearly show a negative impact of mineralisation on endothelial cell 
migration, proliferation and tube formation, further research should aim to untangle the 
exact mechanisms by which secreted factors from (mineralised) cartilage regulate 
endothelial cell differentiation and tube formation. Furthermore, it is important to 
consider that the use of a conditioned medium can only recapitulate unidirectional 
cellular interactions mediated by secreted factors, and future studies will be necessary 
to explore the additional mechanisms by which mineralisation can impact 
angiogenesis. In this work, we focused our attention on the very initial stages of 
angiogenesis during endochondral ossification, whereby new vessels form and grow 
towards a mineralising cartilage template. The later infiltration of blood vessels into the 
cartilage template with the formation of a vascularised marrow niche is likely heavily 
dependent on local and direct cell contact [58; 59]. To completely address these 
phenomena, experimental models with direct contact between the matrix and forming 
vessels will be needed, so that the processes of matrix remodelling and vascular 
infiltration can be further studied.  

Tissue-engineered grafts using MSCs hold a great deal of promise for bone 
regeneration, but achieving sufficient graft vascularisation is still a concern. While 
there is abundant evidence that such an issue can be overcome by inducing bone 
formation via the endochondral pathway, translating this approach to patients will 
require addressing the issues of prolonged in vitro handling and relatively slow in vivo 
bone formation. In recent years, extensive research efforts have been directed 
towards developing tools to minimise the time required for priming the cells and 
achieving graft vascularisation after implantation. Nevertheless, ideal strategies that 
can at the same time support rapid angiogenesis and MSC-mediated tissue production 
are still under investigation. The results of our study show that cartilage mineralisation 
in the tissue engineering setting may be a crucial process counteracting the pro-
angiogenic potential of cartilage. Strategies attempting pre-mineralisation of the 
chondrogenic constructs (prior to implantation) should be handled with care. Whether 
it is possible to “engineer” the mineralisation process by providing further cues that 
can sustain angiogenesis is a relevant question for the future. In this regard, suitable 
in vitro models to answer this and other fundamental questions on the processes of 
endochondral bone formation are still lacking. Several co-culture systems with MSCs 
and endothelial cells or endothelial progenitor cells (EPCs) have been established [20], 
and these models can be applied to study how cellular interactions can affect specific 
osteogenic and angiogenic properties. However, further bone or vascular 
development of the tissue-engineered constructs still has to be achieved with in vivo 
transplantation [60-62], which poses challenges related to the controllability of the 
models. Particularly, to recapitulate the processes of cartilage remodelling, 
mineralisation and angiogenesis in a coordinated manner in vitro, more complicated 
models are needed. This not only relates to the process of blood vessel formation and 
physical interactions with the mineralised matrix, but also to the presence of additional 
cell types that may directly intervene in these processes, such as osteoclasts and 
macrophages. The outcomes of our study provide relevant knowledge for the 
development of such models, in particular concerning the coordination of cartilage 
formation, mineralisation and angiogenesis. 
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CONCLUSIONS 

In conclusion, we established a reliable strategy to induce mineralisation of 
hMSC-derived cartilage in vitro and characterised tissue changes on both a cellular 
and histological level. We showed that mineralisation leads to a progressive decrease 
in the ability of tissue-engineered cartilage to stimulate endothelial cell migration, 
proliferation and tube formation. These data indicate that the pro-angiogenic potential 
of hypertrophic and mineralising cartilage may be strictly stage-dependent, and these 
features represent a crucial aspect to consider in the design of bone tissue-
engineering strategies. Finally, our study can act as the basis for development of more 
sophisticated in vitro models to recapitulate and study the vascularisation of 
mineralised cartilage during endochondral ossification. 
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MATERIALS AND METHODS 

Cell Culture 
Human mesenchymal stromal cells (hMSCs) from human bone marrow were used 

to generate chondrogenic and mineralised pellets (N = 5 donors in total). Donors 1–2 
were used to optimise the protocol of in vitro mineralisation. Donors 3–5 were 
subjected to a time-course analysis to study the effect of mineralisation on the ability 
of tissue-engineered cartilage to stimulate endothelial cell migration, proliferation and 
tube formation. The cells were isolated from leftover materials obtained from paediatric 
patients undergoing alveolar bone graft surgery (5 male patients, age 9–12 years). All 
samples were harvested after informed consent and with the approval of the Medical 
Ethics Review Committee at Erasmus MC University Medical Center Rotterdam, The 
Netherlands (MEC2014-106). Cells were plated in alpha minimum essential medium 
(αMEM, ThermoFisher, Waltham, USA) containing 10% v/v heat inactivated foetal 
bovine serum (FBS, Sigma-Aldrich, St. Louis, USA) and supplemented with 50 µg/mL 
gentamicin (ThermoFisher, Waltham, USA), 1.5 µg/mL Amphotericin B (ThermoFisher, 
Waltham, USA), 25 µg/mL ascorbic acid 2-phosphate (Sigma-Aldrich, St. Louis, USA), 
1 ng/mL fibroblast growth factor-2 (Instruchemie B.V., Delfzijl, The Netherlands) and 
Amphotericin B/gentamicine (F/G, ThermoFisher, Waltham, USA), with a seeding 
density of 2300 cells/cm2, in T175 flasks. After 24 h, flasks were washed to remove 
non-adherent cells and debris, and the medium was renewed. Cells were cultured in 
a humidified atmosphere at 37 °C and 5% carbon dioxide (CO2), and the medium was 
changed twice a week. hMSCs were subcultured once 85–90% confluence was 
reached, using 0.05% w/v trypsin (ThermoFisher, Waltham, USA), and replated at a 
density of 2300 cells/cm2. Cells were expanded until passage 2–3 for pellet formation. 

Adipose-derived stromal/stem cells (ASCs) were co-cultured with endothelial cells 
for the generation of a 3D vascular network. The cells were isolated from human 
adipose tissue obtained from one healthy patient undergoing plastic surgery after 
informed consent and approval from the Ethical Committee of the Basel University 
Hospital (Ethikkommission beider Basel [EKKB], Ref. 78/07). The adipose tissue was 
minced and digested with 0.15% w/v collagenase (Worthington Biochemical 
Corporation, Lakewood, USA) in phosphate-buffered saline (PBS) at 37 °C under 
continuous shaking for 60 min. After centrifugation at 1500 rpm for 10 min, the lipid-
rich layer was discarded and the cellular pellet was washed once with PBS. Released 
cells were strained through a 100-μm strainer to remove fibrous debris. Cells were 
plated in T175 flasks at the density of 10,000 cells/cm2. High-glucose Dulbecco’s 
modified Eagle’s medium (ThermoFisher, Waltham, USA) with 10% v/v heat 
inactivated foetal bovine serum (Sigma-Aldrich, St. Louis, USA), 1% HEPES 
(ThermoFisher, Waltham, USA), 1% glutamine solutions, 1% penicillin/streptomycin 
(P/S, ThermoFisher, Waltham, USA) and 5 ng/mL fibroblast growth factor-2 (FGF-2, 
R&D System, Minneapolis, USA) were used for cell culture. Cells were expanded until 
passage 1 for experiments. 

Human umbilical vein endothelial cells (HUVECs) were purchased from Promocell 
(C-12203; pooled donors) and expanded until passage 4 with a seeding density of 
nearly 3300 cells/cm2. Endothelial cell growth medium-2 (EGM2, Promocell, Huissen, 
The Netherlands or Lonza, Basel, Switzerland) was used for HUVEC expansion. The 
medium was changed twice a week. Cells were subcultured when 85–90% confluence 
was reached, until passage 4 or 5. 
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Generation and In vitro Differentiation of hMSC Pellets 
200,000 hMSCs were resuspended in 500 μL of complete chondrogenic medium 

[high-glucose Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 50 
µg/mL gentamicin (ThermoFisher, Waltham, USA), 1.5 µg/mL Amphotericin B 
(ThermoFisher, Waltham, USA), 1 mM sodium pyruvate (ThermoFisher, Waltham, 
USA), 40 µg/mL proline (Sigma-Aldrich, St. Louis, USA), 1:100 v/v insulin-transferrin-
selenium (ITS+; BD Biosciences, Franklin Lakes, USA), 10 ng/mL transforming growth 
factor-β3 (TGF-β3, R&D System, Minneapolis, USA), 25 µg/mL L-ascorbic acid 2-
phosphate (Sigma-Aldrich, St. Louis, USA) and 100 nM dexamethasone (Sigma-
Aldrich, St. Louis, USA)] in 15 mL-polypropylene tubes and centrifuged for 8 min at 
200× g. After 24 h of culture, the tubes were gently tapped to dislodge the pellets, 
which were further cultured in a humidified atmosphere at 37 °C in 5% CO2 for up to 
28 days. To induce mineralisation of chondrogenic pellets, 10 mM β-
Glycerophosphate (BGP, Sigma-Aldrich, St. Louis, USA) was added to the culture 
medium, according to the different culture schemes reported in Fig. 1a.  

 
Calcium Uptake Assay 

The mineralisation of chondrogenic pellets was monitored during culture by 
determining the calcium uptake from the medium. To monitor calcium uptake by the 
pellets, 100 μL of supernatant was collected from 3 pellets for each condition twice a 
week, and the calcium concentration was calculated using a standard curve of 0–3.0 
mM CaCl2 (Sigma-Aldrich, St. Louis, USA) in calcium-free DMEM (ThermoFisher, 
Waltham, USA). In a 96-well plate, 100 μL of reagent [1:1 of reagent 1 (1M 
ethanolamine pH 10.5 (Sigma-Aldrich, St. Louis, USA)) and reagent 2 (0.35 mM o-
cresolphthalein complexone (Sigma-Aldrich, St. Louis, USA), and 19.8 mM 8-
hydroxyquinoline (Sigma-Aldrich, St. Louis, USA), 0.6 M hydrochloric acid)] were 
added to 10 μL medium or standard. The assay is based on the reaction between Ca2+ 
in the culture medium, and o-Cresophthalein complexone in an alkaline solution. This 
produces a purple-pink colour that was measured at 570 nm on a Versamax 
spectrophotometer. A standard curve generated with samples with known Ca2+ 
concentration (standards) was used to calculate the concentration of experimental 
samples by interpolation. Samples consisting of medium only (no pellets) were taken 
during culture and used as a blank for data normalisation. 

 
Generation of Conditioned Medium from hMSC Pellets 

At time points 7, 14, 21 and 28 days, the culture medium of pellets was renewed. 
Then, 24 h later, the pellets were washed with PBS three times and incubated with 
basal medium (high-glucose DMEM supplemented with 50 µg/mL gentamicin 
(Thermofisher, Waltham, USA), 1.5 µg/mL Amphotericin B (Thermofisher, Waltham, 
USA), 0.1% w/v bovine serum albumin (Sigma-Aldrich, St. Louis, USA), and 0.1 mM 
L-ascorbic acid 2-phosphate (Sigma-Aldrich, St. Louis, USA) for 24 h (37 °C and 5% 
CO₂). After 24 h, the conditioned medium (CM) of 16 pellets per condition was 
collected and pooled, and cell debris was removed by centrifugation at 700× g for 8 
min at 4 °C. The same procedure was performed with basal medium without pellets to 
generate a non-conditioned medium (negative control). All the media were stored at 
−80 °C until use. 
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Live/Dead Flow Cytometry Assay  
To evaluate cell viability, pellets were collected for live/dead fluorescence-

activated cell sorting (FACS) assay. hMSC pellets were incubated with 3 mg/mL 
collagenase A (Sigma-Aldrich, St. Louis, USA) and 1.5 mg DNase I (Sigma-Aldrich, 
St. Louis, USA) in RPMI-1640 media (ThermoFisher, Waltham, USA) containing 5% 
FBS, at 37 °C for 90 min. After incubation, the cell suspension was filtered through a 
100-µm cell strainer to remove the pellet debris, and centrifuged at 400× g for 5 min. 
One vial of fluorescent reactive dye (Component A) and 50 μL of anhydrous DMSO 
(Component B) from the LIVE/DEAD™ Fixable Dead Cell Stain Kit (ThermoFisher, 
Waltham, USA) were mixed. PBS was used to wash and resuspend cells, and cell 
numbers were adjusted to the density of 1 × 106 cells/mL by cell counting and PBS. 1 
μL of the reconstituted fluorescent reactive dye was mixed with 1 mL of the cell 
suspension. After 30 min incubation in the dark, cells were analysed with a FACS Jazz 
cell sorter (Becton Dickinson, Franklin Lakes, USA), and the results were processed 
with FlowJo software version 10.0.7 (FlowJo LLC, Ashland, USA).  

 
Histological Analysis 

hMSC pellets were fixed overnight in 4% formalin prior to dehydration and paraffin-
wax embedding. Sections 6 μm thick were cut from all samples. Slides were 
deparaffinised with xylene and then rehydrated with ethanol gradients. Cell 
morphology was assessed by haematoxylin and eosin (H&E) staining. To evaluate 
mineralisation, von Kossa staining was performed. Slides were washed with distilled 
water and immersed in a silver nitrate solution (Sigma-Aldrich, St. Louis, USA) for 10 
min under a desk light (>60 W). Then, 5% sodium thiosulphate (Sigma-Aldrich, St. 
Louis, USA) was used to remove unreacted silver nitrate. Finally, the slides were 
mounted with mounting solution (VectaMount, Vector Laboratories, Newark, USA) and 
enclosed with coverslips. The staining was quantified by a computerised video 
camera-based image analysis system (NIH, USA ImageJ software, public domain 
available at: http://rsb.info.nih.gov/nih-image/) under brightfield microscopy and 
expressed as % of mineralised area (3 sections/pellet at different depths). For the 
evaluation of matrix glycosaminoglycan (GAG), thionine staining was performed. 
Deparaffinised slides were stained with 0.4% thionine (Sigma-Aldrich, St. Louis, USA) 
in 0.01 M aqueous sodium acetate (Sigma-Aldrich, St. Louis, USA), pH 4.5, for 5 min. 
Then, slides were immersed in 70% ethanol (10 s), 96% ethanol (30 s), 100% ethanol 
(1 min), and xylene (twice for 1 min) for differentiating the staining. Finally, the slides 
were mounted with mounting solution (VectaMount, Vector Laboratories, Newark, 
USA) and coverslips. 

Immunocytochemistry for collagen type II and X was employed to evaluate 
collagens in the matrix of the pellets. For antigen retrieval, slides were treated with 
0.1% pronase (Sigma-Aldrich, St. Louis, USA) at 37 °C for 30 min for collagen type II; 
for collagen type X, pepsin 1 mg/mL in 0.5 M acetic acid pH 2 for 2 h at 37 °C was 
used for this step. Afterwards, for both types of staining, 10 mg/mL hyaluronidase 
(Sigma-Aldrich, St. Louis, USA) in PBS was applied to improve antibody penetration, 
at 37 °C for 30 min. Then, samples were incubated with 10% normal goat serum 
(Southern Biotech, Birmingham, USA) in PBS with 1% BSA (ThermoFisher, Waltham, 
USA). Slides were subsequently incubated with either mouse monoclonal 1:100 1st 
antibody against collagen type II (DSHB, 0.4 μg/mL stock) or 1:100 collagen type X (5 
μg/mL stock, ThermoFisher, Waltham, USA) overnight. The slides were then 
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incubated with a biotinylated 1:100 goat-anti-mouse antibody (Biogenex, Fremont, 
USA) for 30 min followed by an incubation with 1:50 streptavidin-AP (Biogenex, 
Fremont, USA). Staining was revealed by incubation with New Fuchsin substrates 
(Chroma, 1 g/25 mL with 2M HCl). Finally, the slides were mounted with mounting 
solution (VectaMount, Vector Laboratories, Newark, USA) and coverslips.  

 
Glycosaminoglycan (GAG) Quantification 

The pellets were digested using 1 mg/mL Proteinase K, 1 mM iodoacetamide, 10 
µg/mL Pepstatin A in 50 mM Tris, 1 mM EDTA buffer (250 μL) (pH 7.6; all Sigma-
Aldrich, St. Louis, USA) for 16 h at 56 °C, followed by Proteinase K inactivation at 
100 °C for 10 min. To determine the amount of DNA, the cell lysates were treated with 
0.415 IU/mL heparin and 1.25 µg/mL RNase for 30 min at 37 °C, followed by addition 
of 0.375 µL CYQUANT GR solution (ThermoFisher, Waltham, USA). The samples 
were analysed using a SpectraMax Gemini plate reader with an excitation of 480 nm 
and an emission of 520 nm. As a standard, DNA sodium salt from calf thymus (Sigma-
Aldrich, St. Louis, USA) was used. To determine the amount of GAG, the cell lysates 
were diluted in PBS supplemented with 10 mM EDTA (pH 6.5) to a volume of 50µL 
and mixed with 200 µL of 32 mg/L 1,9-dimethylmethylene blue (DMB, Sigma-Aldrich, 
St. Louis, USA) in 0.04 M Glycin, 0.04 M NaCl pH 3.0. Then the absorbance was 
measured on a Versamax microplate reader at 590 nm and 530 nm. A 530:590 nm 
ratio was used to determine the glycosaminoglycan concentration. As a standard, 
chondroitin sulphate sodium salt from shark cartilage (Sigma-Aldrich, St. Louis, USA) 
was used. 

 
Gene Expression Analysis 

The pellets were manually homogenised with a pestle in 350 μL RNAstat (Tel-Test, 
Inc., Alvin, USA). Then, 70 μL chloroform (Sigma-Aldrich, St. Louis, USA) was added 
and thoroughly mixed. Following a 10 min incubation at room temperature and phase 
separation at 10,000× g for 15 min, the aqueous phase was collected, mixed with an 
equal volume of 70% v/v ethanol and loaded onto an RNeasy® micro kit column 
(Qiagen, Hilden, Germany). RNA was isolated and purified following manufacturer’s 
instructions. cDNA was reverse transcribed as per the manufacturer’s instructions, 
using the First Strand cDNA Synthesis Kit (Thermo Fisher, Waltham, USA). The 
expression of the genes of interest was quantified using qPCR with a Bio-Rad CFX96 
Real-Time PCR detection system (Bio-Rad), with either TAQman (ThermoFisher, 
Waltham, USA) or SYBR-green-based chemistry (ThermoFisher, Waltham, USA). The 
target genes were COL2A1 (forward: 5′-GGCAATAGCAGGTTCACGTACA-3′, 
reverse: 5′-CGATAACAGTCTT GCCCCACT T-3′, and FAM-TAMRA-COL2A1-probe: 
5′-CCGGTATGTT TCGTGCAGCCATCCT-3′), COL10A1 (forward: 5′-CAAGGCACCA 
TCTCCAGGAA-3′, reverse: 5′-AAAGGGTATTTGTGGCAGCATATT-3′, and FAM-
TAMRA-COL10A1-probe: 5′-TCCAGCACGCAGAATCCATCT GA-3′), MMP13 
(forward: 5′-AAGGAGCATGGCGACTTCT-3′, reverse: 5′-TGGCCCAGGAGGAAAAG 
C-3′, and FAM-TAMRA-MMP13 probe: 5′-CCCTCTGGCCTGCGGCTCA-3′), VEGFA 
(forward: 5′-CTTGCCTTGCTGCTCTACC-3′, reverse: 5′-CACACAGGATGGCTTGA 
AG-3′), RUNX2 (forward: 5′-ACGTCCCCGTCCATCCA-3′, reverse: 5′-TGGCAGTG 
TCATCATCTGAAATG-3′, and FAM-TAMRA- RUNX2-probe: 5′- ACTGGGCTTC 
TTGCCATCACCGA-3′), and COL1A1 (forward: 5′-CAGCCGCTTCACCTACAGC-3′, 
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reverse: 5′-TTTTGTATTCAATCACTGTCTTGCC-3′, and FAM-TAMRA-COL1A1-
probe: 5′- CCGGTGTGACTCGTGCAGCC ATC-3′). B2M (forward: 5′-TGCTC 
GCGCTACTCTCTCTTT-3′, reverse: 5′-TCTGCTGGATGACGTGAGTAAAC-3′) was 
selected for normalisation after evaluation of 3 different housekeeping genes. The 
expression data were analysed by the 2−ΔCT method. 

 
Cell Proliferation Analysis 

To measure HUVEC proliferation, 2.5 × 103 cells/cm2 were seeded in 48-well 
plates in 300 μL EGM2. After 24 h, the medium was replaced with a mix of 150 μL 
EBM and 150 μL pellet-derived CM (1:1). Non-conditioned medium + EBM was used 
as negative control. 10 mM dEdU (BaseClick GmbH, Munich, Germany) was added 
to label the DNA of replicating cells. After 24 h, the cells were washed three times with 
PBS and fixed with 4% formalin for 5 min. The EdU label was then revealed according 
the protocol provided by the manufacturer. The cells were counterstained with DAPI 
and imaged using fluorescence microscopy. Utilising the particle analysis macro in 
ImageJ, we determined the amount of positively stained cells for DAPI and EdU, and 
the percentage of EdU-positive cells was calculated. Three non-overlapping 
pictures/wells (1388×1040 μm2 per field) were taken, with triplicate wells for each 
independent experiment (N = 3 hMSC donors). 
 
Cell Migration Analysis 

Migration assays were performed by seeding HUVEC (1.5 × 105 cells/cm2) in 24-
well Transwell inserts (8 um pore size, Corning Life Sciences, Tewksbury, USA) in 200 
µL endothelial basal medium (EBM) containing 0.05% BSA (Sigma-Aldrich, St. Louis, 
USA). The CM from pellets was mixed with EBM at the ratio of 1:1 (total volume = 500 
µL) and placed in the lower compartment of the wells. Non-conditioned medium + EBM 
was used as negative control. After 10 h of incubation at 37 °C 5% CO2, the cells on 
the membrane were fixed with 4% formalin/PBS, and the non-migrated cells from the 
upper surface of the membrane were removed with a cotton swab. The migrated cells 
on the lower surface of the membrane were stained with DAPI and then quantified by 
fluorescence microscopy and image analysis through ImageJ (software version 1.53t). 
Five non-overlapping pictures/wells were taken, with triplicate wells for each 
independent experiment. (N = 3 hMSC donors).  

 
VEGFA ELISA  

To quantify the amount of the pro-angiogenic cytokine VEGFA released into the 
CM, an ELISA assay (R&D System, Minneapolis, USA) was performed. The capture 
antibody was diluted according to the manufacturer’s instructions and added into a 96-
well plate at room temperature overnight. Then, wells were washed with 300 μL wash 
buffer two times and subsequently incubated with 300 μL reagent diluent at RT for 1 
h. After washing the wells with wash buffer, CM from the pellets was added and the 
plate was sealed and incubated for 2h at RT. Then, 100 μL of detection antibody, 100 
μL of working dilution of Streptavidin-HRP, 100 μL of substrate solution and 50 μL of 
stop solution were added into each well and incubated for 2 h, 2 h, 20 min, and 20 min, 
respectively. Between incubations, wells were washed with wash buffer twice, and the 
plate was sealed with an adhesive strip without exposure to direct light. Finally, the 
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optical density of each well was measured at 450 nm and 570 nm (Versamax, 
Molecular Devices, San Jose, USA). 

 
Vascular Network Formation Assay in Fibrin Hydrogel  

For each hydrogel, 300,000 HUVECs and 300,000 ASCs were resuspended in 50 
µL of 20 mg/mL fibrinogen in 0.9% w/v NaCl (plasminogen, vWF and fibronectin-
depleted human fibrinogen, MILAN Analytica AG). Human thrombin (Sigma-Aldrich, 
St. Louis, USA) and Factor XIII (CSL Behring, King of Prussia, USA) were added at a 
concentration of 6 U/mL to 50 µL of 40 mM CaCl2 solution. The cell suspension and 
enzyme solution were mixed to generate fibrin hydrogel with a total volume of 100 µL. 
15–20 min was required for hydrogel crosslinking (37 °C). 270 µL of culture medium 
(1:1 mix of EGM2 and pellet CM from donor 1) was added to each hydrogel. Non-
conditioned medium + EGM2 was used as negative control. The medium was renewed 
twice a week, and cultures were kept in a humidified atmosphere at 37 °C and 5% 
CO2. The hydrogels were fixed on day 14 of culture for confocal imaging analysis of 
vessel formation. 

To perform whole-mount staining, the fibrin hydrogels were fixed with 1% 
paraformaldehyde (PFA) overnight at 4 °C. Samples were placed on a shaker to 
improve hydrogel penetration during staining. The gels were washed three times with 
PBS, for 3 h at 4 °C. After washing, 3% BSA and 5% donkey serum (Sigma-Aldrich, 
St. Louis, USA) in PBS was used overnight to block non-specific binding. The gels 
were subsequently incubated with 1:100 anti-human laminin antibody (0.7 mg/mL 
stock, Abcam, Cambridge, UK) in PBS with 3% BSA and 5% donkey serum (Sigma-
Aldrich, St. Louis, USA) overnight. The PBS washing step was repeated, and 
incubation with 1:200 Alexa fluor 647 secondary antibody (2 mg/mL stock, Thermo 
Fisher, Waltham, USA) at 4 °C was performed overnight with foil cover to avoid 
exposure to direct light. The hydrogels were imaged using a Leica Stellaris 5 low-
incidence angle upright microscope, with an excitation wavelength of 638nm and a 
long-pass emission filter for laminin signal. The gels were optically scanned (distance 
between every scanned layer: 6 μm), and all the images were stacked through a Z-
stack program in ImageJ for Vessel length density (VLD) analysis. Vessel lengths were 
measured by overlaying captured microscopic images with a square grid (field size = 
200,000 μm2). Squares were randomly chosen and the length of each vessel (if any) 
in the selected squares was measured and summed up. For each sample, 10 fields of 
the whole image for vessel length measurements were obtained, with triplicate 
samples for each experimental group. A schematic of the VLD measurement is 
reported in Fig. S1.  

 
Statistical Analysis 

Data representation was performed using GraphPad Prism (software version 8.0), 
and statistical analyses was performed with SPSS 24 (IBM). The normality of the data 
was first verified using the Kolmogorov–Smirnov test. Subsequently, for all multiple 
comparisons, a linear mixed model with Bonferroni correction was used; the different 
conditions were considered as a fixed parameter and the donor as a random factor. 
Statistical significance was evaluated between conditions within the same time-point 
and defined as p < 0.05. All results are presented as mean ± standard deviation (SD).  
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SUPPLEMENTARY MATERIAL 

 
Fig. S1. Schematics of the quantification of the vessel length density (VLD) in 
3D tube formation assay. To evaluate 3D vessel network density, (a) the whole 
image of the stained vessel network is acquired. (b) Next, the ImageJ software is used 
to set multiple squares (200000 μm2 per square) in the image, (c) and 10 squares are 
randomly selected from the whole image (excluding blank areas). (d) For each square, 
the tube structures are drawn with freehand line in ImageJ and the total length of these 
lines is measured. The total VLD (mm/mm2) is obtained by dividing the total vessel 
lengths by the area of all the measured squares. 
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Fig. S2. Von Kossa staining pellets cultured without BGP. Von Kossa staining of 
the groups TGF (4w) and TGF (2w) at day 7, 14, 21 and 28 of culture for donor 3, 4 
and 5.  
 
  



Chapter 3 

84 
 

 
Fig. S3. H&E stained histological sections. Representative H&E stained 
histological sections for the different experimental groups for donor 3. Images at low 
(a) and high (b) magnification are shown. 
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Fig. S4. mRNA expression of RUNX2 and COL1A1. mRNA expression of RUNX2 
(a) and COL1A1 (b) determined by qRT-PCR. B2M was used as the housekeeper 
gene. Data are presented as average ± SD (N=3 hMSC donors). *0.01< p < 0.05, 
**0.01< p < 0.001, ***p < 0.001. 
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ABSTRACT 

 
During development and regeneration, bone is formed by endochondral 

ossification (EO) through the remodelling of a cartilage template. This complex 
process involves multiple cell types and interactions that cannot currently be modelled 
in vitro. This study aimed to develop a novel tissue engineered human in vitro model 
of the early stages of EO by integrating cartilage which undergoes mineralisation, self-
assembled vascular networks, and osteoclasts into a single system. We first studied 
the dynamics of osteoclastogenesis and vascularisation in an in vivo model of stromal 
cell-mediated EO, to inform our in vitro system. Next, we aimed to develop a fully 
human cell-based 3D model of EO by combining human mesenchymal stromal cells 
(hMSCs) differentiating into chondrocytes, osteoclasts derived from human CD14+ 
monocytes, and human umbilical vein endothelial cells (HUVECs) and adipose-
derived stromal cells (ASCs) as vessel-forming cells. We investigated how 
mineralising cartilage affects osteoclast and vessel formation in vitro through separate 
cartilage-osteoclasts and cartilage-vessels co-cultures. Finally, we combined these 
elements and established a complex in vitro model that supports the functionality of 
all these cell types and recapitulates chondrogenesis, cartilage mineralisation, vessel 
formation and osteoclastogenesis. This integrated approach reaches unprecedented 
complexity and will allow us to deepen our understanding of cellular interactions during 
EO, with a number of applications in bone tissue engineering and skeletal disease 
modelling. 
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INTRODUCTION  

 
Endochondral ossification (EO) is the natural process of bone formation which 

occurs in the majority of the bones in the body[1]. Several groups including ours have 
succeeded in recapitulating endochondral bone formation in vivo through a tissue 
engineering-based approach, allowing the investigation of cellular and molecular 
mechanisms, or applications in bone regenerative medicine [2-4]. In these studies, a 
template of hypertrophic cartilage is generally formed from human mesenchymal 
stromal cells (hMSCs) by inducing chondrogenic differentiation in vitro. Upon 
implantation in animals, the tissue-engineered cartilage undergoes EO and remodels 
into mature bone which includes all the elements of a functional bone niche, including 
blood vessels, clastic cells, bone marrow and osteoblasts [5-13]. Recapitulating EO in 
vitro would be highly desirable to establish a highly controlled and completely 
humanised system, while addressing ethical concerns related to using animals. 
However, the generation of useful in vitro bone models will require the incorporation 
of many of the aforementioned cellular elements .Current in vitro tissue-engineered 
models are mainly limited to the recapitulation of separate processes, such as the 
mineralisation of hypertrophic cartilage [14] or the combination of mineralised cartilage 
only with naïve vessels [15] or osteoclasts [16]. Furthermore, these models often lack 
a tissue remodelling component. One major challenge is still the difficulty in 
maintaining the functionality of several cell types and recreating their intricate interplay 
in a single complex in vitro system.  

During EO, hypertrophic chondrocytes produce a mineralised cartilage matrix 
and secrete factors that promote vascular invasion and the recruitment of remodelling 
osteoclasts [17]. Osteoclasts are important for bone vascularisation and protect blood 
vessels against senescence [18]. The resorption of the cartilage template and the 
remodelling of immature bone structures is essential for the formation of a mature 
bone matrix which can host vasculature and marrow niche. While resorption of 
unmineralised cartilage is mainly associated with septoclasts [19; 20] and endothelial 
cells [20; 21], chondroclasts/osteoclasts are thought to be responsible for the 
resorption of mineralised cartilage and bone [22]. Many studies have shown that when 
the function of osteoclasts is undermined via knockout of osteoclast-specific genes 
such as RANK or MMP9 [23-26], the EO process in mice is disrupted, impeding normal 
bone development and bone remodelling. Recapitulating functional osteoclast activity 
is therefore essential for the development of a robust in vitro EO bone model. In one 
of our previous studies, we developed a mineralised cartilage co-culture model where 
in vitro invasion of the cartilage matrix by human monocyte derived osteoclasts was 
shown [16]. However, to date, there have been very few in vitro models demonstrating 
osteoclast-vasculature interactions and none yet in the context of EO.  

During EO, vessel network formation is essential to transport nutrients as well 
as immune and progenitor cells, such as haematopoietic stem cells and 
osteoprogenitors, to the ossification site. Monocytes migrate through the vessel 
network and, once reached the mineralisation front, they differentiate into mature 
clastic cells. Besides providing access to the bone, blood vessels directly contribute 
to the regulation of signalling pathways involved in osteochondroprogenitor 
differentiation and cartilage remodelling during EO [27]. This highlights the importance 
of incorporating vascular components into in vitro bone models. Recent efforts have 
focused on diverse solutions to combine bone cells and vasculature in vitro, such as 
3D-printed scaffolds with hollow channels [28], self-assembly of vessel-forming cells 
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[29] and microfluidic devices [30]. However, these studies mainly focus on 
intramembranous ossification and the interaction between remodelling cartilage and 
vasculature in vitro is still largely unexplored. We recently performed indirect co-culture 
studies showing how in vitro mineralisation affects the pro-angiogenic properties of 
tissue-engineered cartilage, providing some initial directions for combining these 
processes in vitro [31]. However, replicating the highly dynamic nature of cartilage 
mineralisation and remodelling, which simultaneously involves vascularisation and 
osteoclast activity, remains an arduous challenge. We reasoned that the development 
of a comprehensive in vitro model of EO should start with the incorporation of 
mineralised cartilage, osteoclasts, and blood vessels in a single system, due to their 
intimate crosstalks and co-dependence. As a first step, the dynamics of 
osteoclastogenesis and vascularisation were studied in an in vivo model of tissue-
engineered endochondral bone. This provided temporal information for the 
recapitulation of these processes in vitro. Next, we established direct co-culture 
systems of cartilage undergoing mineralisation and osteoclasts or vascular networks. 
Finally, we developed a single complex in vitro model of EO that recapitulates 
chondrogenesis, cartilage mineralisation, osteoclastogenesis and vascular network 
formation.  
 

RESULTS  

hMSC pellets chondrogenically primed for 7 days instruct vascularisation and 
osteoclastogenesis 

We initially investigated the dynamics of vascularisation and 
osteoclastogenesis in vivo in the context of a tissue engineering model of hMSC-
mediated endochondral bone formation. Furthermore, we assessed how these 
processes are affected by the duration of chondrogenic differentiation, since a brief 
priming protocol would facilitate the development of a complex co-culture system in 
vitro. Sections of available samples from previous in vivo experiments of endochondral 
bone formation performed with 2 hMSC donors were stained to visualise osteoclasts 
and blood vessels. For these studies, hMSC pellets had been chondrogenically primed 
in vitro for 7 or 21 days, implanted subcutaneously in mice, and retrieved at several 
time-points up to 84 days post-implantation (Fig. 1A). Endomucin staining of the 
implanted pellets showed that at the early stages after implantation (3-7 days) vessels 
were present close to the surface of the pellets for both priming conditions (Fig. 1B). 
Between 14- and 28-days post-implantation vessel infiltration was more evident for 7-
day primed pellets, while only superficial for 21-day primed pellets (Fig. 1B). At the 
later stages of bone formation (day 56 and 84), large vessel structures were present 
in the newly formed bone marrow stroma for both 7-day and 21-day primed pellets 
(Fig. 1B).  

TRAP staining evidenced osteoclast recruitment around the pellets as early as 
7-14 days post-implantation for both 7-day and 21-day primed pellets (Fig. 1C). While 
osteoclasts were mainly localised on the surface of the pellets at these early time-
points, the late stages of bone formation (day 84) evidenced osteoclasts within the 
bone marrow at the resorption front of the unresorbed cartilage matrix, supporting their 
active role in bone remodelling (Fig. 1C). Thus, the comparison of different priming 
times (7 or 21 days) of hMSC pellets in vitro showed the potential of briefly primed 
cells to instruct vessel and osteoclast formation. In order to further characterise the  
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Fig. 1. Vessel and osteoclast recruitment by chondrogenically primed hMSC 
pellets in vivo. (A) Experimental scheme for the generation and implantation of 7-day 
and 21-day chondrogenically primed hMSC pellets. (B) Representative images of 
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endomucin stained (green) sections for different time-points post-implantation. The 
arrowheads indicate vessels; P = pellets. (C) Representative images of TRAP stained 
(pink) sections for different timepoints post-implantation. The arrowheads indicate 
osteoclasts. N = 2 hMSC donors. 
 
 

Fig. 2. Bulk RNA-seq analysis of 7-day primed vs 7d-unprimed pellets. (A) 
Experimental scheme for the generation of 7d-primed and 7d-unprimed hMSC pellets 
for bulk RNA-seq analysis. (B) Volcano plot of differentially expressed genes. Several 
of the genes related regulating vessel formation or osteoclasts were labelled. (C) 
Heatmap of differentially expressed genes encoding for secreted proteins positively or 
negatively regulating vessel formation. (D) Heatmap of differentially expressed genes 
encoding for secreted proteins positively or negatively regulating osteoclasts. N = 4 
hMSC donors. 
 
pro-angiogenic and pro-osteoclastogenic properties of 7-day primed pellets, their full 
transcriptome was analysed by bulk RNA-seq and compared with unprimed pellets 
(cultured without TGF-β3 for 7 days (4 hMSC donors)) (Fig. 2A). Differential gene 
expression analysis showed that 3920 genes were significantly changed (log2 fold 
change > 1 or <-1) by comparing 7-day primed and 7-day unprimed hMSC pellets, of  

hMSC pellets 
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Fig. 3. Co-culture of hMSC pellets undergoing mineralisation with osteoclasts. 
(A) Experimental scheme of the co-culture. BGP was added from day 7 until the end 
of the culture period. (B) Calcium uptake based determined by the measurement of 
extracellular calcium levels at different timepoints. # and + indicate statistical 
difference vs the chondrogenic group. (C) Von Kossa and Thionine co-stainings of 
hMSC pellets. Representative images are presented. (D) Gene expression analysis of 
chondrogenesis markers determined by qRT-PCR. (E) HE and TRAP stainings of the 
pellets. (F) Gene expression analysis of osteoclast markers determined by qRT-PCR. 
Each colour corresponds to a different donor. All data are presented as average ± SD 
(N = 4 hMSC donors). *p < 0.05, **p < 0.01, ***p < 0.001.  
 

hMSC pellets 
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Fig. 4. Co-culture of hMSC pellets undergoing mineralisation with vascular 
networks. (A) Experimental scheme for the co-culture of hMSC (mineralised) pellets 
with vessel-forming cells in fibrin hydrogels. (B) Calcium uptake based determined by 
the measurement of extracellular calcium levels at different timepoints. *Indicate 
statistical difference vs the chondrogenic group. (C) HE, Von Kossa and Thionie 
stainings of the chondrogenic and mineralised co-culture conditions. Representative 
images are presented. (D) Confocal imaging of laminin-stained vessels. 
Representative z-stack images obtained by confocal microscopy are shown. (E) Graph 
displaying the average VLD values per condition. (F) Confocal imaging of laminin 

hMSC pellets 
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(pink)- and DAPI (blue)-stained vessels in the proximity of the pellets. Representative 
z-stack images obtained by confocal microscopy are shown. All data are presented as 
average ± SD (N = 2 hMSC donors). ***p < 0.001. 
 
which 1969 upregulated and 1951 downregulated (Fig. 2B). Next, we used human 
secretome data to identify differentially regulated genes that encode for secreted 
factors [32]. Interestingly, the significantly upregulated genes included several 
secreted factors known to modulate vascularisation (Fig. 2C) and osteoclastogenesis 
(Fig. 2D). Altogether these data suggest that hMSC pellets subjected to brief 
chondrogenic priming may represent a suitable system to support vessel formation 
and osteoclast differentiation in vitro.  
 
Osteoclasts successfully form on chondrogenic pellets at different stages of 
mineralisation  

 In order to develop an in vitro model with chondrogenic pellets undergoing 
mineralisation and osteoclasts, hMSC pellets were exposed to BGP after 7 days of 
chondrogenic priming and subjected to different mineralisation periods (7 or 14 days), 
prior to monocyte seeding and induction of osteoclast formation for 14 days. The 
pellets were therefore cultured for 28 or 35 days in total, of which the last 14 days in 
co-culture with monocytes/osteoclasts (Fig. 3A). Chondrogenic pellets cultured 
without BGP were included as non-mineralised control. Longitudinal measurements of 
calcium concentration in the medium revealed significant calcium uptake by 
mineralising hMSC pellets starting from day 14 (Fig. 3B). Von Kossa staining 
confirmed the successful formation of mineral deposits within the pellets, which could 
be maintained in pellets seeded with monocytes (Fig. 3C). Expression levels of the 
chondrogenic marker COL2A1 and the hypertrophic marker COL10A1 were similar for 
all conditions and not significantly affected by monocyte seeding (Fig. 3D). 
Osteoclastogenesis was assessed by HE and TRAP staining, revealing the presence 
of TRAP+ multinucleated cells on the surface of all mineralised pellets seeded with 
monocytes (Fig. 3E). A certain degree of variability was observed between hMSC 
donors: 3 out of 4 donors clearly evidenced osteoclasts on the surface of day 28 
mineralised pellets, while the size of the osteoclasts formed on the surface of 
chondrogenic pellets also varied between donors. Induction of the expression of the 
markers of osteoclast fusion DC-STAMP and OC-STAMP and the markers of 
osteoclast activity TRAP and CTSK was found for all mineralised pellets seeded with 
monocytes in comparison with mineralised pellets not seeded with monocytes (Fig. 
3F). Based on these results, we conclude that osteoclasts can be formed and co-
cultured with chondrogenic pellets at different stages of in vitro mineralisation.  
 
Microvascular networks can be formed and co-cultured with chondrogenic 
pellets undergoing mineralisation 

To establish an in vitro model which combines cartilage undergoing 
mineralisation and vascular networks, we next directly co-cultured hMSC pellets with 
vessel-forming cells in fibrin hydrogels. Since we previously showed that pellets 
subjected to prolonged mineralisation have reduced pro-angiogenic properties [31], 
BGP was added to the medium only at the start of the co-culture (day 21). During initial  
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Fig. 5. Co-culture of chondrogenic hMSC pellets, vascular networks and 
osteoclasts with different consensus media. (A) Experimental scheme of the co-
culture. (B) Number of TRAP+ cells present on the surface of pellets. All data are 
presented as average ± SD. (C) Confocal imaging of vessels visualised by laminin 
staining. Representative z-stack images are shown. (D, E) HE stainings of the co-
culture. Representative images are shown. Osteoclasts are indicated by black arrows 
and vessels by yellow arrows. N = 1 hMSC donor. ns: non-significant 

 

hMSC pellets 
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studies, we also found that the exposure of pellets to TGF-β until the start of the co-
culture decreased the efficiency of vascular network formation, likely due to a 
detrimental effect of TGF-β retained by the pellets (Fig. S1). Based on these 
observations, we set-up a co-culture scheme where hMSC pellets were 
chondrogenically primed for 14 days with TGF-β3, then further cultured without TGF-
β3 for 7 days. The pellets where then embedded in fibrin hydrogels with ASCs and 
HUVECs, the components for vascular network formation [33], and cultured until day 
31 with or without BGP (Fig. 4A). The calcium measurements demonstrated 
progressive Ca2+ uptake for pellets exposed to BGP, suggesting that mineralisation 
of the cartilage matrix can occur during co-culture (Fig. 4B). This was further confirmed 
by Von Kossa and thionine staining of the pellets (Fig. 4C) HE staining of the hydrogels 
evidenced the presence of vessel lumina, mainly in the proximity of chondrogenic 
pellets (Fig. 4C, arrows). To assess vascular network formation, the hydrogels were 
subjected to whole-mount staining for the endothelial marker laminin (Fig. 4D, F), and 
the vessel length densities within 200 μm distance from the pellets (zone 1) or further 
(zone 2) were quantified (Fig. 4E). The results indicated that vascular networks could 
form around chondrogenic or mineralised pellets. In the case of mineralised pellets, 
vessel formation in the area close to the pellets (zone 1) was significantly decreased 
in comparison with zone 2. This effect was due to pellet mineralisation and not uniquely 
related to BGP addition (Fig. S2). No significant differences were found in zone 2 
between chondrogenic and mineralised pellets.  

In conclusion, we showed that microvascular networks can be formed and co-
cultured with chondrogenic pellets undergoing mineralisation. Under in vitro condition
s, cartilage mineralisation can locally reduce microvascular assembly. 
 
Integration of chondrogenesis, mineralisation, vascular network formation and 
osteoclastogenesis into a single 3D co-culture system  

We finally aimed to setup a co-culture system which captures cartilage 
mineralisation, vascular network formation and osteoclastogenesis (Fig. 5A): hMSC 
pellets were chondrogenically primed with TGF-β3 for 11 days. At day 14 they were 
seeded with monocytes and osteoclastogenesis was induced via M-CSF and RANKL 
addition until day 28. Finally, pellet-osteoclast co-cultures were combined with vessel-
forming cells (ASCs and HUVECs) in fibrin hydrogels up to day 38. For the last co-
culture stage where all cell types are present, we tested consensus media consisting 
of either DMEM-HG or αMEM supplemented with osteoclastogenic and angiogenic 
factors. The use of both media generally supported microvascular network formation 
and osteoclastogenesis under co-culture conditions. A variable but overall similar 
number of osteoclasts was observed for both conditions at days 35 and 38 (Fig. 5B, 
D black arrows). While VLDs of the DMEM-HG group showed similar values to the 
αMEM group (Fig. S3), overall, more vessel branching was observed for DMEM-HG 
based consensus medium as opposed to αMEM (Fig. 5C, D yellow arrows). 
Interestingly, some of the histological sections evidenced loose fragments of pellets in 
close contact with osteoclasts, which may suggest a resorptive effect of these cells 
(Fig. 5E, black arrows). This phenomenon was observed for both medium types. 
Based on this study, the DMEM-HG based consensus medium was chosen for further 
co-cultures.  
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Fig. 6. Co-culture of chondrogenic hMSC pellets undergoing mineralisation, 
vascular networks and osteoclasts. (A) Experimental scheme of the co-culture. (B) 
Von Kossa and Thionine co-stainings of hMSC pellets. Representative images are 
presented. (C) Confocal imaging of vessels visualised with laminin staining. 
Representative z-stack images are shown. (D, E) Adjacent histological sections of the 
co-culture at 35 (D) and 42 (E) days subjected to HE and TRAP stainings. 
Representative images are shown. Osteoclasts are indicated by black arrows and 
vessels by yellow arrows. N = 1 hMSC donor. (F) Number of TRAP+ cells present on 
the surface of pellets. All data are presented as average ± SD. * 0.01 < p < 0.05 
 

As a last step, the induction of cartilage mineralisation was introduced in the 
co-culture system to add a further level of complexity to the model. This was achieved 
by the addition of BGP from day 28 onwards, while the co-culture was continued until 
day 35 or day 42 to allow sufficient time for mineralisation (Fig. 6A). Mineralisation of 
chondrogenic pellets was confirmed via Von Kossa/Thionine staining at both time-
points of analysis (Fig. 6B). At day 35 we observed the characteristic vessel structures 
around chondrogenic pellets, while mineralisation caused a decrease in the amount 
of laminin+ vessels observed within the gels (Fig. 6C). Prolonging the culture time to 
42 days had a detrimental effect on the vascular networks as evidenced by the faint 
laminin signal (Fig. 6C). This was particularly noticeable for the mineralised group 
where no vessels could be observed by HE staining, as opposed to the chondrogenic 
group (Fig. 6D yellow arrows). In terms of osteoclast formation, HE and TRAP staining 
of adjacent sections of the hydrogels showed successful formation of multinucleated 
osteoclasts and their presence in close contact with the surface of the pellets and close 
to the vessels (Fig. 6D, E, black arrows). No significant differences in terms of number 
of formed osteoclasts were observed between chondrogenic and mineralised pellets 
for 35-day cultures (Fig. 6F). Prolonging the culture until day 42 led to significantly 
reduced osteoclast numbers, further highlighting the need to select proper culture 
periods for such a complex system. 
 
DISCUSSION  

 

In this study, we successfully established a complex in vitro model of EO where 
the functionality of multiple cell types is supported. This model provides a controlled 
environment that mimics the early physiological steps of EO, including the formation 
and calcification of the cartilage template, the recruitment of monocytes and their 
differentiation into osteoclasts, and the formation of microvascular networks. We thus 
provide a platform to study the interplay of these processes in physiology or bone-
related diseases. Such model can not only enhance our fundamental understanding 
of bone biology but also serve as a valuable tool for testing potential therapeutic 
interventions, drug screening, and exploring the pathogenesis of skeletal disorders.  

To design an in vitro model of EO with physiological relevance, we initially 
investigated how vessels and osteoclasts are recruited in vivo after the implantation 
of chondrogenically-primed pellets. After implantation of hMSC-derived cartilage in an 
animal, mineralisation starts already within 7 days post-implantation and continues 
henceforth (chapter 2 of this thesis). Here we found that during the early stages of the 
bone formation process, osteoclasts are rapidly recruited to the surface of the pellets 
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and vessels start to form in close proximity. This led us to reason that a relevant in 
vitro model of the early stages of EO should necessarily integrate cartilage 
mineralisation, osteoclast formation and activity, and angiogenesis. The in vivo data 
showed that these processes occur simultaneously and capturing the cross-talks 
between these cell types will likely affect the response of these cells to stimuli or drugs. 
In the context of these in vivo analyses, we also took into account the effect of the 
duration of the chondrogenic priming on the dynamics of bone formation. The 
chondrogenic differentiation phase leads to the formation of a mature cartilage 
template for implantation, and it is generally achieved by culturing hMSCs in the 
presence of chondrogenic growth factors for a period of 3-6 weeks. Such an extensive 
period is obviously not practical as a starting point to develop a model where multiple 
cell types need to be added and further differentiation stages are required. 
Furthermore, there are indications that a prolonged chondrogenic priming (5-6 weeks) 
which leads to the formation of a mature and very dense cartilaginous matrix may 
potentially reduce in vivo remodelling and be overall detrimental for bone formation 
[34]. We found that 7 days of chondrogenic priming are sufficient to induce osteoclast 
recruitment and vessel invasion after implantation, with similar dynamics in 
comparison to 21 days of priming. In the case of 7 days of priming, vessel infiltration 
reached further depth at the earlier stages of bone formation, possibly due to smaller 
size of the construct and presence of less (dense) cartilage matrix. Based on this 
evidence, we concluded that in the setting up of the in vitro model a minimum of 7 
days priming with TGF-β is necessary prior to the stimulation of other processes and 
the addition of other cell types. We then corroborated this evidence by showing that 7 
days of in vitro chondrogenic priming are sufficient to induce the expression of a 
number of genes related to the modulation of angiogenesis and osteoclastogenesis. 
These include well known pro-angiogenic genes such as VEGF and PDGFA, which 
are significantly increased with 7 days of chondrogenic priming, as well as genes 
relevant to osteoclastic activity such as TNFSF11 (RANKL) and CSF1R. Overall, this 
suggested that chondrogenically primed pellets may contribute to the establishment 
of a supportive environment for the co-existence of vasculature, osteoclasts and 
mineralised cartilage in an in vitro model. 

Setting-up a co-culture of several human primary cell types and guaranteeing 
their functionality is a complex task. Of note, culture media to induce cartilage 
formation, vascular network formation and osteoclastogenesis all include a number of 
factors which may affect the viability and activity of the other cell types. We thus 
decided to establish first separate co-cultures of (mineralised) cartilage with 
osteoclasts or vascular networks, as these would provide relevant information on how 
all these processes can be combined in a later stage. Monocyte seeding on 
mineralised pellets and culture with M-CSF and RANKL led to the successful formation 
of TRAP+ osteoclasts at the pellet surface. This is a very similar pattern to those 
observed for in vivo implanted pellets where osteoclasts are mainly localised on the 
edge of the pellets at the early stages of bone formation. Interestingly, smaller and 
less multinucleated osteoclasts formed on the surface of mineralised pellets in 
comparison to chondrogenic pellets. This is not necessarily a detrimental phenomenon 
for our model as very large osteoclasts may represent culture artifacts. However, in 
order to provide a more controlled environment in vitro, it is necessary to further 
understand the exact interactions of osteoclasts with mineralised and unmineralised 
cartilage and how this regulates their formation and resorption activity. Future studies 
could employ the model developed in this study to that specific purpose.  
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By co-culturing self-assembled vessel structures with lumen and mineralised 
cartilage in vitro, we next established a model that allows recapitulation of the intricate 
interplay between vascularisation and cartilage mineralisation in vitro. Of note, this 
process is normally studied in vivo as in vitro models of tissue vascularisation still face 
many challenges. By applying our in vitro co-culture system of cartilage and vascular 
networks, we demonstrated that cartilage mineralisation leads to a local decrease in 
vessel formation. This is in line with our previous work showing that the transition from 
hypertrophic to mineralised cartilage involves a certain level of chondrocyte cell death 
with a decrease in the expression and production of pro-angiogenic factors such as 
VEGF, which could explain the reduced vessel formation [31]. Furthermore, increased 
concentrations of calcium and phosphate have been shown to increase oxidative 
stress and apoptosis in endothelial cells [35]. Future mechanistic studies could make 
use of our newly developed model to investigate the exact cellular and molecular 
mechanisms by which cartilage mineralisation can negatively impact angiogenesis in 
the context of the early stages of EO. These may be highly relevant for the tissue 
engineering field, where the ability to better control cartilage vascularisation and 
remodelling after implantation could lead to more effective or more rapid bone 
formation in the context of a large bone defect. 

In the last step of the work, we succeeded in incorporating all of the selected 
processes into a single in vitro model of EO. Co-cultures of chondrogenic/mineralised 
pellets, monocytes and vessel-forming cells led to the formation of TRAP+ osteoclasts 
and vessels in close proximity and in contact with the pellets. To the best of our 
knowledge, this represents unprecedented complexity for an in vitro model of bone 
formation via EO. This model thus opens up a new range of possibilities to investigate 
a complex cross-talk between chondrocytes, osteoclasts and vascular cells in a 
controlled environment. Of note, a longer culture period led to reduced osteoclast and 
vessel network formation, particularly for mineralised pellets. These findings highlight 
the complexity of recapitulating a bone-like environment in vitro, where a delicate 
balance between mineral deposition and osteoclast and vascular network formation 
needs to be achieved. It should be considered that the current absence of the renewal 
of existing osteoclasts and vessels in vitro by fresh cells sets a time limit to the survival 
of these cells. We expect that further developments of the in vitro model, which could 
include dynamic fluidic system with periodic cell renewal, will allow to guarantee cell 
functionality for more extended periods of time, ultimately allowing the recapitulation 
of later stages of the bone formation process.  

Within this study we mainly focused on establishing a complex co-culture which 
could capture the early processes which normally occur after implantation of tissue-
engineered cartilage templates, and guarantee the functionality of the cell types 
involved. Future steps could focus on the subsequent stages of EO where the cartilage 
is resorbed and osteoprogenitors home via the vasculature leading to osteoblast 
differentiation and generation of a bone matrix. It is very promising that we already 
observed the formation of loose cartilage fragments in proximity to osteoclasts in our 
co-cultures, which may be indicative of resorptive phenomena. Optimisation of culture 
conditions to further stimulate remodelling may allow to create space for the vessels 
to invade the dense cartilage matrix, eventually providing a mean to deliver cells, 
factors and drugs to the forming bone niche. Importantly, this growing level of in vitro 
complexity can be of enormous value for research on the physiology of EO or bone 
formation-related diseases. Potential research applications include, but are not limited 
to, the study of undesired cartilage hypertrophy and vascularisation in osteoarthritis, 
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disturbances of endochondral bone formation in growth and metabolic diseases, or 
the migration of metastatic cancer cells to the bone. For all these conditions, in vitro 
models of higher complexity and relevance are of vital importance. 

 

CONCLUSION 

This study presents a novel in vitro model that integrates mineralised cartilage, 
vascular structures, and osteoclasts to recapitulate the early stages of EO. Inspired by 
the in vivo dynamics of EO in the tissue engineered setting, we adopted a systematic 
approach to develop co-cultures of increasing complexity, finally combining all 
processes into a single in vitro platform. These models will contribute to our 
understanding of bone formation and remodelling, offering a valuable tool for future 
research into skeletal-related disorders and potential therapeutic strategies.  

 

MATERIALS AND METHODS 

Cell isolation and culture  

Human mesenchymal stromal cells (hMSCs) (N=5 donors in total) were isolated 
from leftover iliac crest bone chips of patients (ages 9-12) undergoing alveolar 
reconstruction surgery and expanded, as previously described [36]. Passage 3-4 cells 
were used for the experiments. Material collection was performed with the approval of 
the Erasmus Medical Centre Ethics Committee (MEC-2014-106 and MEC-2022-0163).  

Human CD14+ monocytes were acquired from buffy coats provided by Sanquin 
blood bank (Sanquin blood bank, Amsterdam, The Netherlands; contract number: 
NVT0053.01) after receiving ethical approval (N=5 donors). Monocytes were isolated 
as previously described [37]. Once isolated, cells were frozen and stored in liquid 
nitrogen in freezing medium consisting of 1:1 osteoclast medium (alpha minimum 
essential medium (αMEM, ThermoFisher Scientific, Waltham, MA, USA)) 
supplemented with 15% v / v heat inactivated foetal bovine serum (FBS, Sigma Aldrich, 
Saint Louis, MO, USA, lot #BCCD0778), 50 µg / mL gentamicin (ThermoFisher 
Scientific), 0.25 µg / mL Amphothericin B (ThermoFisher Scientific)) and dimethyl 
sulfoxide (DMSO, Sigma Aldrich) diluted 1:5 with v / v FBS. 

Adipose-derived stromal/stem cells (ASCs) were isolated from human adipose 
tissue obtained from a healthy patient undergoing plastic surgery, following informed 
consent and approval from the Ethical Committee of the Basel University Hospital 
(Ethikkommission beider Basel [EKKB], Ref. 78/07). The isolation procedure involved 
tissue mincing, collagenase digestion, centrifugation, and filtration steps as previously 
described [31]. Isolated cells were cultured in αMEM supplemented with 10% v / v 
FBS, 50 µg / mL gentamicin, 1.5 µg / mL Amphothericin B, 1% v / v HEPES 
(ThermoFisher Scientific), 1% v / v glutamine (ThermoFisher Scientific), 1% v / v 
sodium pyruvate (ThermoFisher Scientific) and 5 ng/mL fibroblast growth factor 2 
(FGF-2, R&D System, Abingdon, UK). Passage 2 cells were used for the experiments. 

Human umbilical vein endothelial cells (HUVECs) were purchased from 
Promocell (Heidelberg, Germany; C-12203; 3 pooled donors) and expanded with a 
seeding density of 3300 cells/cm², as previously described [31]. Endothelial cell growth 
medium-2 (EGM2, Lonza, Basel, Switzerland) was used for HUVEC expansion. Cells 
were subcultured at 85–90% confluence, until passage 4. 
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Chondrogenic differentiation and mineralisation of hMSC pellets 

200.000 hMSCs were transferred to individual 15 mL polypropylene tubes 
containing 500 µL complete chondrogenic medium consisting of dulbecco's modified 
eagle medium high glucose (DMEM HG, ThermoFisher Scientific) supplemented with 
50 µg / mL gentamicin, 1.5 µg / mL Amphothericin B, 1 mM sodium pyruvate, 40 µg / 
mL L-proline (Sigma Aldrich), 1:100 v /v insulin-transferrin-selenium (ITS+, BD 
Biosciences, Drachten, The Netherlands), 25 µg / mL as L-ascorbic acid 2-phosphate 
(Ascorbic acid, Sigma Aldrich), 100 nM dexamethasone (Sigma Aldrich) and 10 ng / 
mL transforming growth factor- β3 (TGF-β3, R&D Systems). Each tube was 
centrifuged at 300g for 8 minutes. Pellets were cultured at 37ºC and 5% CO₂ in a 
humidified atmosphere for the number of days specified for each experiment. Pellet 
mineralisation was induced by the addition of 10mM β-glycerophosphate (BGP, Sigma 
Aldrich) to the medium. 
 
Co-culture of hMSC pellets and osteoclasts  

hMSC pellets were formed and cultured for 14 or 21 days prior to the start of 
the co-culture. For all the pellets, TGF-β and dexamethasone were removed at day 11 
to prevent negative effects on osteoclast formation. BGP addition started at day 7 and 
lasted until the end of the co-culture. CD14+ monocytes were thawed and 500.000 
cells were resuspended into 300 µL of osteoclast medium (αMEM, 50 µg / mL 
gentamicin, 1.5 µg / mL Amphothericin B, 5% v / v FBS, 25 µg / mL ascorbic acid) 
supplemented with 25 ng / mL macrophage colony stimulating factor (M-CSF, R&D 
Systems). These were seeded into individual 15ml-tubes each containing a pellet. 
Tubes were placed in a shaker at low agitation (100 �����) and incubated for 1 hour 
at 37ºC. Then, 200 µL of osteoclast medium were added per tube to reach a total 
volume of 500 µL. Samples were cultured for 14 days at 37ºC and 5% CO₂ in a 
humidified atmosphere. From day 3 of co-culture, 30 ng / mL receptor activator of 
nuclear factor kappa-β ligand (RANKL, ThermoFisher Scientific) was added to the 
medium. 

 
Co-culture of hMSC pellets and vascular networks  

hMSC pellets were cultured for 14 days in chondrogenic medium. Then, TGF-
β3 was removed and culture continued until day 21. 300,000 HUVECs and 300,000 
ASCs were resuspended in 50 µL of 20 mg/mL fibrinogen in 0.9% w/v NaCl 
(plasminogen, vWF and fibronectin-depleted human fibrinogen, MILAN Analytica AG). 
For the enzyme solution, human thrombin (Sigma-Aldrich) and Factor XIII (CSL 
Behring, King of Prussia, PA, USA) were added at a concentration of 6 U/mL to 50 µL 
of 40 mM CaCl2 solution. Then, the cell suspension, enzymes and 3 chondrogenic 
pellets were mixed to generate 100 µL fibrin hydrogels in an ibidi 12-well chamber 
(ibidi, Gräfelfing, Germany) and incubated for 15 min at 37 °C to allow crosslinking. 
The hydrogels were cultured in 270 µL of vessel consensus medium (DMEM HG, 50 
µg / mL gentamicin, 1.5 µg / mL Amphothericin B, 1 mM sodium pyruvate, 40 µg / mL 
L-proline, 1:100 v /v ITS+ and endothelial factors mix (Lonza, Basel, Switzerland)). To 
induce pellet mineralisation, 10 mM BGP was added to the culture medium. The 
medium was renewed every 2 days and samples were cultured in a humidified 
atmosphere at 37 °C and 5% CO2 for 10 days. 



Chapter 4 

104 
 

Co-culture of hMSC pellets, osteoclasts and vascular networks  

hMSC pellets were cultured for 11 days with chondrogenic medium, then TGF-
β3 and dexamethasone were removed from day 11 to day 14. Next, CD14+ monocytes 
were seeded on and co-cultured with the pellets from day 14 to day 28 with osteoclast 
medium supplemented with 25 ng/mL M-CSF (from day 14) and 30 ng/mL RANKL 
(from day 17). On day 28, HUVECs, ASCs and pellets seeded with differentiated 
osteoclasts were embedded in fibrin hydrogels as described in 2.4. The samples were 
cultured with vessel consensus medium described in section 5.4, further 
supplemented with 5% FBS, 25 ng / mL M-CSF and 30 ng / mL RANKL. An alternative 
consensus medium was tested where DMEM-HG was replaced by αMEM. For those 
samples where pellet mineralisation was induced, 10mM BGP was added to the 
medium. The medium was renewed every 2 days, and cultures were kept in a 
humidified atmosphere at 37 °C and 5% CO2 until day 42. 

 
Histological analysis  

Pellets and fibrin hydrogels were fixed with 4% formalin overnight followed by 
dehydration and paraffin-wax embedding. Then, paraffin blocks were sectioned at 6 
µm thickness and slides deparaffinised before staining. Optical imaging of slides post-
staining was performed with an Olympus BX50 microscope (Olympus Corporation, 
Shinjuku, Tokyo, Japan). 
 
Von Kossa / Thionine co-staining 

Slides were incubated for 15 minutes in 5% Silver nitrate solution (Sigma 
Aldrich) under a desk light (> 60 W). Slides were counterstained with 0.4% thionine 
(Sigma Aldrich) in 0.01 M sodium acetate (Sigma Aldrich), pH 4.5) for 5 minutes. Slide 
dehydration was performed by immersion in increasing gradients of ethanol: 70% (10 
seconds), 96% (30 seconds), 100% (1 minute). Slides were finally immersed in xylene 
(twice, 1 minute) and mounted in mounting solution (Entellan, Merck Life Science NV, 
Amsterdam, The Netherlands).  

 
Haematoxylin and eosin  

Slides were stained with Gill’s haematoxylin (Sigma Aldrich) for 5 minutes and 
placed in running tap water for 10 minutes. Co-staining with Eosin Y (Merck Life 
Science NV) was performed for 45 seconds and was followed by slide dehydration 
and mounting as detailed in section Von Kossa / Thionine co-staining. 

 
TRAP staining and osteoclast counting 

Slides were incubated with freshly prepared acetate-tartaric acid buffer for 20 
minutes at room temperature. This buffer was composed of 0.2 M Sodium acetate 
(Sigma Aldrich) and 100 mM L (+) tartaric acid (Sigma Aldrich) diluted in distilled water 
and pH adjusted to 5.0. After incubation, 0.5 mg / mL Naphtol AS-BI phosphate (Sigma 
Aldrich) and 1.1 mg / mL Fast red TR salt (Sigma Aldrich) were added to the acetate-
tartaric acid buffer and slides were further incubated at 37ºC for 3 hours at low agitation. 
Counterstaining of samples was performed by incubation in Gill’s haematoxylin (Sigma 
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Aldrich) and following immersion in running tap water. Finally, slides were mounted 
with mounting solution (VectaMount, Vector Laboratories, Newark, NewJersey, USA). 
Number of TRAP + cells on the surface of pellets were counted at 3 different depths 
and in triplicates per group.  
 
Endomucin staining (immunofluorescence)  

Vascularisation of implanted pellets was assessed by immunofluorescent 
staining of endomucin. Before staining, antigen retrieval was performed with a 
microwave tissue processor at 95° for 20 minutes in a Tris-EDTA buffer solution 
(pH=9). Tissue sections were then incubated overnight with a primary rat anti-
Endomucin antibody (Santa Cruz, sc-65495, 1:100). A Goat fluorescently labelled anti-
rat secondary antibody was then used (Thermo Fisher Scientific, 1:200). To remove 
red blood cell autofluorescence, tissue sections were treated with Vector TrueVIEW 
quenching kit (Vector Laboratories, sp-8400) following manufacturer’s instructions. 
Images were acquired with a Nikon Ti2 Eclipse microscope (Nikon, Tokyo, Japan). 
 
Calcium uptake assay  

Calcium concentration in culture medium supernatants was calculated using a 
standard curve of 0–3.0 mM CaCl2 (Sigma-Aldrich) in calcium-free DMEM 
(ThermoFisher). 100 μL of reagent [1:1 of reagent 1 (1M ethanolamine pH 10.5 
(Sigma-Aldrich)) and reagent 2 (0.35 mM o-cresolphthalein complexone (Sigma-
Aldrich), and 19.8 mM 8-hydroxyquinoline (Sigma-Aldrich), 0.6 M hydrochloric acid)] 
were mixed with 10 μL medium or standard. Samples were measured at 570 nm on a 
Versamax spectrophotometer. Medium only (no cells) samples were taken during 
culture and used for data normalisation. 

 
Gene expression analysis  

Pellet samples were manually homogenised, lysed with 400 µL RNA STAT-60
 (Tel-Test Inc., Friendswood, Texas, USA) and stored at -80ºC. To isolate RNA, 80 µ
L chloroform (Sigma Aldrich) were added and the samples were centrifuged for 15 mi
nutes at 12,000g. The aqueous phase containing RNA was mixed with an equal volu
me of 70 % v/v ethanol and loaded into a RNeasy micro-column (Qiagen, Hilden, Ger
many). Total RNA was isolated following the manufacturer’s instructions and RNA yie
ld and purity was measured with a spectrophotometer/fluorometer (DSS-11 Series S
pectrophotometer/fluorometer, DeNovix, Wilmington, USA) at 260/280 nm. cDNA syn
thesis was performed with the RevertAid First Strand cDNA kit (ThermoFisher Scienti
fic), according to the Manufacturer’s instructions. 0.24 µg RNA were used per sampl
e. Expression of the genes of interest (Table. 1) was measured by RT-qPCR analysis
 using TaqMan assays and master mix (ThermoFisher Scientific) or unlabelled primer
s and SYBR Green master mix (ThermoFisher Scientific). A Bio-Rad CFX96 Real-Ti
me PCR Detection system (Bio-Rad, Lunteren, The Netherlands) was used. B2M wa
s used as housekeeping gene, since it was found to be the most stable out of the 3 h
ousekeepers that were tested (B2M, UBC and GAPDH). The ΔCt method was used f
or the calculation of gene expression as follows: Gene Expression = 2^(-∆Ct) and ΔC
t = Ct gene of interest – Ct B2M.  
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Types of gene Target 
gene 

Forward 
sequence  
 (5’-3’) 

Reverse 
sequence 
(5’-3’) 

Probe  
(FAM, 5’-3’) 

Housekeeper 

B2M 
TGCTCGCGC
TACTCTCTCT

TT 

TCTGCTGGAT
GACGTGAGTA

AAC 
 

UBC 
ATTTGGGTC
GCGGTTCTT

G 

TGCCTTGACA
TTCTCGATGG

T 
 

GAPDH 
ATGGGGAAG
GTGAAGGTC

G 
TAAAAGCAGC
CCTGGTGACC 

CGCCCAATA
CGACCAAAT
CCGTTGAC 

 Osteoclast 
markers 

DC-
STAMP 

AAGCAGCCG
CTGGGAGT 

TTTTCAGGAC
TGGAAGCCAG

AAATGAA 
 

OC-
STAMP 

GCCTGAAAC
CACTGCCAT

TTG 

AGGACCTCCA
CCCGGTCT  

CTSK 
GGGAGCTAT
GGAAGAAGA

CCC 

CCAGGTGGTT
CATAGCCAGT  

TRAP 
GACTGTGCA
GATCCTGGG

TG  

GAGCGGTCAG
AGAATACGTC

C  
 

Collagen 
markers 

COL2A1 
GGCAATAGC
AGGTTCACG

TACA 

CGATAACAGT
CTTGCCCCAC

TT 

CCGGTATGT
TTCGTGCAG

CCATCCT 

COL10A1 
CAAGGCACC
ATCTCCAGG

AA 

AAAGGGTATT
TGTGGCAGCA

TATT 

TCCAGCACG
CAGAATCCA

TCTGA 

Table. 1. List of genes of interest used for RT-qPCR analysis in this study. 

 

RNA sequencing data analysis 

The RNA sequencing dataset analysed in this study was previously generated 
by culture of hMSC pellets for 7 days with TGF-β (7d-primed pellets) or without TGF-
β (7d-unpirmed pellets) (N = 4 hMSC donors) (see Chapter 2 of this thesis). Differential 
expression analysis was performed using DESeq2. A pre-filtering heuristic was used 
prior to running DESeq2 to remove single strong outliers in either one of the classes. 
Among these, genes encoding for secreted factors related to vascularisation and 
osteoclastogenesis were identified based GO terms. The terms related with the 
positive regulation of vessel formation are GO:0001938, positive regulation of 
endothelial cell proliferation; GO:1905564, positive regulation of vascular endothelial 
cell proliferation; GO:0043536, positive regulation of blood vessel endothelial cell 
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migration; GO:2001214, positive regulation of vasculogenesis. The terms related with 
the negative regulation of vessel formation are GO:0001937, negative regulation of 
endothelial cell proliferation; GO:1905563, negative regulation of vascular endothelial 
cell proliferation; GO:0010596, negative regulation of endothelial cell migration; 
GO:2001213, negative regulation of vasculogenesis. The terms related with the 
positive regulation of osteoclasts are GO:2001206, positive regulation of osteoclast 
development; GO:0090290 positive regulation of osteoclast proliferation; GO:0045453 
bone resorption; GO:0046849, bone remodelling. The terms related with the negative 
regulation of osteoclasts are GO:2001205, negative regulation of osteoclast 
development and GO:0090291, negative regulation of osteoclast proliferation. 
 
Confocal imaging and vessel length density (VLD) quantification  

Fibrin hydrogels were fixed with 1% paraformaldehyde overnight at 4°C. To 
block non-specific binding, 3% BSA and 5% donkey serum (Sigma-Aldrich) in PBS 
were added overnight. The gels were subsequently incubated with 1:100 anti-human 
laminin antibody (0.7 mg/mL stock, Abcam, Cambridge, UK) in PBS with 3% BSA and 
5% donkey serum (Sigma-Aldrich) overnight. Samples were then incubated with 1:200 
Alexa fluor 647 secondary antibody (2 mg/mL stock, ThermoFisher Scientific) and 
DAPI (1:10000) at 4 °C overnight. The hydrogels were imaged using Leica Stellaris 5 
low-incidence angle upright microscope or Leica TCS SP5 microscope, with an 
excitation wavelength of 638nm and a long-pass emission filter for laminin signal. The 
gels were optically scanned (distance between every scanned layer: 6 μm), and all the 
images were stacked through a Z-stack program in ImageJ for Vessel length density 
(VLD) analysis. Vessel lengths were measured by overlaying captured microscopic 
images with a square grid (field size = 200,000 μm2). Squares were randomly chosen 
and the length of each vessel (if any) in the selected squares was measured and 
summed up. For each sample, 10 fields of the whole image for vessel length 
measurements were obtained, with triplicate samples for each experimental group. 
 
Statistical analysis  

Data representation was performed using GraphPad Prism (software version 
8.0), and statistical analyses was performed with SPSS 24 (IBM). Subsequently, for 
all multiple comparisons, a linear mixed model with Bonferroni correction was used; 
the different conditions were considered as a fixed parameter and the donor as a 
random factor. Statistical significance was evaluated between conditions within the 
same time-point and defined as p < 0.05. All results are presented as mean ± standard 
deviation (SD). 
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SUPPLEMENTARY MATERIAL 

 

 
Fig. S1. The effect of TGF addition and removal on vessel formation (A) The 
cultural scheme for TGF addition (TGF+) and TGF removal (TGF-) strategies. (B) 
Confocal imaging of laminin-stained vessels. Representative z-stack images obtained 
by confocal microscopy are shown. (C) Graph displaying the average VLD values per 
condition. All data are presented as average ± SD. * 0.01 < p < 0.05 
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Fig. S2. The effect of BGP addition on vessel formation. (A) The cultural scheme 
for condition only with EGM (EGM) and the condition with both EGM and BGP addition 
(EGM+BGP). (B) Confocal imaging of laminin-stained vessels. Representative z-stack 
images obtained by confocal microscopy are shown. (C) Graph displaying the average 
VLD values per condition. All data are presented as average ± SD.  
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Fig. S3. The effect of DMEM-HG- and aMEM-based consensus medium on vessel 
formation. The graph displays the average VLD values with DMEM-HG- or aMEM-
based consensus medium.  
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DISCUSSION  
 
Key findings 

Endochondral ossification is essential for bone formation during embryonic 
development and fracture healing. Thus, developing in vitro models that recapitulate 
endochondral ossification can help us advance our understanding of skeletal 
development, bone regeneration and treating skeletal diseases. These models may 
eventually provide a fully controlled environment to investigate the intricate cellular 
and molecular processes underlying the transformation of cartilage into bone. By 
mimicking this natural process in vitro, researchers could gain invaluable insights into 
the key regulators and signalling pathways that are still only partially understood, 
potentially leading to novel therapeutic strategies for bone disorders, including cancer 
metastasis.  

In the work of this thesis, we focused on the early stages of endochondral 
ossification, whereby blood vessels invade the mineralised template of hypertrophic 
cartilage, and osteoclasts contribute to tissue resorption and remodelling. Such 
interplay still needs an appropriate in vitro platform where cellular interactions can be 
dissected and studied. To address this need, we explored a new in vitro strategy 
inspired by tissue engineering-based models of endochondral ossification, which 
generally require the implantation of cartilage constructs into animals. We focused on 
the hMSC pellet model since hMSCs are a clinically relevant cell source with well-
established chondrogenic and osteogenic potential, making them ideal for modelling 
endochondral ossification. The pellet culture system provides a three-dimensional 
microenvironment that closely mimics the condensation of mesenchymal cells at the 
start of bone formation. This approach offers not only scalability and reproducibility, 
crucial factors for developing robust in vitro models but also versatility as it can be 
implemented with additional cell types and various culture conditions. We began in 
Chapter 2 by studying the process of hMSC-based endochondral ossification in vivo, 
characterising the sequence of events that cause a cartilage template to remodel into 
mature bone. This study provided crucial insights into the key gene regulatory 
networks in chondrocytes that instruct tissue remodelling and vascularisation, 
informing the development of our subsequent in vitro models. We next sought to 
develop in vitro models that could recapitulate key aspects of the early stages of 
endochondral ossification. We initially focused on the interplay between mineralised 
cartilage and angiogenesis, as these phenomena occur early and simultaneously after 
cartilage implantation. In Chapter 3, we specifically investigated how the 
mineralisation of tissue-engineered cartilage affects its pro-angiogenic potential. We 
demonstrated that in vitro cartilage mineralisation induced by β-glycerophosphate 
leads to decreased VEGFA production by the chondrocytes, and reduced ability to 
stimulate endothelial cell migration and proliferation. This showed that the pro-
angiogenic potential of transient cartilage is stage-dependent, and this aspect must be 
carefully considered in the design of in vitro models of bone formation. In Chapter 4, 
we developed an in vitro co-culture model directly incorporating the interactions 
between chondrogenic pellets, vessels, and osteoclasts during cartilage 
mineralisation, thus recapitulating in situ osteoclastogenesis and vascular network 
formation. Such findings evidenced the potential of this model to serve as a platform 
for studying bone biology and testing therapeutic interventions. Finally, in Chapter 5 
we co-cultured mineralised pellets with metastatic breast and melanoma cancer cells 
to setup in vitro systems for the study of bone metastasis.  



Chapter 6 

141 
 

Bones reimagined: crafting novel in vitro bone models by a stepwise approach 

 In vitro bone models have emerged as crucial tools for studying bone formation, 
offering advantages over animal models in terms of reproducibility, controllability, and 
potential for completely humanised cellular environments. However, the development 
of these models faces significant challenges in recapitulating the complexity of the 
mature bone environment. While various approaches have been developed, from 
simple co-culture systems to complex 3D bioprinted constructs, each has limitations 
in representing the native bone microenvironment. Furthermore, the intricate coupling 
between angiogenesis, remodelling and osteogenesis in bone formation adds another 
layer of complexity to the creation of physiologically relevant in vitro bone models [1]. 
Unlike most common models which rely mainly on osteoblast cultures or direct 
mineralisation of osteogenically differentiated hMSCs, our approach took a different 
direction by utilising the endochondral route of bone formation. Instead of attempting 
to directly mimicking the architecture of native bone, we thus focused on recapitulating 
the physiological steps that lead to bone formation. We chose to start with hMSC 
pellets since these can be easily cultured with chondrogenic growth factors (TGF-β) 
to generate cartilage templates. Much research has shown that when these constructs 
are implanted in vivo, mature bone is generated via endochondral ossification, 
accurately recapitulating the processes of cartilage mineralisation, vessel invasion, 
and osteoclast-mediated remodelling [2-6]. While this system closely mimics the 
developmental process of bone formation, there are ethical concerns, regarding the 
use of experimental animals, and the cellular and molecular dynamics that underlie 
bone formation remain challenging to investigate. This is because several processes 
of tissue formation and remodelling occur at the same time, making it difficult to dissect 
the contribution of each cell type or single factors. Furthermore, the cellular 
contribution from the host animal leads to the generation of chimeric bone, potentially 
impacting its properties and response to stimuli. In this thesis we took an important 
step towards addressing these limitations by developing an advanced and fully 
humanised in vitro model that incorporates key aspects of endochondral ossification, 
including cartilage mineralisation, remodelling, and vascular network formation. This 
was realised by gradually complicating the system and by first establishing an in vitro 
model of mineralised cartilage (Chapter 3), then separate cartilage-vessels and 
cartilage-osteoclasts co-cultures, with or without mineralisation, and finally a complete 
cartilage-vessels-osteoclasts co-culture (Chapter 4).  

Overall, we thus provided the field with a set of new models with different 
degree of complexity that could be applied to answer questions related to physiological 
or pathological events in the context of bone formation. Different components of the 
model could be tailored to simulate various conditions, and a suitable level of 
complexity could be chosen depending on the research question. A relatively simple 
co-culture of cartilage and osteoclasts may be sufficient to study aspects of the 
chondrocyte-osteoclast crosstalk. The study of altered cartilage remodelling may 
instead require higher complexity and the simultaneous presence of mineralised 
cartilage, vessels and osteoclasts. Many are the diseases which could benefit from 
such models, due to altered bone formation as in the context of growth diseases, or 
due to aspects of the bone microenvironment supporting the pathological process, as 
in the case of bone metastasis. For example, osteochondrosis is characterised by 
focal disturbances in endochondral ossification, often due to impaired vascularisation 
of the epiphyseal growth cartilage. This vascular failure leads to ischemic 
chondronecrosis, which can manifest as lesions detectable through imaging 
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techniques like CT and MRI [7]. By using the in vitro model, we may investigate the 
mechanisms behind vascular failure and its relationship to cartilage necrosis, 
potentially identifying therapeutic targets for enhancing blood supply to affected areas. 
Other opportunities may include the study of osteoclast deficiency in the context of 
cartilage resorption during growth or repair, which can lead to skeletal deformities, 
short stature, and disrupted fracture repair. The model could represent a tool to 
investigate dysregulated crosstalk between hypertrophic cartilage/chondrocytes and 
osteoclasts or endothelial cells, e.g. in the context of poor fracture healing due to 
infections, diabetes or malnutrition These studies could potentially help elucidating the 
signalling pathways involved in defective osteoclast or endothelial function during 
ossification, potentially leading to novel therapeutic approaches for managing these 
disorders [8; 9].  

 

Optimising the chondrogenic priming duration for efficient in vitro modelling of 
bone formation with hMSC pellets 

 To begin assembling complex in vitro models, we first needed to better 
understand the process involved in endochondral ossification upon which we planned 
to build in vitro co-cultures: the generation of the cartilage template. It is well 
established that after implantation this provides an excellent substrate for the 
formation of endochondral bone. However, we still knew relatively little about how the 
properties of the cartilage related to the induction of mineralisation-vascularisation-
remodelling processes after implantation. Understanding specifically whether cartilage 
of a certain amount or maturity is required for endochondral bone formation to occur 
was of primary importance for developing in vitro bone formation models. Since these 
properties are mainly determined by the duration of chondrogenic priming (with TGF-
β), in Chapter 2 we examined the bone formation potential of hMSC pellets at different 
stages of chondrogenic priming, via in vivo transplantation experiments. We found that 
a short chondrogenic priming (7 days) is sufficient for hMSCs to acquire bone 
formation potential, and a mature cartilage template is not a hard requirement for bone 
formation to occur. By studying the transcriptome of chondrogenically-primed cells, we 
showed that this brief chondrogenic stimulus does not only trigger the expression of 
genes related to bone formation and remodelling but also several regulators of 
vascularisation and osteoclastogenesis.  

The aforementioned evidence informed us that the short priming procedure is 
adequate to support endochondral ossification. This choice is obviously desirable for 
an in vitro model of bone formation which involves multiple phases and cell types. In 
Chapter 3 we investigated whether such short chondrogenic priming could be coupled 
with cartilage mineralisation in vitro. We found that BGP could be successfully 
introduced on day 7 of priming to induce mineralisation, which was overall improved 
when TGF-β was withdrawn from the culture medium on day 14. In addition, we 
showed that the expression of pro-angiogenic markers and the positive effect of 
conditioned medium derived from pellets after 7 days of chondrogenic priming on 
vessel formation was not further enhanced by longer priming. Altogether, our data 
demonstrate that short chondrogenic priming is adequate to establish in vitro models 
of endochondral ossification. Of note, our new insights into the effect of the duration 
of chondrogenic priming on endochondral bone formation are also particularly relevant 
for the bone tissue engineering field and the implantation of chondrogenic constructs 
to regenerate bone. From a translation perspective, the extensive cell handling 
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required during the priming drastically increases the costs and time of the procedure, 
causing significant hurdles in view of translation. Our data can aid the development of 
new strategies to minimise the need for chondrogenic pre-differentiation of hMSCs 
while preserving their bone formation potential.  

  

Bridging processes: the challenge of modelling mineralisation, vascularisation, 
and osteoclast activity in endochondral ossification 

 Setting up an in vitro model that supports the functionality of several cell types 
of primary origin and allows to recreate their interplay is no easy task. In this thesis, 
we mainly focused on identifying suitable in vitro conditions to support vessel formation 
in combination with a cartilage template undergoing mineralisation and remodelling. 
As shown in Chapter 2 and Chapter 4, vessel infiltration occurs early after cartilage 
implantation and it is thus expected to play a central role in bone formation since the 
very early stages. To establish an in vitro bone formation model that includes a 
vascular network, we decided to utilise a strategy of self-assembly of vessel-forming 
cells (endothelial cells and pericyte-like cells) and combine it with hMSC pellets. In 
Chapter 3, we performed a conditioned medium study and found that the pro-
angiogenic potential of hMSC pellets is achieved after 7days of chondrogenic priming 
and it is negatively affected by prolonged mineralisation. In Chapter 4, we moved to 
direct co-cultures and developed a system combining mineralised/chondrogenic 
pellets and tissue-engineered vessels. We observed that vessels with lumen were 
formed under such co-culture conditions and they could physically interact with the 
surface of hMSC pellets. Both indirect and direct cultures indicated that vessel 
formation can be achieved in the presence of tissue-engineered cartilage that 
undergoes mineralisation. It is thus feasible to apply such a model to investigate cell-
cell interaction between hypertrophic chondrocytes and endothelial cells. Since we did 
not observe direct vessel invasion under this setting, we hypothesised that the dense 
cartilage matrix could prevent vessel infiltration. In the next step, we decided to 
incorporate osteoclasts as the main cells capable of effective cartilage degradation 
and due to their documented ability to promote vascular invasion. 

 In Chapter 4, we built a complex 3D co-culture system with (mineralised) 
pellets, osteoclasts forming in the pellets, and vessels assembled in the fibrin hydrogel. 
Under in vivo conditions, osteoclasts in remodelling bone are formed from 
monocyte/macrophage precursors under the influence of signalling molecules such as 
macrophage-colony stimulating factor (M-CSF) and receptor activator of nuclear factor 
kappa-B ligand (RANKL) [10; 11]. We recapitulated this process in vitro and finally 
achieved the formation of vasculature, osteoclasts and chondrogenic/mineralised 
cartilage in a single system. While we did not observe clear signs of vessel infiltration, 
we found osteoclasts residing inside the pellets, in addition to loose pellet fragments 
in close contact with osteoclasts [12]. This suggests that these cells may be actively 
engaged in a matrix degradation process. To the best of our knowledge, this is the first 
time that this evidence is provided in the context of such a complex co-culture system 
recapitulating endochondral ossification. This is consistent with hMSC pellets 
contributing to the digesting ability of osteoclasts and the coupling of vessel network 
formation and osteoclastogenesis. As we showed in Chapter 4, upregulated genes in 
chondrogenic pellets included secreted factors relevant to osteoclastic activity, like 
TNFSF11 (RANKL) and CSF1R, and angiogenic genes, e.g. VEGF and PDGFA, 
which can also affect osteoclasts behaviour. Osteoclasts express receptors for VEGF, 
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such as VEGFR-1 (Flt-1) and VEGFR-2 (Flk-1/KDR) [13; 14]. Thus, vessel formation 
may be potentially linked with osteoclastogenesis in our model. 

In Chapter 3 we determined that in vitro mineralisation decreased the expression 
of pro-angiogenic markers by chondrocytes and consequently vessel-forming capacity 
in the presence of hMSC-derived cartilage subjected to mineralisation. The negative 
effect of prolonged cartilage mineralisation on regional vascular network formation was 
further demonstrated by the direct co-culture system with hMSC-originated cartilage 
and vasculature in Chapter 4. While we did not specifically investigate the 
mechanisms underlying this effect, these may be associated with the induction of cell 
apoptosis due to mineralisation (Chapter 3). While a small portion of hypertrophic 
chondrocytes can undergo transdifferentiation into osteoblasts during endochondral 
ossification, apoptosis is considered to be their predominant ultimate fate [15]. In vitro, 
increased apoptosis will cause an overall lower number of cells producing pro-
angiogenic factors. Furthermore, there is evidence that chondrocyte differentiation is 
associated with increased levels of oxidative phosphorylation and ROS production [16]. 
High levels of ROS can negatively impact endothelial cell function, leading to reduced 
proliferation and migration, which are essential for angiogenesis [17]. In Chapter 4 we 
further observed that mineralisation can lead to reduced vessel and osteoclast 
formation during cartilage-vessels-osteoclasts co-culture. These are relevant aspects 
that need to be taken into consideration for further developing complex co-culture 
systems with mineralising cartilage. It is also possible that the structural properties of 
the mineralised matrix generated in vitro or the timing in the induction of mineralisation 
is not yet ideal and could be further optimised in future work. 

 

Applying in vitro models of endochondral ossification to study bone metastasis  

 To explore potential applications of in vitro models of endochondral ossification, 
we focused on a research field for which improved experimental models represent a 
major need, i.e. bone metastasis. In Chapter 5 we evaluated different experimental 
options to model aspects of the bone microenvironment and to support cancer cell 
growth, including ex vivo cultured human bone and in vitro mineralised pellets derived 
from hMSCs. These may offer different advantages and limitations in studies on bone 
metastasis. Ex vivo cultured bone provides the native bone microenvironment, 
including the natural cancellous structure and a diverse cellular composition [18]. This 
model could potentially replicate the complex interactions between cancer cells and 
multiple native bone cells including osteocytes, osteoblasts, osteoclasts, and bone 
marrow cells, making it ideal for studying tumour cell-bone cell interactions. It is 
however very challenging to guarantee the survival and functionality of all these cell 
types once the tissue is explanted from the patient. The thick calcified tissue and the 
presence of bone marrow can hinder nutrient diffusion, leading to cell death and matrix 
degradation over time [19]. Furthermore, it may lack reproducibility due to donor 
variability and bone of origin. Mineralised hMSC pellets are much more simplistic in 
structure and composition, but, as shown in this thesis, they can be manipulated to 
host multiple cell types to recreate processes that underlie bone formation.  

In Chapter 5 we showed that ex vivo bone and mineralised pellets could evoke 
different responses in cancer cells, likely due to these differences in composition and 
secretion of factors. While characterising these differences goes beyond the scope of 
this thesis, we showed that in vitro mineralised pellets stimulated the migration and 
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supported in situ proliferation of cancer cells that can metastasise to the bone. They 
may thus provide a suitable environment for studying aspects of cancer cell behaviour 
in vitro. Importantly, this could also provide the opportunity to utilise cells from patients, 
ultimately allowing personalised in vitro bone models that closely mimic the unique 
biological properties of individual patients. This is particularly important given the 
heterogeneity among patients, which can affect cell behaviour and treatment 
responses due to variations in disease characteristics and genetic background [20; 
21]. The main current limitation of such model lies in the absence of a complete bone 
microenvironment. While we took relevant steps in adding vascular and remodelling 
components, further advancements will be necessary to move towards 
microenvironments that better resemble mature bone. Finally, the integration of a 
dynamic flow system, here exemplified by the B2B device, represents another 
necessary advancement in modelling cancer cell metastasis in vitro. Dynamic culture 
conditions can strongly alter cancer cell behaviour, including proliferation rates and 
drug responsiveness [22]. While our preliminary results demonstrated successful cell 
migration to bone and pellets after circulation in the device, future studies should 
explore longer-term co-cultures to assess in situ proliferation and interactions with 
bone cells. In this context, integrating more advanced in vitro models of endochondral 
ossification with vasculature into the device chambers will further enhance the 
physiological relevance. The B2B platform can thus provide a versatile platform for 
investigating microenvironmental interactions in metastasis and screening therapeutic 
strategies under dynamic, humanised conditions. 

 

Future developments of the in vitro bone modelling setup 

In this study, we made relevant steps towards achieving better complexity in in 
vitro models of bone formation. Nevertheless, there are still limitations that we will 
need to face in the future. First, our setup lacks extensive vessel invasion into the 
cartilage template. An important direction will be to improve the in vitro model to 
achieve effective vessel invasion in the cartilage. While we did not observe clear 
differences after the introduction of osteoclasts, more prolonged culture periods could 
be beneficial to allow increased degradation of cartilage tissue and vessel penetration. 
In addition, the pellets could be scaled down in size to reduce the penetration distance 
and allow vessels to grow between pellets. The introduction of dynamic flow, which 
was so far only applied to the metastatic cancer cell experiments, will further increase 
the relevance of such models. Fluid flow in the vessels could introduce shear stress 
on endothelial cells, which is crucial for their alignment, proliferation, and migration. 
Endothelial cells respond to shear stress by activating signalling pathways that 
promote angiogenesis, including the VEGF pathway [23]. The directional cues 
provided by flow may help guide vessels into the cartilage matrix more effectively or 
more quickly [24]. Mechanical forces due to fluid flow could also act on bone cells 
better mimicking the in vivo situation and influencing cell signalling, proliferation, 
differentiation, and extracellular matrix production [25]. Additionally, it will be relevant 
to introduce vessel hierarchy and/or vessel subtypes in these models. The transition 
from large vessels to microvessels could mimic the hierarchical structure of the 
vascular system found in vivo. In actively growing bone, different microvascular 
structures can be described as H or L type vessels [26]. The veins branch into smaller 
arteries that terminate in type H vessels, which are located near osteoprogenitor cells 
in the metaphyseal and endosteal regions. L-type vessels, which are sinusoidal 
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vessels that terminate in central veins, are found throughout the bone marrow region. 
During bone remodelling, the secretion of PDGF-BB recruits endothelial cells and 
osteoblast progenitor cells to the bone remodelling site, thereby enhancing the 
formation of H-type blood vessels and bone matrix, playing a role in coupling 
angiogenesis and osteogenesis [27]. So far, H type vessels have been manipulated in 
vivo [28], but there has been no research to recapitulate these specialised structures 
in vitro.  

HUVECs are frequently used in the field of tissue engineering to study endothelial 
cell behaviour and function. However, they are often not the most relevant endothelial 
cell type for the tissue of interest. HUVECs are derived from the umbilical vein, and 
while they can mimic certain physiological responses of endothelial cells, they may not 
fully replicate the behaviour of specialised endothelial cells found in other vascular 
microenvironments. For instance, arterial endothelial cells (AECs) have distinct 
signalling pathways and mechanical properties compared to venous endothelial cells 
like HUVECs, and this can affect how they interact with surrounding tissues and 
respond to stimuli [29; 30]. In the further developments of in vitro models of 
endochondral ossification, it will be necessary to consider the use of a more relevant 
endothelial cell type that better relates to the bone marrow microenvironment. Bone 
marrow endothelial cells (BMECs) can be an option offering several advantages over 
HUVECs in the context of tissue engineering. BMECs are specifically adapted to the 
bone marrow microenvironment, which is crucial for supporting haematopoiesis and 
maintaining stem cell niches. This makes them more relevant for applications targeting 
bone tissue engineering, as they can better mimic the in vivo conditions found in the 
bone marrow [31]. BMECs can also secrete MMPs (especially MMP-9) which may be 
important for tissue invasion [32]. BMECs may thus provide advantages for specific in 
vitro modelling applications in bone tissue engineering and regenerative medicine.  

 In the work of this thesis, we generated mineralised cartilage which is different 
from mature bone. While in vitro culture with BGP can recapitulate mineralisation, it 
will be important to move towards in vitro generated matrices which can better 
replicate the complex ECM of native bone. The bone matrix is composed of collagen 
type I and hydroxyapatite crystals; it is a hierarchical structure with distinct layers and 
vascular channels that support nutrient delivery and waste removal, crucial for 
maintaining healthy bone tissue. Additionally, other cellular components i.e. 
osteoblasts and osteocytes are crucial for dynamic remodelling and adaptation to 
mechanical stress. By adding osteoclasts, we observed signs of digestion of the 
cartilage matrix, but with this setup newly formed mineralised matrix cannot be 
produced. This could be achieved via the addition of osteoblasts to the system. 
Osteoblasts produce osteoid, the unmineralised organic matrix, which is crucial for 
subsequent mineralisation and facilitates the deposition of calcium phosphate crystals, 
leading to the hardening of the matrix into bone.  
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CONCLUSIONS AND FUTURE DIRECTIONS 

This thesis made significant achievements in developing and characterising new 
in vitro models of endochondral ossification, providing insights into the complex 
processes of bone formation. Our work has progressed from in vivo characterisation 
of hMSC-based endochondral ossification to the establishment of sophisticated in vitro 
models that incorporate key aspects of this process. We have demonstrated that short-
term chondrogenic priming of hMSC pellets is sufficient to initiate comprehensive bone 
formation and validated the effectiveness of short priming strategies for in vitro 
modelling purposes. Next, a novel achievement of this work is the development of a 
complex in vitro co-culture model that successfully recapitulates cartilage 
mineralisation, vascularisation, and osteoclastogenesis, which had not been 
performed before in the field of in vitro bone models. This model has provided new 
insights into the interactions between these processes, particularly the inhibitory effect 
of mineralisation on both vascularisation and osteoclastogenesis. Our preliminary 
application of the in vitro model for bone metastasis research opens up new 
opportunities for studying cancer cell behaviour in a controlled bone-like 
microenvironment. In the future, vessel infiltration could be promoted to recapitulate 
this critical process, in addition to introducing further cell types and improving the 
properties of the ECM. Additionally, our setup could be further validated and adapted 
for a broader range of skeletal diseases, possibly by using patient-derived cells or 
manipulating relevant genes or factors. In conclusion, this thesis provides a solid 
foundation for advanced in vitro modelling of endochondral ossification. The 
developed models offer new tools for studying aspects of bone biology, disease 
mechanisms, and potential therapeutic interventions.   
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SUMMARY  
 

Using animal models to study bone biology has yielded many exciting findings 
including the discovery of the bone morphogenetic proteins. However, they have 
strong limitations related to differences with the human organism and ethical concerns. 
On the other hand, constructing relevant in vitro models of bone formation for the study 
of diseases and drug discovery remains a challenge, mainly due to the complexity of 
the bone formation process. The work of this thesis aimed to develop new in vitro 
models that accurately mimic endochondral ossification, the natural process through 
which most bones are formed. During endochondral ossification, a template of 
cartilage tissue is gradually mineralised, vascularised and remodelled into bone. The 
research addressed two primary challenges: first, we used a tissue engineering 
approach to understand the cellular mechanisms through which cartilage transforms 
into bone during endochondral ossification; next, we aimed to recreate the early stages 
of this process in vitro, by generating bone-forming constructs comprising of 
mineralising cartilage, vasculature and remodelling cells. 

Chapter 1 introduced the state-of-the-art on the experimental modelling of bone 
formation and provided the rationale for constructing new bone models by mimicking 
endochondral ossification in vitro through tissue engineering. The chapter outlined the 
process of endochondral ossification and the most relevant cell types involved. The 
limitations of using animal models to study bone formation were pointed out, and the 
current challenges of available in vitro models of bone formation were emphasised.  

To perform a detailed study of the cellular dynamics of endochondral ossification, 
we used a tissue engineering model where pellets of human marrow stromal cells 
(hMSCs) are chondrogenically-primed with TGF-β to generate cartilage and implanted 
subcutaneously in mice. After implantation, the cartilage is remodelled into mature 
bone. This is a well-established strategy, but the dynamics of the remodelling process 
and the impact of the duration of the in vitro chondrogenic priming have not been 
comprehensively described. Before developing an in vitro model of the process, it was 
necessary to fill this knowledge gap. In Chapter 2 we characterised in detail the effect 
of the duration of chondrogenic priming in vitro on bone formation and the dynamics 
of endochondral ossification after pellet implantation in vivo. The study found that the 
duration of chondrogenic priming does not affect the process of endochondral 
ossification, while prolonged priming leads to increased bone volume. We 
characterised the sequence of events that cause a cartilage template to remodel into 
mature bone and the transcriptome associated with the bone formation ability of 
chondrogenically-primed cells. This provided a suitable starting point to develop in 
vitro models of bone formation with multiple phases and cell types. 

Since we observed that after implantation the cartilaginous constructs undergo 
rapid mineralisation and vascularisation, we next investigated how to recapitulate 
these processes in the in vitro setting. Given that the relationship between 
mineralisation and angiogenesis is not extensively studied in the tissue engineering 
setting, we performed a series of analysis in vitro. In Chapter 3, we introduced in vitro 
mineralisation by adding β-glycerophosphate to chondrogenically-primed hMSC 
pellets and studied their interaction with vessel-forming cells. We found that the 
endothelial cell behaviour, specifically the process of cell migration, proliferation, and 
tube formation, was negatively regulated with the ongoing mineralisation. This 
improved our understanding of the relationship between mineralisation and 
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angiogenesis and informed us on how to proceed with establishing complex in vitro 
models of endochondral ossification that include vascularisation. 

Next, we stepped forward by developing direct co-culture models to recapitulate 
vascularisation and remodelling during endochondral ossification. The studies 
performed in Chapter 2 had shown that hMSC pellets chondrogenically primed for a 
short time in vitro can instruct angiogenesis and osteoclastogenesis. In Chapter 4, we 
first established separate co-cultures of chondrogenic pellets undergoing 
mineralisation with osteoclasts or with vessel networks, and eventually combined them 
into a single model. In this way, the integration of chondrogenesis, mineralisation, 
vascular network formation, and osteoclastogenesis into a complex 3D co-culture 
system was successfully achieved, providing a new platform for research on bone 
biology and bone disease modelling. 

Chapter 5 focused on applying the in vitro hMSC pellet model to study a bone-
related disease for which relevant in vitro models are severely lacking, i.e. bone 
metastasis. We performed in vitro co-culture experiments with hMSC pellets and 
breast cancer or melanoma cell lines, with the aim to replicate the migration of 
metastatic cancer cells towards bone-forming constructs. We showed that hMSC 
pellets could stimulate the migration and proliferation of cancer cells, and both cancer 
cell lines could grow in contact with the pellets. Finally, we employed a fluid-flow 
system to recapitulate the migration of cancer cells from circulation to the bone. 
Further developments of this platform may provide novel tools to study the influence 
of the bone microenvironment on cancer cell behaviour, and new insights into how the 
metastatic processes may be influenced by local tissue interactions. 

In Chapter 6, the results of this thesis are comprehensively discussed and 
placed in a general context. Overall, this thesis emphasises the significance of 
endochondral ossification in the context of tissue engineering strategies to model bone 
formation or regeneration. We made significant progress in establishing in vitro models 
with multiple cellular elements, mimicking the processes of chondrogenesis, 
mineralisation, angiogenesis and osteoclastogenesis. These advanced co-culture 
systems are promising tools to mimic and study the interplay between chondrocytes, 
osteoclasts and endothelial cells during bone formation, paving the way for future 
research into bone diseases and potential therapeutic strategies. Future iterations of 
the model including additional cell types or processes such as vascular infiltration will 
further expand the range of applications, aiding a better understanding of bone biology 
and treatment of skeletal disorders. 
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NEDERLANDSE SAMENVATTING 
 

Het gebruik van diermodellen om botbiologie te bestuderen heeft veel resultaten 
opgeleverd, waaronder de ontdekking van de eiwitten die de botvorming regelen. 
Diermodellen hebben echter beperkingen die veroorzaakt worden door verschillen in 
fysiologie tussen mens en de gebruikte dieren. Bovendien zijn er ethische redenen om 
het gebruik van dieren voor wetenschappelijk onderzoek te beperken. Aan de andere 
kant blijft het construeren van relevante proefdiervrije laboratorium modellen 
(zogenaamde in vitro modellen) van botvorming voor het bestuderen van ziekten en 
het ontdekken van medicijnen een uitdaging. Dat komt voornamelijk omdat we het 
botvormingsproces, en de rol van de cellen die daarbij betrokken zijn, nog niet goed 
genoeg begrijpen. Het doel van dit proefschrift was om nieuwe in vitro modellen te 
ontwikkelen die endochondrale botvorming, het proces waarmee de meeste botten in 
ons lichaam worden gevormd, nauwkeurig nabootsen. Tijdens endochondrale 
botvorming wordt een sjabloon van kraakbeenweefsel geleidelijk gemineraliseerd, 
gevasculariseerd en omgevormd tot bot. Het onderzoek richtte zich op twee 
belangrijke uitdagingen: ten eerste gebruikten we een tissue engineering-benadering 
om de cellulaire mechanismen te begrijpen waarmee kraakbeen tijdens 
endochondrale botvorming in bot verandert; Ten tweede wilden we de vroege stadia 
van dit proces in vitro nabootsen door botvormende constructen te genereren die 
bestaan uit mineraliserend kraakbeen, bloedvaten en cellen die het kraakbeen kunnen 
helpen remodelleren. 

Hoofdstuk 1 introduceerde de huidige kennis van de experimentele modellen 
voor botvorming en gaf de rationale voor het ontwikkelen van nieuwe botmodellen 
door endochondrale botvorming in vitro na te bootsen door middel van tissue 
engineering. Het hoofdstuk schetste het proces van endochondrale botvorming en de 
meest relevante celtypen die hierbij betrokken zijn. Er werd gewezen op de 
beperkingen en uitdagingen van het gebruik van diermodellen en van de huidige 
beschikbare in vitro modellen om botvorming te bestuderen.  

Om een gedetailleerde studie uit te voeren van de cellulaire dynamiek van 
endochondrale botvorming, gebruikten we een tissue engineering model waarbij 
menselijke stromale cellen (hMSC's) uit het beenmerg met TGF-β aangezet worden 
om kraakbeen te vormen (zgn chondrogene priming) en vervolgens geïmplanteerd 
worden onder de huid in muizen. Na de implantatie wordt het kraakbeen omgevormd 
tot bot. Dit is een beproefde strategie, maar de dynamiek van het 
remodelleringsproces en de impact van de duur van de in vitro chondrogene priming 
zijn niet uitgebreid onderzocht. Voordat we een in vitro model van het 
botvormingsproces ontwikkelden, was het noodzakelijk om deze leemte in de kennis 
op te vullen. In Hoofdstuk 2 karakteriseerden we in detail het effect van de duur van 
chondrogene priming in vitro op botvorming en de dynamiek van endochondrale 
botvorming na implantatie van de chondrogeen geprimede constructen in vivo. Uit het 
onderzoek bleek dat de duur van chondrogene priming geen invloed heeft op het 
proces van endochondrale botvorming, terwijl langdurige priming leidt tot een groter 
volume aan bot. We karakteriseerden de opeenvolging van gebeurtenissen die ervoor 
zorgen dat een kraakbenig sjabloon remodelleert tot volwassen bot en het 
transcriptoom dat geassocieerd wordt met het botvormend-vermogen van 
chondrogeen-geprimede cellen. Dit vormde het uitgangspunt voor de ontwikkeling van 
in vitro modellen van botvorming met meerdere fasen en celtypen. 
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Aangezien we zagen dat de kraakbenige constructen na implantatie een snelle 
mineralisatie en vascularisatie ondergaan, onderzochten we vervolgens hoe we deze 
processen konden nabootsen in een in vitro setting. Aangezien de relatie tussen 
mineralisatie en de vorming van nieuwe bloedvaten (angiogenese) in de tissue 
engineering setting niet uitgebreid bestudeerd is, voerden we een reeks analyses uit. 
In Hoofdstuk 3 introduceerden we in vitro mineralisatie door β-glycerofosfaat toe te 
voegen aan chondrogeen-geprimede hMSC en bestudeerden we hun interactie met 
vaatvormende endotheelcellen. We ontdekten dat het gedrag van endotheelcellen, 
met name het proces van celmigratie, celdeling en buisvorming, negatief werd 
gereguleerd door de voortschrijdende mineralisatie. Dit verbeterde ons begrip van de 
relatie tussen mineralisatie en angiogenese en informeerde ons over hoe verder te 
gaan met het opzetten van complexe in vitro modellen van endochondrale botvorming 
die ook vascularisatie omvatten. 

Vervolgens ontwikkelden we in vitro modellen met een directe co-kweek om 
vascularisatie én remodellering tijdens endochondrale botvorming na te bootsen. De 
in vivo studies uitgevoerd in Hoofdstuk 2 hadden aangetoond dat hMSC die voor 
korte tijd in vitro chondrogeen geprimed worden, de angiogenese en de vorming van 
osteoclasten (cellen die gemineraliseerd weefsel afkunnen breken) kunnen instrueren. 
In Hoofdstuk 4 hebben we eerst afzonderlijke co-kweken opgezet van constructen 
van chondrogeen-geprimde cellen die mineralisatie ondergaan met osteoclasten of 
met vasculaire netwerken, en deze uiteindelijk gecombineerd in één model. Op deze 
manier werd de integratie van chondrogenese, mineralisatie, vorming van vasculaire 
netwerken en osteoclastogenese in een complex 3D co-kweeksysteem met succes 
bereikt. Dit biedt een nieuw platform voor onderzoek naar botbiologie en het 
modelleren van botziekten in vitro. 

Hoofdstuk 5 richtte zich op het toepassen van het in vitro model met getissue-
engineerde constructen van chondrogeen-geprimde hMSC om een botgerelateerde 
ziekte te bestuderen waarvoor relevante in vitro modellen ontbreken, namelijk 
botmetastase. We voerden in vitro co-kweekexperimenten uit van deze getissue-
engineerde constructen met borstkanker- of melanoomcellijnen, met als doel de 
migratie van uitgezaaide kankercellen naar botvormende weefsel na te bootsen. We 
toonden aan dat de constructen de migratie en proliferatie van kankercellen konden 
stimuleren en dat beide kankercellijnen konden groeien in contact met de constructen. 
Tot slot maakten we gebruik van een fluid-flow systeem om de migratie van 
kankercellen vanuit de circulatie naar het botweefsel na te bootsen. Verdere 
ontwikkeling van dit platform kan nieuwe hulpmiddelen opleveren voor het bestuderen 
van de invloed van de botmicro-omgeving op het gedrag van kankercellen en nieuwe 
inzichten in hoe metastase beïnvloed kan worden door interacties van kankercellen 
en botweefsel. 

In Hoofdstuk 6 worden de resultaten van dit proefschrift uitgebreid besproken 
en in een algemene context geplaatst. Dit proefschrift benadrukt het belang van 
endochondrale botvorming als tissue engineering strategie om botvorming of 
botregeneratie te modelleren. We hebben aanzienlijke vooruitgang geboekt bij het 
opzetten van in vitro modellen waarin meerdere cellulaire elementen samenkomen die 
de processen van chondrogenese, mineralisatie, angiogenese en osteoclastvorming 
nabootsen. Deze geavanceerde co-kweeksystemen zijn veelbelovende hulpmiddelen 
om de wisselwerking tussen chondrocyten, osteoclasten en endotheelcellen tijdens 
botvorming na te bootsen en te bestuderen, wat de weg vrijmaakt voor toekomstig 
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onderzoek naar botziekten en potentiële therapeutische strategieën. Toekomstige 
verbeteringen en uitbreidingen van het model met extra celtypen of processen zoals 
vasculaire infiltratie zullen de toepassingsmogelijkheden verder uitbreiden en 
bijdragen aan een beter begrip van botbiologie en de behandeling van 
skeletaandoeningen. 
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总 结 

利用动物模型研究骨骼生物学已取得许多令人振奋的成果，其中包括骨形态发生

蛋白的发现。然而，动物模型存在显著局限性，这既涉及与人体的差异，也面临伦理

方面的问题。另一方面，由于骨形成过程的复杂性，构建用于疾病研究和药物研发的

相关体外骨形成模型仍然是一项挑战。本论文旨在开发新的体外模型，以精确模拟软

骨内骨化这一长骨形成的自然过程。在软骨内骨化过程中，软骨组织模板会逐渐矿化、

血管化，并重塑为骨骼。本研究主要应对两项挑战：第一，我们采用组织工程方法，

深入了解软骨在软骨内骨化过程中转化为骨骼的细胞机制；第二，我们试图在体外重

现这一过程的早期阶段，通过生成包含矿化软骨、血管和重塑细胞的骨形成构建体来

实现。 

第 1 章介绍了骨形成实验建模的前沿进展，并阐述了通过组织工程在体外模拟
软骨内骨化构建新骨模型的理论依据。该章概述了软骨内骨化的过程以及相关的主要

细胞类型，指出了使用动物模型研究骨形成的局限性，并强调了现有体外骨形成模型

目前面临的挑战。 

为了详细研究软骨内骨化的细胞动力学，我们采用一种组织工程模型，利用转

化生长因子-β（TGF-β）对人骨髓基质细胞（hMSCs）颗粒进行软骨诱导，以生成软
骨，然后将其皮下植入小鼠体内。植入后，软骨会历经重塑成为成熟的骨骼。这是一

种成熟的实验策略，但重塑过程的动力学以及体外软骨诱导启动时间的影响尚未得到

全面的解释。在开发该过程的体外模型之前，有必要填补这一理论空白。在第 2 章中，
我们详细研究了体外软骨诱导启动时间对体内植入颗粒后骨形成和软骨内骨化动力学

的影响。研究发现，软骨诱导启动时间并不影响软骨内骨化过程，但延长启动时间会

增加骨质体积。我们通过分析与软骨诱导细胞的骨形成能力相关的转录组，描述了软

骨模板重塑为成熟骨骼的一系列事件。这为开发包含多个阶段和多种细胞类型的体外

骨形成模型提供了合适的起点。 

由于我们观察到短时间诱导的软骨构建体在植入后会迅速矿化和血管化，因此

接下来我们研究如何在体外重现这些过程。鉴于在组织工程领域，矿化与血管生成之

间的关系尚未得到广泛研究，我们进行了一系列体外分析。在第 3 章中，我们通过向
软骨诱导的 hMSC颗粒中添加 β-甘油磷酸酯来诱导体外矿化，并研究其与血管形成细
胞的相互作用。我们发现，随着矿化的进行，内皮细胞的行为，特别是细胞迁移、增

殖和管腔形成过程受到负调控。这增进了我们对矿化与血管生成之间关系的理解，并

为我们建立包括血管化在内的复杂体外软骨内骨化模型提供了指导。 

随后，我们进一步开发直接共培养模型，以重现软骨内骨化过程中的血管化和

重塑过程。第 2 章的研究表明，体外短时间软骨诱导的 hMSC颗粒能够诱导血管生成
和破骨细胞生成。在第 4 章中，我们首先分别建立了矿化软骨诱导颗粒与破骨细胞或
血管网络的共培养体系，最终将它们整合为一个模型。通过这种方式，成功将软骨生

成、矿化、血管网络形成和破骨细胞生成整合到一个复杂的三维共培养系统中，为骨

骼生物学研究和骨疾病建模提供了一个新平台。 

第 5 章着重将体外 hMSC颗粒模型应用于骨转移研究。这一领域尚缺乏骨相关
疾病相关的体外模型。我们进行了 hMSC 颗粒与乳腺癌或黑色素瘤细胞系的体外共培
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养实验，旨在模拟转移性癌细胞向骨形成构建体的迁移过程。结果显示，hMSC 颗粒
能够刺激癌细胞的迁移和增殖，并且两种癌细胞系都能与颗粒接触生长。最后，我们

利用流体循环系统模拟癌细胞从循环系统向骨骼的迁移。该平台的进一步开发可能为

研究骨微环境对癌细胞行为的影响提供新工具，并为了解局部组织相互作用如何影响

转移过程提供新的视角。 

在第 6 章中，我们全面讨论了本论文的研究结果，并将其置于更广泛的背景下进
行分析。总体而言，本论文强调了软骨内骨化在组织工程模拟骨形成或再生策略中的

重要意义。我们在建立包含多种细胞成分的体外模型方面取得了显著进展。这些模型

能够模拟软骨生成、矿化、血管生成和破骨细胞生成过程。此类先进的共培养系统有

望成为模拟和研究骨形成过程中软骨细胞、破骨细胞和内皮细胞之间相互作用的有力

工具，为未来骨疾病的研究和潜在治疗策略的开发奠定基础。未来我们将对该模型的

进一步优化，如纳入其他细胞类型或复现更多生物过程（如血管浸润）。我们将进一

步拓展其应用范围，这将有助于更深入地理解骨骼生物学并为骨骼疾病的治疗提供帮

助。 
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