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GENERAL INTRODUCTION 
 
Structure and function of bone 
Bone provides support to the body, protection to vital organs and enables locomotion. It is a 

reservoir for calcium homeostasis, bone marrow cells, and growth factors and cytokines. Bone 

matrix is composed by an organic and mineral phase. The organic matrix of bone contains 

collagen, and the mineral phase is characterized by the deposition of calcium phosphate.  

Bone contains four cell types, i.e. osteoblasts, osteoclasts, osteocytes, and bone lining 

cells. Osteoblasts have a mesenchymal origin and are responsible for the production of new 

bone. They are situated on the bone surface and deposit the organic bone matrix (osteoid). 

Osteoclasts are multinucleated cells derived from haematopoietic progenitor cells, responsible for 

dissolving the mineral matrix and enzymatically degrading the extracellular matrix. Osteocytes 

are the most abundant cell type in bone, and they act as mechanosensors in bone instructing 

osteoclasts when and where to resorb bone, and osteoblasts when and where to produce bone. 

Bone lining cells are modified osteoblasts forming a layer on the bone surface. They do not 

undergo apoptosis and have become metabolically inactive thereby resembling osteocytes, and 

connect with the osteocytes in the bone matrix through a network of canaliculi (1).  
 
Cranial bone defects 
Large bone defects in the skull can result from congenital defects, trauma, tumour resection, and 

infection. The common clinical procedure for the treatment of cranial defects is to perform a 

surgical intervention to reconstruct the skull with materials that restore its function, provide stable 

mechanical support as well as optimal esthetic reconstruction (cranioplasty). In the past years 

over two million bone grafting procedures were performed worldwide (2). The first described 

bone grafting procedure was in 1668, where a cranial defect from an injured soldier was repaired 

using the skull from a dog (3). Since then, the reconstruction of large bone defects with the use of 

different materials has considerably improved. Autografts are still considered as the “gold 

standard” for the treatment of bone defects. However, morbidity, and the limited amount and 

quality of bone that can be harvested restricts its use in large bone defects. Allografts are 

considered as an alternative to avoid donor site morbidity, but concerns about the infective risks, 

costs and donor availability issues, limits their use. Currently, bone tissue engineering represents 

a promising strategy for the treatment of large bone defects (4).  
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Bone tissue engineering  
Bone tissue engineering is a promising alternative to aid bone formation for the treatment of large 

bone defects. It consists in the use of a combination of scaffolds, cells, and osteoinductive 

signals to repair bone (5, 6). Principles of the physiological process of bone formation and repair 

can be incorporated into bone tissue engineering strategies as an approach to restore and repair 

large bone defects.  

 
Bone formation and repair 
The physiological process of bone formation by osteoblasts, or osteogenesis, occurs by two 

important processes: intramembranous and endochondral ossification. Intramembranous bone 

formation occurs by direct transformation of mesenchymal cells into osteoblasts, and results in  

the development of flat bones of the skull including the cranial suture lines. Moreover, the healing 

process of fractures treated by open reduction and stabilization by metal plate and screws also 

follows intramembranous bone formation. Endochondral bone formation involves the 

differentiation of mesenchymal progenitor cells into chondrocytes, which are responsible for 

depositing hyaline cartilage that is later mineralized and replaced by bone. Endochondral bone 

formation occurs during development of long bones, and it is the most important process during 

the healing process of a bone fracture treated by cast immobilization (7). Complex biological 

processes occur during the in vivo process of fracture repair. The initial repair phase is 

characterized by an inflammatory response, with different cytokines expressed in an hypoxic 

environment.   

 

Effect of cytokines and hypoxia on bone repair 

The bone repair process is based on the healing process of large bones. It involves hematoma 

formation and an acute inflammatory response, which peaks in the first 24 to 72 h. Cytokines 

such as tumor necrosis factor-α (TNF-α), interleukin-4 (IL-4), interleukin-6 (IL-6) and interleukin-

17F (IL-17F) are present during this inflammatory response during fracture healing (7-12). These 

cytokines  are also released after the implantation of a bone tissue engineered construct into a 

bone defect (13-16). TNF-α is known to promote the recruitment of MSCs and osteoclasts to the 

injury site (17). IL-6 has been shown to stimulate the differentiation of osteoblasts and 

osteoclasts. In addition, absence of IL-6 during the early phase of fracture repair reduces 

recruitment of immune cells and bone regeneration, resulting in delayed bone healing (18, 19). 

IL-17F, a cytokine secreted by T-helper cell 17 (Th17) subset, is expressed during the early 
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phase of fracture healing and stimulates osteoblast maturation in vitro (12). Following the initial 

inflammatory response, a shift from pro-inflammatory to anti-inflammatory cytokines occurs, 

which is crucial for the repair process (10). The T helper 2 (Th2) cytokine IL-4 is present during 

fracture healing, and is considered anti-inflammatory as it inhibits the production of IL-1, TNF-α, 

and prostaglandin E2 (PGE2) by monocytes . IL-4 also inhibits bone resorption (20).  

Fracture healing is characterized by hypoxia, which occurs due to blood vessel disruption 

after bone injury. Cells present in the fracture hematoma can adapt to hypoxic conditions, leading 

to angiogenesis, chemotaxis, upregulation of pro-inflammatory cytokines, and osteogenesis (21). 

Thus, cytokines as well as hypoxia are hallmarks of the early stages of fracture healing. During 

the repair process mesenchymal stem cells (MSCs), endothelial cells, and immune cells migrate 

towards the bone injury (21-23). Furthermore, MSCs can be used in a bone tissue engineered 

construct to aid in the bone repair process. 

 

Stem cells 

Cells used for tissue engineering techniques can be obtained from different sources. Stem cells 

or progenitor cells are recruited from the tissue surrounding an implanted tissue into a bone 

defect or can be harvested from tissues containing these cells. Adipose tissue-derived 

mesenchymal stem cells (ASCs) represent a promising source due to their abundance, 

accessibility, and osteogenic differentiation potential (6, 24). These advantages make the ASCs a 

promising cell type for tissue engineering purposes to treat large bone defects.    

 
Biomaterials 
Bone substitutes are being increasingly used for the treatment of large cranial bone defects. 

Polymethyl methacrylate (PMMA) bone cement is the most widely used alloplastic material due 

to its high mechanical strength and relatively low cost (25). However, the use of PMMA has two 

main disadvantages, i.e. the highly exothermic reaction during the polymerization process, and 

the potential release of non-reacted monomers, which may cause damage to the surrounding 

bone tissue after PMMA implantation (26).  

Other types of materials used as a bone substitute are synthetic calcium phosphates. 

Biphasic calcium phosphate (BCP) has received special interest for the treatment of bone defects 

(27, 28) due to its chemical composition, i.e. hydroxyapatite (HA) and β tricalcium phosphate (β-

TCP), which resembles the inorganic part of natural bone (29). In addition, BCP allows cell 

attachment, cell proliferation, and enhances osteogenic differentiation. Therefore, BCP is a highly 
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interesting bone substitute material for bone tissue engineering strategies (30, 31). BCP has 

been used for the treatment of large cranial defects together with other materials such as titanium 

mesh to provide additional stiffness, or pre-operatively prepared via the use of skull models (32, 

33).  

 

Scope of the thesis  
The aim of the studies presented in this thesis was to investigate the effect of cytokines, hypoxia, 

and substrate or scaffold, factors present during the in vivo process of bone repair as well as 

after the implantation of a bone tissue engineered construct, on the osteogenic differentiation 

potential and angiogenic stimulation potential of MSCs for bone tissue engineering purposes. We 

studied the potential adverse and cytotoxic effects of PMMA, a commonly used material for the 

treatment of large cranial defects, on hASCs and osteoblasts. To this end, in vitro studies were 

performed using culture conditions mimicking the in vivo environment of fracture repair.  

In order to achieve our aim, we addressed the following scientific questions: 

1.  Is PMMA cytotoxic, and does it affect osteogenic and osteoclast activation potential of MSCs 

and/or osteoblasts (Chapter 2)?    

2.  Do the pro-inflammatory cytokines TNF-α, IL-6, IL-8, and IL-17F, and the anti-inflammatory 

cytokine IL-4 modulate proliferation and/or osteogenic differentiation of MSCs (Chapter 3)? 

3.  Do IL-4, IL-6, and their combination affect osteogenic differentiation, angiogenic stimulation 

potential, and mTORC1 activation by MSCs under normoxia or hypoxia (Chapter 4)? 

4.  Does a cytokine cocktail of TNF-α, IL-4, IL-6, and IL-17F enhance osteogenic differentiation 

and VEGF expression in hASC cultured on BCP scaffolds under hypoxia (Chapter 5)? 

 

PMMA bone cement is commonly used to treat cranial bone defects due to its high mechanical 

strength and stability. The possible cytotoxic effects of PMMA are highly relevant as implanted 

PMMA material is in direct contact with bone tissue. Therefore, the adverse effects of PMMA on 

osteogenic and osteoclast activation potential of hASCs and hOBs are evaluated in Chapter 2. In 

Chapter 3 the effects of the pro-inflammatory cytokines TNF-α, IL-6, IL-8, and IL-17F, and the 

anti-inflammatory cytokine IL-4 on proliferation and osteogenic differentiation of hASCs are 

studied. The cytokines were added to hASCs during 72 h mimicking the early stage of the 

physiological process of bone repair. In Chapter 4 some aspects of the initial phase of fracture 

repair, i.e. cytokines and hypoxia, are evaluated for bone tissue engineering purposes to treat  

large bone defects. To better predict cytokine modulation of MSC-aided bone healing, the effect 
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of IL-4, IL-6, and their combination on osteogenic differentiation, angiogenic stimulation potential, 

and mTORC1 activation by hASCs were studied under normoxic and hypoxic culture conditions.  

A bone tissue engineered construct will have to withstand the effect of cytokines and 

hypoxia present in the inflammatory microenvironment, once the construct is placed into a bone 

defect. Therefore, in Chapter 5 the direct effect of a 3 day stimulation period with a cocktail of 

cytokines, i.e. TNF-α, IL-4, IL-6, and IL-17F, are studied on osteogenic differentiation and VEGF 

expression in hASC cultured on BCP scaffolds under hypoxia. In this chapter we also evaluate 

the results of studies with hASCs cultured on BCP as well as the effects of cytokines on hASCs 

cultured on tissue culture plastic.  

Finally, Chapter 6 discusses how our results provide new insights in the mechanisms 

involving MSC-mediated bone tissue repair, and how mimicking some aspects of the 

inflammatory microenvironment of bone repair, i.e. cytokines, hypoxia, and a 3D culture system, 

may lead to more approachable tissue engineering strategies for the treatment of large bone 

defects. 
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