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The embryonic development of the vascular system requires two sequential 
processes called vasculogenesis and angiogenesis. Vasculogenesis gives rise to 
the formation of a primitive vascular labyrinth of arteries and veins from 
endothelial progenitors. During subsequent angiogenesis the vascular plexus 
progressively expands by means of vessel sprouting or intussusception and 
refines the primitive vasculogenic network into a complex vascular tree 1,2. 
Once embryogenesis has been finalized, modulation of the vascular network 
occurs only via angiogenesis. Angiogenesis ensures the adaption of the 
vasculature to the growing organism during adolescence 2. During adulthood the 
vasculature usually remains quiescent and angiogenesis occurs only during the 
female reproductive cycle and in the placenta during pregnancy 3. However, 
endothelial cells retain the ability to divide rapidly in response to a 
physiological stimulus, such as hypoxia. For instance, angiogenesis is 
reactivated during wound healing and tissue remodeling 4. The multi-step 
organization of angiogenesis is includes (i) production of various growth 
factors, (ii) activation of endothelial cells, (iii) production of lytic enzymes to 
digest the basement membrane and extracellular matrix, (iv) endothelial cell 
migration, proliferation and tube formation. Angiogenesis is controlled by a 
sensitive balance of stimulators and inhibitors (see Table 1). Disturbance of this 
balance may lead to excessive or insufficient angiogenesis. Conditions in which 
angiogenesis is up-regulated include the formation of tumors and inflammatory 
diseases. In other diseases, such as ischemic heart disease or atrophic non-union 
of fractures angiogenesis is insufficient preventing revascularization, healing, 
and regeneration. 

TUMORANGIOGENESIS 

The observation that angiogenesis occurs around tumors was made already 100 
years ago 9. In 1971, Folkman proposed that tumor growth and metastasis are 
angiogenesis-dependent, and inhibiting angiogenesis may be a strategy to halt 
tumor growth 10. Tumors can rest in a dormant state without blood supply for 
many years due to a balance of cell proliferation and apoptosis 10-12. In this state 
diffusion is sufficient to provide the tumor cells with oxygen and nutrients. 
However, in order to grow beyond a critical size of 1-3mm3 or to metastasize to 
distant organs tumors require a vascular network 11,12. Triggers of the so-called 
angiogenic switch include metabolic stress (i.e. low oxygen tension, low ph), 
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inflammation, activation of oncogenes, and deletion of tumor suppressor 
genes 13,14. The angiogenic switch depends on the increased production of one 
or more of the positive regulators of angiogenesis, such as VEGF, FGF-2, IL-8, 
TGF-β, and PDGF 15. These mediators can be expressed by the tumor cells, 
mobilized from the extracellular matrix, or released from host cells (e.g. 
macrophages) recruited to the tumor 16-18. In addition, the expression of 
endogenous inhibitors, such as TSP-1, endostatin or interferon α may be down-
regulated 19-21. Thus the angiogenic switch can be regarded as the result of a 
switch in the equilibrium between stimulators and inhibitors of angiogenesis.  
Various mediators contribute to the establishment of a vascular network for 
tumor growth including the members of the VEGF family, the angiopoietins, 
MMPs, and inflammatory cytokines such as the cox-2. Among these, VEGF 
(also referred to as VEGF-A) and its receptors are the predominant and best-
characterized components of the angiogenic signaling pathway. Loss of a single 
VEGF-A allele results in embryonic lethality 6. VEGF binds to two RTKs, 
VEGFR1 (Flt-1) and VEGFR2 (KDR, Flk-1) 22,23. Of the two, VEGFR2 is the 
major mediator of the mitogenic, angiogenic and permeability-enhancing effects 
of VEGF. This is also reflected by the 22-fold higher binding affinity of VEGF 
to VEGFR2 as compared to VEGFR1 24. The significance of VEGFR1 in the 
regulation of angiogenesis is more complex. VEGFR1 may function as a decoy 
receptor that modulates angiogenesis through its ability to sequester VEGF and 
thereby preventing its interaction with VEGFR2 25. In contrast, it has also been 
shown that VEGFR1 has significant roles in hematopoiesis and in the 
recruitment of monocytes and other bone marrow-derived cells that may again 
promote angiogenesis 26-28. In addition, VEGFR1 is involved in the induction of 
angiogenic triggers such as MMPs and in the paracrine release of growth factors 
from endothelial cells 29-31. Via these mechanisms other VEGFR1-selective 
ligands such as placental-like growth factor (PlGF) seem to contribute to VEGF 
mediated angiogenesis 31-34. VEGF is predominantly produced in tissues with 
low oxygen tension requiring new capillary networks. Hypoxia is the strongest 
regulator of VEGF gene expression. In response to hypoxia, the oxygen-
dependent transcription factor HIF-1α, is stabilized, interacts with co-activators 
such as p300/CBP, and promotes the expression of hypoxia-inducible genes 
such as VEGF 35.  
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Table 1: Stimulators and inhibitors of angiogenesis, adapted from 5-8 

Stimulator Mechanism 
VEGF promotes endothelial cell proliferation, migration, 

differentiation, and survival 
FGF-2 stimulates endothelial cell migration and differentiation, 

initiates the transcription of HGF 
HGF induces the expression of VEGF in endothelial cells, down-

regulates the expression of TSP1 
PDGF acts synergistically with FGF-2 on endothelial cell migration 

and differentiation 
Ang-1 regulates blood vessel maturation 
HIF-1a ranscription factor for the expression of hypoxia inducible 

genes such as VEG 
NO increases and decreases VEGF expression via modulation of 

HIF-1α stabilization 
Cox-2 stimulates the expression of VEGF 
Inhibitor  

Angiostatin inhibits endothelial cell proliferation, blocks HGF signaling 
Endostatin inhibits endothelial cell proliferation, inhibits VEGF mediated 

endothelial cell migration 
Interferon α inhibits endothelial cell proliferation, increases endothelial cell 

apoptosis 
TSP-1 blocks VEGF and FGF-2 signaling 
 

Several studies demonstrated that VEGF is expressed in many solid human 
tumors such as renal cell carcinoma, lung carcinoma, colorectal cancer, and 
breast cancer 36-39. Due to its key role in angiogenesis and its expression in 
many tumors VEGF has become an attractive target for anti-angiogenic 
treatment. In 1993, it was for the first time reported that the growth of several 
tumor cell lines in nude mice could be inhibited with a murine anti-human 
VEGF monoclonal antibody 40. This discovery has led to the development of the 
humanized monoclonal antibody against VEGF bevacizumab (Avastin). 
Bevacizumab was approved for the treatment of colorectal cancer in 2004. 
More recently, the receptor tyrosine kinase inhibitor sunitinib was approved for 
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the treatment of cancer. Sunitinib inhibits angiogenic signaling via the VEGF 
receptors 1–3, PDGFRα and PDGFRβ, stem cell factor receptor (Kit), Flt-3, and 
CSF-1R 41. Recent concepts of anti-angiogenic tumor therapy include the 
combination of anti-angiogenesis with conventional cytotoxic agents or 
radiation therapy 42. Bevacizumab was shown to enhance the therapeutic 
efficacy of conventional chemotherapy against colorectal and lung cancer in 
phase 3 clinical trials 43,44.The inhibition of the VEGF signaling pathway 
enhanced the sensitivity of prostate cancer and non small-cell lung carcinoma to 
radiation therapy in experimental studies 45-47.  

The idea of inhibiting tumor neovascularization without causing adverse effects 
on the host vascular system is furthermore based on the observation that the 
vasculature in normal adults is generally quiescent, with only 0.01 % of 
endothelial cells undergoing cell division at any given time. Regarding tumor 
vasculature, the fraction of cycling endothelial cells might be 2-3 orders of 
magnitudes higher. Thus, agents antagonizing active signal transduction are 
likely to have a minimal effect on the normal vasculature and therefore allow a 
more targeted approach on proliferating tumor vessels 48. 

Although major efforts have been made to establish anti-angiogenic treatment 
in the therapy of solid tumors such therapy regimes have not been established 
for the treatment of primary bone tumors. Primary bone tumors are vey rare. 
They account for less than 0.01% of all types of cancer. The 3 most frequent 
malignant primary bone tumors are chondrosarcoma, osteosarcoma, and Ewing 
sarcoma. Their incidence was shown to be as little as 1.46 cases/1x106 
inhabitants/year, 1.4 cases/1x106 inhabitants/year, and 0.53 cases/1x106 
inhabitants/year, respectively 49. Due to the rarity of these tumors, prospective 
clinical trials with a sufficient number of participants are difficult to conduct. 
Until today only one clinical trial investigating anti-angiogenic therapy in 
malignant bone tumors has been initiated. But this trial has not been finalized. 
With respect to preclinical studies, current animal models to investigate the 
growth behavior of orthotopically growing bone tumors do not allow to monitor 
angiogenesis and microcirculation during tumor growth continuously. 

BONE HEALING AND ANGIOGENESIS 

The metabolism and survival of normal tissue depend on the adequate supply of 
oxygen and nutrients from the vasculature. Angiogenesis plays a pivotal role in 
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skeletal development and bone fracture repair 50-53. Bone has the unique 
capacity to regenerate without the development of a fibrous scar resulting in a 
complete reconstitution of the skeletal integrity 54. This is achieved through the 
interdependent stages of the bone healing process, which mimics the tightly 
regulated development of the skeleton 55,56. These processes are associated with 
3 major phases during fracture healing – the inflammatory, bone formation and 
remodeling phase. 

Inflammation 
The inflammatory phase of bone healing is initiated by the trauma itself. Tissues 
adjacent to bone like blood vessels, the periosteum and the surrounding soft 
tissues are ruptured and a hematoma is formed. The hematoma contains 
hematopoietic cells and platelets contributing to the inflammatory response. 
Large numbers of signaling molecules, including cytokines and growth factors, 
are released into the defect. Furthermore multipotent MSCs invade the 
hematoma from the periosteum, endosteum, bone marrow and possibly the 
vasculature to form granulation tissue 55,57,58. Cytokines like IL1 and IL6 and 
TNF-α stimulate the expression of extracellular matrix and mediate angiogenic 
functions to restore the blood supply 59. BMPs and TGF-β liberated from the 
ruptured bone matrix induce a sequential cascade of events for chondro-
osteogenesis, including proliferation and differentiation of osteoprogenitor cells 
and MSCs, and the synthesis of extracellular matrix 60,61. Consequently a 
cartilaginous callus (soft callus) is formed, which serves as a first mechanical 
stabilization of the fracture site. 

Bone formation 
Subsequent to the formation of the cartilaginous callus, the defect is 
progressively stabilized by the formation of a hard callus by intramembranous 
ossification as well as the maturation of the soft callus and its turnover to woven 
bone by endochondral ossification. 

Intramembranous ossification 
The deposition of bone during intramembranous ossification occurs beneath 
the periosteum (periosteal bone formation) and within the marrow cavity 
(endosteal bone formation). Bone is formed without the occurrence of an 
intermediate cartilage phase. During intramembranous ossification 
committed osteoprogenitor cells residing in the periosteum and the 
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endosteum generate primary ossification centers. The ossification proceeds 
by expansion of these centers and their subsequent fusion in the direction of 
the fracture gap. These processes result in the formation of a bony cuff 
stabilizing the fracture by periosteal bone formation and a medullary callus 
by endosteal bone formation.  

Endochondral ossification 
Concomitantly to intramembranous ossification endochondral ossification 
takes place at the fracture site. During endochondral ossification, the 
avascular cartilaginous callus is replaced by highly vascularized bone tissue. 
In this process, chondrocytes become hypertrophic and produce a calcified 
cartilaginous extracellular matrix and angiogenic mediators, providing 
stimuli for capillary invasion and angiogenesis 62-65. The new vasculature is a 
prerequisite for bone formation. It supplies the site of bone formation with 
nutrients as well as osteoclast and osteoblast progenitors regulating cartilage 
resorption and bone deposition 66,67. The calcified cartilage is resorbed by 
osteoclasts (also referred to as chondroclasts) and is replaced by woven bone 
deposited by osteoblasts. 

Remodeling 
The last step in bone healing is the remodeling of the primary woven bone to 
lamellar bone to adapt the tissue to the mechanical requirements. This 
rearrangement of the structure of bone is initiated by the resorption of bone by 
osteoclasts followed by the formation of new bone by osteoblasts. Bone 
remodeling is accompanied by angiogenesis restoring the normal vascular 
supply. Furthermore, the medullary cavity is reconstituted. Eventually, osteonal 
remodeling of the bone tissue and of the fracture ends restores the original 
shape and lamellar structure of bone 68. 

The majority of fractures heal indirectly via intramembranous and endochondral 
bone formation. Indirect fracture healing takes place in the event of movement 
between the fracture ends, which is the case in all fractures that are immobilized 
with a cast. Fractures that are stabilized with osteosyntheses achieving rigid 
fixation of the fracture with compression of the fracture gap heal through 
intramembranous bone formation and direct cortical remodeling without or 
minimal callus formation. During direct fracture healing osteons containing 
osteoclasts, osteoblasts and the blood supply (bone remodeling multicellular 
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units [BMUs]) are able to cross the fracture site. Gradually numerous osteons 
bridge the fracture by depositing new bone matrix and restore the mechanical 
continuity. 

As shown in table 2 a number of mediators contribute to bone fracture repair. 
Several of these molecules have been implicated as positive regulators of 
angiogenesis, including members of the VEGF family, FGF-2, TGF-β, TNF-α, 
and the angiopoietins 69,70. Among these pro-angiogenic factors, VEGF was 
shown to contribute significantly to bone healing 71-73. It has been shown that 
the expression of VEGF is up-regulated in chondrocytes, osteoblasts, and 
endothelial cells at the fracture site during all stages of fracture healing. 53,74,75 
The peak expression of VEGF was shown to reach its maximum no earlier than 
10 days after fracture. 75 Street and colleagues 73,76,77 have demonstrated that the 
inhibition of VEGF in fractured mouse femurs results in a decrease in blood 
vessel invasion with a reduction in osteoclastic bone remodeling, impaired 
callus mineralization and reduced trabecular bone healing.  

Vascularization of bone substitute materials seems to be of particular 
importance. The establishment of a dense vascular network is essential to 
provide the site of implantation with oxygen, nutrients, soluble factors, and cells 
and to ensure the evacuation of metabolites. VEGF was shown to promote 
vascularization of polymeric and calcium phosphate based bone substitute 
materials. However, reports on the effects of local VEGF delivery on bone 
formation are controversial. While some studies found that VEGF enhanced the 
formation of bone, other investigations were not able to demonstrate significant 
effects of VEGF on bone formation 71,78-83. The mode of VEGF delivery seems 
to influence the efficacy of local VEGF administration critically. The formation 
of poorly perfused fragile capillaries without connection to the pre-existing 
circulation as well as the development of angiomas due to immoderate VEGF 
stimulation has been reported. 84,85 Diffusive VEGF release from polyethylene 
glycol hydrogels induced malformed capillary growth in chick chorioallantoic 
assays. In contrast, prolonged release of hydrogel matrix conjugated VEGF 
resulted in regularly organized vasculature demonstrating the beneficial effect 
of a sustained exposure of the vasculature to the growth factor 86.  
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Table 2: Molecules regulating bone healing, adapted from 87-91 

Mediator Time of expression Targets and function 

IL-1,-6 

TNF-α 

inflammatory phase, 

remodeling 

chemotactic on inflammatory cells, fibrogenic 

cells; stimulation of extracellular matrix 

synthesis 

TGF-β TGF-β1: constitutively, TGF-

β2 and 3: endochondral bone 

formation 

mitotic, chemotactic on osteoprogenitors, 

macrophages, osteoblasts, chondrocytes 

BMP BMP-2: inflammatory phase 

BMP-3,-4,-7,-8: endochondral 

bone formation 

BMP-5: constitutively 

promotion of chondrogenesis and osteogenesis 

GDF GDF-8: inflammatory phase 

GDF-5: endochondral callus 

formation 

GDF-1,-10: constitutively 

promotion of chondrogenesis and osteogenesis 

PDGF inflammatory phase mitotic on MSCs, osteoblasts; chemotactic on 

inflammatory cells 

FGF endochondral bone formation, 

remodeling 

angiogenic, mitotic on MSCs, epithelial cells, 

osteoblasts, chondrocytes; acidic FGF promotes 

chondrocyte proliferation, basic FGF promotes 

chondrocyte maturation and resorption 

IGF IGF-1: constitutively 

IGF-2: endochondral bone 

formation 

target expressing cells in a positive feedback 

VEGF endochondral bone formation, 

remodeling 

promotes endothelial cell proliferation, 

migration 

Ang 1 and 2 constitutively regulate morphogenesis of existing vessels and 

development of co-lateral branches 

CSF-1 constitutively, remodeling survival and proliferation of hematopoietic 

lineage cells 

RANKL remodeling with CSF-1 promotion of osteoclastogenesis 

 

The knowledge that both excessive angiogenesis and insufficient angiogenesis 
contribute to pathological conditions implicates two modes of therapy. Firstly, 



Chapter 1 

18 

the inhibition of angiogenesis in bone tumors and bone metastases may inhibit 
tumor growth and result in tumor remission via destruction of the tumor 
vasculature. Secondly, the promotion of angiogenesis may offer new 
approaches to ameliorate bone healing with bone substitute materials and solve 
problems associated with insufficient vascularization such as insufficient 
osseointegration and turnover of these materials.  

It is the aim of the present thesis to address the following questions relating to 
angiogenesis in bone: 

1. Is it possible to establish a suitable animal model to investigate 
angiogenesis and microcirculation of orthotopically growing primary 
and secondary bone tumors continuously in mice?  

2. Does anti-angiogenic therapy of primary and secondary tumors of bone 
inhibit the vascularization of these tumors and what is the therapeutic 
efficacy of anti-angiogenic therapy regimes?  

3. Does a combination of anti-angiogenic therapy and conventional 
radiotherapy synergistically enhance the therapeutic efficacy of 
radiotherapy? 

4. How does angiogenesis contribute to the healing process following the 
implantation of bone substitute materials? Is it possible to ameliorate 
angiogenesis and osseointegration of bone substitute material by 
modifying the material properties of calcium phosphate based bone 
substitutes? 

5. Is it possible to incorporate proteins into calcium phosphate based bone 
substitute materials in order to modify the protein release kinetics? How 
do resorbing bone marrow derived cells influence the protein release 
kinetics?  

6. Does local delivery of the angiogenic growth factor VEGF help to 
improve the vascularization and the osseointegration of bone substitute 
materials in vivo? What is the impact of the release kinetics on the 
therapeutic efficacy of local VEGF delivery?  
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