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SUMMARY 

Angiogenesis contributes essentially to bone development, bone healing, and 
the establishment and growth of bone tumors. Therefore, angiogenesis seems to 
be an important target for the therapy of impaired fracture healing and skeletal 
defects as well as bone tumors. Anti-angiogenic tumor therapy includes the 
inhibition of key angiogenic regulators such as VEGF, FGF-2, and cox-2. 
Targeting the tumor vasculature may have a significant impact on the growth 
behaviors of bone tumors by itself and may improve the therapeutic efficacy of 
conventional treatments such as chemotherapy and radiation. The promotion of 
angiogenesis via local delivery of angiogenic growth factors such as VEGF 
from implantable biomaterials is a promising approach to improve the healing 
of fracture non-unions and skeletal defects. 

This thesis entitled "Angiogenesis in bone: Implications for bone tumor therapy 
and bone tissue engineering" examined angiogenesis in bone with an emphasis 
on anti-angiogenic therapy of primary and secondary bone tumors and on 
angiogenic therapy for bone healing. The following questions were addressed:  

1. Is it possible to establish a suitable animal model to investigate 
angiogenesis and microcirculation of orthotopically growing primary and 
secondary bone tumors continously 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?  
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6. Can 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?  

Although up to 85% of the most frequently occurring malignant solid tumors, 
such as lung and prostate carcinomas metastasize into the bone, and despite the 
knowledge that a tumor’s course may be altered by its surrounding tissue there 
was no adequate experimental model available enabling the investigation of 
orthotopically grown bone tumors in vivo. Based on a cranial window 
preparation for the investigation of pial microcirculation described by Forbes in 
1928 a new model for the investigation of bone tumors growing in the calvarias 
of severe combined immmuno deficient (SCID) mice was developed (Chapter 
2). The cranial window preparation enabled the continuous qualitative and 
quantitative investigation of bone tumors over several weeks by means of 
intravital microscopy. Intravital microscopy is a non-invasive experimental 
method used in various acute and chronic animal models to analyze 
angiogenesis, microcirculation, microvascular perfusion, leukocyte-endothelium 
interaction, growth behavior, changes of the micro milieu etc. of various benign 
and malignant tissues. The newly established animal model was shown to be 
reproducible for three types of bone tumors and mimicked tumor growth as it is 
observed in humans. 

Subsequently, the animal model was applied to investigate the efficacy of anti-
angiogenic therapy in chondrosarcomas and in secondary bone tumors of a non-
small cell lung carcinoma (Chapter 3 and 4). The cyclooxygenase 2 (cox-2) 
inhibitor celecoxib was shown to inhibit the growth of lung carcinoma 
metastases by exhibiting anti-angiogenic and pro-apoptotic effects (Chapter 3). 
Celecoxib significantly reduced functional vessel density in tumors and tumor 
size by 25% and 53%, respectively, compared to untreated controls. The 
investigation of the time course of FVD and tumor growth indicated that one 
mechanism underlying the anti tumor effect of celecoxib was the anti-
angiogenic action of celecoxib resulting in a reduction of feeding and draining 
tumor blood vessels. To investigate the direct effects of celecoxib on the 
tumors, tumor cell apoptosis was investigated histologically. TUNEL assays 
showed that celecoxib enhanced tumor cell apoptosis in secondary bone tumors 
of a non-small cell lung carcinoma. SU6668, a small molecule receptor tyrosine 
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kinase inhibitor, was investigated for its anti-angiogenic effects on SW1353 
chondrosarcomas (Chapter 4). The substance significantly reduced tumor 
vascularization by 37% as compared to negative controls. The decrease of FVD 
was accompanied by an inhibition of the growth tumor growth. After 28 days 
the tumor size in animals treated with SU6668 was 53% smaller than in control 
animals. This effect appears to be induced by the anti-angiogenic effects of 
SU6668, which are mediated by the inhibition of the key angiogenic receptor 
tyrosine kinases Flk-1/KDR (vascular endothelial growth factor receptor 2, 
VEGFR2), platelet-derived growth factor receptor-beta (PDGFRbeta), and 
fibroblast growth factor receptor 1 (FGFR1). 

The standard treatment of bone metastases consists in radiation of the affected 
skeletal region to prevent disease progression and fracture. As the response rate 
of tumors to radiation seems to be dependent on the delivered dose, strategies 
increasing the effective dose of radiation may be crucial to ameliorate the 
therapeutic efficacy of radiotherapy. Recent strategies to optimize the efficacy 
of radiation are focused on molecular targets enhancing the radiation sensitivity 
of malignant tumors. In this respect, the prostaglandin signaling pathway seems 
to be of particular importance as it has been shown that the modulation of 
prostaglandin synthesis can ameliorate the response of tumors to radiation. We 
therefore hypothesized that the selective cox-2 inhibitor celecoxib may enhance 
the radioresponse of secondary bone tumors of a non-small cell lung carcinoma 
in vivo. The study demonstrated that, in contrast to the monotherapies with 
either radiation or celecoxib, the combination of both regimes was capable to 
halt tumor progression effectively (Chapter 5). The profound inhibition of 
tumor progression was accompanied by a sustained regression of tumor feeding 
blood vessels. The simultaneous administration of celecoxib and radiation 
enhanced the radioresponse of secondary bone tumors and may be a rationale to 
improve the therapeutic potential of local radiotherapy of bone metastases. 

Vascularization is crucial for the development and the repair of most tissues, 
and is a precondition for the healing of bone defects. Revascularization of the 
biomaterial implantation site ensures an adequate supply of nutrients, the 
prompt removal of metabolic by-products, and the delivery of cells and growth 
factors that support the formation of osseous tissue. The dynamics and the 
extent of bone ingrowth into porous calcium-phosphate ceramics are known to 
depend upon the pore size of the material. Furthermore, bone substitutes with an 
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interconnected system of pores can be invaded by blood vessels, enabling the 
development of a dense vascular meshwork. We therefore hypothesized that the 
pore size of bone substitutes influences the ingrowth not only of osseous tissue 
but also of capillary sprouts, and thus angiogenesis, thereby impacting the 
healing process after implantation. The cranium has been widely accepted as an 
implantation site to investigate the healing process following the implantation 
of bone substitutes in rodents. However, intravital microscopy has not been 
applied to investigate the angiogenesis and microcirculation of the implanted 
biomaterials. We adapted the cranial window preparation described in chapters 
2-5 to the implantation of biomaterials into critical size cranium defects. The 
specific aim of the study described in chapter 6 was to evaluate the influence of 
the pore size of a particulate calcium-phosphate ceramic on vascularization and 
bone formation within critical-sized cranial defects in mice. By means of 
intravital microscopy and histomorphometry, we demonstrated the pore size of 
a biphasic calcium-phosphate ceramic to be a crucial structural parameter in the 
vascularization and osseointegration of this material in vivo. Vascularization 
was positively correlated with both the volume of newly formed bone deposited 
within the macropores and the bone-interface contact with the macropores. 
Downsizing of the macropores reduced the vascularization of the ceramics and 
the formation of bone therein, and impaired their integration into bone.  

The local delivery of angiogenic growth factors is a promising option to 
promote the vascularization of ceramic biomaterials. Immobilizing growth 
factors to calcium phosphate ceramics has been attempted by direct adsorption 
and usually resulted in a rapid and passive release of the superficially adherent 
proteins. However, the insufficient retention of growth factors limited their 
bioavailability and their efficacy in the treatment of bone regeneration. 
Recently, a co-precipitation technique of proteins together with calcium 
phosphate has been used successfully to immobilize proteins on titanium 
implants by incorporating the proteins into a layer of crystalline calcium 
phosphate. The incorporation decreased the passive protein as compared to a 
superficial deposition. BMP-2 co-precipitated onto the titanium implants 
retained its biological activity in vitro and in vivo. It was hypothesized (i) that 
the burst release of proteins from ceramic biomaterials found with conventional 
protein adsorption can be minimized by applying the co-precipitation of 
proteins to calcium phosphate ceramics and (ii) that protein incorporation may 
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accomplish a sustained release of proteins mediated by the resorption activity of 
bone marrow cells differentiated to monocytes/macrophages and osteoclasts. To 
test our hypothesis, tritium labeled bovine serum albumin ([3H]BSA) was 
utilized as a model protein to analyze the co-precipitation efficacy and the 
release kinetics of the protein from the carrier material (Chapter 7). By 
incorporating [3H]BSA into the three-dimensional structure of calcium 
phosphate ceramics we were able to sufficiently retain [3H]BSA on the 
biomaterials, minimize the burst release of the protein, and achieve a sustained, 
cell-mediated release induced by resorbing osteoclasts.  

We then aimed to investigate whether a long-term release of VEGF promotes 
biomaterial vascularization and osseointegration of calcium phosphate ceramics 
in vivo (Chapter 8). VEGF was co-precipitated onto calcium phosphate 
ceramics and the release kinetics of the protein from the carrier material was 
investigated in vitro. For in vivo investigations BCP ceramics were implanted 
into critical size cranial defects in Balb/c mice. In vitro, a sustained, cell-
mediated release of low concentration of VEGF from BCP ceramics was 
mediated by resorbing osteoclasts. In vivo, the sustained delivery of VEGF 
achieved with protein co-precipitation resulted in a promotion of biomaterial 
vascularization, bone formation and osseointegration. In contrast, short-term 
release of VEGF resulting from superficial adsorption of the growth factor 
promoted neither angiogenesis nor bone formation. The release kinetics of 
VEGF appeared to be an important factor in the promotion of biomaterial 
vascularization and bone formation. The sustained release of VEGF achieved 
with the co-precipitation technique increased the efficacy of VEGF delivery 
demonstrating that a prolonged bioavailability of low concentrations of VEGF 
is beneficial for bone regeneration. 

The present thesis demonstrated that anti-angiogenic therapy of primary and 
secondary bone tumors inhibited tumor progression effectively by decreasing 
the vascularization of the tumors. Furthermore, anti-angiogenic therapy of bone 
metastases by the cox-2 inhibition increased the response of the tumors o 
conventional radiation. Stimulation of angiogenesis using a long-term release 
system for the local delivery of VEGF promoted biomaterial vascularization 
and bone formation. These results demonstrate that the inhibition of 
angiogenesis as well as its stimulation is a promising strategy to improve the 
therapy of pathological conditions of the skeleton. 


