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Introduction 

The proximity to blood vessels is essential for all cells in the body to obtain 
oxygen and nutrients, and to transport toxic metabolites for detoxification in 
the liver and excretion via the kidneys. 

The vascular system consists of a network of different types of blood ves-
sels covering the whole body: The arteries that are transporting the oxygen-
ated blood from the heart to all organs in the body; the capillaries which are 
small vessels making up a capillary bed where the exchange of gases, nutri-
ents and waste products between blood and cells occurs; the veins that carry 
the de-oxygenated blood back to the heart and to the lungs where it becomes 
oxygenated again. Blood vessels are composed of the endothelium, a mo-
nolayer of endothelial cells lining the lumen of the vessel. They are anchored 
on an underlying basement membrane consisting of extracellular matrix 
(ECM) proteins such as collagen and laminins. Arteries, where the pressure 
is high, have a layer of elastic tissue and supporting smooth muscle cells. In 
veins, where the pressure is low the blood is transported to the heart by a 
combination of contraction of smooth muscle in the vessel wall and external 
compression by contraction of skeletal muscles. Most veins have one-way 
flaps called venous valves to prevent gravity from causing blood to back-
flow. The smaller vessels, the capillaries, are only partially covered by 
smooth muscle cells called pericytes, which support the vessel. 

During development, the vascular system is formed via two processes, 
vasculogenesis and angiogenesis. Vasculogenesis is the formation of new 
blood vessels that occur during embryonic development. Angiogenesis is the 
formation of new blood vessels from the pre-existing vasculature, a process 
that is fundamental both during development and certain physiological 
events such as tissue growth and wound healing. Angiogenesis is also in-
volved in many pathological conditions, such as cancer. The aim of this the-
sis is to study a protein, histidine-rich glycoprotein, which has antiangio-
genic properties in order to increase our understanding of the regulation of 
pathological angiogenesis. 

Angiogenesis 
Angiogenesis is rare in a healthy adult and the vasculature is tightly regu-
lated by pro- and antiangiogenic factors, keeping it quiescent during normal 
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conditions. The turnover of endothelial cells can be several hundred days. 
Physiological angiogenesis occurs during tissue growth and wound healing. 
In females angiogenesis occurs regularly when the endometrium grows dur-
ing ovulation. 

Excessive angiogenesis has been implicated in a number of pathological 
conditions such as rheumatoid arthritis, retinopathy and tumor growth, and 
the possibility to inhibit the formation and remodelling of blood vessels is 
therefore of clinical interest [1, 2]. 

Angiogenic effectors 
The vasculature is normally tightly regulated by pro- and antiangiogenic 
factors that keep the vessels quiescent unless there is a need to restore oxy-
genation, which occurs for example during tissue growth. Hypoxia, low 
oxygen levels, induces cellular responses that up-regulate proangiogenic 
factors tilting the balance towards an angiogenic response. Examples of fac-
tors positively regulating angiogenesis are vascular endothelial growth fac-
tors (VEGFs), platelet-derived growth factors (PDGFs) and fibroblast 
growth factors (FGFs). A number of endogenous factors that negatively 
regulate angiogenesis have also been described, and can be classified in 
three main groups: plasma proteins or fragments thereof, basement mem-
brane proteins or fragments thereof, and serine protease inhibitors [3]. The 
inhibitors are often generated by a conformational change or by processing 
of a maternal protein into smaller fragments. 

Vascular endothelial growth factor-A (VEGF-A) 
There are five mammalian VEGF family members: VEGF-A, B, C, D and 
placental growth factor (PlGF). They bind to their receptors VEGFR-1, -2 
and -3 in a distinct pattern. Neuropilin-1 and 2 and heparan sulphate pro-
teoglycans are co-receptors for the VEGFs. 

The most well studied proangiogenic factor is VEGF-A, also known as 
vascular permeability factor (VPF) [4, 5]. VEGF-A regulates vascular devel-
opment, pathological and physiological angiogenesis as well as vascular 
permeability. Human VEGF-A monomers exist as 5 different isoforms, of 
which VEGF165 is the most abundant and generally referred to as VEGF-A. 
Mice lacking only a single Vegf-a allele die around embryonic day 11 due to 
vascular defects [6, 7]. Vegfr-2-/- animals die at embryonic day 8.5 due to 
vascular defects [8], a phenotype similar to the Vegf-a-/- animals. Vegfr-1-/- 
animals on the other hand, die at embryonic day 8.5-9 due to excessive endo-
thelial proliferation and obstruction of the vessel lumen [9]. These data indi-
cate that VEGFR-1 is a negative regulator of angiogenesis [10]. 

In response to hypoxia VEGF-A is produced by several cell-types, includ-
ing cancer cells, endothelial cells and vascular smooth muscle cells. Both 
VEGFR-1 and -2 are expressed on vascular precursors in the early embry-
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onic development, however, at later stages VEGFR-2 is down-regulated in 
haematopoietic cells but retained in endothelial cells. VEGFR-1 is in the 
adult expressed on endothelial cells, hematopoietic stem cells, mono-
cytes/macrophages and pericytes. 

VEGF-A is also a survival factor for endothelial cells and many capillary 
beds with fenestrated vessels (pancreatic islets, adrenal cortex, thyroid etc.) 
are dependent on VEGF signalling for survival. Inhibiting VEGF signalling 
in mice regresses vessels in these organs [11]. 

Antiangiogenic factors 
Endogenous inhibitors of angiogenesis can be found for example among 
basement membrane (BM) proteins. BM proteins are involved in keeping the 
integrity of the vessel, and the generation of angiogenic inhibitors during the 
degradation of BM could reflect a need for tight regulation of the angiogenic 
process. Examples of such inhibitors are endostatin and tumstatin that are 
derived from type XVIII collagen and type IV collagen respectively.  

Several angiogenesis inhibitors are also found within the hemostatic 
pathways, generated during the hemostatic processes or present in platelets. 
Angiostatin is generated by proteolytic cleavage of plasminogen by proteases 
released during platelet activation (matrix metalloproteinases (MMPs) and 
urokinase plasminogen activator (uPA)) [12, 13]. Platelet factor 4 is a plate-
let protein that binds to heparan sulphate and blocks access to these sites for 
growth factors [14], thereby inhibiting the response to VEGF-A that uses 
heparan sulphate as a co-receptor. Thrombospondin (TSP)-1 is a large glyco-
protein with antiangiogenic activity, expressed by various cell-types. TSP-1 
is also present in platelets and released upon activation [15, 16]. High mo-
lecular weight kininogen, HMWK, is cleaved by kallikrein generating bra-
dykinin and HKa. HKa induces apoptosis of endothelial cells via the his-
tidine-rich D5 domain, an effect dependent on Zn2+. The antiangiogenic HKa 
has been denoted kininostatin and the molecular mechanisms involve de-
creased endothelial proliferation and migration [17].  

After an injury triggering hemostatic processes the vessel wall needs to be 
remodeled and re-built in a controlled fashion, and the generation of antian-
giogenic factors may be a response to the need for regulation of the process. 

Mechanisms of angiogenesis 
Angiogenesis can occur by two principal processes, sprouting angiogenesis 
and intussusceptive growth [1]. 

The mechanism of vessel sprouting during development has been exten-
sively studied in for example the retina and zebra fish [18, 19]. Initiation by 
stimuli with a VEGF-A gradient triggers the selection of a tip cell. The tip 
cell sends out filopodia to sense the surroundings to navigate and migrate. 
The tip cell is followed by stalk cells organized into a solid cord. The stalk 
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cells, in contrast to the tip cell, proliferate to elongate the sprout. The tip cell 
will then fuse with other tip cells to form a vessel that will subsequently be 
perfused to oxygenate tissue. Later the vessel will mature and stabilize and 
finally acquire quiescence [20].  

VEGF can trigger tip cell formation, and this process is regulated so that 
only one tip cell forms and suppresses the response of the neighbouring 
cells. Signalling molecules involves Delta-like ligand 4 (Dll4) and Notch 
signalling [21]. Loss of Dll4 can increase vessel branching which leads to 
improductive angiogenesis. The cell sensing most VEGF produces more 
Dll4 and transactivates Notch on neighbouring cells and silences their re-
sponse [21]. Soluble VEGFR-1 is produced by stalk cells and diffuses, form-
ing a corridor for tip cell to migrate in, thereby fine-tuning stalk cell mor-
phogenesis and vessel branching [22]. 

During intussusception, transluminal pillars (holes) arise that split the 
vessel. This process is believed to be important during vessel remodelling 
and in contrast to sprouting angiogenesis, blood flow is maintained through-
out the process. Mechanisms are not well characterized but contractile 
periendothelial cells and macrophages seem to be involved, as well as blood 
flow [23]. 

Maturation and stabilization of the newly formed vessel involves produc-
tion of an underlying BM and the recruitment of supporting smooth muscle 
cells or pericytes to the vessels. Pericytes are recruited by endothelial secre-
tion of PDGF-BB that binds to the PDGF receptor (PDGFR) β on pericytes 
and smooth muscle cells. Pericytes stabilize the vessels and promote vessel 
maturation by secretion of for example angiopoetin-1 [24]. Pericytes can 
also inhibit endothelial cell proliferation, thereby contributing to endothelial 
quiescence [25]. 

Endothelial cell migration 
In order for a vessel to sprout, the endothelial cells need to degrade the BM 
on which they are sitting and migrate into the surrounding ECM. The migrat-
ing cell sends out protrusions, filopodia and lamellipodia, to sense the sur-
roundings and move forward. They form focal adhesions connecting the 
ECM with the cytoskeleton, and these focal adhesions assemble and disas-
semble in the front and in the rear as the cell moves forward. It is a complex, 
highly regulated process where many proteins are involved. In the following 
section I will discuss some key players in migration that we have been inter-
ested in, but many more are of importance for the process. 
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Figure 1. VEGFR-2 signalling pathways resulting in cellular responses. Reprinted 
with permission from Macmillan Publishers Ltd: Nat rev mol cell biol [10], copy-
right 2006. 

Signalling downstream VEGFR-2 
VEGF-A binding to VEGFR-2 leads to receptor dimerization and auto-
phosphorylation at specific tyrosine residues (Tyr). To these sites signalling 
molecules will be recruited and mediate different cellular responses such as 
proliferation, migration, adhesion and permeability. Phospholipase C� is 
recruited to phosphorylated Tyr1175 (1173 in mice) and mediates the activa-
tion of the mitogen-activated protein kinase (MAPK) cascade via protein 
kinase C, and induces proliferation of endothelial cells [26]. Mice with mu-
tated Tyr1173 die at E8.5-9.5 due to vascular defects similar to the pheno-
type of Vegfr-2-/- mice [27]. 

Phosphoinositide-3 kinase (PI3K) is also activated downstream of 
VEGFR-2 via the adaptor Shb, that also binds Tyr1175 [28]. PI3K mediates 
survival of endothelial cells via protein kinase B/AKT [29]. 

Phosphorylation of Tyr951 recruits the adaptor protein T-cell specific ad-
aptor (TSAd) [30]. VEGF-A induces complex formation between TSAd and 
Src, possibly regulating Src activity and permeability downstream VEGFR-2 
[30].  

Focal adhesion kinase (FAK), heat-shock protein-90, p38 MAPK as well 
as the small guanine triphosphate (GTP)-binding protein Rac is involved in 
cytoskeletal rearrangement and migratory responses to VEGF-A [31-33]. 
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Integrins 
Integrins are cell surface molecules composed of heterodimers of non-
covalently linked � and � subunits. The integrin family consists of 18 � and 
18 � subunits in the mammalian system together generating at least 24 com-
binatory receptors [34]. They provide the physical interaction with the sur-
rounding environment, connecting the cellular cytoskeleton with the ECM. 
Components of the ECM such as fibronectin, laminin, collagen and vi-
tronectin ligate specifically to different integrins and this engagement is cru-
cial for a variety of biological processes including cell adhesion, migration, 
spreading, survival, proliferation, differentiation and apoptosis [34]. In re-
sponse to ligand binding, integrins are rapidly activated and undergo a con-
formational change, switching from a bent form to a stretched form. Acti-
vated integrins rapidly cluster and recruit many signalling and structural 
molecules that propagate the tensional forces between the ECM and the cy-
toskeleton necessary to stabilize cell adhesion and initiate signalling cas-
cades [35]. Integrins recruit many kinases (e.g. Src family kinases, focal 
adhesion kinase (FAK) and PI3K) small GTPases (Rho and Ras families) 
and phosphatases (e.g. Shp-2) [35]. Many signalling molecules activated by 
integrins are also activated by growth factors, and the cross-talk between 
integrins and receptor tyrosine kinases (RTKs) is believed to be of impor-
tance for many cellular events [36]. 

Vascular endothelial cells express a subset of integrins including �2�1, 
�3�1, �5�1, �6�1, �6�4, �V�1 �V�3 and �V�5 [37]. In quiescent endothe-
lium however there is only low levels of �2�1, �V�3 and �V�5 and their 
expression is induced during angiogenesis. Many of the vascular integrins 
have binding affinity for collagens and laminin that is present in the endothe-
lial BM. Some integrins bind to fibronectin, vitronectin and other ECM pro-
teins that are not found in the BM, but present at sites of active angiogenesis 
where plasma proteins are leaking out from vessels and forming a provi-
sional matrix, promoting adhesion and migration. Infiltrating fibroblasts and 
macrophages also contribute to the production of a provisional matrix by 
producing ECM proteins [36]. 

�V�3 is highly expressed in angiogenic endothelial cells and has been 
suggested as a target for antiangiogenic therapy. An �V�3 function-blocking 
monoclonal antibody (LM609) has been demonstrated to suppress angio-
genesis in several models [38, 39]. Another study has demonstrated that 
�V�3 occurs in complex with VEGFR-2 and that this is required for 
VEGFR-2 responsiveness [40]. However, the role of �V�3 in angiogenesis is 
debated since the deletion of the �V gene in mice causes extensive vascu-
logenesis and angiogenesis [41]. Mice lacking �3 do not show any vascular 
defects, but have a bleeding disorder due to deficient platelet aggregation 
[42]. Surprisingly, both mice lacking �3 and mice lacking �5 are viable and 
fertile and display no vascular defects. However, mice lacking β3 or both β3 
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and β5 display enhanced tumor angiogenesis [43, 44], in contradiction with 
data showing a positive regulation by these subunits in angiogenesis. How 
can this be? Reynolds et al. proposed the results to be due to elevated 
VEGFR-2 signalling in these mice, leading to enhanced tumor angiogenesis 
[44].  

Several integrins have been shown to mediate antiangiogenic effects of 
endogenous angiogenesis inhibitors. Endostatin mediates its antiangiogenic 
effects through �5�1 [45] and αVβ3 mediates the antiangiogenic effects of 
tumstatin [46]. 

Thus integrins and RTKs communicate with each other via common sig-
nalling pathways, and cross-talk between them can affect the resulting bio-
logical response to ligand binding. 

 
Figure 2. Integrins and focal contacts. Integrins mediate the link between the ex-
tracellular matrix outside the cell with the intracellular focal contact proteins and 
cytoskeleton. Reprinted by permission from Macmillan Publishers Ltd: Nat Rev Mol 
Cell Biol [47], copyright 2005.  

Focal adhesion kinase 
Focal adhesion kinase (FAK) is an important signalling molecule down-
stream integrins and receptor tyrosine kinases such as VEGFR-2. FAK is a 
tyrosine kinase which can be phosphorylated on many residues and activated 
upon integrin mediated adhesion and VEGF-A stimulation [47, 48]. Auto-
phosphorylation of Tyr397 creates a docking site for Src Homology 2 (SH2) 
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domain containing proteins such as Src and PLC�. FAK is expressed in most 
cell types and a crucial regulator of cell adhesion and migration. FAK gene 
inactivation is early embryonic lethal [49]. The role of FAK in endothelial 
cells has been studied through the conditional knock out of FAK in endothe-
lial cells using a Cre-loxP approach [50]. These mice survive early embry-
onic stages, however, in late embryogenesis, FAK deletion in the endothelial 
cells leads to defective angiogenesis in the embryos, yolk sac, and placenta, 
leading to a late embryonic lethal phenotype. Fak-/- endothelial cells also 
display reduced tubulogenesis, cell survival, proliferation, and migration in 
vitro [50], and endothelial FAK is essential for vascular network stability, 
cell survival and lamellipodial formation [51]. These results demonstrate the 
importance of FAK in angiogenesis and vasculogenesis.  

FAK is known to be a stimulator of cell migration, but recent data show a 
dual role for FAK in cell motility. Interestingly, several inhibitors of angio-
genesis have been reported to induce tyrosine phosphorylation of FAK, such 
as angiostatin [52], endostatin [53] and TSP [54]. FAK is not essential for 
the formation of focal adhesions [50], but regulates the turnover and matura-
tion of focal contacts [55]. Cells with a hyperactive FAK as well as Fak-/- 

cells display an accumulation of immature focal contacts and migratory de-
fects, demonstrating that too much or too little FAK activity both have nega-
tive effects on motility [55, 56]. FAK may thus act both as a positive and 
negative regulator of cell migration perhaps depending on the cellular con-
text. 

�-actinin is a member of a family of actin-cross-linking proteins. It binds 
to actin and stabilizes the web of actin filaments. It is also found in the focal 
adhesions, and is suggested to anchor the filaments to the plasma membrane 
since it can associate with the cytoplasmic tail of integrins [57, 58]. Migrat-
ing cells have a rapid turnover of focal adhesions and a dynamic actin cy-
toskeleton. Non-migrating cells however, are characterized by a localization 
of �-actinin to their stable focal adhesions [56]. Furthermore, �-actinin 
crosslinking of actin fibers is likely to provide a less dynamic cytoskeleton 
[59]. FAK can phosphorylate �-actinin on the actin-binding site, leading to 
dissociation from actin filaments [60] showing that FAK can regulate focal 
adhesion turnover by phosphorylation of �-actinin. 

Integrin-linked kinase (ILK) and Paxillin 
ILK is a serine/threonine kinase that has been implicated in integrin-
mediated cellular processes including regulation of integrin activation and 
survival [61]. ILK was originally identified as a �1 and �3 integrin cyto-
plasmic tail-binding protein [62]. It has kinase activity, but studies in ILK 
null systems in Drosophila melanogaster and Caenorhabiditis elegans have 
raised questions regarding the role of ILK kinase activity in cellular regula-
tion [63, 64], and suggested a role for ILK rather as a scaffolding protein. 
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Both FAK and ILK associates with the adaptor molecule paxillin in focal 
adhesions. ILK lacking the paxillin-binding domain failed to localize to focal 
adhesions, showing that the interaction between ILK and paxillin is essential 
for subcellular localization of ILK to focal adhesions [65]. Another study 
demonstrated that ILK-paxillin complex formation is crucial for cell migra-
tion [66]. 

Tumor growth and development 
In a multi-cellular organism, the collaboration of cells for the benefit of all is 
necessary for survival. Normal cells and tissues have multiple control 
mechanisms to keep themselves and the surrounding tissues in control. 
These systems are the protection that keeps us from developing cancer dur-
ing the large part of our lives. For a cell to become a cancer cell it needs to 
acquire several capabilities that allows it to evade the body defences against 
cancer. In 2000, six such hallmarks of cancer were postulated [67]. Below 
follows a description of these hallmarks. In order to acquire all these capa-
bilities numerous mutations needs to take place in a cell. Since mutation of 
specific genes is an inefficient process, due to multiple mechanisms to moni-
tor genome stability and repair damaged DNA, this is highly unlikely to 
occur within a human lifetime. Yet, cancer is a common disease, and an ena-
bling characteristic is genome instability, thus that cancer cells also must 
have an increased mutability in order to be successful. The six hallmarks of 
cancer are: 

Self-sufficiency of growth signals – normal cells are dependent on signals 
from the surroundings in order to move from a quiescent state to a prolifera-
tive state. A cancer cell can evade this dependency by up-regulation of 
growth signal receptors, autocrine stimulation of growth signals, alterations 
of transcellular transducers, or of cellular transmittors of action. 

Insensitivity to antigrowth signals – Antigrowth signals block prolifera-
tion by forcing the cells into the quiescent state. They can also more perma-
nently block proliferation by inducing differentiation. 

Evading apoptosis – Apoptosis, programmed cell death, is a system in the 
body to eliminate a cell that for example has acquired DNA damage and 
cannot replicate safely anymore. An important DNA-damage sensor is p53 
that is mutated in many tumors and can induce the apoptotic effector cascade 
[68]. 

Limitless replicative potential – Normal cells have a finite replicative po-
tential, after a certain number of doublings they stop growing. This process 
is called senescence. However, tumor cells appear to be immortalized allow-
ing them to proliferate without limit. 
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Sustained angiogenesis – A proliferative lesion cannot grow bigger than 2 
mm2 without blood vessels since it will be dependent on diffusion. In order 
to grow to larger size, tumors must develop angiogenic ability [69, 70].  

Tissue invasion and metastasis – Malignant tumors invade and metasta-
size to other organs. This process requires down regulation of adhesion mol-
ecules and integrins as well as up-regulation of proteases degrading extracel-
lular matrix. In order to successfully metastasize to another organ a cell 
needs to survive in the circulation and adhere and colonize the new site. 

The high mutation rate of a cancer cell, and the large number of mutations 
needed for a tumor to form also contributes to a high heterogeneity of the 
tumor. Even though most tumors seem to be derived from the starting events 
in one line of cells, there will be separate lines within the tumors with very 
different characteristics. Of course there are even larger differences in be-
tween different tumor types and individual tumors. Cancer must thus be seen 
as a very heterogeneous disease, that shares certain pathologic features. 

Microenvironment 
A tumor consists not only of the cancer cells. A large part, about 50-96% of 
most solid tumors is stroma [71]. Tumor stroma consists of a mix of proteins 
building an extracellular matrix: plasma proteins (e.g. fibrinogen, fibrin, 
fibronectin, vitronectin etc.) leaking out from blood vessels and extracellular 
matrix proteins such as collagen produced by tumor cells and infiltrating 
cells. Also other cells are present in the tumor stroma apart from the tumor 
cells: endothelial and lymph endothelial cells building the blood- and lymph- 
vessels, fibroblasts, macrophages, neutrophils and other inflammatory cells. 

The tumor takes advantage of host cells, developing a stroma that can 
support the cancer cells. Stromal cells are needed to feed the tumor with 
oxygen and nutrients, to drain the tissue of liquid and produce growth factors 
that stimulate tumor development. It has been shown that as much as 50% of 
VEGF is produced by stromal cells in some tumors [72]. Infiltrating cells 
produce proteases that can facilitate migration of cells as well as increase the 
bioavailability of growth factors. Matrix metalloproteases (MMPs) are im-
portant proteases secreted from endothelial cells, platelets and infiltrating 
cells involved in degrading matrix and regulating the bioavailability of 
growth factors. MMP-9 has been shown important for angiogenesis [73].  

The high permeability of blood vessels is mainly induced by VEGF-A 
and as a consequence of plasma proteins leaking out, extra vascular coagula-
tion is induced [74]. Fibrin is cross-linked providing a provisional matrix 
that stimulates migration and angiogenesis [75]. The high permeability of 
blood vessels contributes to a high interstitial fluid pressure (IFP) within the 
tumor that counteracts blood perfusion of vessels and can impair drug deliv-
ery [76]. 
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Tumor angiogenesis 
Tumor growth is arrested when the tumor has reached a size where oxygen 
diffusion becomes limiting (1-2 mm3) unless it is supplied with vasculature 
to provide oxygen and nutrients [77]. Small tumor lesions can remain dor-
mant for years without induction of angiogenesis. This is due to a balance in 
pro- and antiangiogenic factors maintaining vascular homeostasis. However, 
at one point during tumor development some tumor lesions gain ability to tilt 
the balance, inducing the “angiogenic switch” [78]. The tumor can gain the 
capacity to recruit blood vessels by expressing various growth factors. For 
example hypoxia can induce VEGF expression in tumor cells. Oncogenic 
mutations in tumor cells can also trigger expression of growth factors and/or 
down-regulate expression of antiangiogenic factors. For example, the angio-
genesis inhibitor TSP-1 is down-regulated by p53 loss, a common feature of 
tumors [79, 80]. The oncogene Ras can also modulate myc activity to repress 
TSP-1 expression [81].  

The growth factors can act either directly on the endothelial cells or indi-
rectly, for example on inflammatory cells that infiltrate the tumor and release 
a vast amount of different growth factors and proteases that can affect blood 
vessels. 

In addition to stimulating angiogenesis, tumors can ensure blood supply 
by other mechanisms such as vascular co-option and vasculogenic mimicry. 
Vascular co-option is the growth of a tumor around and in close association 
with a large pre-existing vessel [82]. Vasculogenic mimicry is the formation 
of vascular-like structures by tumor cells [83] that can have a vessel-like 
function. In some cases the endothelial cell lining can be replaced by tumor 
cells, resulting in ”mosaic” vessels and giving tumor cells direct contact with 
the flowing blood [84]. 

Tumor vessels 
Relatively much is known about the mechanisms of physiological angio-
genesis resulting in functional, mature blood vessels and oxygenation of 
tissue. However, in the rapidly growing, hypoxic tumor, excessive amounts 
of VEGF-A and other growth factors are produced, causing an uncontrolled 
angiogenic response resulting in an abnormal vasculature. VEGF-A induces 
vessel permeability and tumor vessels are very leaky [85]. The uncontrolled 
angiogenic response results in malfunctional vessels with impaired perfu-
sion. Thus the response to hypoxia in tumors does not restore oxygenation of 
the tissue to the same extent as after a normal physiological angiogenic re-
sponse. In contrast to physiological vessel formation, the tumor-induced 
vessels never mature and form a well-perfused functional vessel. The blood 
flow in tumors is therefore very inefficient, with some vessels not being 
perfused at all. 
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Tumor vessels differ from normal vessels in many ways. They are less or-
ganized with a chaotic structure in which the hierarchy is lost. Endothelial 
cells can show multi-layers and protrusions, be loosely attached, maybe due 
to fomation of too many tip cells. Lack of pericytes and partial loss of endo-
thelial cells are other features of the tumor vessels [86-88]. Plasma proteins 
such as fibrinogen and fibronectin leaking out into the tissue also form the 
tumor stroma, which is similar to the temporary matrix formed in wounds 
that facilitates migration, allowing fibroblasts and inflammatory cells to in-
vade [71]. 

 
Figure 3. Normal and tumor microvasculature. Scanning electron microscopic 
(SEM) image of a polymer cast of normal microvasculature (left). SEM image of a 
cast of tumor microvasculature. Vessels are disorganized and the hierarchy unidenti-
fiable in the tumor (right). Reprinted by permission from Macmillan Publishers Ltd: 
Nat Med [89], copyright 2003. 

Tumor models 
One type of tumor model that is commonly used is fast growing subcutane-
ous tumors with injected tumor cells. These models are often syngeneic, 
meaning that the tumor cells are genetically similar to their host and easily 
accepted by the animal into which they are injected. Cells could also be in-
jected in to athymic nude or severe combined immunodeficiency (SCID) 
mice that are immunocompromised and accept tumor cells that are not simi-
lar to the host (xenografts). Another type of xenograft model of tumor 
growth is transplantation of a human tumor either subcutaneously or in the 
region from where it is derived (orthotopically). This technique can allow 
you to study the treatment of a specific drug directly in the tumor that you 
would like to treat. 

The microenvironment is important since one type of cell/tumor might 
behave very differently at different sites in the body. Growing a tumor or-
thotopically is therefore considered more optimal than to grow them at a 
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different site (heterotopically). Spontaneously arising tumors that stepwise 
acquire the capabilities of cancer cells are also believed to better mimic can-
cer growth in humans.  

It is important to remember that solid tumors can often be removed surgi-
cally. What kills cancer patients is if the tumor is invasive and metastasize to 
other organs. Models that mimic also the metastatic process and growth of 
metastasis in distant organs is thus important for future drug development. 

The “Angiogenic switch” in the RIP1-Tag2 transgenic mouse model 
There are several transgenic mouse models believed to better reflect the 

stepwise development of human cancer. The “RIP1-Tag2” (RT2) transgenic 
mouse model of pancreatic insulinoma is one of them [90]. These mice ex-
press the SV40 T antigens (Tag) under the insulin promoter expressed in β-
cells of pancreatic islets. A few of these 400 islets develop into solid tumors 
by 12-16 weeks of age. Around 50% of the islets become hyperplastic, with 
the histological properties of a carcinoma-in situ (CIS) but in order to de-
velop from hyperplasia to neoplasia, the hyperplastic islets need to become 
angiogenic. About 10% of the pancreatic islets develop an angiogenic phe-
notype at week 7-9 characterized by endothelial proliferation and vasodila-
tion. From these islets 12-25% develop into larger tumors. Mice die from 
hypoglycemia at around 16 weeks of age [91]. 

Antiangiogenic therapy in cancer 
Angiogenesis is a pre-requisite for growth of solid tumors, rendering blood 
vessels an attractive target for cancer therapy [69]. The theory of angiogene-
sis-dependent tumor growth was first formulated by Judah Folkman in 1971. 
Since then many antiangiogenic agents have been studied and proven bene-
ficial as cancer treatment in mouse models. This has provided hope for fu-
ture effective medical agents and led to numerous clinical trials. Since 2004 
five antiangiogenic drugs are approved and used in the clinic. 

Antiangiogenic agents in the clinic 
There are now five antiangiogenic agents, all targeting the VEGF signalling 
pathways, accepted by the food and drug administration (FDA) in the US 
and used in the clinic. The first was Bevacizumab (Avastin, Genen-
tech/Roche) a humanized anti-VEGF antibody that is used in combination 
with chemotherapy in the treatment of colon cancer, non-small-cell-lung 
cancer, breast cancer and glioma. Ranibizumab (Lucentis), a truncated ver-
sion of the same anti-VEGF antibody as Bevacizumab has been approved for 
treatment of age-related macular degeneration (AMD). It is the major cause 
of blindness in the western world where blood vessel grow in to the macula 
causing major damage. Lucentis has proven very beneficial to these patients 
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[92]. Macugen is a VEGF binding aptamer that is also used for treatment of 
AMD. 

Another class of angiogenesis inhibitors is the small tyrosine kinase in-
hibitors. Two of them, Sorafenib (Nexavar) and Sunitinib (Sutent), princi-
pally targeting VEGFR-2, have been approved for treating gastrointestinal 
stromal tumors and hepatocellular carcinomas [93]. They are generally less 
target specific than antibodies and sorafenib and sunitinib also targets 
PDGFRβ and FGFR signalling among others. Targeting several signalling 
pathways could potentially give more side effects, but it could also enhance 
efficacy of the drug due to simultaneous inhibition of tumorigenic mecha-
nisms. 

Side effects with the VEGF-targeting agents are seen, many of them man-
ageable, such as hypertension, proteinuria and reduced wound healing. Other 
rare but more severe side effects can also occur such as perforation of the 
stomach and the intestines. It is not very surprising that targeting VEGF 
gives effects also on other vessels than tumor vessels, since VEGF is a sur-
vival factor for certain types of vessels in the body. 

When administered alone, antiangiogenic drugs have not proven benefi-
cial in clinical trials. Only in combination with chemotherapy an increase in 
survival time of patients has been reported [94]. This can appear contradic-
tory since destroying the vasculature might compromise the delivery of 
therapeutics and that would render chemotherapy less effective. Some stud-
ies however, suggest that the tumor perfusion is increased after anti-VEGF 
treatment, and IFP lowered, possibly enhancing the delivery of chemother-
apy to the cancer cells. This could be due to removal of VEGF induced per-
meability and abnormalization of vessels resulting in a normalization of the 
remaining vasculature. Enhancing perfusion of the vasculature and conse-
quently the delivery of therapeutic agents could thus be a reason for the 
benefits seen with the combination of chemotherapy with VEGF signalling 
inhibitors [87]. 

Endogenous inhibitors of angiogenesis 
At least 27 different endogenous inhibitors have been discovered and charac-
terized since 1980 [3, 95]. The use of endogenous inhibitors has the potential 
to be a safe and non-toxic way of treating cancer, and pre-clinical studies 
have yielded promising results [3]. Several of the inhibitors have been in 
clinical trials during the last years, among them endostatin, angiostatin and a 
TSP peptide (ABT 510) [3]. 

Generally they are well tolerated and endostatin has proven beneficial in 
combination with other therapies but not as a single treatment [96]. So far 
however, the clinical benefit of the endogenous angiogenesis inhibitors has 
been limited and the reasons are unclear. Maybe there is not enough knowl-
edge about them for optimal treatment. It might also be difficult to increase 
the levels of an inhibitor to the extent that they will affect the proangiogenic 
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mediators in a far developed cancer. It is possible that targeting the proan-
giogenic effectors directly like the VEGF-targeting treatments is more effec-
tive for this purpose. Learning more about the mechanism of action of en-
dogenous inhibitors might however teach us new ways of targeting angio-
genesis, even if it will not lead to the direct use of the inhibitor itself in the 
clinic. It will be interesting to see what future clinical trials will show. 

Relapse of tumor growth after antiangiogenic therapy 
Treatment with Avastin prolongs life for cancer patients with months, pro-
ducing an initial response with regression that is later followed by progres-
sion of the tumor. The relapse is likely reflecting an adaptive response of the 
tumor [93]. There are also patients who do not respond at all, indicating an 
intrinsic resistance. The reasons for resistance/relapse can be an up-
regulation of other proangiogenic signalling pathways or an enhanced pro-
tection of vasculature by inflammatory cells and/or pericyte coverage [93]. 
The adaptive responses emphasize the importance of combinatorial strate-
gies in order to achieve enduring treatment. 

Treatment of RT2 mice with a VEGFR blocking antibody gave an initial 
response, tumor growth inhibition and decreased tumor vascularity. How-
ever, 10-14 days after treatment initiation the tumor re-grew and the vascula-
ture was restored. The reason for relapse was ascribed an up-regulation of 
FGFs, Ephrins and angiopoietin, thus suggesting an adaptive response with 
up-regulation of other angiogenic growth factors as cause of tumor re-
growth [97]. Inhibition of VEGF signalling can reduce tumor vascularity and 
the remaining vessels are functional and tightly covered with pericytes sug-
gesting that this type of vessels is less vulnerable to VEGF inhibition [87, 
93]. Targeting several cells types and/or signalling pathways might thus be a 
more beneficial approach to completely regress vessels. 

Possible adverse effect of antiangiogenic therapy 
Two reports have recently highlighted another problem, namely that target-
ing the tumor vasculature rendering the tumor hypoxic might drive the can-
cer cells toward a more invasive phenotype, escaping the unfavorable tumor 
environment [98-100]. It is not known so far how relevant these findings are 
in the clinic, but they emphasize a problem that urgently needs to be investi-
gated. 

Antiangiogenic therapy has proven beneficial in the clinic together with 
chemotherapy. Now the challenge is to overcome resistance to improve ther-
apy, and to thoroughly study long-term effects of antiangiogenic treatment in 
respect to possible adverse effects of increased malignancy. 
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Histidine-rich glycoprotein 
Histidine-rich glycoprotein (HRG) is a 75 kDa protein found in the plasma 
of several vertebrate species for example human, mouse, cow, rat and rabbit. 
It was first isolated from humans in 1972 [101, 102]. It is a relatively abun-
dant protein, circulating at concentrations of approximately 100-150 �g/ml 
in human. HRG belongs to the cystatin (cysteine protease inhibitor) super 
family and is closely related to other non-enzymatic cystatins, such as the 
fetuin-A/alpha-2-Heremans Schmid-glycoprotein (AHSG), fetuin-B and 
kininogen. HRG consists of two cystatin stretches in the N-terminus, a his-
tidine and proline-rich (His/Pro-rich) domain and a C-terminus, with four 
intra-domain and two inter-domain disulphide bonds, linking the C-terminal 
and the His/Pro-rich region to the N-terminal domain. Human HRG is glyco-
sylated on several domains, and is composed of approximately 14% carbo-
hydrate [103]. The human HRG gene is 12 kbp, localized on chromosome 
3q27 and consists of 7 exons. It is located close to the genes encoding fetuin 
and kininogen, other members of the cystatin super family. HRG is con-
served between vertebrates, and especially certain regions such as the 
His/Pro-rich domain display a high degree of conservation [102]. 

HRG can acquire a positive charge either through binding of Zn2+ via non-
charged histidine residues, or by direct protonation of histidines under mild 
acidic conditions. Binding to Zn2+ and protonation of histidines increases 
HRG binding affinity for heparin and heparan sulfate [104] possibly induc-
ing HRG activity during certain physiological conditions such as wound 
healing or tumor growth. 

HRG is synthesized exclusively in the liver [105]. However, HRG has 
also been found in platelets and megakaryocytes and has been reported to be 
released following platelet activation [106]. 

HRG is susceptible to proteolytic cleavage in vitro by the serine proteases 
plasmin and kallikrein, but not thrombin [107]. In purified fractions of HRG, 
proteolytic fragments are consistently found [108, 109]. Proteolysis is also 
seen in plasma [107]. Smith et al. show that HRG is cleaved rapidly in vivo 
after streptokinase treatment, which increases plasmin activity in vivo. They 
found that HRG degradation products remain in the circulation for some 
time. Plasmin cleavage of rabbit HRG generates intact domains of HRG and 
made it possible to characterize their structure and function [104, 110]. The 
release of the histidine-rich region (HRR) from HRG has been shown to be 
important for the antiangiogenic effect of HRG [109].  

The cleavage of human HRG with plasmin has been studied in detail and 
generates distinct fragments that are held together by disulfide bonds [111]. 
Plasmin cleavage alone would thus be unlikely to produce a free fragment of 
HRG, however the potential cleavage of inter-domain disulfide bonds via 
dithiol-disulfide exchange, alkaline hydrolysis or acid-based assisted hy-
drolysis [112] might be involved in this process in the extracellular environ-
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ments. Regulation by disulfide bond cleavage has been found for TSP-1 
[113]. Plasmin cleavage generates HRG with different functional properties, 
and one study suggests that proteolytic cleavage of HRG can regulate the 
function of HRG rather than only control the protein clearance [111]. 

Further studies of the role of proteolytic cleavage of HRG by various pro-
teases such as kallikrein and elastase will be of interest. Elastase might be 
capable of digesting HRG and to generate peptides derived from the His/Pro-
rich region of HRG [114]. 

 
Figure 4. Domain structure of HRG. HRG consists of three main domains: The N-
terminal domain containing two cystatin-like stretches; a histidine- and proline-rich 
domain (His/Pro-rich) and a C-terminal domain. Adopted from [109]. 

Clinical investigations 
HRG levels increase gradually with age, being at birth approximately 20% 
of that of adults [115]. Levels of HRG decrease to 50% during the last tri-
mester of pregnancy [116]. HRG acts as a negative acute phase reactant, 
with reduced circulating levels during the acute non-specific response to 
tissue injury [117]. Other studies also show that levels of plasma HRG de-
crease during acute stages of diseases such as advanced liver cirrhosis, 
AIDS, asthma and pulmonary disease [118, 119]. Three cases of congenital 
HRG-deficiency have been reported to date [120-122]. All patients were 
women, suffering from thromboembolism. One of them also having elevated 
fibrinogen levels [121]. High plasma HRG levels have also been associated 
with thrombotic disorders [123, 124] indicating a balancing role of HRG, 
acting both as a positive and negative regulator of hemostasis.  

Biological functions of HRG 
HRG is a multi-domain protein that has been shown to modulate hemostatic, 
immune and vascular systems [102].  

HRG ligands and receptors 
A number of interaction partners have been reported for HRG such as Zn2+, 
haem [125], heparin and heparan sulfate [126]; plasma proteins such as fi-
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brinogen [127] and plasminogen [128]; components of the immune system 
such as macrophages [129], T-lymphocytes [130] and immunoglobulins 
[131]; and ECM components such as TSPs [132, 133]. In many cases the 
histidine-rich region enhances ligand binding following interaction with Zn2+ 
or exposure to low pH, conditions associated with tissue injury or the tumor 
microenvironment. HRG can bind to many cell types, including endothelial 
cells, via heparan sulfate proteoglycans, a binding potentiated by high Zn2+ 

levels and low pH. Considering the multi-domain structure of HRG and the 
large number of interactions in which HRG is involved, HRG might function 
as an adaptor protein bringing ligands together possibly on cell surfaces 
[102]. 

HRG binding to cell surfaces seem to be mediated to a large extent via 
cell surface heparan sulphate [134, 135]. Several cell surface receptors have 
also been suggested for HRG, such as tropomyosin on endothelial cells [135] 
and Fc receptor FcγRII on inflammatory peritoneal macrophages [136] and 
FcγRI on myeloid cells [131]. 

Table 1. HRG ligands 
Ligand HRG domain Reference 
Zn2+ His/Pro-rich [137] 
Heparin and heparan 
sulphate 

His/Pro-rich [138] 

Tropomyosin His/Pro-rich [139] 
Plasminogen N-terminal, C-terminal [140] 
Fibrinogen ? [127] 
TSPs N-terminal, C-terminal [132] 
IgG N-terminal [131] 
FcγR N-terminal [141] 
 

Regulator of coagulation and fibrinolysis 
The location in plasma and the multiple ligands of HRG within the hemo-
static pathways have implicated HRG as a modulator of hemostasis. HRG 
binding to heparin has been reported to block the interaction between hepa-
rin and antithombin III, thereby neutralizing the anticoagulant activity of 
heparin in human plasma [142]. HRG has been reported to bind plasminogen 
[128] and fibrin/fibrinogen [127] and has also been suggested to modulate 
fibrinolysis. HRG binding to lysine binding sites on plasminogen prevents 
plasminogen from interacting with fibrinogen [128], thus theoretically poten-
tiating clot persistence in tissues. On the contrary, other studies have demon-
strated that surface immobilized HRG can enhance the activation of plasmi-
nogen to plasmin [133, 143], which would lead to increased fibrinolysis. 



 29

Many plasma proteins have been found within platelets, and HRG is one 
of them. HRG has also been reported to be released following platelet activa-
tion with thrombin [106]. There are studies showing that HRG can bind to 
platelets in a specific saturable manner dependent on Zn2+. Binding is poten-
tiated by thrombin-induced platelet activation [144, 145]. 

These reports as well as clinical observations have associated HRG with 
hemostatic functions potentially both as a positive and negative regulator, 
maybe due to distinct roles of HRG in different biological contexts. In 2005 
the phenotype of HRG knockout mice was published, shedding some light 
on the role of HRG in vivo [146]. HRG-deficient mice are viable and fertile, 
but have a coagulation phenotype. In plasma from Hrg-/- mice, antithrombin 
activity is higher, and the prothrombin time is shorter than in plasma from 
Hrg+/+ mice. The Hrg-/- mice also display enhanced fibrinolysis. These data 
show that HRG modulates plasmatic coagulation. Hemostasis can also be 
regulated on the level of platelet function and considering that HRG binds to 
activated platelets, this is a possibility. The Hrg-/- mice also display a shorter 
bleeding time than Hrg+/+ mice, which indicates a role of HRG as a negative 
regulator of platelet function. The mechanisms are unclear but could involve 
the recruitment of other plasma proteins to the platelet surface. Candidates 
that are involved in platelet function and that can bind to HRG are TSPs and 
vitronectin (Paper IV). These findings suggest a role for HRG both as an 
anticoagulant, an antifibrinolytic modifier and a regulator of platelet function 
[146]. 

HRG in regulation of angiogenesis 
There have been reports on both enhancing and inhibitory effects of HRG on 
angiogenesis, some specific and some more general effects on the function 
of cells. One group has reported that HRG inhibits the antiangiogenic effect 
of the angiogenesis inhibitor TSP-1 and 2 via HRG N-terminal and C-
terminal interfering with binding of TSP to its receptor CD36 [147]. Thus 
HRG may positively modulate angiogenesis in areas where TSP is important 
for inhibiting angiogenesis. HRG can also tether plasminogen/plasmin to the 
surface of cells, potentially enhancing cell migration and invasion that is 
important during angiogenesis among other processes [134]. 

Conversely, several groups have, in agreement with our data, suggested a 
negative role of HRG in angiogenesis by various mechanisms, mediated via 
the His/Pro-rich domain [109, 110, 135, 139]. HRG can bind to heparan 
sulphate and mask the heparanase cleavage sites in ECM heparan sulphate, 
thereby preventing the release of growth factors from the ECM [148]. 
Heparan sulphate binding of HRG could also potentially inhibit binding of 
growth factors to their receptors using heparan sulphate as a co-factor [149]. 
This does not seem to be the case for VEGF-A and FGF-2, since HRG co-
treatment did not attenuate receptor activation on telomerase immortalized 
microcapillary endothelial (TIME) cells [109, 150]. 
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In 2002 HRG was reported to inhibit endothelial cell tube formation and 
proliferation in vitro [110]. These results were later extended with in vivo 
data, where HRG was shown to block angiogenesis in a tumor model. HRG 
inhibits tumor growth and vascularization in a subcutaneous fibrosarcoma 
mouse model, and the antiangiogenic effect is mediated via the His/Pro-rich 
domain. Furthermore the His/Pro-rich domain needs to be released from the 
mother protein in order to exert its effect [109]. Studies from our and another 
group [139] have shown that short synthetic peptides derived from the 
His/Pro-rich domain can mediate the antiangiogenic effect of HRG (Paper I). 
A 35 amino acid peptide derived from the His/Pro-rich region of HRG 
(HRGP330) retains the antiangiogenic effects of HRG in endothelial cells in 
vitro as well as in a tumor model of pancreatic BxPC30 tumor cell line in-
jected subcutaneously in severe combined immunodeficiency (SCID) mice 
(Paper I). Treatment of telomerase immortalized micro capillary endothelial 
(TIME) cells with HRG and HRGP330 affects formation of focal adhesions 
and cytoskeletal stability, resulting in altered endothelial cell motility (Paper 
I and II). Our data also suggest a role for the vitronectin-binding integrin 
�V�3 in the mechanism of action of HRG (Paper I). Furthermore, the bind-
ing of HRG and HRGP330 to heparan sulphate, potentiated by Zn2+, is nec-
essary for the antiangiogenic effect [53]. 

It has also been suggested that the antiangiogenic effect of HRG is medi-
ated via binding to tropomyosin, an actin-binding protein that is translocated 
to the cell surface after FGF-2 stimulation of human umbilical vein endothe-
lial cells (HUVECs) [135, 139].  

We could detect a fragment derived from the His/Pro-rich domain of 
HRG in vivo in human plasma and in stainings of human tumor tissue, 
strengthening a role for HRG as an endogenous inhibitor of angiogenesis 
(Paper III). The fragment was found in association with platelets. Platelets 
contain Zn2+ among other factors, and platelet degranulation can raise the 
concentration of Zn2+ locally causing an induction of the antiangiogenic ac-
tivity of HRG (Paper III).  

 
Figure 5. Activated platelets induce a functional microenvironment where the 
His/Pro-rich domain of HRG can bind heparan sulphate proteoglycans (HSPGs) on 
endothelial cells. 
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Platelets are also carriers of various growth factors that could enhance an-
giogenesis. The role of HRG in regulation of coagulation and hemostasis 
could also be potentially antiangiogenic through the regulation of platelet 
activation. These two possible connections of HRG and platelets are further 
studied in paper III and IV. 

 
Figure 6. Role of HRG in vascular biology. 1. Simantov et al. [132] 2. Simantov et 
al. [147] 3. Jones et al. [151] 4. Dixelius et al. [150] 5. Lee et al. [152] 6. Olsson et 
al. [109] 7. Juarez et al. [110] 8. Donate et al. [139] 9. Thulin et al. [153] 10. Lijnen 
et al. [126] 11. Tsuchida-Straeten et al. [146] 12. Lijnen et al. [128]13. Borza et 
al.[143]. 14. Silverstein et al. [133]. 
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Coagulation and fibrinolysis 

Platelet function 
Platelets are small anuclear cellular fragments derived from budding of 
megakaryocytes in the bone marrow. They are present in the circulation at 
numbers of around 100-300 x 109 /l and have a short turnover time of about 7 
days. They play an important role in the regulation of blood hemostasis as 
well as other processes such as immunity, tumor metastasis and angiogene-
sis. At sites of blood vessel injury, platelets are activated and aggregate to 
prevent hemorrhage. At the early stages of the process the endothelial cells 
lining the wound are immobile, but as the clot stabilizes, a new vessel wall is 
formed from activated endothelial cells. The different steps in the process 
need to be carefully orchestrated to prevent hemorrhage. A number of both 
pro- and antiangiogenic factors are stored in platelets such as VEGF-A, 
VEGF-C, basic fibroblast growth factor, angiopoietin-1, TSP-1, platelet fac-
tor 4 and angiostatin. They are released when platelets are activated and can 
potentially regulate the angiogenic response of endothelial cells to repair the 
vessel wall. 

Despite being anuclear, platelets are highly organized and rich in different 
types of organelles. Granula, mitochondria and cytoskeletal components 
(microtubules and actin filaments) and a large amount of glycogen as a 
source of energy are dispersed in the cytoplasm. Platelets contain three spe-
cific types of secretory vesicles: dense granules, �-granules and lysosomes. 
Their content can be secreted upon activation and become soluble mediators 
or membrane bound adhesion molecules contributing to hemostatic proc-
esses or tissue repair [154]. 

Thrombopoietin, produced in the liver and bone marrow, is the primary 
stimulator of thrombopoiesis, and plasma concentrations vary inversely with 
platelet counts. What signals mediates production of thrombopoietin is not 
clear. However, thrombocytosis secondary to inflammation, is due to IL-6 
mediated increase in hepatic thrombopoietin production [155]. 

Platelet activation and aggregation 
When a blood vessel is injured, proteins from the surrounding tissue will be 
exposed, among them collagen and von Willebrand factor (vWF). Collagen 
is present in the BM of endothelial cells as well as in ECM. vWF is a mul-
timeric adhesion glycoprotein that is found in the matrix and in the plasma. 
vWF is also present in endothelial cell weibel palade bodies and can be 
translocated to the cell surface. 

Thrombocytes in the blood are activated after injury, and bind to collagen 
via the αIIβI integrin or GPVI and to vWF via the GPIb/IX/V complex. 
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Thereby platelets can adhere and spread to prevent bleeding at the site of 
vessel damage. Activated platelets degranulate and thereby secrete various 
factors such as adenosine diphosphate (ADP). ADP reinforces platelet acti-
vation via platelet receptor P2Y causing activation of the fibrinogen receptor 
GPIIb/IIIa that binds fibrinogen. Fibrinogen can bridge between platelets, 
leading to platelet aggregation forming a temporary plug to stop bleeding 
and maintain hemostasis. Platelets are further activated by thrombin that is 
generated in the coagulation cascade. 

Aggregation can also involve many other adhesive ligands, and the con-
tribution of various ligands and their receptors are dependent on conditions 
of flow. At low shear rates, aggregation is mainly mediated by fibrinogen 
and GPIIb/IIIa, whereas at higher shear the ligands fibronectin and vWF as 
well as the GP1b/V/IX receptor becomes more important [156]. Surpris-
ingly, mice deficient in both vWF and fibrinogen still form a thrombus 
[157]. This result suggests that also other proteins such as fibronectin [158], 
TSP-1 [159] and vitronectin [160, 161], may mediate aggregation of plate-
lets. 

Vitronectin is a plasma protein present in the circulation at a concentra-
tion of 100-400 μg/ml. Deficiency of vitronectin results in increased wound 
fibrinolysis and vitronectin has been shown to stabilize thrombi and vessel 
occlusion [162, 163]. However, it seems that different compartmental forms 
of vitronectin can have distinct functions in aggregation, since vitronectin 
derived from platelets can enhance platelet aggregation in contrast to plasma 
vitronectin that inhibits aggregation [163]. 

P-selectin is an adhesion molecule present in the membrane of α-granula 
and translocated to platelet surface after degranulation. It is involved in leu-
kocyte rolling on endothelial cells via binding to its ligand P-selectin glyco-
protein ligand (PSGL) present on leukocytes [164].  

The coagulation cascade 
The coagulation cascade is a proteolytic cascade, where each enzyme is pre-
sent in plasma as a zymogen (inactive form). It is a process that is controlled 
by negative and positive feedback regulation and that results in the formation 
of a fibrin clot. It can be divided into two parts, the extrinsic pathway and the 
intrinsic pathway. The extrinsic pathway is triggered via factor VII binding 
to subendothelial tissue factor (TF) exposed due to damage or activation of 
the endothelium.  

The intrinsic pathway (or the contact activation pathway) starts with the 
formation of a complex on a collagen surface consisting of high molecular 
weight kininogen, (HMWK), prekallikrein and factor XII that converts 
prekallikrein to kallikrein and factor XII to factor XIIa starting the enzymatic 
cascade. The intrinsic pathway generates most fibrin, but is slower than the 
extrinsic pathway. 
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Both pathways will lead to a common pathway that activates factor X that 
converts prothrombin to thrombin. Thrombin cleaves fibrinogen and factor 
XIII subsequently leading to fibrin polymerization and clot formation. 

Fibrinolysis 
When the damaged vessel is repaired and the fibrin clot is no longer neces-
sary it will be enzymatically degraded. Plasminogen, a plasma glycoprotein 
produced by the liver is a precursor enzyme which is converted to an active 
proteolytic form, plasmin. Plasmin is generated preferentially on the fibrin 
surface by tissue-type plasminogen activator (t-PA), but also by thrombin or 
uPA cleavage. Inhibition of the system can occur via plasminogen activator 
inhibitor (PAI-1) that can bind to t-PA and inhibit activation, or via α2-
antiplasmin inhibitor that binds to plasmin directly, inhibiting its function 
[165]. 

The role of platelets in tumor growth 

Platelets in malignancy 
There is an increased risk for thrombosis in patients with cancer, an observa-
tion reported already by Professor Armand Trousseau in 1865. Thrombosis 
may occur as the first manifestation of underlying malignant disease, and it 
is also a major cause of death in cancer patients [166, 167]. Certain tumor 
types are more prone to activate the blood coagulation system. Some cancers 
particularly associated with a poor outcome (e.g. lung, pancreas) have a high 
frequency of thromboembolic complications [168]. It has been reported that 
cancer patients experiencing thromboembolic complications during their 
disease have a poorer survival over time than cancer patients without throm-
bosis [169] and it is believed that activation of the hemostatic system and 
platelets can contribute to tumor development, metastasis and angiogenesis.  

Tumors can activate platelets by various mechanisms. One example is 
generation of soluble mediators such as thrombin by expression of tissue 
factor or other procoagulants by tumor cells [170]. 

Tumor cell-induced platelet aggregation confers several advantages to the 
tumor cell when it is trying to survive in the vasculature and subsequently 
adhere and colonize a new organ or tissue leading to metastases. In 1968 it 
was reported that induction of thrombocytopenia (low levels of platelets) in 
mice with neuraminidase decreased metastasis numbers corresponding to the 
reduction in platelet levels [171]. In another study several cloned cell lines of 
a mouse fibrosarcoma tumor were studied. Their ability to metastasize and to 
aggregate platelets in vivo was investigated. The results showed that the abil-
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ity to aggregate platelets was necessary for successful metastasis of the in-
jected cell-line [172]. Moreover mice with dysfunctional GPIb-IX receptor 
have a 15-fold reduction in lung metastasis in one experimental mouse mod-
el [173]. 

A coat of platelets can help the tumor cell to survive the forces it is sub-
jected to in the blood stream, and to escape the body’s immune system [170]. 
It has indeed been shown that platelets protect tumors from tumor necrosis 
factor-� (TNF-�) mediated cytotoxicity [174]. The large tumor-platelet ag-
gregate has a tendency to embolize the microvasculature and to facilitate 
adhesion to the endothelium and extravasation into the tissue [175]. Platelets 
are also rich in growth factors that can be released and provide a more prof-
itable environment for the tumor cells. 

Platelets in angiogenesis 

Platelets can stimulate angiogenesis 
Cancer patients often have an increased platelet turnover and risk of throm-
botic occlusion [176] and it has been hypothesized that platelets contribute to 
angiogenesis and tumor development [176, 177]. Several reports have shown 
that platelets can transport and secrete VEGF upon activation [178, 179]. 

Many studies have proposed a stimulatory role of platelets in angiogene-
sis. Platelets can adhere to VEGF-stimulated endothelial cells [180], and 
contribute to endothelial tube formation in matrigel in vitro. Platelets mixed 
with matrigel injected subcutaneously into mice can induce in-growth of 
vessels into the matrigelplug in vivo [181]. Thrombocytopenia, low levels of 
platelets, induced by injection of an antibody targeting the platelet adhesion 
molecule GPIb, resulted in decreased vessel formation and increased hemor-
rhage in the cornea micro-pocket assay, as well as in matrigelplugs [182]. 
Additional studies by the same group, investigating platelet adhesion to ves-
sels using intravital microscopy, revealed a more than three-fold induction of 
platelet adhesion in vessels growing into a matrigelplug compared to normal 
vessels in skin microcirculation [182].  

There is also evidence for platelet involvement in tumor angiogenesis. 
Triggering of CD40 on endothelial cells by CD40l on platelets resulted in 
enhanced angiogenesis and tumor growth in a model of mammary gland 
tumor growth in mice [183]. Depleting mice of platelets in a model of subcu-
taneous Lewis lung carcinoma or melanoma tumors resulted in rapid intra-
tumor hemorrhage, but no effect on short-term tumor growth [184]. These 
results suggest that platelets can stimulate angiogenesis and also play a criti-
cal role in preventing hemorrhage from the newly formed vessels. 

Thrombocytopenia can occur if there is an increased coagulation activa-
tion leading to consumption of platelets, a condition called disseminated 
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intravascular coagulation (DIC). DIC can be caused by for example certain 
severe infections and also cancer [185]. 

10-57% of cancer patients display thrombocytosis (high platelet levels). 
The mechanisms behind thrombocytosis in cancer patients are not clear. It 
has been speculated that DIC caused by the cancer could result in an over-
compensation of platelet production [186]. It is also possible that malignan-
cies can stimulate the maturation of megakaryocytes and production of plate-
lets in the bone marrow. Signals that could be involved in such an activity 
are IL-6 and thrombopoietin, but also VEGF and FGF [176]. 

Pro and antiangiogenic factors within platelets 
Platelets are a source of both pro- and antiangiogenic factors. They can 

store among others VEGFs, PDGFs, FGFs, angiopoietin, MMPs, TSPs, 
platelet factor 4 (PF4), endostatin and angiostatin that can be released after 
platelet activation. It has been suggested that platelets regulate angiogenesis 
by the delivery of pro- and antiangiogenic factors to the site of angiogenesis, 
but how different angiogenic responses are induced is unclear. One mecha-
nism was recently presented in two studies that showed that positive and 
negative regulators of angiogenesis are organized into separate α-granules 
and released in a regulated manner [16, 187] showing that different platelet 
stimuli could potentially result in distinct angiogenic effects. What factors 
that could regulate differential release in vivo remain unclear. 

Another possibility is that the balance of pro- and antiangiogenic factors 
within platelets is responsible for the angiogenic response to platelet de-
granulation. What proteins are synthesized or taken up already in the mega-
karyocytes, or what factors are taken up by platelets in the circulation might 
be of importance as well. Platelets could also be differently efficient in the 
delivery of factors as suggested by a study where platelet rich plasma (PRP) 
from tumor or non-tumor bearing mice was added to wounds. PRP from 
tumor bearing mice induced faster wound healing even though the levels of 
angiogenesis regulators in platelets were similar, suggesting that tumors 
could stimulate platelet delivery of factors [188].  

Negative regulation of angiogenesis by platelets 
Angiogenesis and hemostasis are two consistent host responses associated 
with cancer. Interestingly, many endogenous inhibitors of angiogenesis are 
found within platelets, derived from hemostatic proteins, or are activated 
during hemostatic processes. Examples are PF4, TSPs and angiostatin. Plate-
let factor 4 is stored in �-granules and released following platelet activation. 
It has an anti-thrombotic activity and was the first hemostatic protein dem-
onstrated to have antiangiogenic properties [189]. TSPs are stored and re-
leased from platelet �-granules, but can also be synthesized by a number of 
other cell-types including keratinocytes, endothelial cells, fibroblasts and 
macrophages. TSP-1 participates in the formation platelet aggregates [159] 
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and also has a well documented antiangiogenic effect [190]. Platelets from 
TSP-deficient mice are reported to be more proangiogenic than platelets 
from wild type mice demonstrating that the balance between pro- and 
antiangiogenic factors in platelets is important for their angiogenic potential 
[15]. Angiostatin is generated from proteolytic cleavage of plasminogen by 
proteases released during platelet activation [12] 

In summary, it seems that hemostasis can induce a proangiogenic reponse 
by platelet activation triggering activation of endothelial cells or releasing 
growth factors and proteases stimulating angiogenesis [176, 181-183] that is 
needed during tissue repair. However, various antiangiogenic factors are 
generated as well during hemostatic processes [12, 14]. The reason for this is 
unclear, but it could be a response to the need of tight regulation of the an-
giogenic process, with activation and inhibition at distinct stages of vessel 
repair. This can be achieved by for example differential release of anti- and 
proangiogenic factors from platelets or generation of antiangiogenic pro-
teins/fragments during activation of coagulation and platelet aggregation. In 
paper III we propose a third mechanism of generating a counter-regulatory 
response, namely the generation of a microenvironment that promotes activ-
ity of the antiangiogenic fragment of HRG via platelet activation and Zn2+ 
release. 

 
Figure 7. Role of platelets in tumor angiogenesis. Tumors can induce platelet activa-
tion. Platelets can release or generate pro- and antiangiogenic factors stimulating or 
inhibiting angiogenesis. Platelet adhesion can induce endothelial cell activation also 
contributing to angiogenesis. 
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Present investigations 

Paper I: Minimal active domain and mechanism of 
action of the angiogenesis inhibitor histidine-rich 
glycoprotein 

Aim 
The aim of this study was to find the minimal active domain of HRG and to 
study the antiangiogenic mechanism of action. 

Results and discussion 
Considering the possible opposing effects of different domains of HRG in 
angiogenesis, it was important to find the minimal active domain of HRG 
mediating the antiangiogenic effect. In the present study we have screened 
synthetic peptides of different lengths corresponding to the His/Pro-rich 
domain for their ability to inhibit endothelial cell chemotaxis toward VEGF. 
One of these peptides, HRGP330, consisting of 35 amino acids, inhibited 
endothelial cell migration in vitro. Moreover, HRGP330 retained the antian-
giogenic activity in vivo, since it reduced tumor growth and vascularization 
in a subcutaneous mouse tumor model of pancreatic adenocarcinoma.  

To investigate the mechanism of action, we studied the effects of 
HRGP330 in a human endothelial cell line (Telomerase immortalized mi-
crovascular endothelial cells) on adhesion and cell signalling. HRG and 
HRGP330 had no direct effect on VEGF-induced phosphorylation of 
VEGFR-2. However, adhesion to vitronectin was inhibited. Since migration 
and adhesion of endothelial cells was affected by HRG and HRGP330, we 
continued to investigate proteins present in and important for the turnover of 
focal adhesions. FAK is a kinase important for focal adhesion turnover that 
is found downstream of both integrins and receptor tyrosine kinases. We 
show that treatment with HRG or HRGP330 alone as well as together with 
VEGF-A cause phosphorylation of FAK in endothelial cells. Another kinase 
involved in migration is ILK. We show that treatment of endothelial cells 
with HRGP330 decreases VEGF-A-induced complex formation between 
ILK and paxillin. Treatment with HRGP330 also decreases localization of 
ILK to the focal adhesions. ILK-paxillin complex formation has been dem-
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onstrated to be crucial for migration [66], in agreement with our data that 
HRGP330 treatment disrupts VEGF-induced migration. 

Another protein, �-actinin, which is a substrate of FAK, binds to cy-
toskeletal actin, forming a link between the cytoskeleton and other focal 
adhesion proteins. FAK phosphorylates �-actinin at the actin-binding site, 
which leads to its dissociation from actin fibers. It has been suggested that 
localization of �-actinin to focal contacts is an indication of stable adhesions 
and decreased turnover [56]. When we treated endothelial cells with VEGF-
A, �-actinin was phosphorylated. However, when cells were co-treated with 
VEGF-A and HRGP330, phosphorylation of �-actinin was attenuated and a 
strong localization of �-actinin was seen in focal adhesions and along actin 
fibers. Taken together these data suggest that HRG targets focal adhesion 
formation leading to disturbed formation and stabilization of cytoskeleton 
inhibiting migration of cells. 

Since adhesion to vitronectin is inhibited by HRG and HRGP330 [109], 
we were interested in the potential involvement of the vitronectin receptor 
integrin �V�3. The effect of an �V�3 neutralizing antibody (LM609) was 
tested together with HRGP330 in adhesion as well as migration assays. Both 
LM609 and HRGP330 inhibited migration and adhesion, and their effects 
were not aditive, indicating that they may act via the same pathway. 

Our conclusion is that HRG targets focal adhesion formation and cy-
toskeletal stability and decreases cell motility, possibly through integrin 
�V�3. 

Paper II: Signal transduction in endothelial cells by the 
angiogenesis inhibitor histidine-rich glycoprotein targets 
focal adhesions 

Aim 
To identify signalling pathways induced in endothelial cells treated with 
HRG or HRGP330 using signal transduction antibody arrays. 

Results and discussion 
In order to identify signalling pathways induced by HRG and HRGP330 
treatment, a signal transduction array was employed. Telomerase-
immortalized micro vascular endothelial (TIME) cells were treated or not 
with HRGP330 and lysates were probed onto an array containing 400 anti-
bodies against signal transduction proteins. The array filter was incubated 
with an anti-phosphotyrosine antibody to identify tyrosine-phosphorylated 
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proteins induced by HRGP330. The data showed an increase in phosphoryla-
tion of signal transduction molecules involved in cell adhesion and migra-
tion. Focal adhesion kinase (FAK) that we reported to be phosphorylated by 
treatment with HRGP330 in paper I showed an increase in phosphorylation 
on the array. The array data also showed that two FAK substrates, paxillin 
and Grb2 were phosphorylated after treatment with HRGP330. The results 
were validated in bovine adrenal cortex endothelial cells and TIME cells. 
These data support the conclusion in paper I that HRGP330 disturbs focal 
adhesion and cell motility. Cytoskeleton is tightly linked to focal adhesions 
and need to remodel during cell movement. In this paper we also show that 
the actin stress fiber formation is affected by HRGP330 treatment and that it 
can be restored by a FAK inhibitor, geldamycin.  

Paper III: Activated platelets provide a functional 
microenvironment for the antiangiogenic fragment of 
HRG 

Aim 
The antiangiogenic fragment of HRG needs to be released by proteolytic 
cleavage from the mother protein in order to exert its effect, and a fragment 
corresponding to the His/Pro-rich domain is consistently found in purified 
fractions of HRG. In the present study we sought to find out whether this 
fragment exists in vivo or is only generated in vitro.  

Results and discussion 
We stained human tissue with antibodies recognizing different parts of HRG, 
the C-terminus, the N-terminus and the His/Pro-rich domain. Interestingly, 
in vasculature from cancer patients we found a staining pattern unique for 
the antibody recognizing the His/Pro-rich domain of HRG indicating the 
presence of a fragment. All three antibodies are able to recognize native 
HRG protein as demonstrated by immunoprecipitation experiments, as well 
as by immunohistochemical staining of liver, where the full-length protein is 
present. 

To find out whether there is a difference between transformed and un-
transformed tissue, we employed a tissue array containing a large collection 
of colon samples. No significant difference in the amount of staining for the 
His/Pro-rich domain of HRG between untransformed and transformed tissue 
was detected. Since a tumor may not only induce local effects, but can also 
give systemic changes in an individual with cancer, we wanted to stain tissue 
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from a healthy individual. One of the few tissues available from healthy 
individuals is placenta. Interestingly, no staining of the His/Pro-rich domain 
could be detected along the vessel wall in these tissues. 

HRG has been reported to be present in and released from platelets upon 
thrombin stimulation. We co-stained tumor tissue with the His/Pro-rich do-
main antibody and the platelet markers CD41 and CD42b to find out 
whether the patch-like staining was due to presence of platelets. The vascu-
lar staining was indeed found in close association with platelets. To investi-
gate whether the fragment is present in platelets, we purified platelets from 
human plasma, lysed and analyzed them with two-dimensional gel electro-
phoresis, western blot and mass spectrometry (MS), but we could not detect 
any degradation product of HRG in platelets. 

Platelets secrete various proteases that might be involved in the genera-
tion of HRG fragments. To address this possibility, platelet rich plasma 
(PRP) and platelet poor plasma (PPP) was stimulated with thrombin. Pro-
teins were separated under reducing conditions and then further analysed 
with western blot and MS. We could find a fragment of HRG derived from 
the His/Pro-rich domain both in PRP and PPP independently of thrombin 
activation, suggesting that platelet proteases are not involved in the genera-
tion of the HRG fragment. 

We next sought to investigate whether the release of factors from acti-
vated platelets could affect the properties of the HRG fragment, possibly 
inducing binding to endothelial cells. Platelets contain large amounts of Zn2+ 
that is released upon platelet activation raising the local concentration. Zn2+ 
has previously been shown to induce binding of HRG to heparan sulphate on 
endothelial cells, and to be necessary for the antiangiogenic function [138]. 

We analyzed binding of HRGP330 (a 35 amino acid peptide derived from 
the His/Pro-rich domain of HRG) to confluent TIME cells in the presence or 
absence of platelet relesate or Zn2+. Both platelet relesate and Zn2+ could 
significantly increase binding of HRGP330 to endothelial cells in these ex-
perimental settings. Pre-incubation of relesate with ethylenediaminetetraace-
tic acid (EDTA), which chelates divalent cations, attenuated the effect. 
These data show that platelet relesate promotes binding of the His/Pro-rich 
domain to endothelial cells probably via Zn2+. 

The preferential binding of the His/Pro-fragment to vasculature from can-
cer patients supports a role for the fragment in tumor angiogenesis. To ad-
dress whether HRG deficiency would affect tumor angiogenesis in vivo, 
HRG-deficient mice were crossed with a transgenic model of insulinoma: 
the RT2 mouse expressing the SV40 T-antigens under the insulin promoter 
[90]. This is an orthotopic model of multistage carcinogenesis developing 
spontaneously. It is believed to better reflect the stepwise process of tumor 
development than conventional subcutaneous models with injected tumor 
cells. One of the stages is the “angiogenic switch” that precedes the growth 
of islets to larger tumors. RT2/Hrg-/- mice had significantly elevated num-
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bers of angiogenic islets compared with their RT2/Hrg+/+ littermates, sup-
porting the conclusion that HRG is a regulator of pathologic angiogenesis. 

In conclusion, a fragment derived from the His/Pro-rich domain is found 
in vivo supporting a role for HRG as an endogenous inhibitor of angiogene-
sis. Moreover, our findings suggest that activated platelets provide a micro-
environment in which the antiangiogenic fragment can be functional. 

Paper IV: Enhanced platelet activation mediates the 
accelerated angiogenic switch in HRG-deficient mice 

Aim 
HRG is a multifunctional protein modulating many physiological processes, 
two of them being hemostasis and angiogenesis [102]. Several studies have 
suggested platelets and coagulation as players in angiogenesis [16, 181, 182, 
191-193]. The aim of this study was to analyze tumor growth and angio-
genesis in Hrg-/- mice and to address whether there is a connection between 
the role of HRG in angiogenesis and its role in platelet function. 

Results and discussion 
To address the role of HRG in tumor angiogenesis and growth in vivo, Hrg-/- 
mice were crossed with the RT2 model of spontaneous insulinoma [90]. The 
RT2 transgenic mice carry the SV40 T antigen under control of the rat insu-
lin promoter, which is expressed in the islets of Langerhans in the pancreas. 
It is an orthotopic model where tumors develop stepwise, more accurately 
resembling the growth of human tumors than subcutaneous tumor models 
with injected tumor cells. Pancreas was dissected and tumor volume was 
measured after 12 and 15 weeks of age. At 12 weeks of age, the mean total 
tumor volume in the Hrg-/- group was two times higher than in the Hrg+/+ 
group. At 15 weeks of age the total tumor volume in Hrg-/- group was nearly 
three times higher than in the Hrg+/+ group. The number of tumors did not 
differ between the groups at any age. 

Proliferation as well as vascularization is enhanced in Hrg-/- tumors, how-
ever, the apoptosis rate does not differ markedly. 

Previous studies have shown that Hrg-/- mice have a shorter bleeding time 
than wild type mice [146] suggesting that platelet function is altered by 
HRG. Analysis of platelet aggregation showed that aggregation was very 
rapid in Hrg-/- platelet rich plasma (PRP) compared to wild type PRP. The 
mechanism is unclear. Analysis of platelet activation markers P-selectin and 
GPIIb/IIIa as well as fibrinogen binding to platelets did not reveal any dif-
ference between Hrg-/- and Hrg+/+ platelets. This result indicates that the 
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platelet activation status is not altered and we hypothesized that there could 
be something in the plasma that is different. HRG has been reported to bind 
to platelets after platelet activation [144, 145] and to fibrin/fibrinogen [127]. 
Our data show that HRG can bind to activated platelets via fibrinogen, but 
do not affect fibrinogen binding to platelets. Possibly the binding of HRG 
affects the binding of other plasma proteins to platelets, thereby affecting 
platelet aggregation. One candidate is vitronectin, since plasma vitronectin 
has been shown to be a negative regulator of platelet aggregation [163]. We 
show that HRG can bind to plasma vitronectin via the C-terminal, but if this 
binding could affect platelet aggregation remains to be addressed.  

Hrg-/- mice display lower levels of platelets in the blood than Hrg+/+mice 
possibly reflecting an increased consumption of platelets due to platelet acti-
vation. Supporting this hypothesis we could increase platelet numbers by 
inhibiting platelet activation with plavix (clopidogrel) that inhibits platelet 
activation via the ADP receptor P2Y.  

Plavix has a direct effect on circulating platelets, and platelet function is 
back to normal 4-7 days after treatment, suggesting an irreversible effect that 
is there for the remainder of the platelet lifespan. Treatment inhibits among 
other things activation of GPIIb/IIIa, fibrinogen binding, aggregation and 
release of granules [194]. 

These data suggest that the lowered levels of platelets in Hrg-/- mice are 
due to platelet activation retaining platelets in the tissue. Comparing 
RT2/Hrg+/+ mice with Hrg+/+ littermates without tumors we also found a 
decrease in platelet numbers in mice with tumors, supporting the notion that 
tumors can induce platelet activation. 

In paper III we showed that the number of angiogenic islets in RT2/Hrg-/- 
mice was increased compared to RT2/Hrg+/+ mice. To address whether there 
is a connection between the elevated angiogenic switch in Hrg-/- mice and 
the enhanced platelet aggregation, we depleted mice of platelets using an 
antibody binding platelet adhesion molecule GP1bα. Platelet depletion sig-
nificantly reduced the number of angiogenic islets in RT2/Hrg-/- group. 
These results show that platelets are involved in generation of the elevated 
angiogenic switch in RT2/Hrg-/- mice. More explicitly, the antiangiogenic 
activity of HRG is, at least partially, executed by regulation of platelet activ-
ity. 
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Future perspectives and concluding remarks 

In this thesis the mechanisms of action of the angiogenesis inhibitor HRG 
have been studied. HRG can decrease endothelial cell motility by affecting 
focal adhesions and cytoskeletal turnover. Further, we have investigated the 
presence of the antiangiogenic fragment of HRG in vivo in human tissue and 
found it in association with platelets. We also show that activated platelets 
can provide a functional microenvironment for the fragment of HRG by 
raising the local concentration of Zn2+. 

Several studies suggest that platelets are involved in angiogenesis, mainly 
as positive regulators. Among other things they contain various proangio-
genic growth factors, which are released upon activation, stimulating angio-
genesis. However, platelets also contain inhibitors of angiogenesis and vari-
ous angiogenesis inhibitors are found within the hemostatic pathways, poten-
tially modulating the angiogenic response. 

In this thesis, I suggest that platelets are involved in the antiangiogenic ef-
fects of HRG in two ways. First, platelets can promote activity of the antian-
giogenic HRG fragment leading to negative regulation of angiogenesis. Sec-
ond, HRG can be antiangiogenic by negatively regulating platelet activation. 
The effect of depleting platelets on the angiogenic switch in RT2 mice is 
thus difficult to interpret. If platelets are mainly involved in activation of the 
antiangiogenic HRG fragment, one could expect to see an increase in angio-
genesis in RT2/Hrg+/+ mice when removing platelets. But platelets have 
proangiogenic properties as well and we cannot see an increase in the num-
ber of angiogenic islets in platelet depleted RT2/Hrg+/+ mice. One possibility 
is that platelets are not activated at this stage and thus play neither a positive 
nor a negative role. If platelets are activated, they still do not affect the an-
giogenic switch, suggesting that the pro-and antiangiogenic factors released 
and generated are in balance. 

In RT2/Hrg-/- mice we would not see any effect on the activity of the 
antiangiogenic HRG fragment by removal of platelets since there is no HRG. 
However, we still see a large reduction in the number of angiogenic islets 
indicating that platelets are involved in generating the proangiogenic pheno-
type of RT2/Hrg-/- mice.  

One possibility is that platelets lack a negative regulator and are more ac-
tivated than in wild type mice, therefore contributing to the angiogenic 
switch in the absence of HRG. In addition, in RT2/Hrg-/- mice one of the 
antiangiogenic signals induced after platelet activation is missing since they 
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are HRG-deficient, thus potentially giving a larger proangiogenic response 
in endothelial cells to platelet activation. In wild type mice, platelets would 
secrete proangiogenic factors in response to platelet activation, but also 
negative factors and Zn2+ activating the HRG fragment and thereby decreas-
ing the net angiogenic response. However in HRG-deficient mice no frag-
ment is activated possibly leading to a larger proangiogenic response after 
platelet activation. 

It is very difficult to speculate about the extent of contribution by each of 
the two proposed antiangiogenic pathways of HRG in this model. Also, 
when it comes to platelet depletion, we have only analyzed a few mice. 
However, it is clear that platelets are involved in producing the proangio-
genic effects of depleting HRG in the RT2 tumor model. 

 
Figure 8. Model for platelet involvement in the antiangiogenic function of HRG.  

In what ways platelets could contribute to the angiogenic switch in this 
model is difficult to know. Mechanisms may be several. One could speculate 
that platelets secrete more growth factors due to enhanced aggregation, or 
adhere to a larger extent to endothelial cells contributing to activation. Fur-
ther analysis of angiogenic islets and blood samples from mice might give 
more information about these processes. 

Another question that remains to be addressed is the mechanism behind 
the enhanced platelet activation in HRG-deficient mice. The enhanced plate-
let aggregation seen in vitro induced by ADP-stimulation and the decreased 
bleeding times found in HRG-deficient mice [146] suggests that there are 
direct effects on platelet function. Since HRG can bind to activated platelets, 
it could be directly affecting platelet signalling. However we do not see an 
effect on the platelet activation markers P-selectin and GPIIb/IIIa in blood 
from Hrg-/- mice. Since platelet activation status seems unaltered, we hy-
pothesize that there is something in the plasma that is changed. We show 
that HRG can bind to platelets via fibrinogen, but do not affect fibrinogen 
binding to platelets. One possible scenario is that HRG binds to platelets via 
fibrinogen, recruiting or inhibiting the binding of other plasma proteins that 
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modulate platelet aggregation. One candidate is vitronectin and we found 
that vitronectin could be co-immunoprecipitated with HRG from human 
plasma. If HRG regulates platelet aggregation by recruiting vitronectin to 
activated platelets remains to be addressed. 

It will be interesting to see how the tumor growth in RT2/Hrg+/+ and 
RT2/Hrg-/- mice is affected by depletion of platelets. Maybe platelets can 
have distinct roles at different stages of tumor development. Considering the 
role of platelets in metastasis, it would also be interesting to study the effects 
on metastasis in Hrg-/- mice. 
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Populärvetenskaplig sammanfattning 

Alla celler i kroppen behöver syre och näring för att leva. Detta behov till-
godoses av vårt hjärt- och kärlsystem som pumpar blodet ut till kroppens alla 
vävnader. Själva utbytet av gas och näring sker i de tunnaste kärlen, kapillä-
rerna. Vid en skada eller när vävnad växer kan det behövas nya blodkärl för 
att inte syrebrist ska vara begränsande för celldelningen. Då produceras till-
växtfaktorer som stimulerar blodkärlsnybildning, angiogenes.  

Angiogenes pågår också i en rad sjukdomstillstånd, till exempel cancer 
och reumatism där överproduktion av blodkärl bidrar till sjukdomsutveck-
lingen. Att hämma angiogenes är en behandlingsstrategi som för närvarande 
används för behandling av åldersrelaterad näthinnedegenerering och vissa 
cancerformer. Det har skett stora framsteg inom området även om tumörerna 
utvecklar resistens mot dessa behandlingsformer. Därför behövs mer kun-
skap för att kunna ge mer långsiktigt verkningsfulla behandlingar. 

Histidinrikt glycoprotein (HRG) är ett kroppseget protein som finns i 
blodplasma. Det har egenskaper som kan hämma blodkärlsnybildning och 
därmed också tumörtillväxt.  

Mitt första och andra delarbete berör hur HRG kan påverka de celler som 
bygger upp blodkärlsväggen (endotelceller). När nya blodkärl bildas behöver 
de kunna förflytta sig mot den syrefattiga vävnaden. Vi har sett att HRG kan 
hindra cellernas rörlighet genom att påverka deras ytkontakter och skelett-
struktur, som de behöver bilda och ombilda när de förflyttar sig över en yta. 
Vi kunde också visa att en viss del av HRG är ansvarig för effekten på endo-
telcellerna och att behandling av tumörer i en musmodell med denna del 
också kunde minska tumörangiogenes och tumörtillväxt. 

I delarbete tre har vi tittat på tumörmaterial från cancerpatienter och sett 
att ett fragment av HRG som innehåller den del som har antiangiogena egen-
skaper fanns bundet till blodkärl i närvaro av blodplättar. Blodplättar är små 
cellfragment som är viktiga för att stoppa blödningar vid skada. De blir då 
aktiverade vilket gör dem kladdiga så att de klumpar ihop sig och täpper till 
vilket medför att blödningen hindras. De släpper då också ut en mängd mo-
lekyler som kan påverka sin omgivning. Tumörer har förmågan att aktivera 
blodplättar till att släppa ut molekyler. Dessa molekyler kan ha inverkan på 
miljön i tumören och på olika sätt bidra till tumörens utveckling, bland annat 
till angiogenes. Vi kunde se att HRG fragmentet binder till endotelceller i 
närvaro av aktiverade blodplättar och detta skulle kunna vara en mekanism 
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för att motverka kärlbildning i tumörer och i andra situationer då blodplätts-
aktivering förekommer. 

Vi har också studerat effekten av att ta bort HRG på tumörtillväxt och 
angiogenes. I delarbete fyra har vi korsat möss som saknar HRG med möss 
som bildar tumörer i de insulinproducerande öarna i pankreas. Möss som 
saknar HRG bildar större tumörer och fler angiogena öar som är förstadier 
till tumörerna. Möss som saknar HRG har även en ökad aktivering av blod-
plättar och våra resultat tyder på att blodplättarna är viktiga för den ökade 
angiogenesen när HRG är frånvarande. 

Cancer är ett stort hälsoproblem i världen och att hitta nya behandlings-
former är ytterst önskvärt. Ökade kunskaper om hur kroppsegna proteiner 
kan påverka blodkärlsbildning kan ge oss nya strategier för att hämma angi-
ogenes och behandla cancer. 
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