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1. Angiogenesis

Angiogenesis, the formation of new blood vessels from the pre-existing vasculature (also 

called neovascularization), is a normal physiological event and is crucial for growth of 

the embryo, repair of wounded tissue in the adult and the female reproductive cycle. 

An imbalance in the growth of these new vessels may contribute to impaired wound 

healing and in the development of pathological disorders, such as chronic tissue isch-

emia, inflammatory arthritis1,2, psoriasis3, atherosclerosis4, ocular neovascularization5-7 

and tumors8. 

 In tissue repair, angiogenesis plays a pivotal role as it facilitates the recruitment of 

oxygen, nutrients, hormones and cells9,10. Indeed, in pathological conditions, recruit-

ment of fibrin(ogen) and platelets, the major components of the hemostatic plug, often 

proceeds and accompanies an angiogenic response11,12. More than only being a sealing 

plug for a wound, the newly formed hemostatic plug consists of a temporary fibrin ma-

trix that facilitates the healing process by stimulating the ingrowth of leukocytes, endo-

thelial cells and tissue cells. The ingrowth of new endothelial microvessels is stimulated 

by angiogenic factors, which are released by platelets and hypoxic tissue cells and tumor 

cells. In tumors and chronic inflammation neovascularization becomes poorly controled 

and excessive, thus contributing to the pathology of the disease. These conditions are 

usually accompanied by a fibrinous exudate 11. 

 It has been generally accepted that endothelial cells in new blood vessels are derived 

from resident endothelial cells of pre-existing vessels. Evidence is now becoming avail-

able that cells derived from bone marrow, also indicated as endothelial progenitor cells 

(EPC), may additionally contribute to the process of angiogenesis13. EPC mobilized from 

the bone marrow into the circulation may be recruited and incorporated into sites of 

active neovascularization during tissue ischemia, vascular trauma or tumor growth14-18. 

Furthermore, pericytes, which are located between the endothelium and the surround-

ing tissue, stabilize the newly formed vessels19 and determine the uniform size of the 

diameter of the capillaries20. Loss of pericytes may result in hemorrhagic and hyperdil-

ated vessels, which leads to conditions such as edema, diabetic retinopathy, and even 

embryonic lethality21-23.

 This thesis regards various mechanisms that are involved in neovascularization into 

a fibrinous matrix. Angiogenesis is tightly regulated at different levels: from outside the 

cell by growth factors, proteolysis factors and cell adhesion molecules to inside the cell 

by cell signaling factors and specific gene expression. In the following paragraphs the 

process of angiogenesis will be discussed in more detail, while Chapter 2 summarizes 

the role of fibrin in angiogenesis and wound healing.  
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2. Regulation of angiogenesis

The process of angiogenesis is delicately regulated by pro-angiogenic and anti-an-

giogenic factors. These factors vary from growth-, matrix- and adhesion factors to 

signals that determine differentiation and development24. All these factors play an 

important role in a series of processes, which include endothelial cell migration and 

proliferation, signaling, matrix metalloproteinase expression, cell survival, endothelial 

cell precursor development and recruitment25-29. The onset of angiogenesis is caused 

by a switch (also called the angiogenic switch in the balance between pro-and anti-

angiogenic factors towards the pro-angiogenic side24,30-32 (see Figure 1). Excessive 

angiogenesis may contribute to tumor growth25,33, proliferating retinopathy34, rheu-

matoid arthritis35 or psoriasis3, while insufficient angiogenesis may result in tissue 

ischemia or a reduced capacity for tissue regeneration, and may aggravate coronary 

diseases 36,37. 

Before endothelial cells form a new microvasculature, a series of sequential steps is 

needed38,39 (see Figure 2). Once the endothelial cells are activated by angiogenic stim-

ulators, in particular angiogenic growth factors, they start to degrade the basal mem-

brane by newly induced and activated proteases40. Proteolysis by the uPA/plasmino-

gen system and matrix metalloproteinases (MMP’s) allows endothelial cells to migrate 

into the ECM41-46. Simultaneously the endothelial cells start to proliferate. Integrins, 

Figure 1: The angiogenic switch
Angiogenesis is a balance between pro- and anti-angiogenic factors. A switch in the balance may 
result in excessive angiogenesis, which occurs in e.g. cancer and rheumatoid arthritis, or in insuf-
ficient angiogenesis, which causes ischemia or insufficient tissue regeneration. Adapted from Pol-
verini, J Dental Education, 200224.
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cell adhesion molecules, are activated and help to establish directed migration in 

the ECM46-52. Subsequent differentiation and maturation of the endothelial cells and 

lumen formation lead to the formation of capillaries. Stabilization of the vessel by 

the prevention of vascular leakage is established by the recruitment of pericytes22,23. 

Growth factors, like PDGF and angiopoietin-1, play a role in tumor maturation by the 

recruitment of pericytes towards the newly formed endothelial tubes53,54.

 Factors that initiate angiogenesis are multiple and complex55,56. Proangiogenic cy-

tokines and growth factors include vascular endothelial growth factor (VEGF)57, fibro-

blast growth factors (FGFs)58, angiopoietins59, transforming growth factor (TGF-β)60, 

platelet-derived growth factors (PDGFs)61, tumor necrosis factor-α (TNF-α)62, epider-

mal growth factor (EGF)63, interleukin-8 (IL-8)64and angiogenin65. ECM and baseme-

ment membrane proteins may also release angiogenic signals. For example, intact 

type IV collagen is normally a substrate for binding of α1β1- and α2β1-integrins 

resulting in the induction of proliferation and migration, whereas degraded type IV 

collagen binds to αvβ3-integrin and thereby inhibits cell migration and prolifera-

tion40. 

 In the last decade a number of bioactive cleaved forms of collagens have been 

recognized that acts as endogenous inhibitors of angiogenesis, such as endostatin 

and tumstatin. These products bind to endothelial cells surface integrins and cause 

inhibition of proliferation and migration40,66-69. 

Figure 2: The sequential steps during angiogenesis
Activation of endothelial cells induces degradation of the basement membrane and activation of 
the proteolysis systems. MMP’s and the urokinase/plasminogen system start to degrade the extra-
cellular matrix and integrins are activated to allow invasion and migration of the endothelial cells 
into the matrix. After proliferation and lumen formation, capillaries are formed, which are stabilized 
by the recruitment of pericytes. Adapted from Engelse et al., 200470. [See appendix: color figures]
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3. Growth factors and cytokines

The most well known growth factors in angiogenesis are Vascular Endothelial Growth 

Factor A (VEGF-A)71-73 and the Fibroblast Growth Factors (FGFs) FGF-1 and FGF-274-76. 

Growth factors together with the matrix environment influence the behavior of EC in 

vitro77-79. For example, vitronectin increased the expression of the receptors for FGF 

and VEGF, particularly VEGF-R1, which was dependent on intact αvβ3- and αvβ5-integ-

rins80. In contrast, a fibrin matrix can decrease these receptors, in particular the FGFR1 

and FGFR280. Other angiogenic growth factors such as platelet-derived growth factor 

(PDGF)61,81 and epidermal growth factor (EGF)63,82, also depend on integrin-mediated 

cell adhesion to the appropriate extracellular matrix (ECM)83,84.

3.1 Fibroblast Growth Factors
The Fibroblast growth factor (FGF) family comprises 22 members, including acidic FGF 

(aFGF or FGF-1) and basic FGF (bFGF or FGF-2). By binding to their receptors on endo-

thelial cells these FGFs are able to stimulate endothelial cell proliferation , migration, 

differentiation and to induce angiogenesis in vitro and in vivo85,86. The FGFs mediate 

their cellular responses by binding to and activation of different isoforms encoded by 

the four receptor tyrosine kinases (RTKs), namely FGFR1, FGFR2, FGFR3 and FGFR4. FGFs 

are dependent on heparin or heparan sulphate proteoglycans (HSPG) to activate FGFRs. 

The binding of FGFs and HSPG to the extracellular domain of FGFRs induces receptor 

dimerization, activation and autophosporylation of multiple tyrosine residues in the cy-

toplasmic domain of the receptor molecule87.

 FGFs trigger numerous pro-angiogenic events that lead to basal lamina degrada-

tion88, migration89,90, proliferation91, morphogenesis92 and vascular maturation76. bFGF 

modulates uPA receptor expression42 as well as the plasminogen activator inhibitor (PAI)-

1, leading to a precise modulation of the proteolytic balance. bFGF is known to regulate 

the expression of cadherins93 and integrins, including αvβ394-96. bFGF binds αvβ3-inte-

grin97, which may result in uPA upregulation, cell migration, proliferation and morpho-

genesis98,99. In addition, binding of bFGF to αvβ3-integrin may lead to assembly of focal 

adhesion plaques containing αvβ3-integrin and FGFR1, which can activate ERK1/2 and 

proliferation99. Moreover, αvβ3-integrin is highly expressed by endothelial cells during 

angiogenesis and is required for sustained neovascularization100-102.

3.2 Vascular Endothelial Growth Factor 
Vascular endothelial Growth Factor (VEGF), also known as VEGF-A (or vascular perme-

ability factor, VPF)103,104, is one of the key regulators of angiogenesis105. It is a member 
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of the VEGF family, which also includes placental growth factor (PIGF), VEGF-B, VEGF-

C106 and VEGF-D107. VEGF-A is a homodimeric glycoprotein and at least seven VEGF 

isoforms exist as a result of alternative splicing. The major isoforms are 121, 165, 189 

and 206 amino acids long in human VEGF-A, with the 165-amino acid form representing 

the predominant species of VEGF-A108,109. The larger forms (165, 189 and 206 amino 

acids long) are basic and bind to isolated heparin and heparin proteoglycans distributed 

on the cellular surface and extracellular matrix110. VEGF-121 does not bind to heparin 

sulphates and is more freely diffusible110. 

 VEGF-A mediates its pro-angiogenic effects via two different receptors, VEGFR1 and 

VEGFR2. VEGFR-1 (Flt-1)111 and VEGFR-2 (KDR112, or the murine homologue Flk-1113) are 

specific tyrosine kinase receptors expressed on endothelial cells and on various hema-

topoetic cell lineages in the adult. More recently, VEGF-R3 (fms-like tyrosine kinase 4, 

Flt-4) was identified, which binds VEGF-C and VEGF-D. VEGF-R3 is expressed in lymphatic 

endothelial cells and has been found to be involved in lymphangiogenesis114,115.

 Studies with various anti-VEGF/VEGF-receptor therapies have shown that these 

agents are potential inhibitors of angiogenesis and tumor growth. Recently, a human-

ized anti-VEGF antibody (bevacizumab), when used in combination with chemotherapy, 

was shown to improve survival and thus validate VEGF pathway inhibitors as an impor-

tant target in cancer therapy116-118. Anti-VEGF antibodies also counteracted vasculariza-

tion and edema in adult macular degeneration (AMD) and even improved vision in this 

eye disease119. 

3.3 Cytokines
Inflammatory cells such as monocytes/macrophages, T lymphocytes and neutrophils as 

well as tumor cells release cytokines that may affect endothelial cell function, including 

proliferation, migration, activation and tube formation120. An early recognized cytokine 

that enhances angiogenesis is tumor necrosis factor-α (TNF-α)121-124. TNF-α is mainly 

synthesized by cells of the monocytes-macrophage family, including mast cells, macro-

phages, T cells, natural killer cells and neutrophils. In addition, epithelial cells are also 

known to upregulate TNF-α expression during malignancy125. Interestingly, the role of 

TNF-α in angiogenesis is controversial, because in vitro TNF-α can inhibit proliferation 

of endothelial cells, while in the cornea it may stimulate vessel growth. Moreover, it has 

been demonstrated by Koolwijk et al. that capillary-like tube formation in a fibrin matrix 

required the simultaneous presence of a growth factor together with TNF-α42. Exog-

enous uPA could substitute for TNF-α, indicating that TNF-α stimulates the synthesis of 

uPA. These opposing results indicate that effects of TNF-α on microvessels depend on its 

local tissue concentrations126. Other inflammatory factors that promote angiogenesis in-
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clude IL-1127, IL-8128 and IL-18129, and the signaling molecule nitric oxide130,131, whereas 

imflammatory factors such as IL-4132, inhibit angiogenesis.

4. Extracellular matrix 

The extracellular matrix (ECM) plays an essential role in EC reorganization and behavior 

during angiogenesis55,133,134. The composition of the ECM has been shown to be crucial 

for the survival of endothelial cells135,136 and functions in supporting key signaling events 

involved in regulating EC migration, invasion and proliferation137-140. These latter pro-

cesses are the result of ECM-integrin interaction, in particular the collagen receptors α2β1- 

and α1β1-integrin, the fibronectin/fibrin receptor α5β1-integrin and the broadly acting 

αvβ3-integrin, which also recognizes collagen, fibrin and fibronectin 141-146. In Figure 3 

a schematic model is given that indicates that interaction between integrins and RGD-

containing proteins (VN, FN, vWF, TS, OP, DC) or collagens result in activation of EC, which 

leads to basement membrane degradation, invasion, proliferation and lumen formation. 

Integrin-laminin interactions result in EC differentiation and stabilization, leading to base-

ment membrane formation and cessation of proliferation and morphogenic events. 

 
α β
α β
α β
α β
α β

 
α1β
α2β1

 
α3β
α6β1 
α β4

Figure 3: Role of EC ligands and their receptors in the control of EC morphogenesis and ves-
sel stabilization
This hypothetical model summarizes all integrins that are expressed on endothelial cells together 
with their ECM receptor. Adapted from Hodivala-Dilke147 and Davis148. 
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4.1 Pro-angiogenic ECM compounds
There are many matrix molecules that promote endothelial cell adhesion and survival, 

including vitronectin, laminin and various collagens. Laminin 8 in particular, is found on 

vascular basement membranes and is thought to be the only laminin present in capillary 

basement membranes during embryonic development and in neonates149. Collagen IV 

has been reported to regulate angiogenesis, due to an MMP cleavage-dependent expo-

sure of an epitope that is critical for angiogenesis and tumor growth in vivo150,151. 

 One of the well studied ECM molecule is fibronectin, which is produced by endotheli-

al cells and vascular smooth muscle cells and is also present in a circulating soluble form 

in the plasma152. Fibronectin promotes endothelial cell survival153-155 and migration156 

and affects endothelial cell adhesion and in vivo angiogenesis156-158. Furthermore, fibro-

nectin is known to bind αv-integrins on EC as well as α5β1-integrin. Both fibronectin 

and α5β1-integrin are upregulated in the ECM when treated with angiogenic factors in 

vivo156. 

 Fibrin can be considered as a temporary wound matrix, also called a fibrinous matrix, 

that facilitates angiogenesis during tissue repair after wounding. It can therefore be 

used as a matrix for studying the angiogenic behavior of endothelial cells in vitro in the 

presence of growth factors such as bFGF, VEGF, PDGF and IL-842,92,159,160. Fibrin(ogen) 

may regulate endothelial cell adhesion, migration and secretion of proteases, such as 

uPA161-163. A more detailed description of the involvement of fibrin(ogen) in angiogen-

esis is provided in chapter 2 of this thesis. 

4.2 Anti-angiogenic ECM compounds
Besides pro-angiogenic factors, the ECM also can be the source of various anti-angio-

genic factors, such as endostatin and tumstatin. Endostatin is a 20 kDa carboxyl-termi-

nal fragment of collagen XVIII, that is known to inhibit tumor angiogenesis in animal 

models164,165. In vitro it has been demonstrated that endostatin interferes with many 

endothelial cell processes, such as inhibition of migration, induction of cell cycle arrest 

and promotion of apoptosis164,166-168. Moreover, association of endostatin with caveo-

lin-1 and α5β1-integrin in microvascular endothelial cells may induce Src-dependent 

disassembly of the actin cytoskeleton and inhibit the Wnt signaling168-170. 

 Two type IV collagen-derived anti-angiogenic fragments are arrestin and tumstatin. 

Arrestin inhibits EC proliferation, migration , tube formation and neovascularization of 

Matrigel plugs. The ant-angiogenic potential of arrestin is mediated through interac-

tion with α1β1-integrin171. Human tumstatin requires the binding of αvβ3-integrin and 

is anti-angiogenic through the induction of apoptosis of proliferating EC172 and sup-

presses tumor growth in several in vitro and in vivo models69,173-175. 
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5. Cell-matrix interactions: integrins

5.1 Endothelial integrins
Integrins are heterodimeric cell surface receptors composed of non-covalently associated 

transmembrane α- and β-glycoproteins. Integrins function as adhesion molecules to ex-

tracellular matrix proteins and other cells. They play an important role in numerous de-

velopmental, physiological and pathological processes. In mammals, the integrin family 

consist of 18 different α-subunits and 8 different β-subunits that heterodimerize into at 

least 24 known distinct integrins49,176,177. Binding of a ligand to the extracellular domain 

of the integrin induces a conformational change that results in cytoplasmic downstream 

signaling events176. Vascular endothelial cells express a number of integrins (see Table 1), 

including the collagen receptors α1β1, α2β1, the laminin receptors α3β1, α6β1, α6β4 

and the RGD (arginine-glycine-aspargine)-binding receptors α5β1, αvβ3 and αvβ5178. In 

particular these last three integrins are increased in expression during angiogenesis94-96. 

Table 1: Integrin expression on EC and their ECM ligands

Integrin Binding site
RGD-dependent Major ECM ligand Integrin expression 

during angiogenesis
α1b1# No Collagen, laminin unchanged

α2b1 No Collagen, laminin, vitronectin, tenascin-C, 
thrombospondin

unchanged

α3b1 No Collagen, laminin, fibronectin, 
thrombospondin, elastin

unchanged

α5b1 Yes Fibronectin, fibrin(ogen), 
thrombospondin

increased

α6b1 No Laminin unchanged

α6b4 No Laminin not known

α8b1 Yes Fibronectin, vitronectin, tenascin-C not known

α9b1* Tenascin-C, osteopontin, collagen not known

αvb1 Yes Fibronectin, vitronectin not known

αvb3 Yes Vitronectin, fibronectin, fibrin(ogen), 
thrombospondin, tenascin-C, von 
Willebrand factor, denatured collagen, 
osteopontin, MMP-2, Del 1

increased

αvb5 Yes Fibronectin, vitronectin, fibrin(ogen), von 
Willebrand factor, thrombin, thrombos-
pondin, osteopontin, degraded collagen

increased

# α1β1 is only expressed in microvascular endothelial cells179. 

* α9β1 is expressed on lymphatic endothelial cells, but not in vascular endothelial cells180.
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5.2 Regulation of integrin function
Integrins act as transmembrane molecules that connect the outside of the cell to the cy-

toskeleton inside the cell, the actin cytoskeleton181,182. During ligation, integrins assem-

ble into clusters that are known as focal contact sites. In these focal contact sites, inte-

grins bind with their cytoplasmic tail to linker proteins that connect the cytoplasmic tail 

to the actin cytoskeleton, which include paxillin, vinculin, talin and α-actinin49,176,177,183. 

This interaction is associated with the activation of signaling molecules, by which inte-

grin-mediated adhesion is translated in a cascade of signal transduction pathways that 

control various processes of the cell, such as migration, proliferation and differentia-

tion83,184. These signaling molecules include focal adhesion kinase (FAK), members of 

the Src family of non-receptor tyrosine kinases, lipid kinases (e.g. phosphatidylinositol 

3-kinase, PI3-K), the NF-κB and members of the Rho family of small GTPases83,183,185-189 

(see Figure 4).

 Many integrins are not constitutively active. They are often expressed on cell surfaces 

in an inactive state, in which they do not bind ligands and do not signal. In this so called 

low affinity state, the extracellular domain of integrins is bent over the cell surface190,191, 

whereas the α and β cytoplasmic tails tightly interact through a salt bridge192. The fold-

ed integrin structure hides the RGD-binding site, preventing ligand binding147. Integrins 

require activation to bind physiologic ligands177. Activation is normally induced from 

within the cell through the cytoplasmic and transmembrane regions (“inside-out” ac-

tivation)193. Specific binding of the cytoskeletal protein talin to of the cytoplasmic tails 

of the β-subunit of integrins by cytoplasmic changes leads to the conformational rear-

rangements of integrin extracellular domains that increase their affinity. In this way the 

tails of the α and β subunit are unclasped and results in the transition of integrins to 

their high affinity state190,191,194-196 (see Figure 4).

5.3 αv-integrins
αvβ3- and αvβ5- Integrins are preferentially expressed on angiogenic endothelium cells 

and they can bind to matrix proteins such as vitronectin, fibronectin, fibrin(ogen), osteo-

pontin, thrombospondin, von Willebrand factor, laminin, tenascin and denatured col-

lagen. The binding of αvβ3-integrin to different ligand may result in unique cellular re-

sponses198. The αvβ3-integrin is not widely expressed and appears to be most prominent 

on cytokine-activated endothelial cells during angiogenesis 199. Growth factors such as 

basic fibroblast growth factor (bFGF), vascular endothelial growth factor-A (VEGF-A) and 

transforming growth factor beta-1 (TGF-β1) have been shown to increase the αv- and 

β3-subunits in endothelial cells96,200,201. αv-Integrin expression in endothelial cells is also 

induced by hypoxia202. In animal models it has been demonstrated that αvβ3 antago-
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nists (antibodies or cyclic RGD peptides) can inhibit angiogenesis during development, 

wound healing, retinal neovascularization and in growing tumors100,203-206. These stud-

ies initially supported the idea that αvβ3 antagonists may be promising anti-angiogenic 

drug candidates207,208. For example, vitaxin, the humanized version of the αvβ3 antibody 

LM609 has underwent clinical trials209 and in 2003 the conduction of vitaxin in phase 

II clinical trials was initiated210,211. Currently, vitaxin is in clinical trial for melanoma and 

prostate cancer and preclinical data point to a possible role for metastatic bone tu-

mors212.

Figure 4: Integrin activation and downstream signaling pathways
Binding of integrins to their ligand induces a conformational change of the extracellular domain 
from a folded inactive state to a straighten active state. Activation of the integrin induces activa-
tion of four major signaling pathways that are involved in angiogenesis: Rac-GTPase, Ras-Raf-MEK, 
PI3K/Akt and NF-κB pathways, which are essential for the cellular processes migration, proliferation, 
survival and apoptosis. Adapted from Ruegg et al.197 and Hodivala-Dilke et al.147. 
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 Interestingly, mice lacking β3- or β5-integrins are viable and fertile and undergo 

normal developmental angiogenesis, postnatal neovascularization of the retina (β3-null 

mice) and wound healing (β5-null mice)213-215. Depletion of the αv-integrins results in 

the survival of only 20%, but these mice have still extensive sprouting angiogenesis 

and develop normally until embryonic day 9.5216. Besides interaction with β3- an β5-

subunits, the αv-subunit can heterodimerize with β8-integrin. The β8-integrin-deficient 

mice display a very similar phenotype to the αv-integrin-deficient mice; abnormal vas-

cular capillary growth and patterning in the embryonic brain. It has therefore been put 

forward that β8-integrins are not expressed on endothelial cells, but rather on cells 

supporting blood vessels, especially from the parenchyma of the brain217. The similarity 

between αv- and β8-null mice and the lack of developmental vascular defects in β3- and 

β5-null mice strongly suggest that the majority of the αv-phenotype is due to the αvβ8-

deficiency in the brain parenchyma. 

 Taken together, although it is clear that αvβ3- and αvβ5-integrins are involved in 

angiogenesis associated with wound healing and pathological conditions, their roles 

in pathological angiogenesis are not pivotal. αv-Integrin deficiency-mediated defects in 

angiogenesis during embryonic development probably reflect the lack of αvβ8-integrin, 

which is not expressed in endothelial cells. Recently, Hynes challenged the original para-

digm of αvβ3-integrin involvement in stimulating angiogenesis and proposed that the 

αv-integrins actually acted as inhibitors of angiogenesis in vivo218.

5.4 α5β1-integrins
α5-Integrins are crucial for normal development, which is demonstrated by the fact 

that α5-integrin deficient mice are very similar to fibronectin knockout mice158. Em-

bryos die at day 10-11 of gestation resulting in a lethal phenotype. The yolk sac and the 

embryonic vasculature are not formed properly158. This defective vascular phenotype is 

correlated with a decreased deposition of fibronectin, the main ligand of α5β1-integrin, 

in the endothelial basement membranes219. These results demonstrate that successful 

early vasculogenesis as well as angiogenesis require α5β1-integrin-fibronectin interac-

tions. Expression of α5β1-integrins in endothelial cells is enhanced by angiogenic fac-

tors such as TGF-β1 or a co-addition of bFGF and TGF-β195. Binding of fibronectin to 

α5β1-integrin promotes tumor angiogenesis and may induce αvβ3-mediated migration 

on vitronectin as suggested by Kim et al.51. Endostatin, a potent angiogenesis antago-

nist, strongly interacts with α5β1-integrin, and more weakly with αv-integrins, inhibit-

ing endothelial cell migration significantly220. Furthermore, it has been demonstrated 

that anti-α5-antibodies suppress VEGF-induced angiogenesis in both chick embryo and 

murine models155,156. 
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6. Proteolysis

Proteolysis of the extracellular matrix is one of the earliest steps in the formation of new 

capillaries from preexisting vessels. The enzyme families that are involved in this cellular 

process are the matrix metalloproteinases (MMPs) and the serine, aspartic and cyste-

ine-type proteases. The serine proteases represent the largest family of proteases, of 

which the plasminogen activator-plasmin system is extensively studied in relation to cell 

migration and angiogenesis. This system consists of tissue-type plasminogen activator 

(tPA), urokinase-type plasminogen activator (uPA), their substrate plasminogen and the 

plasminogen activator inhibitors (PAIs). The proteolytic activities of uPA and plasmin are 

tightly regulated by a delicate balance between the synthesis of these proteases, their 

binding to the cell surface and interaction with inhibitors to allow controled degrada-

tion of the ECM221. Another regulators that inhibit fibrinolysis is thrombin-activatable 

fibrinolysis inhibitor (TAFI). TAFI circulates as an inactive proenzyme in the blood circula-

tion and becomes activated during blood clotting. TAFI removes the carboxyterminal 

lysine residues of fibrin, which results in less plasmin formation and subsequently to 

protection of the fibrin clot from break down222. 

6.1 Plasminogen activator/plasmin system
Two mammalian PAs are able to catalyze the conversion of the zymogen plasminogen 

into the broadly acting protease plasmin223. The uPA plays a central role in many biologi-

cal processes, such as fibrinolysis, inflammation and matrix remodeling during wound 

healing, tumor invasion, angiogenesis and metastasis. uPA is mainly localized on the 

cell surface via its highly specific cell surface uPA receptor (uPAR)224, while tPA is se-

creted in the blood and body cavities and becomes active upon binding to fibrin225. 

Binding of the inactive, single-chain form of uPA to uPAR facilitates its conversion to 

the active, two-chain form and initiates a proteolytic cascade that results in the conver-

sion of plasminogen to plasmin. Plasmin degrades the extracellular basement membrane 

components and is able to activate other proteases including several MMPs. Active uPA 

is inhibited by plasminogen activator inhibitor-1 (PAI-1)226 and the resulting complex 

uPAR-uPA:PAI is rapidly internalized by the low density lipoprotein (LDL) receptor-related 

protein (LRP)227,228. Eventually, the uPA-PAI-1 complex is degraded in the lysosomes and 

uPAR is recycled to the cell surface229-231. In this way the cell is able to regulate not only 

the amount, but also the location of the cell surface uPA activity232. This mechanism 

is essential in the determination of direction of proteolysis, where the location of uPA 

activity points to the direction of cellular migration and invasion233. Binding of uPA to 

uPAR also stimulates intracellular signaling224,234 and induces a conformational change 
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in uPAR235,236. This can contribute to an increased affinity of integrins for vitronectin 

and promotes interaction with and activation of a variety of integrins and growth factor 

receptors224,237-239. 

6.2 MMPs
MMPs consist of a family of over 20 zinc-containing endopeptidases that are capable 

of degrading various components of the ECM240. They are produced as latent, pro-

enzymes (zymogens), which must be proteolytically processed to be activated. MMPs 

have been shown to have multiple effects on endothelial cells and are necessary for 

endothelial cell migration and tube formation241. Endothelial cells secrete MMP-1, 

MMP-2, MMP-9 and membrane type MMPs, in particular MT1-MMP, of which MMP-

2, MMP-9 and MT1-MMP contribute to an increased invasiveness of the endothelial 

cells242,243 (see Figure 5). 

Figure 5: Schematic representation of secreted and bound MMPs in angiogenesis
Key regulators of pericellulat proteolytic acivity involved in cell migration and angiogenesis are de-
picted in the yellow box. MT1-, MT2-, MT3- and probably MT5-MMP enhance angiogenesis by their 
pericellular action. MMP-2 and MMP-9 stimulate angiogenesis and can act pericellular by binding to 
membrane-anchored proteins, in particular αvβ3-integrin, MT1-MMP, and CD44 that are indicated 
in grey. Adapted from van Hinsbergh et al. 41. [See appendix: color figures]
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6.3 TAFI
TAFI is a glycoprotein which is synthesized in the liver. Activated TAFI (TAFIa, also called 

carboxypeptidase U, R or plasma procarboxypeptidase B) is a carboxypeptidase B-type 

enzyme that regulates plasminogen activation by cleaving carboxyterminal arginyl and 

lysyl residues from partially degraded fibrin244,245 (see Figure 6). It is also able to modify 

stromal cell derived factor-1 (SDF-1)246. TAFI circulates in the blood and can be activated 

by thrombin244, trypsin247 and plasmin248. The activation by thrombin is accelerated 

1250-fold in the presence of thrombomodulin and calcium249,250. Thrombomodulin is 

expressed on endothelial cells and tumors251-255. It catalyzes the activation of protein 

C, a major coagulation regulating protein, and may act as a prognostic factor in tu-

mors256,257. The acceleration of TAFI activation by thrombomodulin is required for an ef-

ficient conversion of TAFI and minimizes premature inactivation of TAFI by plasmin258. 

 Recently, it has been demonstrated that TAFI regulates cutaneous wound healing259. 

In TAFI-deficient mice, skin wound closure did not occur appropriately and was slightly 

delayed. In addition, epithelial cell migration and invasion were altered. Since thrombo-

modulin expression can be upregulated by VEGF260 it is likely that the activity of TAFI is 

regulated during angiogenesis. 

Figure 6: Inhibition of plasmin formation by TAFI
tPA initiates fibrinolysis by converting plasminogen into plasmin. Plasmin degrades the fibrin clot 
into soluble fibrin degradation products. The carboxyterminal lysine residues of fibrin (K, for lysine 
binding sites) can act as a template where tPA and plasminogen can bind. Fibrin-bound plasmino-
gen is a better substrate for tPA than free circulating plasminogen. TAFIa delays clot lysis by remov-
ing the C-terminal lysine- and arginine-residues from partially degraded fibrin. Removal of the 
carboxyterminal lysine and arginine residues prevent the formation of the fibrin-tPA-plasminogen 
complex and thereby inhibits the formation of plasmin and the degradation of the clot261-263). 
Adapted from Bouma et al.263.
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7. Aim of the study 

The angiogenic response plays an essential role in the progression of pathological pro-

cesses, such as wound healing and tumor development. Controled regulation of angio-

genesis in wound healing determines whether appropriate wound closure may occur, 

and in tumor development the growth of the tumor and its metastatic potential. A 

precise understanding of angiogenesis is necessary in order to act upon uncontroled 

behavior of cells during these processes. This may be of clinical benefit in order to pre-

vent the formation of neovessels in angiogenesis-dependent diseases or may act on the 

regression of neovessels that have already been formed. 

 The aim of this study was to investigate the interactions of endothelial cells with 

the extracellular wound matrix, the fibrinous matrix, in order to gain insight in the in-

volvement of specific factors that modulate the efficacy of endothelial tubule formation 

in this environment. The fibrinous matrix is believed to contribute to the angiogenic 

process in various pathological conditions. Specific attention has been given to factors 

that influence the interaction between endothelial cells and the fibrinous matrix, in par-

ticular proteases involved in fibrinolysis, fibrin structure modulation and fibrin-binding 

integrins. Furthermore, we evaluated whether differences could be established in the 

expression of genes in the invading tubule-forming endothelial cells as compared to 

their non-invading counterparts.

The composition and structure of the extracellular matrix is critical for migration and in-

vasion of endothelial cells into this matrix. In addition, the interaction between endothe-

lial cells with fibrin plays a pivotal role in angiogenesis in a fibrinous matrix. In chapter 2 

the significance of these interactions, together with other factors that contribute to the 

process of angiogenesis during wound healing is reviewed. 

 

The role of plasminogen is well-known to be essential in proteolytic degradation of the 

extracellular matrix during tissue remodeling events. In chapter 3 we studied the role 

of proteolytic degradation using plasminogen-deficient mice. Sponges were subcutane-

ously inserted into the flanks of these mice to compare with its wildtype littermates and 

the contribution of the fibrinolytic system to effective angiogenesis was studied. 

To unravel and understand the basic steps of angiogenesis, a 3D in vitro model was de-

veloped, consisting of clotted plasma as the fibrinous matrix with human microvascular 

endothelial cells seeded on top of the matrix. Stimulation of the cells using a cytokine 

together with a growth factor, induced the formation of tubular structures. This 3D in 

vitro model was used to study modulators of the angiogenic process. A new aspect of 
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the modulation if the plasminogen activation system is the involvement of carboxypep-

tidase B/TAFI, which degrades the lysine binding sites in the fibrin matrix. In chapter 4 

we examined the role of thrombin activatable fibrinolysis inhibitor (TAFI) and pancreatic 

CPB in the formation of in vitro capillary tube formation, which is largely plasminogen 

dependent.

Integrin-matrix interactions are needed to allow endothelial cells to migrate through 

the extracellular matrix and form tubular structures. In chapter 5, interactions between 

microvascular endothelial cells and the role of RGD-binding integrins in the formation 

of tubular structures was studied. Human microvascular endothelial cells seeded on top 

of a matrix, consisting of plasma, were able to form capillary-like tubes when stimulated 

with a growth factor, bFGF, together with TNF-α. We evaluated which integrins in par-

ticular were essential in the formation of these tubes.

In the 3D in vitro angiogenesis model using plasma as the fibrinous matrix, it is of great 

interest why only particular human microvascular endothelial cells were able to invade 

the plasma matrix and form capillary-like structures, while other microvascular endo-

thelial cells, the so-called monolayer cells, were not. In chapter 6 we used a method to 

separate these monolayer cells from the tube-forming cells and performed array analysis 

to evaluate whether gene expression was different in the tubule and non-tubule forming 

endothelial cells.

Finally, in chapter 7 the results are discussed in the context of recent developments, in 

an attempt to extend our insight in the regulation of angiogenesis in pathological condi-

tions, particular in those in which a fibrinous matrix participates. 
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Abstract
 

Fibrinogen and fibrin play an important role in blood clotting, fibrinolysis, cellular and 

matrix interactions, inflammation, wound healing, angiogenesis and neoplasia. The con-

tribution of fibrin(ogen) to these processes largely depends on the characteristics of the 

fibrin(ogen) itself, but also on interactions between specific binding sites on fibrin(ogen), 

pro-enzymes, clotting factors, enzyme inhibitors and cell receptors. In this review the 

molecular and cellular biology of fibrin(ogen) are reviewed in the context of cutaneous 

wound repair. The outcome of wound healing depends largely on the fibrin structure, 

such as the thickness of the fibres, the number of branch points, the porosity and the 

permeability. The binding of fibrin(ogen) to haemostasis proteins and platelets as well as 

to several different cells such as endothelial cells, smooth muscle cells, fibroblasts, leuko-

cytes and keratinocytes, is indispensable during the process of wound repair. HMW- and 

LMW-fibrinogen, two naturally occurring variants of fibrin, are important determinants 

of angiogenesis and differ in their cell growth stimulation, clotting rate and fibrin poly-

merisation characteristics. Fibrin sealants have been investigated as matrices to promote 

wound healing. These sealants may also be an ideal delivery vehicle to deliver extra cells 

for the treatment of chronic wounds.
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Wound healing 

The first process that takes place as a reaction to a wounding is the prevention of local 

haemorrhage. This is attained via platelet aggregation and via activation of the haemo-

stasis cascade. The resulting blood clot first contributes to stopping the bleeding and 

then functions as a provisional matrix for the wound healing, that already begins ap-

proximately 4 days after injury. New capillaries endow the neostroma with its granular 

appearance. Leukocytes, fibroblasts and blood vessels move into the wound space and 

each contribute to the wound healing process. The macrophages provide a continuing 

source of cytokines, which are necessary to stimulate fibroplasia and angiogenesis, a 

process in which new blood vessels are formed from pre-existing ones. During the angio-

genesis process the vascular basement membrane and the fibrin or interstitial matrix are 

degraded by endothelial cells (EC), upon which the EC start to migrate into the matrix 

and to proliferate by forming new capillary-like tubes1. Fibroblasts are important for the 

production of a new extracellular matrix (ECM), which is necessary to support additional 

cell ingrowth2. Blood vessels play an important role in sustaining cell metabolism by 

providing oxygen and nutrients. The integrity of the granulation tissue depends on the 

presence of biological modifiers (e.g. lipid mediators and growth factors), the activity of 

target cells, and the environment of the ECM3. These processes are regulated by growth 

factors that may come from the plasma but that can also be released by activated plate-

lets in the wounded areas. Infiltrated peripheral blood monocytes and macrophages 

are also sources of the synthesis and release of growth factors. In addition, growth 

factors can be synthesised and secreted by injured and activated parenchymal cells can 

synthesise and secrete growth factors. The newly formed temporary fibrin matrix also 

promotes granulation tissue formation. Once fibroblasts and EC express the proper inte-

grin receptors, they invade the fibrin/fibronectin-rich clot in the wound space and start 

synthesising a permanent ECM.

Haemostasis in wound healing
Platelets are involved in the first step in the process of wound healing4. Endothelial 

injury activates blood platelets and thus initiates the formation of a platelet plug, 

which is the primary haemostasis process that will stop the bleeding. In parallel, the 

coagulation cascade is initiated and results in the conversion of soluble fibrinogen 

to a network of insoluble fibrin fibres. This stabilises the platelet plug by forming a 

network that includes platelets via the binding of fibrin to the αIIbb3 receptors, which 

are exposed on activated platelets5. When platelets are activated, they also secrete 

a number of growth factors, such as platelet-derived growth factor. These factors 
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stimulate the process of wound healing by the activation of fibroblasts to produce 

collagen, glycosaminoglycans and proteoglycans6,7. The fibrin matrix not only reduces 

blood loss, but is the most important temporary extracellular matrix in the wounded 

area and as such, plays an important role in tissue repair, leukocyte cell adhesion and 

EC migration during angiogenesis. 

Fibrinogen 
The fibrinogen molecule is composed of two sets of three different peptide chains: two 

Aα-chains, two Bβ-chains and two γ-chains, which are interconnected by disulphide 

bridges. Each fibrinogen chain is encoded by a separate gene and the three genes to-

gether form the fibrinogen gene cluster that comprises approximately 50 kb and is locat-

ed on chromosome 4q22-23. The molecules are elongated 46-nm structures consisting 

of two outer D-domains, each connected to a central E-domain by a coiled-coil segment. 

The D- as well as the E-domain contain binding sites that play a role in fibrinogen con-

version to fibrin, fibrin assembly, cross-linking and platelet interactions (thrombin sub-

strate), as well as sites that are available after fibrinopeptide cleavage (thrombin binding 

site), and sites that become exposed as a consequence of the polymerisation process 

(tPA-dependent plasminogen activation). Although the E-domain contains the site that 

binds to the active site of thrombin, both D- and E-domain contain other sites that bind 

thrombin but this does not result in proteolytic cleavage8,9.

 Fibrinogen is an acute-phase protein and either in the early stages of inflammation 

or on treatment with interleukin-6 and glucocortocoids its synthesis is increased, which 

is directly related to the enhanced transcription of the three genes6,7,10-12. Transcription 

of the three fibrinogen chains is tightly coordinated and in vitro studies suggest that 

synthesis of the β-chain is rate limiting and up-regulates the expression of the two other 

genes13.   

 The COOH-terminal regions of the Aα-chains, also called the αC-domains, are formed 

by residues 221 to 610 and play a significant role in the modulation of various processes. 

They are involved in fibrin assembly14, activation of factor XIII15, modulation of fibrino-

lysis16,17 and cell adhesion via either bound fibronectin or their Aα572-574 Arg-Gly-Asp 

(RGD) recognition motif18-20. A schematic representation of the Aα-chain of fibrinogen 

is given in Figure 1.

 In the last step of the coagulation cascade, thrombin cleaves off the fibrinopeptides 

A and B from the amino-terminal segments of the fibrinogen Aα- and Bβ-chains. Soluble 

fibrinogen is converted into fibrin monomers, which then form insoluble fibrin polymers 

and a network of fibrin fibres. This fibrin network is stabilised by FXIIIa which is activated 

by thrombin during the process of fibrin polymerisation, which cross-links the fibrin 
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clot by transglutaminase reactions between two γ-chains or between one γ- and one 

α-chain21. These cross-links provide stability to the fibrin clot and they seem to form a 

protective barrier preventing the degradation of fibrin by plasmin22. 

Leakage of fibrinogen into the wound 
The liver is the primary source of plasma fibrinogen, but small amounts of fibrinogen can 

also be produced by lung epithelium where it may be locally incorporated into the pro-

visional matrix23. This process is regulated by cytokines, such as IL-6, IL-1β and glucocor-

ticoids24. Interestingly, treatment of pulmonary cells with IL-1β and the glucocorticocoid 

dexamethasone resulted in a stimulation of fibrinogen synthesis, whereas this did not 

occur in alveolar cells. These data suggest that IL-1β may play a role in pulmonary wound 

repair mechanisms during a local acute phase response24.

 Plasma-derived fibrillar strands within the provisional matrix of cutaneous and vas-

cular wounds have been identified as fibrinogen, which has undergone conformational 

changes and exposes a fibrin-like epitope. Besides binding to the exogenously produced 

matrix the fibrinogen also binds to the cell surface23. In addition, growth factors such 

as fibroblast growth factor-2 (FGF-2) and vascular endothelial cell growth factor (VEGF), 

bind specifically to fibrinogen (and fibrin), suggesting that fibrinogen is not only impor-

tant for haemostasis, but also for homeostasis25. These data suggest that fibrinogen is 

assembled into the ECM at sites of tissue damage, where it may contribute to cell type-

specific mechanisms of wound repair25.

Figure 1: Fibrinogen Aα-chain 
The fibrinogen Aα-chain contains a number of sites that interact with cells and protein, which are 
potentially of interest for wound healing processes.  indicate the sites where the Aα-chain 
ends in the LMW and LMW’ forms of fibrinogen. αE indicates the part of the Aα-chain that is only 
present in the αE form of fibrinogen.
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Determinants of fibrin structure
The fibrin structure can be described by variables such as the thickness of the fibres, the 

number of branch points, the porosity and the permeability26. The structure of the fibrin 

matrix affects its biological function. For example, more coarse matrices show a faster 

fibrinolysis27 and the pH of the fibrin matrix determines the ingrowth of tubular struc-

tures. Opaque matrices at pH 7.0 consist of thick fibres and tube formation proceeds at a 

faster rate than in transparent matrices at pH 7.8 that consist of thinner fibres28. Several 

conditions may affect the fibrin structure, such as the clotting rate (can be modulated by 

concentration of thrombin and salt content), the rate of polymerisation (determined by 

FXIII concentration and FXIII activation rate), and the rate of lateral polymerisation (af-

fected by fibrinopeptide B release and cross-linking sites on alpha and gamma chains). 

Chloride ions have been identified as modulators of fibrin polymerisation, because these 

ions control fibre size by inhibiting the growth of thicker, stiffer and straighter fibres29,30. 

The concentration of thrombin and thus the release-rate of FPA, can also have an impor-

tant impact on the polymerisation process. High concentrations (up to 1 U/ml) induce 

the formation of thin fibres, whereas low concentrations (0.001 U/ml) result in thick 

fibres31. Heparins, in particular LMW-heparin, also affect the structure of the fibrin clot, 

as well as the sensitivity of the clot to plasmin-dependent degradation32 and this affects 

invasion by tube-forming EC33.

 These alterations in the fibrin structure and function also have implications for wound 

healing34. Especially in diseases where the fibrin structure may be modified, such as in 

diabetes, obese subjects or in patients with bleeding disorders, disturbances in wound 

healing are seen30. 

Interactions between fibrin(ogen) and proteins
Several haemostasis proteins, such as tissue-type plasminogen activator, plasminogen 

and FXIII, bind to fibrinogen and fibrin. Since haemostasis, in particular the fibrinolytic 

system, is involved in angiogenesis, these are important interactions in wound healing. 

The importance of plasminogen in wound healing is clearly illustrated by the impaired 

skin wound healing and by the marked delay in cutaneous wound repair in plasmino-

gen-deficient mice where the lysis rate of the fibrin matrix is reduced35. Binding of FXIII 

affects the fibrin matrix structure by increasing the tensile strength and stability of the 

clot36-38.  

 The fibrinous matrix of a wound also contains other plasma proteins, such as fi-

bronectin and vitronectin. Fibronectin and vitronectin may act as a bridge molecule 

between smooth muscle cells and fibrin by binding to the α5β1- or αvβ3-receptor on 

EC, smooth muscle cells and other cell types39. In addition, fibronectin also binds fibrin 
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exclusively through the αC-domain. This binding site is not accessible in fibrinogen, but 

becomes exposed in fibrin40. Vitronectin directly associates with fibrin, preferentially to 

the carboxy-terminal γ’-chain of the fibrin(ogen) γA/γ’-chain variant41. 

Interactions between fibrin(ogen) and cells
Fibrin(ogen) functions as bridging molecule for many types of cell-cell interactions and 

provides a critical provisional matrix at sites of injury, inflammation or infection in which 

cells can proliferate, organize and carry out specialized functions. Coated fibrinogen and 

fibrin matrices have been reported to bind EC, smooth muscle cells, keratinocytes, fibro-

blasts and leukocytes. These cells can bind directly to fibrin(ogen) via cell-surface integrin 

receptors and non-integrin (e.g VE-Cadherin, I-CAM-1, P-selectin and GPIba) receptors42-

44. Integrins, transmembrane cell adhesion molecules that consist of an α- and β-subunit, 

have been demonstrated to bind fibrinogen or fibrin, and are αMß2 on leukocytes45, αIIbβ3 

on platelets46 and αvβ3-, αvβ5- and α5β1-integrins on EC25,47-49 and fibroblasts50-52. 

 Clot retraction by nucleated cells is very important for proper wound healing53. Bind-

ing of α5β1-integrins to fibrinogen in the clot promotes the retraction of the clot and 

changes the shape of the cell54. The contribution of the αvβ3-integrin in clot retraction 

during vascular healing has been demonstrated in many studies55 as well as the involve-

ment of the αIIbβ3- and αMβ2-integrins56. In the following part of the review, we will 

discuss interactions with fibrin(ogen) by cell type.

Fibrin and inflammatory cells
Soon after the formation of a fibrin clot, phagocytes invade it. Infiltration by granulo-

cytes and monocytes into injured tissues is regulated by chemo-attractant factors, such 

as fibrinopeptides cleaved from fibrinogen by thrombin57, fibrin degradation products 

produced by plasmin degradation of fibrin58, but also fragments of collagen59, elas-

tin60, fibronectin61, enzymatically active thrombin62 and TGF-β63. Leukocytes at the 

wound site eliminate contaminating bacteria via phagocytosis, in which the genera-

tion of toxic oxygen radicals and enzymatic digestion plays a significant role64,65. The 

circulating monocytes attach to the endothelium of blood vessels at the site of injury 

and migrate through the vessel wall into the extracellular matrix66. Fibrin(ogen) modu-

lates the activity of monocytes and macrophages and therefore plays an important 

role in the transition rate between wound inflammation and tissue repair67. Remark-

ably, keratinocytes do not interact with fibrinogen because they miss the αvβ3-integrin 

receptor and this is considered to be the reason why migrating epidermis dissects the 

fibrin eschar from wounds68.
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Fibrin and endothelial cells
The infiltration of leukocytes into the clot is followed by the invasion of EC. These EC 

are recruited from tissues adjacent to the wound69 and bind fibrinogen through dif-

ferent cell adhesion receptors. Interactions of EC with fibrin(ogen) are implicated in 

wound healing and angiogenesis. Once the EC have infiltrated the provisional matrix 

they realign to become new vascular structures (angiogenesis). During this process 

they, together with different cell types, degrade fibrin by the induction of plasmin 

activities, metalloproteinases and the generation of free radicals70,71. 

 Integrins play an important role in wound healing and angiogenesis by facilitating 

the binding of EC to extracellular matrix proteins, such as fibrin(ogen)72. The α-chain 

of fibrinogen contains RGD sequences at positions Aα95-97 and Aα572-57473, but 

several studies have shown that the Aα95-97 RGD motif does not play a significant 

role in EC adhesion18,74. The RGD-sequence at position 572-574 of the Aα-chain of 

fibrinogen binds the αvβ3-integrin in humans75, but the sequence is not conserved in 

other species. However, the lack of conservation is not associated with differences in 

cellular interaction or deficient wound healing, suggesting that fibrinogen can bind to 

other RGD-motifs. For example, in bovines the RGD-sequence at position 252-254 of 

the Aα-chain, which is homologuous to an RGG-motif in human Aα-fibrinogen, com-

pensates for the lack of Aα572-574 in the bovine fibrinogen Aα-chain75. Furthermore, 

RGD-independent interactions also occur. Fibrinogen has additional binding sites for 

αvβ3-integrin in the γ-chain76 and recombinant fibrinogen missing the RGD-sequences 

still preserves its interactions with cells75. 

 The congenital dysfibrinogenaemia fibrinogenNieuwegein, has a truncated Aα-chain 

and lacks the binding site for αvβ3-integrin as well as the cross-linking site for trans-

glutaminase. Although EC adhesion is not affected, tube formation in an in vitro an-

giogenesis model is strongly reduced, indicating that the RGD-sequence at position 

572-574 is involved in angiogenesis77. These observations are supported by the fact 

that the 572-574 RGD sequence is also required for the interaction of fibrinogen with 

α5β1-integrin49,78, which plays an important role in cell adhesion and angiogenesis79. 

However, these observations may be influenced by the albumin molecule that is bound 

to the free sulphydryl-group of the truncated Aα-chain of the fibrinogenNieuwegein mol-

ecule, which may affect the fibrin structure, and endothelial invasion, and tube forma-

tion in the fibrin matrix. 

 The adhesive potential of EC to fibrin(ogen) is also influenced by the cross-linking 

(by transglutaminase) and the coagulation (by thrombin) of fibrinogen80. Transglu-

taminase-mediated oligomerisation of the αC-domains of fibrinogen promotes inte-

grin clustering and thereby increases cell adhesion and spreading, which stimulates 

fibrinogen to bind αvβ3-, αvβ5- and α5β1-integrins on EC. The oligomerisation also 
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promoted integrin-dependent cell signalling via focal adhesion kinase (FAK) and extra-

cellular signal-regulated kinase (ERK), which results in increased cell adhesion and cell 

migration81.  

 Fibrin can also stabilise the expression of αvβ3-integrin on cultured human micro-

vascular EC and therefore promote migration of these cells on provisional matrix pro-

teins82. EC interact with fibrin via a number of receptors, such as ICAM-1, VE-Cadherin, 

CD-44 and integrins. It has been observed that ICAM-1 binds the 117-133 sequence 

on the γ-chain of fibrinogen83. The β15-42 sequence on fibrin plays an important role 

during the process of neovascularisation84. It has been demonstrated that the first 

extracellular domain of VE-cadherin (cadherin 5) binds to this sequence85. The 572-

574 RGD sequence on the Aα-chain of fibrin binds integrin αvβ3 and α5β1 and plays 

a significant role during angiogenesis75,77. However, the 572-574 RGD sequence is not 

required for clot retraction by human EC86.

 Although fibrinogen is not necessarily involved in angiogenesis in tumour mouse 

models, fibrinogen is a critical determinant of the metastatic potential of circulating 

tumours. The reduction in lung metastasis in fibrinogen-deficient mice could not be ex-

plained by a reduction in tumour growth. Studies have demonstrated that fibrin(ogen) 

supports the adhesion and survival of the tumour cells in the lung87,88.

Fibrin and Angiogenesis
Angiogenesis is a complex process, in which EC are stimulated by growth factors, such 

as VEGF or FGF-2, to proliferate and migrate into the ECM to form new capillaries. The 

invasion of the ECM by EC is controlled by proteolytic enzymes of the plasminogen 

activator/plasmin system and the matrix metalloproteinases. The cells proliferate and 

elongate and vessel stabilisation is finally achieved by interaction with pericytes and 

the reconstitution of the basement membrane89,90.

 It has been reported that, in addition to growth factors such as FGF-2 and VEGF, 

fibrin has a direct effect on angiogenesis. Fibrin-containing chambers, which were im-

planted subcutaneously in guinea pigs, induced an angiogenic response within 4 days. 

Vessels were formed and entered the chambers through surface pores91,92. The fibrin 

matrix also appears as an excellent substrate for the invasion of EC and subsequent 

formation of new capillary-like structures93,94.

 In addition to the supportive role of fibrin towards endothelial adhesion and angio-

genesis, it has recently become clear that degradation products of fibrinogen can also 

act as angiogenesis inhibitors. Fibrinogen degradation product E contains a stabilized 

β-band sequence, recognised as alphastatin, that inhibits angiogenesis in vitro and in 

vivo95,96.
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Fibrin and fibroblasts
During the wound-healing process, fibroblasts migrate into the wound bed, and this 

process starts about 5 days post injury. Growth factors, in particular PDGF and TGF-β, 

together with fibrin and fibronectin stimulate fibroblasts to proliferate, express appro-

priate integrin receptors and migrate into the wound97,98. In addition, the characteristics 

of the fibrin network in the wound bed affect the proliferation and migration of the 

fibroblasts99. Patients with disturbed wound healing, such as obese or diabetic patients, 

may experience improved wound healing when specific fibrin sealant preparations are 

administered to the wound. Once the fibroblasts enter the wound, they replace the fi-

brin by generating type I collagen as well as other extracellular matrix proteins. At day 7, 

abundant extracellular matrix molecules have accumulated and fibroblasts switch to the 

myofibroblast phenotype, complete with actin bundles in the cytoplasmic area close to 

the plasma membrane. These myofibroblasts extend pseudopodia as soon as they reach 

the extracellular matrix and retract the pseudopodia once they attach to the extracellular 

matrix molecules, such as fibronectin and collagen. When these processes have finished, 

the fibroblasts go into apoptosis100. 

Fibrinogen heterogeneity
Fibrinogen has been described as a heterogeneous molecule. Heterogeneity occurs at 

the level of splicing variants, phosphorylation or glycosylation, but a number of genetic 

polymorphisms also result in heterogeneity101. These heterogeneity factors can all affect 

fibrin matrix characteristics and may thus explain part of the difference that is observed 

between individuals in wound healing. Some common variants that occur in all individu-

als may affect wound healing and will be discussed.

 Fibrinogen is synthesised as High Molecular Weight (HMW, MW 340 kDa) fibrinogen 

and partially degraded in the circulation to Low Molecular Weight (LMW, MW 305 kDa) 

and Low Molecular Weight (LMW’, MW 270 kDa) fibrinogen forms, with one or two 

Aα-chains partially degraded at the C-terminus, respectively102-104. These three naturally 

occurring forms of fibrinogen differ in their cell growth stimulation (angiogenesis), clot-

ting rate and fibrin polymerisation characteristics. The C-terminal region of the Aα-chain 

contains binding sites for cells and sites that are involved in lateral growth of the fibrin 

chains, which are responsible for the clot structure characteristics. In addition, the het-

erogeneity in naturally occurring fibrinogen variants, HMW- and LMW-fibrinogen, influ-

ence the angiogenic capacity of blood vessels in fibrin matrices and may have an impact 

on the use of fibrin sealants. HMW-fibrinogen favours cell growth and leads to an in-

creased cell and vessel ingrowth, compared to unfractioned and LMW-fibrinogen105. 

 Another form of fibrinogen is g’-variant, a splice variant with an altered C-terminal 
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sequence in its γ-chain. The FXIII binding sites and the high affinity non-substrate throm-

bin binding site are located on the γ’-chain37. In this variant γ’-chain the four C-terminal 

amino acids are replaced by 20 unique amino acids, thus making it larger than the 

γ-chain (51.5 and 49.5 kDa, respectively). This form is more resistant to lysis, mainly be-

cause the fibrin cross-linking is increased. The γ’-fibrinogen variant lacks the binding site 

for the platelet integrin αIIbß3, but new binding sites for FXIII B-domain and thrombin 

are present56,106,107. Individuals with higher γ’-fibrinogen levels will have thicker fibres 

because the fibrinopeptide B release is delayed, which is associated with the delayed 

lateral aggregation of protofibrils37,106.

 Another variant form of fibrinogen is the Fib420-form (also called AαE), where the 

C-terminus of the Aα-chain has been extended (differential splicing of an extra exon), 

resulting in a nodular structure at the C-terminus. This form of fibrinogen has a mo-

lecular weight of 420 kDa, while HMW fibrinogen has a molecular weight of 340 kDa. 

It has been suggested that the Aα-chain of this form of fibrinogen is more resistant to 

lysis106,107 and it may be expected that the α-γ cross-linking by FXIII will be less efficient 

because of steric hindrance by the extension of the α-chain.

 In addition to these variants that occur in all individuals, two coding polymorphisms 

in the fibrinogen cluster have also been reported that introduce an amino acid change 

in the mature fibrinogen protein. The first one is located in the Aα-gene and results in 

a substitution of threonine by alanine at residue 312 of the Aα-chain110. This polymor-

phism is located in an area of the molecule that contains FXIII cross-linking sites. Indeed, 

Ala312 is associated with larger average fibrin fibre diameters, as Thr312 increased FXIII-

dependent α-chain cross-linking and stiffness of the clot38. The second polymorphism is 

the arginine to lysine substitution at codon 448110. This polymorphism is located in the 

C-terminal domain of the Bb-chain, where it could have an effect on the configuration 

of this domain. It has been suggested in one study that the Lys448 allele is associated 

with lower clot permeability and a tighter and finer structure than the Arg448 allele111, 

but another study could not confirm this112. A direct effect of these polymorphisms on 

wound healing has not yet been described.

Fibrin sealants
Fibrin sealant products consist of purified fibrinogen and thrombin. When these two 

components are mixed, a fibrin clot is formed and this clot is used as a sealant to achieve 

haemostasis and tissue sealing in several surgical procedures, especially when other pro-

cedures for wound closure cannot be used113. The fibrin sealant matrix can also be used 

to promote wound healing. Promising results were reported when fibroblasts or kera-

tinocytes are added to the fibrin solution, thus using the fibrin sealant as a vehicle to 
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deliver extra fibroblasts to the wound to enhance the healing process99,114. The results 

of the different fibrin sealant preparations are not consistent and this may be explained 

by the quality of the fibrinogen and variation in the additional factors that are present 

in the fibrinogen solution. This could be fibronectin, but also coagulation, fibrinolysis  

(FXIII, plasminogen, plasminogen activator, plasminogen activator inhibitor and throm-

bin) and growth factors (transforming growth factor-β, FGF-2 and VEGF) are present115. 

For example, sealants containing FXIII promote an increased tensile strength and stabil-

ity of the clot, and fibronectin binds to the alphaC-domain of fibrin40.

Conclusions

Fibrinogen is converted to fibrin, which forms a cohesive network and provides a tem-

porary support for wound healing. The structural composition of fibrin and the bind-

ing of fibrin to cells and proteins highly determine the wound healing process. Beyond 

behaving as a provisional matrix, fibrin actively recruits cells to trigger fibrin-mediated 

responses, such as cell adhesion, migration, proliferation and tubule formation. These 

events are also regulated by the naturally occurring fibrinogen variants HMW- and LMW-

fibrinogen. HMW-fibrinogen promotes cell growth and vessel formation, which may be 

beneficial during wound repair.
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Abstract

Activation of plasminogen (Plg) has been proposed to play an essential role in proteo-

lytic degradation of extracellular matrices in tissue remodeling events, such as cancer in-

vasion and wound healing. In vivo angiogenesis was studied in eight mice with targeted 

deficiency of plasminogen using a sponge, which was inserted subcutaneously, and com-

pared with eight wild-type counterparts. Exudating plasma and wound fluids accumulate 

into the sponge and form a temporary scaffolding that supports angiogenesis during 

remodeling. Analyses of the granulation tissue revealed a significantly reduced influx of 

cells (by 53±3%) into the provisional matrix. Immunohistochemical analysis revealed a 

61±14 % decrease in vascularity in plasminogen deficient animals as compared to their 

wild-type littermates. The formed vessels were functional since injected fluorescent beads 

were transported throughout the whole sponge. Histological analysis revealed a signifi-

cant decrease in collagen remodeling (by 40±7%). Our results not only suggest that the 

fibrinolytic system contributes to effective angiogenesis and granulation tissue forma-

tion in a fibrinous environment in vivo, but also that in a fibrinous matrix of Plg-/- mice 

functional angiogenesis and tissue remodeling still can proceed, albeit at a retarded rate.  
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Introduction

Angiogenesis is essential for normal development and functioning of tissues and for 

restoration of tissue damage after injury. Common features of reparative angiogenesis 

in the adult, that distinguish it from embryological angiogenesis, are the presence of 

vascular leakage1, the deposition of fibrin2 and the influx and presence of inflammatory 

cells3,4. Extravasation of plasma fibrinogen results in the formation of a fibrin clot or 

fibrinous exudate. This temporary matrix not only prevents further blood loss, but also 

serves as scaffolding to support cell migration during wound healing5,6. The invasion 

of new blood vessels during the formation of the healing granulation tissue is driven 

by microvascular endothelial cells (MVEC), which upon activation locally degrade their 

basement membrane, migrate into the supporting matrix, proliferate, and form new 

capillary-like tubular structures. Finally, stabilization of the vessels occurs usually by the 

recruitment of pericytes7.

 Besides endothelial cells, other cell types are involved in the generation and healing 

of the granulation tissue. Inflammatory cells invade the newly formed fibrinous matrix 

rapidly. They are key angiogenesis effectors that influence the angiogenic cascade by 

producing cytokines8-11 and by secreting proteases12-14. The importance of inflammatory 

cells in angiogenesis was demonstrated by depletion of monocytes by anti-monocyte 

antiserum, which caused a delayed wound repair15, and by the introduction of activated 

macrophages, which enhanced the repair process16. It should however be noted that 

skin wound healing still can occur by compensatory mechanisms in PU.1 null mice that 

lack these inflammatory cells17. Furthermore, monocyte-derived macrophages stimulate 

angiogenesis18 and modulate scar formation by contributing to matrix degradation and 

promoting apoptosis as mechanisms of resolution and repair19. Following the invasion 

of the leukocytes and endothelial cells into the fibrinous matrix, fibroblasts also infiltrate 

and remodel the temporary matrix by deposition of collagen. It has been shown that 

fibrin clots persist in wounds up to 5 days after injury, whereas 7 day old wounds have 

a substantial organized collagen fiber network and little, if any, fibrin20-23.

 Angiogenesis and the invasion of other cells both require closely regulated cell-as-

sociated proteolytic activities that enable the cells to crawl into the matrix without losing 

sufficient support13,24. For these processes the migrating cells use and produce at least 

two protease systems, namely the urokinase-type plasminogen activator (uPA)/plasmin 

system and the matrix metalloproteinases (MMPs)25-29. In vitro angiogenesis studies 

have reported that ingrowth of endothelial cells in a fibrin matrix is critically depen-

dent on uPA-mediated activation of plasminogen into plasmin, which is localized at the 

cell surface by interaction with the uPA receptor24,30,31. In addition MMPs, in particular 

MT-MMPs, can also contribute to the formation of capillary tubes, in particular when 
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the fibrinous matrix was intermingled with collagen fibers32-34. Indeed, Hiraoka et al32 

reported that capillary-like tubular structures were formed by an MT-MMP-dependent 

mechanism, when tissue segments of plasminogen-deficient (Plg-/-) mice were embed-

ded in a fibrin matrix. Data of Heymans et al35 on the neovascularization of ischemic 

heart indicated that uPA-deficient mice showed impaired scar formation and infarct 

revascularization, even after treatment with vascular endothelial growth factor. This sug-

gests that uPA plays a role in the recruitment of cells involved in angiogenesis. 

 In Plg-/- mice a normal vasculature develops during embryogenesis36,37, but wound 

healing is disturbed and accompanied by accumulation of fibrin38. Using Plg-/- mice, 

a reduction in neovascularization has been observed in several experimental models 

using explanted tissue and collagen lattices39,40 and in VEGF-induced angiogenesis 

in the mouse cornea41. Furthermore, Bastaki et al42 found reduced bFGF-induced an-

giogenesis in gelatin sponges in animals treated with plasmin inhibitors. In contrast, 

Hiraoka et al32 showed that capillary tube formation of muscle explants of Plg-/- mice 

in a fibrin matrix proceeds normally and is stimulated by MT1-MMP. However, to the 

best of our knowledge, no data are available on the progress of angiogenesis in fibrin-

ous exudates of Plg-/- mice in vivo. In the present study we evaluated the contribution 

of the uPA/plasmin system on reparative angiogenesis in a fibrinous exudate by using 

Plg-/- mice, in which a sponge was inserted subcutaneously. Exudating plasma and 

wound fluids accumulate into the sponge and form temporary scaffolding that sup-

ports remodeling after injury43. In this model we found that functional new vessels are 

still formed, but the extent to which they form is markedly reduced in plasminogen-

deficient animals. 

Materials and Methods

Animals and reagents
Plasminogen knock-out mice (Plg-/-) with their corresponding wild-type littermates were 

a kind gift of Prof. P. Carmeliet36. 

 Rabbit-anti-mouse laminin, streptavidin-HRP and DAB were purchased from Sigma 

(St Louis, MO). Rabbit polyclonal antibodies against mouse uPA and PAI-1 were a gift 

from Dr. L. Moons (VIB, Leuven, Belgium). Rabbit polyclonal antibodies against uPAR 

were from American Diagnostica (Stamford, CT). Polyclonal antibodies against MMP-

14 were produced in our laboratory. MMP-1, MMP-2, MMP-9, TIMP-1 and TIMP-3 and 

MMP-3 antibodies were from Biotrend (Cologne, Germany). Vectashield, FITC-labeled 

anti-rabbit IgG, biotinylated anti-rabbit IgG and biotinylated anti-goat IgG were from 

Vector Laboratories (Burlingame, CA, USA). 
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Mouse model of fibrin-associated angiogenesis, histology, immu-
nostaining and morphometry 
Adult mice were anesthetized by subcutaneous administration of 0.03 mL/10 g of a 1:1 

mixture of midazolam (5mg/mL) and fluanison (5 mg/mL)/fentanyl (0.1 mg/mL) before 

surgery. Full-thickness incision skin wounds were made in the left and right flank of 

the animal and a subcutaneous pouch was made using sharp scissors. 0.3 cm3 polyes-

terene sponges were implanted subcutaneously. After 2, 5, 7 and 14 days animals were 

sacrificed, and the sponges were removed and were fixed at 4°C in p-formaldehyde in 

phosphate buffered saline (PBS, pH 7.4) for 2 hours at 4°C. In all experiments involving 

wild-type animals as controls, these were littermates of the Plg-/- mice. Animal care and 

experiments were in accordance with the national guidelines.

Ultrastructural analysis
For ultrastructural analysis by transmission electron microscopy, tissue sections were 

fixed in 2% glutaraldehyde in 0.1 mol/L sodium cacodylate-HCl buffer, pH 7.4. The tis-

sues were post-fixed with 2% osmium tetraoxide in cacodylate buffer at 4°C, dehydrated 

and embedded in Epon LX112, according to the manufacturers instructions. Ultrathin 

sections were briefly counterstained with uranyl acetate and lead nitrate before exami-

nation in a Philips CM100 electron microscope.

Immunohistochemical analysis
Initial histological evaluation was performed after staining the sections with MSB 

(Martius yellow brilliant crystal Scarlet soluble Blue). Collagen was stained by safran 

staining.

 For immunohistochemical analysis, the specimens were embedded in paraffin. 

Subsequently, 7 µm thick sections were stained with the peroxidase method using 

polyclonal antibodies against different proteases, their inhibitors and receptors (anti-

bodies see above). Each experiment included controls with substitution of the primary 

antibody with non-immune rabbit IgG; these were all negative.

Morphometry
For morphometry the matrices were washed overnight with 5% sucrose in PBS and em-

bedded in Tissue-Tek OCT compound and snap-frozen in pre-cooled 2-methyl butane 

and stored at -80°C. 60 µm-thick sections were made throughout the whole specimen 

and stained as described below. The sponges were cut at 60 µm and every 360th µm of 
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the sponge cellular infiltration, neovessel formation or collagen deposition in the total 

area of the sponge was measured and expressed as % staining per field. Infiltration of 

cells was counted as percentage of area covered with DAPI positive nuclei. Neovessels 

were visualized by staining of laminin present in the basal membrane of the neoves-

sels42. Deposition of collagen was analyzed by measuring percentage of safran positive 

areas in the sponge. 

Functionality of the neovessels
The functionality of the newly formed vessels was analyzed by injecting FITC-labeled 

7 µm beads in the apex of the heart. After 2 min the animal was sacrificed, the spong-

es and the kidneys removed. The specimens were handled as described for morphom-

etry.

Statistics
The data are expressed as the mean ± SD. Statistical differences between the Plg-/- and 

wildtype mice were evaluated by the Mann-Whitney test. A value P < 0.05 was consid-

ered as significant.

Results

Remodeling of a fibrinous exudate in a sponge in vivo
Upon subcutaneous insertion of a sponge in the side of a mouse, the sponge was rap-

idly filled with a fibrinous exudate, which coagulated into a fibrinous clot. This clot was 

gradually infiltrated by inflammatory and endothelial cells, and later also by fibroblasts. 

The remodeling of the provisional matrix in the sponge was comparable to the forma-

tion of granulation tissue during normal wound healing20-22 as immunohistochemical 

and ultrastructural analysis showed. At day 2 inflammatory cells were present only at 

the periphery of the sponge; no vessels were yet detectable. After 5 days gradually small 

vessels were encountered at the periphery of the sponge. After 7 and 14 days the periph-

ery of the sponge had become highly vascularized showing larger vascular structures, 

while in a large area in the middle of the sponge a microvascular network was formed 

(Figure 1A-C). 

 In addition to the infiltrating endothelial cells a gradual infiltration of fibroblasts oc-

curred during the 14 day period (Figure 1D). These fibroblasts deposited collagen, which 

reflects their synthetic phenotype. 
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The components of the plasminogen activator plasmin system 
Regulatory proteins of the cell-associated plasminogen activator system uPA and PAI-1 

were associated with the infiltrating inflammatory and endothelial cells and fibroblasts. 

Infiltrating inflammatory cells, such as macrophages present around the triangular 

sponge material, as well as invading fibroblasts and endothelial cells present in the 

neovessels, strongly stained for uPA (Figure 2A) and PAI-1 (Figure 2C). uPA and in par-

Figure 1: Remodeling of the fibrinous exudate in a sponge in vivo. 
Polysterene sponges were inserted in the right and left flank of a wild-type mouse and after 14 
days the sponges were removed, embedded and counterstained. A) 7 µm thick sections of sponges 
embedded in paraffin were stained with MSB; white arrow indicates the triangle of the sponge and 
black arrow indicates the formed vessel. Bar: 100 µm. B) 7 µm thick sections of sponges embed-
ded in epoxy resin were counterstained with Toluidine blue; arrow indicates the neovessel, white 
arrowhead indicates the inflammatory cell and black arrowhead indicates the fibroblast. Bar: 20 
µm. C) For the localization of functional vessels in the sponge 60 µm thick cryosections of sponges 
were stained with MSB; arrow indicates a functional vessel containing red blood cells (arrowheads). 
Bar: 20 µm. D) Sponges were fixed in 2% glutaraldehyde, embedded in epon, and ultrathin sections 
were used for ultrastructural analysis by electron microscopy; arrow indicates the neovessel, white 
arrowhead indicates the inflammatory cell and black arrowhead indicates the fibroblast. Bar: 10 µm. 
[See appendix: color figures]
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ticular PAI-1 were also encountered in the surrounding matrix, due to the fact that they 

are secreted proteins. The presence of uPA and PAI-1 in endothelial cells and in the sur-

rounding matrix was confirmed by immunohistological analysis at EM level (data not 

shown). The cellular uPA receptor was observed at the membranes of all of the various 

cell types mentioned (Figure 2B).

Gene-deletion of plasminogen retards neovascularization
Cellular infiltration

When the ingrowth of vascular structures in wild-type mice was compared with that in 

their plasminogen deficient counterparts, a marked attenuation of cell infiltration and 

neovascularization was observed. Counting of the total cell numbers of infiltrated cells 

in the fibrinous exudate present in the sponge showed that plasminogen deficiency im-

paired infiltration of cells by 53±3% (mean ± SD, n=8; P < 0.05).

neovessel formation and functionality

The vascular structures were visualized by FITC-labeled anti-laminin antibodies. Two rep-

resentative cross sections through the sponge are given in Figure 3. Formation of neoves-

sels was impaired over the whole diameter of the sponge in the Plg-/- animals in compari-

son with their wild-type littermates. Histological analysis revealed that the centers of the 

sponges contained less vascular structures in Plg-/- animals (Figure 3A and B). 

 The effect of plasminogen deficiency on neovessel formation was quantified in two 

separate experiments containing each 4 plasminogen-deficient animals and their cor-

responding wild-types. Serial sections through the sponges were made, and in sixth 

section the complete extent of neovascularization was quantified by image analysis af-

Figure 2: Immunolocalization of components of the plasminogen activator plasmin system 
in infiltrating cells
7 µm thick paraffin sections of vascularized spongues of wild-type mice were stained for uPA (A), 
uPAR (B) and PAI-1 (C). Arrows indicate the neovessels, white arrowheads indicate the inflammatory 
cells and black arrowheads indicate fibroblasts. Bar 100 µm. [See appendix: color figures]
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ter staining with anti-laminin antibodies. In both experiments a significant decrease in 

neovessel formation was observed in the Plg-/- group (31±12 % and 45±7% of the ex-

tent of vascularization in wild type mice; mean ± SD, P= 0.029). The individual data of 

the animals are given in Figure 4. In the two groups together the deletion of plasmino-

gen reduced neovascularization by 61±14% (P=0.0002). The degree of vascularization 

was generally reduced throughout the sponge, as becomes clear when Figure 3A (WT) 

and Figure 3B (Plg-/-) are compared. The vascularization in the Plg-/- mice is restricted to 

the periphery of the sponge, while in the WT mice the periphery as well as the center of 

the sponge is vascularized. To test the functionality of the formed vessels in the Plg-/- ani-

mals, fluorescent 7 µm beads were injected in the apex of the heart. At least part of the 

formed vessels were functional since they were capable to transport the injected beads 

(Figure 3C).

Figure 3: Neovessel formation in the sponge
To identify neovessel formation, 60 µm thick cryosections of sponges removed after 14 days were 
stained with laminin antibody in the wild- type (WT) (A) and plasminogen deficient (Plg-/-) (B) 
mice. C) 7 µm FITC-labeled beads were injected in the apex of the heart. Sponges were removed 
and 60 µm thick cryosections were stained for laminin. Arrowheads point to beads, which were 
injected in the heart, present in the microcirculation. [See appendix: color figures]
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Figure 4: Quantification of neovessel formation
60 µm thick cryosections of sponges were removed after 14 days and vessels were stained with 
laminin. The area of positive staining was quantified and expressed as % of covered area in the 
individual wild-type (WT) and plasminogen-deficient (Plg-/-) mice. 

Figure 5: Immunolocalization of components of matrix metalloproteinase system in infiltrat-
ing cells
7 µm thick paraffin sections were stained for MMP-2 (A), MMP-3 (B), MMP-9 (C), MMP-14 (D), 
TIMP-1 (E) and TIMP-3 (F). Arrows indicate the neovessels, white arrowheads indicate the inflam-
matory cells and black arrowheads indicate fibroblasts. Bar 100 µm. [See appendix: color figures]
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The components of the matrix metalloproteinase system 
Because plasminogen deficiency only partially inhibited the neovascularization of the 

fibrous exudates, we also investigated the presence of matrix matelloproteinases in 

the vascularized sponge. Infiltrating inflammatory cells, such as macrophages present 

around the triangles of the sponge, strongly stained for MMP-2, MMP-3, MMP-9. Also 

invading fibroblasts and endothelial cells present in the neovessels stained positive for 

these proteinases (Figure 5 A-C). The presence of membrane-type 1 MMP (MT1-MMP, 

MMP-14) on the membranes of the infiltrating cells was confirmed by immunohisto-

chemical analysis (Figure 5 D). The presence of MMP inhibitors TIMP-1 and TIMP-3 was 

visualized by immunostaining (Figure 5E,F).

Deposition of collagen 
Safran staining of sections of the sponge demonstrated an extensive collagen deposi-

tion at the borders of the sponge, at sequestration tissue around the triangles of the 

sponge and around larger vessels at the periphery of the sponge. The intensity of colla-

gen staining in the centre of the tissue is much less. Quantification revealed that in Plg-/- 

mice excessive amounts of fibrin were present and deposition of collagen was impaired 

(Safran staining area was 100±6% as compared to 60±7%, in wildtype and Plg-/- mice 

respectively; 8 vs. 8 animals; P< 0.0001).

Discussion

The present study shows that the deficiency of plasminogen markedly reduced but did 

not prevent angiogenesis in a fibrinous matrix in vivo. This was accompanied by a re-

duced infiltration of cells into the fibrinous matrix in the sponge and a reduced deposi-

tion of collagen during the healing process. At least part of the formed vessels in Plg-/- 

animals was functional.

 In plasminogen deficient conditions we observed that migrating cells are capable, 

although to a less degree, to dissect their way proteolytically through the fibrin-rich 

exudate in the subcutaneously implanted sponge. The reduction of cellular influx in 

the fibrinous matrix might occur through (a) a decreased degradation of extracellular 

components by the absence of plasmin; (b) decreased cell migration and invasion due to 

reduced pericellular proteolytic activity; or (c) plasmin-dependent modification of matrix 

proteins and growth factors13,28; 44,45. Plasmin may act directly on these processes or 

indirectly via the activation of several MMPs. Despite the reduction in vascularization 

in plasmin-devoid conditions, a substantial amount of cell migration still occurred in 
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our experimental conditions. This is in line with the fact that Plg-/- mice form a normal 

vasculature during development36,37, which indicates that angiogenesis can occur via a 

plasmin-independent mechanism, probably using proteolytic activities of MMPs46. The 

presence of a plasmin-independent activation mechanism for MMPs in vivo is supported 

by the finding that active MMP-9 and MMP-2 are present in extracts of injured tissues 

from Plg-/- mice, although in a lesser extent as compared to normal animals46,47,48. 

 Degradation of the fibrin matrix is required during the formation of granulation tis-

sue in the sponge. While plasmin is activated by the predominant protease degrading 

fibrin, membrane-type-1 MMP (MT1-MMP), and to a minor extent also MMP-1, MMP-2, 

MMP-9 and MT2-MMP, are capable of degrading fibrin and as such can contribute to 

matrix degradation during cell migration in fibrin. 

 Furthermore, pericellular proteases play an important role in the migration and inva-

sion of endothelial cells, leukocytes and tissue cells. Migrating endothelial cells produce 

many proteases including plasminogen activators and several members of the MMP 

family (13,38). Particularly in vitro, in addition to receptor bound uPA/plasmin, mem-

brane-associated MMP activities are involved in endothelial cell migration and invasion, 

i.e. the transmembrane spanning MT-MMPs, and MMP-2 and MMP-9, which bind to 

the surface of endothelial cells via αvb3-integrins and MT1-MMP, and CD44, respective-

ly25,28. Others and we have previously shown that MT1-MMP is the major MMP that can 

mediate cell and more specifically endothelial cell migration through a temporary fibrin 

and fibrin/collagen matrix28,29,34,49. It is likely that such (MT-)MMP activities contribute 

to the neovascularization of fibrinous exudates in Plg-/- mice, and probably also partly 

in wild-type mice. The importance of MT1-MMP in angiogenesis is further underlined 

by the finding that MT1-MMP deficient mice die soon after birth due to impairment of 

endochondrial angiogenesis50. 

 Not only a reduced plasmin proteolytical potential of endothelial cells during the 

revascularization might explain the reduced angiogenenic response in Plg-/- animals. 

Inflammatory cells also play an essential role during angiogenesis by attracting cells, by 

secreting cytokines and growth factors, and by proteolytical breakdown of the matrix, 

which not only facilitates migration but also leads to the formation of pro- and anti-

angiogenic fibrin degradation products12,51. The important role of inflammatory cells 

in angiogenesis has been demonstrated by the fact that depletion of monocytes results 

in a delayed wound repair15, while introduction of activated macrophages into healing 

wounds usually enhances the repair process16. The PA/plasmin system plays an essential 

role in recruitment of inflammatory cell, particularly monocytes52,53. Thus, the smaller 

angiogenic response in Plg-/- animals can either be explained by the fact that endothelial 

cells have a reduced proteolytical capacity, or by the fact that a reduced inflammatory 

influx evokes a smaller angiogenic response. In this context it is of importance to note 
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that bone marrow transplantation in uPA deficient animals rescued inflammatory influx 

and as such the angiogenic response35. 

 Plasminogen deficiency not only resulted in a decreased inflammatory and angio-

genic response. The transition of the temporary fibrin matrix to the secondary, more 

permanent collagenous matrix is also impaired. This can be explained by the fact that 

plasminogen deficiency resulted in a decreased invasion of fibroblasts into the fibrinous 

matrix. Similar observations were found during cardial healing. Here plasminogen defi-

ciency also resulted in a decreased deposition of collagen due to a decreased influx of 

fibroblasts48.

 These insights in the basic mechanisms concerning the protease systems during an-

giogenesis in mice are probably relevant for humans as well. An inherited plasminogen 

deficiency54,55 in two patients resulted in an impaired but eventually successful wound 

healing. Thus, despite a reduced plasmin proteolytical potential endothelial cells are able 

to revascularize an injured area, which suggests that alternative protease systems, such 

as the MMP-system, are involved in the process of angiogenesis. 

 Taken together these observations indicate that plasmin is required for normal repair 

processes, but a part is still plasmin-independent so that for a successful inhibition of 

cell migration in a fibrinous exudate, such as during the process of angiogenesis, only 

simultaneous inhibition of both protease systems might result in a complete arrest of 

the angiogenic response.

Acknowledgements
We thank Dr Pieter Koolwijk for critically reading the manuscript and suggestions. N. 

Laurens was supported by ZON-MW (grant 902-17-090).



Chapter 3

66

References

1. Dvorak HF. Vascular permeability factor/vascular endothelial growth factor: a critical cytokine in tumor an-
giogenesis and a potential target for diagnosis and therapy. J Clin Oncol. 2002;20:4368-4380 

2. Dvorak HF. Tumors: wounds that do not heal. Similarities between tumor stroma generation and wound 
healing. N Engl J Med. 1986;315:1650-9 

3. Polverini PJ. Role of the macrophage in angiogenesis-dependent diseases. EXS. 1997;79:11-28
4. Moldovan L, Moldovan NI. Role of monocytes and macrophages in angiogenesis. EXS. 2005;94:127-146
5. van Hinsbergh VWM, Collen A, Koolwijk P. Role of fibrin matrix in angiogenesis. Ann N Y Acad Sci. 

2001;936:426-437
6. Kaijzel EL, Koolwijk P, van Erck MGM, van Hinsbergh VWM, de Maat MPM. Molecular weight fibrinogen vari-

ants determine angiogenesis rate in a fibrin matrix in vitro and in vivo. J. Thromb Hemost, in press (Epub)
7. Armulik A, Abramsson A, Betsholtz C. Endothelial/pericyte interactions. Circ Res. 2005;97:512-523
8. Leibovich SJ, Polverini PJ, Shepard HM, Wiseman DM, Shively V, Nuseir N. Macrophage-induced angiogenesis 

is mediated by tumour necrosis factor-alpha. Nature. 1987;329:630-632
9. Sunderkotter C, Steinbrink K, Goebeler M, Bhardwaj R, Sorg C. Macrophages and angiogenesis. J Leukoc 

Biol. 1994;55:410-422
10. Leek RD, Hunt NC, Landers RJ, Lewis CE, Royds JA, Harris AL. Macrophage infiltration is associated with VEGF 

and EGFR expression in breast cancer. J Pathol. 2000;190:430-436
11. Naldini A, Carraro F. Role of inflammatory mediators in angiogenesis. Curr Drug Targets Inflamm Allergy. 

2005;4:3-8
12. Thompson WD, Harvey JA, Kazmi MA, Stout AJ. Fibrinolysis and angiogenesis in wound healing. J Pathol. 

1991;165:311-318
13. Egeblad M, Werb Z. New functions for the matrix metalloproteinases in cancer progression. Nat Rev Cancer. 

2002;2:161-174
14. Luo Y, Zhou H, Krueger J, Kaplan C, Lee SH, Dolman C, Markowitz D, Wu W, Liu C, Reisfeld RA, Xiang R. Tar-

geting tumor-associated macrophages as a novel strategy against breast cancer. J Clin Invest. 2006 Jul 20; 
[Epub ahead of print]

15. Leibovich SJ, Ross R. The role of the macrophage in wound repair. A study with hydrocortisone and antimac-
rophage serum. Am J Pathol. 1975;78:71-100

16. Browder W, Williams D, Lucore P, Pretus H, Jones E, McNamee R. Effect of enhanced macrophage function 
on early wound healing. Surgery. 1988;104:224-230

17. Martin P, D’Souza D, Martin J, Grose R, Cooper L, Maki R, McKercher SR. Wound healing in the PU.1 null 
mouse--tissue repair is not dependent on inflammatory cells. Curr Biol. 2003;13:1122-1128

18. De Palma M, Venneri MA, Galli R, Sergi Sergi L, Politi LS, Sampaolesi M, Naldini L. Tie2 identifies a hema-
topoietic lineage of proangiogenic monocytes required for tumor vessel formation and a mesenchymal 
population of pericyte progenitors.Cancer Cell. 2005;8:211-226

19. Duffield JS, Forbes SJ, Constandinou CM, Clay S, Partolina M, Vuthoori S, Wu S, Lang R, Iredale JP. Selec-
tive depletion of macrophages reveals distinct, opposing roles during liver injury and repair. J Clin Invest. 
2005;115:56-65

20. Clark RA. Fibrin and wound healing. Ann N Y Acad Sci. 2001;936:355-367
21. Clark RA, Lanigan JM, DellaPelle P, Manseau E, Dvorak HF, Colvin RB. Fibronectin and fibrin provide a provi-

sional matrix for epidermal cell migration during wound reepithelialization. J Invest Dermatol.1982;79:264-
269

22. McClain SA, Simon M, Jones E, Nandi A, Gailit JO, Tonnesen MG, Newman D, Clark RA. Mesenchymal cell 
activation is the rate-limiting step of granulation tissue induction. Am J Pathol. 1996;149:1257-1270

23. Welch MP, Odland GF, Clark RA. Temporal relationships of F-actin bundle formation, collagen and fibronectin 
matrix assembly, and fibronectin receptor expression to wound contraction. J Cell Biol. 1990;110:133-145

24. Blasi F, Carmeliet P. uPAR. a versatile signalling orchestrator. Nat Rev Mol Cell Biol. 2002;3:932-943
25. Pepper MS. Role of the matrix metalloproteinase and plasminogen activator-plasmin systems in angiogen-

esis. Arterioscler Thromb Vasc Biol. 2001;21:1104-1117
26. Gyetko MR, Todd RF 3rd, Wilkinson CC, Sitrin RG. The urokinase receptor is required for human monocyte 

chemotaxis in vitro. J Clin Invest. 1994;93:1380-137
27. Osman M, Tortorella M, Londei M, Quaratino S. Expression of matrix metalloproteinases and tissue inhibi-

tors of metalloproteinases define the migratory characteristics of human monocyte-derived dendritic cells. 
Immunology. 2002;105:73-82

28. van Hinsbergh VWM, Engelse MA and Quax PHA. Pericellular proteases in angiogenesis and vasculogenesis. 
Arterioscler Thromb Vasc Biol. 2006;26:716-728



Plasminogen and fibrin angiogenesis in mice

67

29. Handsley MM, Edwards DR. Metalloproteinases and their inhibitors in tumor angiogenesis. Int J Cancer. 
2005;115:849-860

30. Kroon ME, Koolwijk P, van Goor H, Weidle UH, Collen A, van der Pluijm G, van Hinsbergh VWM. Role and 
localization of urokinase receptor in the formation of new microvascular structures in fibrin matrices. Am J 
Pathol. 1999;154:1731-1742

31. Prager GW, Breuss JM, Steurer S, Mihaly J, Binder BR. Vascular endothelial growth factor (VEGF) induces 
rapid prourokinase (pro-uPA) activation on the surface of endothelial cells. Blood. 2004;103:955-962

32. Hiraoka N, Allen E, Apel IJ, Gyetko MR, Weiss SJ. Matrix metalloproteinases regulate neovascularization by 
acting as pericellular fibrinolysins. Cell. 1998;95:365-377

33. Lafleur MA, Handsley MM, Knauper V, Murphy G, Edwards DR. Endothelial tubulogenesis within fibrin 
gels specifically requires the activity of membrane-type-matrix metalloproteinases (MT-MMPs). J Cell Sci. 
2002;115:3427-3438

34. Collen A, Hanemaaijer R, Lupu F, Quax PH, van Lent N, Grimbergen J, Peters E, Koolwijk P, van Hinsbergh 
VWM. Membrane-type matrix metalloproteinase-mediated angiogenesis in a fibrin-collagen matrix. Blood. 
2003;101:1810-1817

35. Heymans S, Luttun A, Nuyens D, Theilmeier G, Creemers E, Moons L, Dyspersin GD, Cleutjens JP, Shipley 
M, Angellilo A, Levi M, Nube O, Baker A, Keshet E, Lupu F, Herbert JM, Smits JF, Shapiro SD, Baes M, Borg-
ers M, Collen D, Daemen MJ, Carmeliet P. Inhibition of plasminogen activators or matrix metalloprotein-
ases prevents cardiac rupture but impairs therapeutic angiogenesis and causes cardiac failure. Nat Med. 
1999;5:1135-1142

36. Ploplis VA, Carmeliet P, Vazirzadeh S, Van Vlaenderen I, Moons L, Plow EF, Collen D. Effects of disruption of 
the plasminogen gene on thrombosis, growth, and health in mice. Circulation. 1995;92:2585-2593

37. Carmeliet P, Moons L, Ploplis V, Plow E, Collen D. Impaired arterial neointima formation in mice with disrup-
tion of the plasminogen gene. J Clin Invest. 1997;99:200-208

38. Romer J, Bugge TH, Pyke C, Lund LR, Flick MJ, Degen JL, Dano K. Impaired wound healing in mice with a 
disrupted plasminogen gene. Nat Med. 1996;2:287-292

39. Brodsky S, Chen J, Lee A, Akassoglou K, Norman J, Goligorsky MS. Plasmin-dependent and -independent 
effects of plasminogen activators and inhibitor-1 on ex vivo angiogenesis. Am J Physiol Heart Circ Physiol. 
2001;281:H1784-1792

40. Devy L, Blacher S, Grignet-Debrus C, Bajou K, Masson V, Gerard RD, Gils A, Carmeliet G, Carmeliet P, Declerck 
PJ, Noel A, Foidart JM. The pro- or antiangiogenic effect of plasminogen activator inhibitor 1 is dose depen-
dent. FASEB J. 2002;16:147-154 

41. Oh CW, Hoover-Plow J, Plow EF. The role of plasminogen in angiogenesis in vivo. J Thromb Haemost. 
2003;1:1683-1687.

42. Bastaki M, Nelli EE, Dell’Era P, Rusnati M, Molinari-Tosatti MP, Parolini S, Auerbach R, Ruco LP, Possati L, Presta 
M. Basic fibroblast growth factor-induced angiogenic phenotype in mouse endothelium. A study of aortic 
and microvascular endothelial cell lines. Arterioscler Thromb Vasc Biol. 1997;17:454-464.

43. Andrade SP, Fan TP, Lewis GP. Quantitative in-vivo studies on angiogenesis in a rat sponge model.Br J Exp 
Pathol. 1987;68:755-766 

44. Sato Y, Rifkin, DB. Inhibition of endothelial cell movement by pericytes and smooth muscle cells: activa-
tion of a latent transforming growth factor-beta 1-like molecule by plasmin during co-culture. J. Cell Biol. 
1989;109,309 —315

45. Maciag T, Kadish J, Wilkins L, Stemerman MB, Weinstein R. Organizational behavior of human umbilical vein 
endothelial cells. J Cell Biol. 1982;94:511-520

46. Lund LR, Romer J, Bugge TH, Nielsen BS, Frandsen TL, Degen JL, Stephens RW, Dano K. Functional overlap 
between two classes of matrix-degrading proteases in wound healing. EMBO J. 1999;18:4645-4656

47. Lijnen HR, Silence J, Lemmens G, Frederix L, Collen D. Regulation of gelatinase activity in mice with targeted 
inactivation of components of the plasminogen/plasmin system. Thromb Haemost. 1998;79:1171-1176

48. Creemers E, Cleutjens J, Smits J, Heymans S, Moons L, Collen D, Daemen M, Carmeliet P. Disruption of the plas-
minogen gene in mice abolishes wound healing after myocardial infarction. Am J Pathol. 2000;156:1865-1873

49. Genis L, Galvez BG, Gonzalo P, Arroyo AG. MT1-MMP: universal or particular player in angiogenesis? Cancer 
Metastasis Rev. 2006;25:77-86

50. Zhou Z, Apte SS, Soininen R, Cao R, Baaklini GY, Rauser RW, Wang J, Cao Y, Tryggvason K. Impaired endo-
chondral ossification and angiogenesis in mice deficient in membrane-type matrix metalloproteinase I. Proc 
Natl Acad Sci U S A. 2000;97:4052-4057

51. Staton CA, Brown NJ, Rodgers GR, Corke KP, Tazzyman S, Underwood JC, Lewis CE. Alphastatin, a 24-amino 



Chapter 3

68

acid fragment of human fibrinogen, is a potent new inhibitor of activated endothelial cells in vitro and in 
vivo. Blood. 2004;103:601-606.

52. Ploplis VA, French EL, Carmeliet P, Collen D, Plow EF. Plasminogen deficiency differentially affects recruitment 
of inflammatory cell populations in mice. Blood. 1998;91:2005-2009

53. Busuttil SJ, Ploplis VA, Castellino FJ, Tang L, Eaton JW, Plow EF. A central role for plasminogen in the inflam-
matory response to biomaterials. J Thromb Haemost. 2004;2:1798-1805

54. Mingers AM, Heimburger N, Zeitler P, Kreth HW, Schuster V. Homozygous type I plasminogen deficiency. 
Semin Thromb Hemost. 1997;23:259-269

55. Schott D, Dempfle CE, Beck P, Liermann A, Mohr-Pennert A, Goldner M, Mehlem P, Azuma H, Schuster V, 
Mingers AM, Schwarz HP, Kramer MD. Therapy with a purified plasminogen concentrate in an infant with 
ligneous conjunctivitis and homozygous plasminogen deficiency. N Engl J Med. 1998;339:1679-1686



4
TAFI AND PANCREATIC CARBOxyPEPTIDASE B (CPB) 
MODULATE in vitro CAPILLARy TUBE FORMATION 
By HUMAN MICROVASCULAR ENDOTHELIAL CELLS

Nancy Laurens1,3*
Ana H.C. Guimarães1,2*

Ester M. Weijers1

Pieter Koolwijk1,3

Victor W.M. van Hinsbergh1,3 
Dingeman C. Rijken2

* Authors contributed equally to this paper 
1Laboratory for Physiology, Institute for Cardiovascular Research, VU University Medical 

Center, Amsterdam, 
2Department of Hematology, Erasmus University Medical Center, Rotterdam, 

3Department of Biomedical Research, TNO Quality of Life, Leiden, The Netherlands

Modified from Arterioscler Thromb Vasc Biol 2007; 27; 2157-62



Chapter 4

70

Abstract

Besides having a key role in fibrinolysis, the plasminogen system has been implicated in 

cell migration and angiogenesis. A common mechanism is the binding of plasminogen 

to carboxy-terminal lysine residues in partially degraded fibrin or on cellular surfaces. 

Here we examined the involvement of thrombin activatable fibrinolysis inhibitor (TAFI) 

and pancreatic CPB in an in vitro capillary tube formation system, which is largely plas-

minogen-dependent. 

 Human microvascular endothelial cells (hMVECs) were seeded on a 3D-plasma clot 

matrix and subsequently stimulated with bFGF/TNF-α. Tube formation was analyzed and 

fibrin degradation products (FbDP) were determined in the medium. Supplementation 

of the matrix with additional TAFI or CPB produced a reduction in tube formation. Pre-

treatment of hMVECs with CPB before seeding resulted in a similar effect. FbDP-levels 

indicated a concomitant reduction in matrix proteolysis. A TAFIa inhibitor increased tube 

formation and FbDP release into the medium. In separate assays, CPB impaired the mi-

gration of hMVECs in a dose-dependent manner, whereas proliferation and adhesion 

remained unaffected. 

 Overall, these results demonstrate that TAFI and CPB in these systems modulate the 

plasminogen system both in the matrix and on the cell surface, thus leading to the inhi-

bition of endothelial cell movement and tube formation.
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Introduction

Activated thrombin activatable fibrinolysis inhibitor (TAFIa) is a basic carboxypeptidase 

that inhibits fibrinolysis by preventing the positive feedback in plasmin generation (re-

viewed in 1,2). The proenzyme TAFI, is synthesized in the liver and present in plasma and 

can be activated by trypsin, plasmin and thrombin by a single cleavage at Arg-92. TAFIa, 

which is intrinsically unstable (half-life of about 8 min at 37oC), cleaves carboxy-terminal 

basic residues from proteins with a preference for carboxy-terminal arginine residues 

over carboxy-terminal lysine residues3. Pancreatic carboxypeptidase B (CPB), a digestive 

basic carboxypeptidase, displays high homology with TAFI4 but in contrast to TAFIa, CPB 

is a stable protease.

 The conversion of plasminogen (Plg) into active plasmin is initiated either by the 

tissue-type plasminogen activator (tPA) or the urokinase-type plasminogen activator 

(uPA). tPA is mainly involved in the dissolution of fibrin in the circulation and uPA in the 

induction of pericellular proteolysis5. The interaction between plasminogen and fibrin 

is dependent on lysine binding sites on plasminogen. Plasmin is able to generate new 

carboxy-terminal lysine and arginine residues in fibrin enhancing its own binding as well 

as the binding of plasminogen6. This enhanced binding results in an increased catalytic 

efficiency of plasmin formation7 and can be blocked by TAFIa8. TAFIa was shown to in-

hibit tPA and uPA in vitro plasma clot lysis9,10 while in vivo inhibition of TAFIa was shown 

to enhance tPA-induced thrombolysis11-14.

 Besides the key role that these carboxy-terminal lysine residues play in fibrinolysis 

they have also been implicated in cell migration, wound healing and angiogenesis where 

they function as binding sites for plasminogen15. Lysine analogs, such as epsilon-amino-

caproic acid (ε-ACA) and tranexamic acid (Cyclokapron) efficiently prevent plasmin for-

mation16 and inhibit tumor cell metastasis and primary tumor growth17,18. Moreover, 

binding of plasminogen to the cell surface can be abrogated by treatment with pancre-

atic CPB as well as with TAFIa19.

 It is therefore possible that TAFI functions as a broad modulator of the plasminogen 

system in its various functions. Although an TAFI-/- mice did not present an overt pheno-

type20, recently an in vivo role for TAFI as a modulator of the plasminogen system has 

been demonstrated during fibrinolysis and during cell migration21. Furthermore, TAFI-

deficient mice were shown to display an impaired healing of cutaneous wounds and of 

colonic anastomoses22. However, little is known about the possible effects of TAFI on 

endothelial cell migration and neovascularization.

 Here, we investigated the participation of TAFI in the formation of capillary-like tu-

bular structures in vitro using a model for tube formation that relies mainly on the 

Plg/uPA system23,24. The addition of antibodies against uPA, aprotinin or the uPA re-
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ceptor (uPAR) completely inhibited bFGF/TNF-α stimulated tube formation, while the 

addition of anti-tPA antibody or of a general MMP-inhibitor resulted only in a moderate 

inhibition25. Frequently, neovascularization occurs in adults under conditions, in which 

a fibrinous exudate is formed and this can facilitate the angiogenesis process26. To our 

knowledge, this is the first time that TAFI has been demonstrated to have an effect on 

in vitro capillary-like tube formation. Moreover, this effect could not be solely ascribed 

to the cleavage of carboxy-terminal lysine residues from partially degraded fibrin, which 

composes the known substrate for TAFIa and rather points to the existence of additional 

physiological substrates. We propose that TAFI might be involved in neovascularisation 

processes during thrombus resolution, wound healing and atherosclerosis21,22,27,28.

Methods

Materials
Cell culture reagents were purchased as previously described23. Human serum (HS) was 

obtained from a local bloodbank and was prepared from freshly obtained blood from 

10-20 healthy donors, pooled and stored at 4oC. Newborn calf serum (NBCS) was ob-

tained from Life Technologies (Grand Island, NY, USA). NBCS and HS were heat-inacti-

vated before use. Basic fibroblast growth factor (bFGF) was purchased from Prepro Tech 

EC (London, UK) and human recombinant tumor necrosis factor-α (TNF-α) was a gift 

from Dr. J. Travernier (Biogent, Gent, Belgium) and contained 2.45 x 107 U/mg protein 

and less than 40 ng lipopolysaccharide per mg protein. Aprotinin was purchased from 

Pentapharm Ltd. (Basel, Switzerland). Heparin and bovine thrombin were obtained from 

Leo Pharmaceutics Products (Weesp, the Netherlands) and potato carboxypeptidase in-

hibitor (PCI) was acquired from Calbiochem (La Jolla, CA, USA). Pancreatic carboxypep-

tidase B was purchased from Sigma-Aldrich (St. Louis, MO, USA) and TAFI was isolated 

as described previously29. Citrated platelet-poor plasma from ten healthy volunteers was 

obtained from the blood bank, pooled and stored at -80oC. TAFI-depleted plasma was 

prepared using an anti-TAFI IgG sepharose column essentially as previously described30. 

Refludan®-Lepirudin, a direct thrombin inhibitor was obtained from Pharmion (Am-

sterdam, The Netherlands). The monoclonal uPA receptor (uPAR)-blocking antibody H2 

was a kind gift from Dr. U. Weidle (Boehringer Mannheim, Penzberg, Germany). Rab-

bit polyclonal anti-uPA antibodies were prepared in our laboratory31. Horseradish per-

oxidase (HRP) conjugates of sheep anti-human TAFI IgG and rat anti-mouse IgG were 

from Affinity Biologicals (Hamilton, Ontario, Canada) and DAKO (Glostrup, Denmark), 

respectively. The CD31 murine IgG (clone 1A10) was from Monosan (Sanbio, Uden, The 

Netherlands).
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Cell culture
Human foreskin microvascular endothelial cells (hMVECs) were isolated, cultured and 

characterized as previously described32.

Preparation of the 3D-plasma clot matrix
Plasma clot matrices were prepared by the addition of 1 U/mL thrombin to citrated plate-

let-poor plasma. Immediately afterwards, 300 µL aliquots of this mixture were added to 

the wells of a 48-well plate. The plasma clot matrices were left at room temperature (RT) 

for at least 30 minutes and then equilibrated at 37ºC, under humidified 5% CO2/ 95% air 

atmosphere with serum-containing culture medium (Medium 199 - M199, supplement-

ed with 10% (v/v) HS, 10% (v/v) NBCS, 100 IU/ml penicillin and 100 µg/ml streptomycin). 

During the next 24 hours, the matrices were thoroughly washed with serum-containing 

culture medium (3 to 4 times).

Pre-treatment of hMVECs with CPB
The hMVECs were detached by treatment with trypsin/EDTA and suspended in serum-

containing culture medium. After washing, the hMVECs were incubated with 50 units/ml 

of pancreatic CPB in serum-containing culture medium at 4oC. After 30 min the CPB-con-

taining medium was removed and the hMVECs were washed three times by centrifuga-

tion. These pre-treated hMVECs were resuspended in serum-containing culture medium 

and seeded at a split ratio of 2:1 on top of the plasma matrices. Non-treated cells were 

submitted to the same procedure with serum-containing medium, in the absence of 

CPB.

in vitro tube formation assay
The formation of capillary-like tubes was evaluated essentially as previously described 

in fibrin matrices23. Confluent hMVECs were seeded at a split ratio of 2:1 on top of 

the plasma matrices and cultured growth factor free for 24 hours in serum-containing 

culture medium. Then, the cells were stimulated with stimulation medium composed 

of serum-containing culture medium supplemented with bFGF (10 ng/ml) and TNF-α 

(10 ng/ml). The reagents to be tested were either added to plasma before preparing the 

matrix or added to the stimulation medium. Every second day the stimulation medium 

was collected and renewed. After seven days the formation of tubular structures was 

analyzed by phase-contrast microscopy. Quantification of the length of the structures 

formed was performed essentially as previously described23, by measuring in six ran-
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domly chosen microscopic fields (7.3 mm2/field) using a Nikon FXA microscope equiped 

with a monochrome CCD camera (MX5) connected to a computer with Optimas im-

age analysis software. For morphologic evaluation, fibrin matrices were fixed at 4oC for 

3 hours in 2%(w/v) p-formaldehyde in phosphate buffered saline, washed for 3 hours 

in 6% (w/v) sucrose, dehydrated in a graded series of ethanol and finally embedded in 

Technovit 8100 (Heraeus Kulzer, Wehrheim, Germany) and sectioned perpendicularly to 

the matrix surface (4 µm).

Wound assay33

Confluent hMVECs were seeded on fibronectin-coated dishes of a 48-wells plate in se-

rum-containing culture medium with 150 µg/ml crude endothelial cell growth factor 

and 5 U/ml heparin. Subsequently, hMVECs were growth factor deprived for 24 hours. 

A scratch was applied to the confluent monolayer and the cells were washed for three 

times with M199 to remove the detached cells. Immediately, the stimulation medium 

(serum-containing culture medium with 10 ng/ml bFGF and 10 ng/ml TNF-α) supple-

mented with the compounds of interest was added to the wells and the cells were in-

cubated at 37ºC, under humidified 5% CO2/ 95% air atmosphere. During the following 

24 hours, photographs of the wound were taken every 2 hours and wound analyses 

were performed by calculating the diameter of the wound for each time point (4 mea-

surements/well) for duplicate wells.

Adhesion assay
Fibrin matrices were prepared in a 96-well plate by the addition of thrombin (0.1 U/ml) 

to fibrinogen (2 mg/ml) in M199. After clotting the matrices were equilibrated with 

100 IU/ml penicillin, 0.1mg/ml streptomycin, 1%(w/v) L-glutamine, 10%(v/v) human se-

rum and 10%(v/v) NBCS in M199 and incubated with 100 IU/ml penicillin, 0.1mg/ml 

streptomycin, 1%(w/v) L-glutamine, and 10%(v/v) NBCS in M199 overnight at 37oC. Con-

fluent hMVECs were detached and resuspended in 1% (w/v) HSA in M199 supplemented 

with the compounds of interest, seeded at a split ratio of 1:4 on top of the fibrin matri-

ces and allowed to attach for 4 hours at 37°C under 5% CO2/95% air atmosphere. The 

wells were washed 3 times with M199 supplemented with penicillin/streptomycin and 

fixed with 2% (w/v) p-formaldehyde at 4oC, after which adhered cells were counted. The 

amount of attached cells was expressed as the mean percentage ± SEM of the results 

obtained in the control condition.
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Proliferation assay
hMVECs were seeded 1:8 on a fibronectin-coated 24-well plate in serum-containing 

culture medium (0.5 ml/well). After 24 hours, the cells were stimulated with bFGF 

(10 ng/ml) alone or in combination with CPB (1, 10 or 100 U/ml) and incubated at 

37°C under humidified 5% CO2/ 95% air atmosphere for 96 hours. After the incuba-

tion period, the cells were washed for three times with M199 with 100 IU/ml penicillin 

and 0.1 mg/ml streptomycin and fixed for 10 minutes with 2% glutaraldehyde. The 

cell membrane was rendered permeable by fixation with 70% ethanol for 10 minutes. 

The cells were stained with crystal-violet for 2h, washed for four times with MilliQ 

and dried overnight at RT. Cell counting was performed by the computer program 

Optimas. The experiment was performed in duplicate and the data was based on six 

countings per well.

Fibrin degradation products (FbDP) EIA and uPA ELISA
The FbDP EIA was performed essentially as previously described34. Calibration was per-

formed using whole-blood clot lysate and pooled normal plasma was used as control. 

FbDP levels were calculated from duplicate measurements. uPA antigen was measured 

by ELISA essentially as previously described23.

Immunohistochemistry
Tissue sections (5 µm) of human atherosclerotic plaques with an incorporated mural 

thrombus were dewaxed by immersion in xylene and rehydrated in decreasing concen-

trations of ethanol. For HPS staining, the sections were counterstained with Mayer’s 

hematoxylin, phloxin and saffron. After dehydration in a reversed ethanol-xylene series, 

the sections were prepared for microscopy. Inhibition of endogenous peroxidase was ac-

complished by immersion in 1% hydrogen peroxidase in absolute methanol for 20 min. 

The sections were washed in deionized water and equilibrated in phosphate-buffered 

saline (PBS, pH 7.4). For antigen retrieval, sections were incubated in 0.1 M sodium-ci-

trate in a microwave at 700 Watt until boiling point was reached, followed by a period 

of 10 min at 180 Watt. Subsequently, all the sections were blocked by 5% BSA in PBS to 

prevent nonspecific binding. Different antibodies were applied to the sections overnight 

at 4ºC. After washes with PBS, the sections were exposed to the second antibody, the 

biotinylated horse anti-mouse IgG diluted in 1% BSA/PBS in a concentration of 1:400, for 

1 hour at RT. Then after further washes with PBS, the sections were incubated for 30 min 

at RT with the HRP Avidin Biotinylated Complex (ABComplex). The signal was amplified 

by biotinylated tyramides for 10 min at RT, followed again by the HRP ABComplex for 
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Figure 1: Formation of capillary-like structures in a 3D-plasma clot matrix
hMVECs were cultured on top of a 3D-plasma clot matrix in serum-containing culture medium. (A) 
Phase-contrast photomicrographs of tube formation with stimulation with bFGF (10 ng/ml) and TNF-α 
(10 ng/ml) were made at (a) day 1, (b) day 3 and (c) day 6 (original magnification 20x). (B) hMVECs 
were cultured with and without stimulation with bFGF and TNF-α. Additionally, purified TAFI (50 nM) 
or potato carboxypeptidase inhibitor (PCI, 30 µg/ml) was added to the plasma clot matrix. Aprotinin 
(200 KIU/ml), a plasmin inhibitor, was added to the stimulation medium. (C) Pancreatic carboxypep-
tidase B (CPB) was either incorporated into the plasma clot matrix (CPB 1, 5, 10 units/ml) or hMVECs 
were pre-treated with CPB (CPB+) or pre-treated with CPB and 25 units/ml CPB added to the medium 
(CPB++). After 6 days of culture the tube length per cm2 was expressed as % of the bFGF/TNF-α control 
as described. The data represent mean percentage ± SEM of 3 independent experiments performed in 
duplicate wells. The dotted line indicates the extent of tube formation that can be inhibited by a plasmin 
inhibitor, aprotinin.
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30 min at RT. The sections were washed with PBS and stained with Novared for a period 

of 5 to 10 min. Finally, the sections were washed in aquadest, counterstained with he-

matoxylin, washed in running water and dehydrated in a reversed ethanol-xylene series 

and prepared for microscopy.

Statistical analysis
Tube formation results were expressed as the mean percentage ± SEM of the results 

obtained in the bFGF/TNF-α condition. For statistical analysis, we used one-way ANOVA 

followed by the Dunnett’s test as post-test. The Dunnett’s test is a modified t-test that 

takes into account multiple comparisons with a control condition. Statistical significance 

was accepted at P<0.05.

Results

Involvement of TAFI in tube formation in a 3D-plasma clot matrix
To study the involvement of TAFI during tube formation, we used a 3D in vitro model 

where a plasma clot is used to mimic the provisional wound matrix. hMVECs were 

seeded on top of the plasma clot matrix and stimulated with bFGF and TNF-α to form 

capillary-like structures (Figure 1A). Figure 1B demonstrates that addition of the TAFIa-

specific inhibitor PCI stimulated the formation of tubular structures by 57% (p<0.01) 

while increasing the TAFI concentration (by 50 nM) in the plasma clot matrix inhibited 

tube formation (42%, p<0.05). In agreement with previous findings, the plasmin in-

hibitor aprotinin caused a strong inhibition of tube formation (80%, p<0.01) confirm-

ing the dependency of the model on the activity of plasmin. Similarly, inhibition of 

uPA by anti-uPA and of uPAR by anti-uPAR (MoAb H2) also reduced tube formation 

corroborating the involvement of cell-bound uPA on tube formation (both over 80%, 

p<0.01) (not shown). The inhibitory effect of TAFI during tube formation was also 

examined in experiments where a direct thrombin inhibitor (hirudin, 40 units/ml) was 

added to the stimulation medium. Addition of PCI under these conditions resulted in 

a similar stimulation of capillary tube formation (1.6-fold, p<0.001). This implicates 

that not thrombin but an alternative pathway is responsible for TAFI activation in our 

model. Addition of hirudin increased capillary tube formation with stimulation with 

bFGF/TNF-α by 139% (p<0.001).

 Because TAFIa is an unstable enzyme, pancreatic CPB was incorporated into the plas-

ma clot matrix . Addition of CPB (1-10 units/ml) to the matrix induced a significant and 

dose-dependent inhibition of tube formation, which was significant at 5 and 10 units/ml 
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CPB (both p<0.01; Figure 1C). The inhibition of tube formation observed with the ad-

dition of 50 nM TAFI to the matrix was comparable to the inhibition observed with 1-5 

units/ml CPB (compare Figure 1B and C).

 The inhibitory effect of TAFI during tube formation might emerge from its known 

downregulation of fibrin matrix degradation or from an effect on hMVECs themselves. 

To further explore this, the hMVECs were pre-treated with the stable active enzyme 

CPB. Subsequently, the hMVECs were washed and seeded on top of the plasma clot 

matrix. After 24h they were stimulated with bFGF/TNF-α alone (CPB+) or combined with 

the addition of CPB to the medium (25 units/ml, CPB++). This pre-treatment (CPB+) re-

sulted in an inhibition of tube formation (58%, p<0.01) pointing to a direct effect on 

the hMVECs (Figure 1C). Furthermore, when CPB was also added to the stimulation 

medium (CPB++) a supplementary inhibition in tube formation was observed (73%, 

p<0.01). It is interesting to notice that either supplementation of the matrix with 10 

units/ml CPB or treatment of hMVECs with CPB in combination with CPB in the me-

dium (CPB++) resulted in an inhibition of tube formation comparable to the addition 

of aprotinin. This suggests that the observed effects reflected complete interference 

with the uPA/plasmin system.

Fibrin degradation products (FbDPs) and uPA accumulation during 
tube formation
The amount of FbDPs accumulated in the conditioned medium markedly increased 

during tube formation, as evaluated during two 48h periods after initial stimulation 

by bFGF/TNF-α (Figure 2A). This accumulation was largely inhibited by aprotinin (81%, 

p<0.01). Addition of PCI in the matrix enhanced FbDP accumulation in the medium 

(87%, p<0.01) whereas addition of TAFI (Figure 2A) inhibited the release of FbDPs 

compared to bFGF/TNF-α stimulation only (57%, p<0.01). Moreover, when the matrix 

was supplemented with CPB (Figure 2B), FbDP levels decreased (71% CPB1, 86% CPB5 

and 89% CPB10, all p<0.01) pointing to a downregulation of fibrinolysis. Pre-treat-

ment of hMVECs with pancreatic CPB also inhibited FbDPs release (87% CPB+ and 

93% CPB++, both p<0.01). These results point once more to a down-regulation of the 

Plg/uPA system.

 The accumulation of uPA in the stimulation medium during tube formation was 

significantly decreased when hMVECs were pre-treated with CPB (46% CPB+ and 48% 

CPB++ compared to bFGF/TNF-α, both p<0.01) (not shown). The amount of uPA found 

in the medium under bFGF/TNF-α stimulation corresponded to about 16 ng/ml. The ad-

dition of CPB, PCI or TAFI to the matrix, did not alter the uPA accumulation compared 

to bFGF/TNF-α.
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Figure 2: Release of fibrin degradation products (FbDP) during the formation of capillary-like 
structures in a 3D-plasma clot matrix
The stimulation medium was renewed at 48 h intervals and the conditioned media of the first two 
stimulation periods were collected for assay of FbDPs. The two values were added to obtain the 
FbDP accumulatioon over the 96 h period. (A) hMECs were cultured with and without stimulation 
with bFGF/TNF-α. In addition, the matrix was supplemented with PCI (30 µg/ml), aprotinin (200 
KIU/ml) or additional purified TAFI (50 nM) where stated. (B) CPB was either incorporated into the 
plasma clot matrix (CPB 1, 5, 10 units/ml) or hMVECs were pre-treated with CPB (CPB+) or pre-
treated with CPB and 25 units/ml CPB added to the medium (CPB++). The data represent mean ± 
SEM of 3 independent experiments performed in duplicate wells. The FbDP level for the bFGF/TNF-α 
condition corresponds to 30 µg/ml.



Chapter 4

80

Figure 3: Effect of decreasing TAFI concentrations in the plasma clot matrix on the tube for-
mation
Serial dilutions of normal plasma in TAFI-depleted plasma were performed and these mixtures were 
used to prepare the 3D-plasma clot matrix (open bars). hMVECs were cultured on top of this matrix 
and stimulated with bFGF (10 ng/ml) and TNF-α (10 ng/ml). Additionally, potato carboxypeptidase 
inhibitor (PCI - 30 µg/ml) was added to the plasma clot matrix where stated (black bar). (A) After 
6 days of culture the tube length per cm2 was expressed as mean percentage of the bFGF/TNF-α 
control ± SEM of a representative experiment. (B) Release of FbDP during the formation of capillary-
like structures in a 3D-plasma clot matrix. The stimulation medium was renewed at 48 h intervals 
and the conditioned media of the first two stimulation periods were collected for assay of FbDPs. 
The two values were added to obtain the FbDP accumulatioon over the 96 h period. The data rep-
resent the mean percentage of the bFGF/TNF-α control ± SEM of 3 independent experiments (FbDP 
level for the bFGF/TNF-α condition corresponds to 5 µg/ml). The dotted line indicates the amount of 
tube formation under normal conditions, i.e. plasma containing the normal amount of TAFI.



TAFI and CPB in endothelial tube formation

81

TAFI concentration in the plasma clot matrix and consequences for 
tube formation
We examined the effect of reducing TAFI concentration in the plasma clot matrix by 

testing serial dilutions of normal pooled plasma in TAFI-depleted plasma. Reduction of 

the TAFI content of the plasma clot matrix caused an acceleration of the tube formation 

(Figure 3A) and an increase in FbDP accumulation (Figure 3B). Depletion of TAFI in the 

plasma clot matrix or addition of PCI to normal plasma clot matrix had similar results 

(Figure 3A,B).

 The reduction of TAFI content not only caused an increase in capillary tubes but 

also modified their structure. Cross-sections were made from these plasma clot matrices 

perpendicularly to the matrix surface and the morphology of the tubes formed in the 

matrices was examined. The tubes formed in matrices containing reduced TAFI levels 

displayed a more extensive network and were accompanied by wider tubes/lumen-like 

structures, often in the upper area of the plasma clot matrix, suggesting an increased 

fibrin degradation (Figure 4A-C) and also possibly an altered migration.

Effect of CPB on hMVEC proliferation, adhesion and migration
The results above suggest that the basic carboxypeptdases CPB and TAFI are able to 

modulate hMVECs functions, probably via the regulation of the uPA/plasmin system. 

We therefore used CPB to study the effect of basic carboxypeptidase activity on the 

proliferation, adhesion and migration of hMVECs. The tritium-thymidine incorpora-

tion, as measurement of proliferation, in the presence of bFGF was not affected by 

Figure 4: Formation of capillary-like tubular structures by hMVECs at decreasing TAFI concen-
trations
hMVECs were cultured on top of a 3D-plasma clot matrix and stimulated with bFGF (10 ng/ml) and 
TNF-α (10 ng/ml). The plasma clot matrices were prepared by serial dilutions of normal plasma in 
TAFI-depleted plasma. The matrices were fixed and embedded and cross-sections perpendicular to 
the matrix surface were cut. Representative histological cross-sections of the plasma clot matrices 
containing 75% (A), 5% (B) and 2.5% (C) of TAFI. Tubular structures are indicated by arrowheads 
and the asterisks indicate areas where extensive lysis of the plasma clot matrix has occurred, origi-
nal magnification 40x.
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Figure 5: Pancreatic carboxypeptidase B inhibits migration of hMVECs in a concentration-
dependent way
Confluent hMVECs were seeded on a fibronectin coated well to obtain a cobblestone monolayer. 
(A) Scratches were made through the monolayer and photomicrographs of the migrating hM-
VECs were taken at regular intervals. (a), 0 hours; (b), 12 hours and (c), 24 hours (original magni-
fication 20x). (B,C) Immediately after wounding, the cells were stimulated with bFGF (10 ng/ml) 
and TNF-α (10 ng/ml) (striped bars). (B) A negative control without stimulation was included 
(open bars). Some wells were exposed to combined stimulation with bFGF/TNF-α and increasing 
concentrations of CPB (B) 1 unit/nl (light grey bar), 10 units/ml (dark grey bar) and 100 units/ml 
(black bar) or (C) anti-uPA antibody (30 µg/ml) (black bar), anti-uPAR antibody (25 µg/ml) (dark 
grey bar) and aprotinin (200 U/ml) (light grey bar). Data represent mean ± SEM of 3 experiments 
performed in duplicate wells. P-values for comparisons between the different compounds tested 
and the bFGF/TNF-α condition were calculated by ANOVA with the Dunnett’s test as post-test; * 
P<0.05 and ** P<0.01.
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addition of increasing amounts of CPB (1, 10 and 100 U/ml), (not shown). In addition, 

the adhesion of hMVECs was not affected in the presence of 10 or 100 U/ml CPB in the 

culture medium, as estimated by cell counting (not shown). A wound assay was used 

to investigate the effect of carboxypeptidase B activity on hMVECs migration under 

similar stimulation conditions as used for the tube formation assay, namely stimula-

tion by bFGF/ TNF-α. In this assay the migration of hMVECs was impaired in a dose-

response manner by increasing CPB concentrations in a 24-hour period (Figure 5). The 

uPA/plasminogen system was also involved during the migration of hMVECs, under 

bFGF/TNF-α stimulation, as the addition of anti-uPAR, anti-uPA or aprotinin delayed 

the migration of hMVECs.

Localization of TAFI in an atherosclerotic plaque
To investigate the presence and localization of TAFI in new vascular structures formed in 

a fibrinous environment, immunohistochemical analysis of TAFI was performed in tissue 

sections of atherosclerotic plaques with organized thrombi. The neointima with incor-

porated thrombus contained new capillaries. The endothelial cells of the newly formed 

microvessels were visible after staining for CD31 (PECAM-1) (Figure 6A). Staining with an 

antibody against TAFI (Figure 6B,C) revealed that TAFI was, as expected, present in the 

fibrinous exudate, and accumulated in many of the vascular structures in this thrombus. 

This occurred possibly by the colocalization of TAFI with the endothelial cells lining the 

vessels.

Figure 6: Localization of TAFI and endothelial cell marker CD31 (PECAM-1) in neovessels 
formed in a human atherosclerotic plaque that had incorporated a mural thrombus
Immunohistochemistry was performed on paraffin sections as described under materials and meth-
ods. (A) Immunostaining of endothelial cells by CD31; arrows indicate examples of positive endo-
thelial cells. (B,C) Two examples of immunostaining of TAFI with a polyclonal IgG, arrows indicate 
accumulation of TAFI. Results are representative for the organized plaques from two different speci-
mens. Original magnification 400x. [See appendix: color figures]
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Discussion

Currently, TAFI is primarily seen as an inhibitor of the plasminogen system during fi-

brinolysis. Yet, there is increasing evidence that TAFI function may not be restricted to 

fibrinolysis but that TAFI may also act as a regulator of inflammation and as a modulator 

of the plasminogen system during tissue remodeling and cell migration. In this report 

we have provided evidence for the involvement of TAFI in the formation of capillary-

like tubular structures by hMVECs in a 3D-plasma clot matrix. To our knowledge, these 

results represent the first attempt to investigate the role of TAFI in tissue remodeling 

processes in vitro.

 The absence of a dramatic phenotype for TAFI-/- mice20-22 is shared with deficiencies 

of other components of the fibrinolytic system35-37 and does not necessarily mean that 

TAFI does not fulfil a physiologic role. Supporting this notion, TAFI-/- mice have impaired 

wound healing and abnormal keratinocyte migration22 and using TAFI-/-, Plg+/- mice it 

was demonstrated that TAFI regulates the functions of the plasminogen system both in 

fibrinolysis and in cell migration in vivo21. Moreover, it should be noted that during in 

vivo tissue remodeling a functional overlap between the functions of the plasminogen/

uPA system and of the MMP system occurs. It has been elegantly shown that wound 

healing is impaired both in Plg-deficient mice and in wild-type mice treated with the 

MMP inhibitor galardin while a complete arrest could only be achieved when Plg-defi-

cient mice were treated with a MMP inhibitor38.

 On the basis of present knowledge, different mechanisms by which TAFI may be 

involved in our in vitro model of capillary-like tube formation can be envisaged. First, in 

this model the Plg/uPA system localizes the proteolytic activity to specific sites on the cell 

surface, facilitating matrix degradation and the invasion into the matrix. Therefore, TAFI 

might inhibit tube formation by removing carboxy-terminal lysines in the plasma clot 

matrix, preventing the upregulation of plasminogen activation in the matrix and in this 

way decreasing proteolysis. This mechanism fits with our observations as increasing TAFI 

or CPB concentrations in the matrix impaired tube formation and decreased proteolysis 

of the matrix (decrease in FbDP release). Addition of a TAFIa inhibitor (PCI) or reduction 

of TAFI concentration in the matrix resulted in the acceleration of tube formation and of 

matrix proteolysis.

 Second, it has been shown previously that the treatment of cells with pancreatic 

CPB15,39 and with TAFI19 results in a striking inhibition of plasminogen binding to cells, 

which was mediated by carboxypeptidase activity. This binding of plasminogen relies on 

cell surface receptors or other cell surface proteins, which have as common characteristcs 

their relatively low affinity (Kd~1 µmol/L), high density (104 to 107 sites/cell) and require-

ment of free lysine binding sites of plasminogen. To investigate whether TAFI could be 
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involved in the regulation of these receptors or other cell surface proteins we pretreated 

the hMVECs with CPB before seeding. Our results show that pretreatment of hMVECs 

efficiently inhibited tube formation and downregulated proteolysis. In addition, reduced 

accumulation of uPA in the stimulation medium was observed when hMVECs were pre-

treated with CPB. Although we cannot completely exclude that a small fraction of CPB may 

remain bound to the hMVECs, even after extensive washing, these results corroborate a 

direct effect of CPB on the the hMEVCs, suggesting that the modulation of the cell-associ-

ated functions of the plasminogen system by TAFI may take place at several levels.

 Third, Plg-deficient mice were found to have impaired wound healing with a de-

creased rate of keratinocyte migration37 and a disturbed keratinocyte migration was also 

reported in TAFI-/- mice22. Decreasing TAFI concentration in the plasma clot matrix in our 

model also altered the magnitude of tube formation and the morphology of the capil-

lary structures formed suggesting alterations of the migration pattern of the hMVECs. 

In agreement with in vivo results21,22, TAFI seems to be able to modulate cell migration 

in our tube formation model probably by modulation of the Plg/uPA system (uPAR, uPA 

and plasmin). In the wound assay, the migration of the hMVECs was inhibited in a dose-

dependent manner by CPB and the Plg/uPA system was again shown to involved. In ad-

dition, we observed a decreased accumulation of uPA in the conditioned medium when 

hMVECs were pretreated with CPB, which matches with the reduced hMVECs migration 

observed in the wound assay in the presence of CPB.

 In the in vitro model of capillary-like tube formation, the 3D-plasma clot matrix was 

prepared by the addition of thrombin to plasma and thus one might suppose that TAFI 

activation was mediated by thrombin. However, a direct thrombin inhibitor was not 

able to abolish the effect of TAFI in this model, which points to additional pathways for 

TAFI activation. In fact, it seems more likely that the activation of TAFI may be induced 

by plasmin particularly in a cellular environment where this pathway is stimulated by 

glycosaminoglycans40, but this has to be further explored. 

 It should be noted that our results are confined to neovascularization in a plasma-

rich clot matrix. We can best perceive this in vitro system as a model of wound healing 

angiogenesis and it can be compared to pathological conditions such as the neovascu-

larization of a thrombus incorporated in an atherosclerotic plaque. Indeed, TAFI was 

clearly present both in the matrix and in the endothelial cell lining of the newly formed 

microvessels in the thrombus that we analysed by immunohistochemistry.

 In conclusion, our results provide evidence that TAFI is a skilfull modulator of the cel-

lular functions of the plasminogen/uPA system. TAFI regulates at several levels the fine 

tuning of capillary tube formation and of matrix proteolysis by controling the upregula-

tion of plasminogen binding to the plasma clot matrix and to the cell surface and by 

controling the migration of hMVECs.
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Abstract

The fibrinous exudate of a wound or tumor stroma facilitates angiogenesis. We studied 

the involvement of RGD-binding integrins during tube formation in human and mouse 

fibrinous exudates. 

 Capillary-like tube formation by human microvascular endothelial cells in a 3D plas-

ma-derived fibrinous matrix was induced by bFGF and TNF-α, and depended largely on 

cell-bound uPA and plasmin activities. While tube formation was minimally affected by 

the addition of either the αvβ3-integrin inhibiting MoAb LM609 or the α5-integrin in-

hibiting MoAb IIA1, the general RGD-antagonist echistatin completely inhibited this pro-

cess. Remarkably, when αvβ3- and α5β1-integrins were inhibited simultaneously, tube 

formation was reduced by 78%. It was accompanied by a 44% reduction of uPA antigen 

accumulation and 41% less production of fibrin degradation products. αvβ5-integrin-

blocking antibodies further enhanced the inhibition by LM609 and IIA1 to 94%, but had 

no effect by themselves. αv-specific cRGD only inhibited angiogenesis when α5β1-inte-

grin was simultaneously blocked. Endostatin mimicked the effect of α5β1-integrin and 

inhibited tube formation only in the presence of LM609 or cRGD (73 and 80% respec-

tively). Comparable results were obtained when purified fibrin was used instead of the 

plasma-derived fibrinous matrix.

 Inhibition of neovascularization in the murine fibrinous exudate by the αvβ3- and 

α5β1-integrin inhibiting peptide GRGDSP demonstrated a reduction of 63%, whereas 

αv-inhibiting cRGD did not significantly affect neovascularization. 

 These data show that blocking of tube formation in a fibrinous exudate requires the 

simultaneous inhibition of αvβ3- and α5β1-integrins. This may bear impact on attempts 

to influence angiogenesis in a fibrinous environment.
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Introduction

Angiogenesis, the outgrowth of new microvascular structures from the preexisting 

vasculature, is pivotal for embryonic development1. Once the organism has become 

adult, angiogenesis is limited to the endometrium and ovary. However, as part of nor-

mal or deranged tissue-repair processes it is induced after wounding and in a number 

of diseases, such as cancer, diabetic retinopathy and rheumatoid arthritis1,2. Repair-as-

sociated angiogenesis normally is accompanied by fibrin deposition and accumulation 

of cytokine-producing leukocytes3-6. The leakiness of tumor vessels and the presence 

of tissue factor in the interstitial tissue favor the deposition of a fibrinous matrix as 

part of the tumor stroma. Such a fibrinous matrix provides excellent scaffolding for 

the invasion of new vascular structures4,7,8. Thus the temporary fibrinous scaffolding 

not only plays an important role in wound closure, but also supports cell invasion and 

angiogenesis in tumor stroma and in inflamed tissues.

 The induction and activity of cell-bound proteolytic activities and matrix-binding 

receptors largely regulate the migration and invasion of endothelial cells during angio-

genesis, in addition to structural epitopes in the extracellular or fibrinous matrix itself9. 

Both the cell-bound urokinase and plasmin activities and matrix metalloproteinases 

(MMPs), in particular membrane-type MMPs (MT-MMPs), play a pivotal role in migra-

tion and invasion of endothelial cells during the formation of tubular structures in a 

fibrin matrix9-14.

 Besides proteolysis, the formation of new adhesion sites between the invading 

cells and the matrix is required. Among the various types of adhesion molecules, the 

integrins particularly play an important role in tissue repair and tumor-induced angio-

genesis15-17. Integrins are transmembrane glycoproteins consisting of noncovalently 

linked α- and β-subunits, which can form various heterodimers18. Presently, nine in-

tegrins have been recognized on endothelial cells18. The RGD-recognizing integrins 

αvβ3-, αvβ5- and α5β1-integrins facilitate cell binding to fibrin19 and are expressed on 

the endothelial cells of newly formed vessels in a fibrinous matrix of wounds and tu-

mors20-22. Quantitative alterations in αvβ3- and α5β1-integrin expression in particular, 

modulate the adhesive and migratory properties of endothelial cells during angiogen-

esis in wound repair and tumor growth23,24. This can be induced by provisional matrix 

molecules in the wound clot, such as fibrin, and local conditions, such as hypoxia25,26. 

On the basis of the inhibitory activities of αv- and αvβ3-integrin antagonists, such as 

cRGD peptides and antibody LM609, on angiogenesis in several pathological condi-

tions in animals it was postulated that such antagonists may be good candidates for 

inhibiting tumor angiogenesis20. However, this concept was challenged by the finding 

of Reynolds et al. that mice lacking β3-integrins or both β3- and β5-integrins support 
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tumor angiogenesis and tumor growth27. This data indicates that the role of αv-in-

tegrins in angiogenesis is more complex than originally thought28-30. In addition to 

αvβ3-integrin inhibition, blocking of α5β1-integrin can contribute to the regulation of 

angiogenesis22. The α5β1-integrin and other integrins have been shown to be targets 

for endostatin, the C-terminal fragment of collagen XVIII31,32 which can strongly sup-

press tumor-induced angiogenesis in animals33-35.

 The formation of capillary-like structures in a fibrinous exudate can be mimicked 

by human microvascular endothelial cells (hMVEC) in a 3D-fibrin matrix11. With this 

model we reported previously that inhibition of αvβ3-integrin activity by LM609 did 

not reduce the formation of capillary-like structures by hMVEC in a fibrin matrix26. 

Subsequently we observed that inhibition of RGD-binding integrins by echistatin pre-

vented tube formation. Because both α5β1- and αv-integrins are involved in the bind-

ing of endothelial cells to a fibrinous matrix and may influence their activities mutually, 

we further evaluated how various RGD-binding integrins cooperate in the formation 

of capillary-like structures. This was studied both in a fibrin matrix and in 3D-matrices 

consisting of a plasma clot to mimic the fibrinous exudate more closely. The involve-

ment of RGD-binding integrins during neovascularization could also be demonstrated 

by tube formation in the murine fibrinous exudate.

Materials and Methods

Materials
Cell culture reagents were purchased as previously described36. A mouse plasma pool 

was obtained from at least 10 different C57/BL6 mice. Human plasma and serum were 

obtained from a local blood bank and plasma clot matrices were prepared from freshly 

obtained blood from 10-20 healthy donors. bFGF was purchased from Pepro Tech EC 

(London,UK) and human recombinant TNF-α was a gift from Dr. J. Travernier (Biogent, 

Gent, Belgium) and contained 2.45 x 107 U/mg protein and less than 40 ng lipopoly-

saccharide per mg protein. Factor XIII was generously provided by Dr. H. Metzner and 

Dr. G. Seeman (Aventis Behring GmbH, Marburg, Germany). Thrombin was purchased 

from Leo Pharmaceutic Products (Weesp, The Netherlands). Aprotinin was purchased 

from Pentapharm Ltd. (Basel, Switzerland). The monoclonal uPAR-blocking antibody 

H2 came from Boehringer Mannheim (Penzberg, Germany). Rabbit polyclonal anti-uPA 

and anti-tPA antibodies were prepared in our laboratory11,37. The active αvβ3-integrin 

blocking MoAb LM609 and the αvβ5-integrin blocking MoAb P1F6 were purchased 

from Chemicon (Temecula, CA). The α5-integrin blocking MoAb IIA1 was obtained 

from Pharmingen (Hamburg, Germany). The α1-integrin blocking MoAb 5E8D9 was 
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obtained from Upstate (Milton Keynes, UK). Endostatin was produced as described by 

Yamaguchi et al.34 The biotinylated horse anti-mouse IgG came from Vector Laborato-

ries (Burlingame, CA) and the biotinylated donkey anti-rabbit was purchased by Amer-

sham Pharmacia Biotech UK (Buckinghamshire, England). Rabbit anti-α5-intergrin and 

anti-β5-integrin, both against the cytoplasmatic domain of the integrin, were kindly 

provided by Dr. Guido Tarone (University of Turin, Italy). The human CD31 antigen, a 

monoclonal antibody, was from Novocastra Laboratories, Newcastle, UK. Pepsin was 

purchased from Sigma-Aldrich Chemie (Steinheim, Germany). Biotinylated thyrami-

des were obtained from the Department of Endocrinology from the Leiden University 

Medical Center (The Netherlands). The horseradish peroxidase (HRP) Avidin Biotinyl-

ated Complex was purchased from DAKO (Glostrup, Denmark) and Novared from Vec-

tor Laboratories (Burlingame, CA). Time specimens of recanalized mural thrombi were 

kindly provided by Prof. H.W. Niessen (Vrije Universiteit Amsterdam, department of 

Pathology, The Netherlands). cRGD, an αv-intergrin-inhibiting peptide, and GRGDSP, 

an RGD-inhibiting peptide, were obtained from Bachem (St. Helens, UK). TSP was 

obtained from the Leiden University Medical Center (The Netherlands). ATN-161 was 

kindly provided by Dr. Mazar (San Diego, USA). Fitc-Dextran (150 kDa) was from Sigma 

(Zwijndrecht, The Netherlands). 

Cell culture
Human foreskin microvascular cells (hMVECs) were isolated, cultured and characterized 

as previously described38,39.

Immunohistochemical analysis
Tissue sections of a recanalized human mural thrombus were dewaxed by immersion 

in xylene and rehydrated in decreasing concentrations of ethanol. For HPS staining, 

the sections were counterstained with Mayer’s hematoxylin, phloxin and saffron. Af-

ter dehydration in a reversed ethanol-xylene series, the sections were prepared for 

microscopy.

 Inhibition for endogenous peroxidase was accomplished by immersion in 1% hy-

drogen peroxidase in absolute methanol for 20 minutes at room temperature. The 

sections were washed in deionized water and equilibrated in PBS. Antigen retrieval for 

sections treated with anti-CD31 was successful when the sections were incubated in 

0.1 mol/L sodium-citrate in a microwave at 700 watt until boiling point was reached, 

followed by a period of 10 minutes at 180 watt. In the case of LM609 and the rab-

bit anti-human antibody against the α5-integrin, appropriate antigen retrieval was 
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reached when the sections where treated with 2 mg/mL pepsin for 75 minutes at room 

temperature. For sections treated with the rabbit anti-human antibody against the 

β5-integrin, appropriate antigen retrieval was reached after a 10-minute incubation at 

room temperature with proteinase K. Subsequently, all the sections were blocked by 

5% BSA in PBS to prevent nonspecific binding. Incubation with the anti-CD31 (1:100), 

LM609 (10 µg/mL), anti-α5-integrin (whole rabbit serum diluted 1:400) and anti-β5-

integrin (whole rabbit serum diluted 1:50) was done overnight at 4ºC. After washes 

with PBS, the sections were exposed to the second antibody, the biotinylated horse 

anti-mouse IgG (1:400) or the donkey anti-rabbit (1:200) diluted in 1% BSA/PBS, for 

1 h at room temperature. Afterwards, the sections were washed with PBS and incu-

bated for 30 minutes at room temperature with the HRP Avidin Biotinylated Complex 

(ABComplex). In order to amplify the signal of the sections stained with the anti-β5-in-

tegrin, biotinylated thyramides were added for 10 minutes at room temperature, fol-

lowed again by the HRP ABComplex for 30 minutes at room temperature. The sections 

were washed with PBS and stained with Novared for a period of 5 to 10 minutes. Final-

ly, the sections were washed in aquadest, counterstained with hematoxylin, washed 

in running water and dehydrated in a reversed ethanol-xylene series and prepared for 

microscopy.

Preparation of the 3D plasma and fibrin clots
Coagulation of plasma clots was performed by the addition of 2.5 U/mL Factor XIII and 

1 U/mL thrombin. Immediately, 300 µL aliquots of this mixture were added to the wells 

of a 48-well plate. After clotting at room temperature for at least 30 minutes, the ma-

trices were equilibrated at 37ºC, 5% CO2/ 95% air atmosphere with serum-containing 

M199 to inactivate the thrombin. During the next 24 h, the matrices were washed three 

times with M199 to eliminate residual citrate. Fibrin matrices were prepared as previ-

ously described11.

in vitro tube formation assay
The formation of capillary-like tubes was evaluated essentially as previously described 

in fibrin matrices11. Confluent hMVECs were seeded on top of the matrices. 24 h After 

seeding the cells were stimulated with serum-containing M199 with or without (control) 

the presence of bFGF and TNF-α and the reagents to be tested. Every second day the 

medium was removed and replaced by fresh stimulation medium and after seven days 

the formation of tubular structures was analyzed by phase contrast microscopy as previ-

ously described11.
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ELISAs
uPA antigen determinations as well as fibrin degradation products (FDP) determinations 

were performed by the commercially available immunoassay kits: uPA EIA HS (Taurus, 

Leiden, The Netherlands) and Fibrinostika® FDP ELISA (Organon-Technika, Turnhout, Bel-

gium).

Directed In vivo Angiogenesis Assay
This assay was performed as described by Guedez (40) with some adjustments. In short, 

polyethene tubes (0.14 cm x 1.0 cm) were sealed at one end with nail polish, filled with 

20 µl mouse plasma mixed with thrombin (10 U/mL), with or without the presence of 

bFGF (500 ng/mL) and integrin-inhibiting peptides as described. Two hours after coagu-

lation these angioreactors were implanted into the dorsal flank of C57/BL6 mice. One 

angioreactor was implanted at each side of the mouse, resulting in two angioreactors 

per mouse. Before the collection of the reactors after 8 days, Fitc-Dextran was injected 

to the tail vein. Quantification was performed after 20 minutes by measuring the fluo-

rescence of the content in the angioreactors. For this, the plasma was removed from the 

reactor and solved in PBS/0.5% triton. The suspension was cleared after centrifugation 

(13000 rpm for 5 minutes) and the fluorescence of the supernatant was measured in a 

96-well plate using a FLUOstar Galaxy microplate reader (excitation 485 nm, emission 

510 nm, BMG Labtechnologies GmbH, Germany).

Scanning electron microscopy of human and mouse plasma clots
Human and mice plasma matrices were prepared in a 48-well plate as described above. 

After coagulation, the matrices were fixed with 2% paraformaldehyde and prepared for 

microscopy by serial stepwise ethanol dehydration (60-70-80-90 to 100% ethanol), critical 

point drying and sputter coating with gold palladium (Biorad Polaron Division SEM coat-

ing system E5000). The plasma clots were analyzed and photographs were taken using a 

Field Emission Scanning Electron Microscope at a voltage of 4 kV (Jeol JSM 6301F).

Statistical analysis
Experiments were performed in duplicate and the results expressed as mean percentage 

± SEM in relation to the bFGF/TNF-α condition. For statistical analysis, we used one-way 

ANOVA followed by the Dunnett’s test as post-test. The Dunnett’s test is a modified t-

test that takes into account multiple comparisons with a control condition. Statistical 

significance was accepted at P < 0.05.
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Table 1. Tube formation in a 3D plasma clot is uPA- and plasmin-dependent

Addition
Mean ± SEM
(relative to bFGF/TNF-α)

Control 5.8 ± 2.1*

bFGF 15 ± 6.8*

TNF-α 21.5 ± 9.7*

bFGF/TNF-α 100 ± 23.3

bFGF/TNF-α + anti-tPA 70.3 ± 12.9

bFGF/TNF-α + anti-uPA 12.0 ± 5.6*

bFGF/TNF-α + H2 18.8 ± 11.8*

bFGF/TNF-α + aprotinin 17.0 ± 6.3*

HMVECs were cultured on top of a 3D plasma matrix in M199 supplemented with 10% HS and 10% 
NBCS and were not stimulated (control), stimulated with bFGF (10 ng/mL) or TNF-α (10 ng/mL), 
or with bFGF and TNF-α with or without the combination of polyclonal anti-uPA (30 µg/mL), poly-
clonal anti-tPA (100 µg/mL), anti-uPAR MoAb H2 (25 µg/mL) or aprotinin (200 U/mL). After 6 days 
of culture the mean tube length was quantified (mm/cm2) as described. The data represent mean ± 
SEM relative to the mean tube length of bFGF/TNF-α of three independent experiments performed 
in duplicate wells. *: p<0.01.

Figure 1: Localization of RGD-binding integrins in endothelial cells in vivo
Immunohistochemistry was performed on paraffin sections of a recanalized mural thrombus formed 
in a human coronary artery as described in Materials and Methods. (A) Phloxin staining; (B) Immu-
nostaining of endothelial cells by CD31; (C) Immunostaining of αvβ3-integrin by MoAb LM609; (D) 
Immunostaining of αvβ5-integrin by rabbit anti-human β5-integrin antibody; (E) Immunostaining 
of α5β1-integrin by rabbit anti-human α5-integrin antibody. [See appendix: color figures]



Integrins and tube formation in a fibrinous matrix

97

Results

Endothelial cells in a fibrinous matrix express αvβ3-, αvβ5-, and 
α5β1-integrins
Endothelial cells produce several integrins, three of which have been reported to interact 

with fibrin: αvβ5-, αvβ3- and α5β1-integrins. To verify the presence of these integrins 

in new vascular structures formed in a fibrinous environment, immunohistochemical 

analysis of these integrins was performed in tissue sections of a recanalized human mu-

ral thrombus. As is shown in Figure 1, αvβ3-integrins, β5-containing integrins reflecting 

αvβ5-integrins, and α5-containing integrins, representing α5β1-integrin, were present 

in many vascular structures of these thrombi.

Involvement of RGD-binding integrins in the formation of tubular 
structures in a 3D fibrinous plasma matrix
To investigate the involvement of integrins in tube formation in a human fibrinous exu-

date, we used an in vitro matrix consisting of fibrinous plasma to study the formation 

of capillary-like tubes by human microvascular endothelial cells (hMVECs). For that, 

hMVECs were cultured on top of the plasma matrix and capillary-like structures were 

formed after 4 to 6 days of culture in the continuous presence of both bFGF (10 ng/mL) 

and TNF-α (10 ng/mL), whereas addition of either bFGF or the cytokine TNF-α, hardly 

induced the formation of tubular structures (Table 1). Tubular ingrowth in the plasma 

clot requires cell-bound uPA and plasmin activities (Table 1), comparable to previous 

observations on hMVEC-mediated tube formation in fibrin matrices11.

 When echistatin (1 µg/mL), a general RGD inhibitor, was added simultaneously with 

bFGF/TNF-α to hMVECs grown on a human plasma matrix, hardly any capillary-like 

structures were formed (18.6 ± 4.7% of the amount formed by bFGF/TNF-α-stimulated 

cells, n=3, p<0.001). The nature of the RGD-binding integrins was further investigat-

ed using blocking MoAbs against α5β1-, αvβ3 and αvβ5-integrins. Addition of either 

αvβ3-integrin blocking MoAb LM609 or the αvβ5-integrin antagonist MoAb P1F6 or 

the α5-integrin inhibiting MoAb IIA1 did not or only marginally affect the formation 

of tubular structures in a plasma matrix (Figure 2A). Their effectiveness was verified 

by their ability to inhibit cell binding to fibronectin by 61 ± 6% (IIA1) or vitronectin-

coated dishes by 55 ± 7% (LM609) and 40 ± 14% (P1F6). Interestingly, when MoAb 

IIA1 was added together with either LM609 or P1F6, the formation of capillary-like 

structures was significantly decreased. The combination of anti-αvβ3-integrin (LM609) 

and anti-α5-integrin (IIA1) was most effective. Addition of anti-αvβ5-integrin P1F6 to 

LM609 and IIA1 resulted in a further reduction of the formation of capillary-like struc-
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Figure 2: Blocking of αvβ3- and α5β1-integrins results in a combined effect on the inhibition 
of capillary-like tube formation in plasma matrices
HMVECs cultured on a 3D plasma matrix were not stimulated (control) or stimulated with bFGF/
TNF-α in the absence or presence of the αvβ3-integrin-blocking MoAb LM609 (10 µg/mL), the αvβ5-
integrin-blocking MoAb P1F6 (10 µg/mL), the α5-blocking MoAb IIA1 (2 µg/mL) or the combinations 
of these MoAbs. After 6 days of culturing the mean tube length of duplicate wells was quantified 
(mm/cm2) as described (A). The data represent mean ± SEM of 3-7 independent experiments. The 
mean tube length of bFGF/TNF-α in the plasma matrix was 69.9 ± 19.6 mm/cm2. (B) After 6 days 
of culturing non-phase photomicrographs were taken of hMVECs stimulated with bFGF/TNF-α in 
the absence or presence of LM609, IIA1 or the combination of these MoAbs in the concentrations 
described above. Bar represents 300 µm.

B



Integrins and tube formation in a fibrinous matrix

99

tures (Figure 2A). Another MoAb, 5E8D9, that blocks the α1-integrin, did not affect 

tube formation neither by itself nor in combination with LM609 or IIA1 (86 ± 2 and 82 

± 1 of control, respectively).

 The presence of both LM609 or IIA1 during the tube formation assay did not affect 

cell attachment once the cells had been seeded on top of a plasma matrix (compare 

the intact monolayer of cells in Figure 2B). Cell detachment and induction of apoptosis 

did not cause the reduced ingrowth of endothelial cells, because there were no apop-

totic cells observed in the presence of integrin inhibitors when the nuclei of the cells 

were evaluated after DAPI staining by digital imaging microscopy (data not shown).

Simultaneous addition of LM609 and IIA1 affects uPA and FDP pro-
duction 
The reduced ingrowth of capillary-like structures after exposure to LM609 and IIA1 

was accompanied by a reduced accumulation of uPA in the conditioned medium 

of the tube-forming cells (Table 2). Furthermore, the reduced formation of tubular 

structures was paralleled by a decreased generation of fibrin degradation products 

(Table 2). The individual antibodies hardly affected these parameters. This suggests 

that the simultaneous interference with αvβ3- and α5β1-integrins results in a dimin-

ished soluble uPA production and generation of FDP products by the bFGF/TNF-α-

treated cells. 

Table 2: Simultaneous blocking of αvβ3- and α5β1-integrins induces inhibition of tube 

formation as well as a decrease of uPA production and FDP formation

Tube formation uPA accumulation FDP formation
bFGF/TNF-α 100 100 100

bFGF/TNF-α + LM609 88.9 ± 9.4 69.1 ± 10.7 93.0 ± 9.2

bFGF/TNF-α + IIA1 95.1 ± 9.5 84.2 ± 6.7 106.7 ± 22.7

bFGF/TNF-α + LM609 + IIA1 22.7 ± 1.6* 56.3 ± 12.3* 58.8 ± 8.0#

HMVECs were cultured on a 3D plasma matrix with bFGF (10 ng/mL) and TNF-α (10 ng/mL) to in-
duce capillary-like tubular structures, in the absence or presence of the αvβ3-blocking MoAb LM609 
(10 µg/mL), the α5-blocking MoAb IIA1 (2 µg/mL) or the combination of these MoAbs. After 6 days 
of culturing the mean tube length of duplicate wells was quantified (mm/cm2) as described. The accu-
mulation of uPA antigen levels and the formation of fibrin degradation products were determined in 
the conditioned media by ELISA and expressed percentage, relative to bFGF/TNF-α. The data represent 
mean ± SEM of 4 independent experiments. *: p< 0.01; #: p< 0.05
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Figure 3: Effect of endostatin and LM609 on capillary-like tube formation
HMVECs cultured on a 3D plasma matrix were not stimulated (control) or stimulated with bFGF/
TNF-α in the presence of either LM609 (10 µg/mL), IIA1 (2 µg/mL) or endostatin (10 µg/mL) or a 
combination of endostatin and LM609 or endostatin and IIA1. After 6 days of culturing the mean 
tube length was quantified (mm/cm2) as described. The data represent mean ± SEM of 3-5 inde-
pendent experiments. The mean tube length of bFGF/TNF-α was 98 ± 15 mm/cm2. 

Figure 4: Combined effect of cRGD and endostatin on tube formation
HMVECs cultured on a 3D plasma matrix were not stimulated (control) or stimulated with bFGF/
TNF-α alone or in the presence of either cRGD (50 µg/mL), endostatin (10 µg/mL), the α5-integrin-
blocking MoAb IIA1 (2 µg/mL) or a combination of cRGD and endostatin or IIA1. After 6 days of cul-
turing the mean tube length was quantified (mm/cm2) as described. The data describe mean ± SEM 
of 3-5 independent experiments. The mean tube length of bFGF/TNF-α was 83.6 ± 9.2 mm/cm2. 
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Endostatin acts in concert with LM609 and cRGD in inhibiting capil-
lary-like tube formation
Endostatin, at a concentration of 10 µg/mL, affected the bFGF/TNF-α-induced forma-

tion of tubular structures by hMVECs minimally (Figure 3). When endostatin was given 

simultaneously with LM609, but not with IIA1, the formation of tubular structures was 

largely inhibited (Figure 3). Apparently, endostatin was able to mimic the effect of an 

α5-integrin blocking antibody (compare Figure 3 and 2A).

 The interaction of α5β1- and αvβ3-integrins was further underscored using cyclic 

RGD peptides with specificity for αv-integrins41. While the formation of capillary-like 

structures in the plasma clot was minimally affected by the addition of cRGD or endo-

statin alone, tube formation was largely inhibited when cRGD and endostatin were 

added simultaneously (Figure 4). A similar inhibition was achieved by simultaneous 

addition of cRGD and IIA1 (Figure 4). These results indicate that cRGD and endostatin 

inhibited the formation of tubes to the same extent as LM609 and endostatin (Fig-

ures 3 and 4).

Tube formation in a fibrinous exudate requires interaction between 
fibrin and RGD-binding integrins
The plasma matrix consists of various matrix proteins that contain RGD-sequences, in 

particular fibrin, fibronectin and vitronectin. While the RGD-sequences in vitronectin 

of human and mice are comparable organized, the RGD-sequences in the Aα-chain of 

fibrinogen are markedly different. Therefore we investigated whether the effects of in-

tegrin inhibitors were comparable when hMVECs formed tubular structures in a fibrin 

matrix prepared from purified fibrinogen. As is shown in figure 5, addition of integrin in-

hibitors, in particular against α5β1- and αvβ3-integrins, largely reduced tube formation 

in a fibrin matrix. These data suggest that fibrin largely determines integrin requirement 

for tube formation in a plasma derived fibrinous matrix.

Directed in vivo angiogenesis in an implanted fibrinous matrix in 
mice depends on RGD-binding integrins
To investigate the involvement of RGD-binding integrins in neovascularization of a fibrin-

ous plasma matrix, angiogenesis was determined by measuring the ingrowth of capillar-

ies into plasma matrix-containing tubes, implanted in the flanks of mice.

 Figure 6B and C shows the structure of the fibrinous network obtained from human 

and mouse plasma. The mouse plasma derived fibrinous matrix was quite comparable in 

humans, but the fibrin bundles in the network were slightly thicker.
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Figure 5: Blocking of αvβ3- and α5β1-integrins results in a combined effect on the inhibition 
of capillary-like tube formation in fibrin matrices
HMVECs cultured on a 3D fibrin matrix and were not stimulated (control) or stimulated with bFGF/
TNF-α in the absence or presence of the αvβ3-integrin-blocking MoAb LM609 (10 µg/mL), the αvβ5-
integrin-blocking MoAb P1F6 (10 µg/mL), the α5-blocking MoAb IIA1 (2 µg/mL) or the combinations 
of these MoAbs. After 6 days of culturing the mean tube length of duplicate wells was quantified 
(mm/cm2) as described (A). The data represent mean ± SEM of 3-7 independent experiments. The 
mean tube length of bFGF/TNF-α in the plasma matrix was 69.9 ± 19.6 mm/cm2. (B) After 6 days 
of culturing non-phase photomicrographs were taken of hMVECs stimulated with bFGF/TNF-α in 
the absence or presence of LM609, IIA1 or the combination of these MoAbs in the concentrations 
described above. Bar represents 300 µm. 

B
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 The implanted tubes were open on one side and the fibrinous matrix contained 

bFGF to allow invasion of endothelial cells into the plasma matrix. After 8 days, vascu-

larization was observed in the bFGF containing tubes. Twenty minutes before exami-

nation of the extent of vascularization, FITC-labeled dextran (150 kD) was injected via 

the tail vein. Tube formation, evaluated by the amount of FITC-dextran in the plasma 

matrix, revealed that the bFGF-stimulated angiogenesis was significantly reduced by 

the TSP-fragment and the RGD-inhibiting GRGDSP peptide (p<0.05), while the αv-in-

hibiting cRGD gave variable results (Figure 7). GRGDSP inhibits both αvβ3-integrin as 

well as α5β1-integrin. These data suggest substantial inhibition of capillary tube for-

mation in a fibrinous matrix not only requires inhibition of αv-integrins, but also that 

of α5β1-integrins. 

Discussion

In this report we demonstrate the interplay of αvβ3-, αvβ5- and α5β1-integrins in the 

formation of capillary-like structures in a 3D in vitro plasma-derived fibrinous matrix. In 

the 3D-fibrinous matrix, tube formation was only largely inhibited when integrin an-

tagonists were used together, in particular those blocking the αvβ3- together with the 

α5β1-integrins. Accordingly, endostatin together with the αvβ3-integrin inhibiting MoAb 

LM609 or the αv-competing cyclic-RGD peptide induced a dramatic decrease of tube for-

mation, while endostatin alone had only a minimal effect. These data suggest that integ-

rin-mediated interaction of endothelial cells with a fibrin matrix are required for, but also 

support survival of, capillary tube formation by these cells.

 The fibrinous exudates formed in wounds and tumor stroma are considered as sup-

porting matrices for angiogenesis4,42,43. Our data indicate that the formation of capil-

lary-like tubular structures in vitro proceeds similarly in a fibrin matrix and in a fibrinous 

exudate matrix prepared from plasma. Therefore, we focused on the fibrin-recognizing 

integrins αvβ3, αvβ5 and α5β1, which have been implicated in angiogenesis15,16,20,44,45. 

These fibrin-binding integrins were present on the endothelium of newly formed vessels 

in a recanalized mural thrombus, conform previous reports46-48. The RGD-integrin inhib-

iting agent echistatin completely inhibited the bFGF/TNF-α-induced formation of capil-

lary-like structures by hMVEC, indicating that RGD-containing integrins were essential 

for neovascularization15,16,20,44. Furthermore, our data indicate that a complete inhibition 

of capillary-like tube formation requires the simultaneous inhibition of these integrins, 

in particular the αvβ3- and α5β1-integrins. These data compare well with those of inte-

grin inhibiting antibodies on the reorganization of endothelial cells embedded in a 3D 

fibrin matrix49. The mutual interaction of α5β1-integrin and αv-containing integrins, in 
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Figure 7: Inhibition of bFGF-induced angiogenesis in a murine plasma-derived matrix in vivo 
by RGD-dependent integrin blockers 
Quantification was performed by measurement of the fluorescence after injection of FITC-dextran. 
Integrin-inhibiting peptides, cRGD (0.5 mg/mL) against the αv-integrins, and the RGD-inhibiting 
peptide GRGDSP (200 µg/mL) were added to the bFGF (500 ng/mL)-containing angioreactors and 
implanted subcutaneously into the dorsal areas of C57/Bl6 mice for 8 days. Thrombospondin (TSP, 
40 μM) was used as a negative control. Quantification was performed after injection with FITC-dex-
tran. The data represent mean ± SEM of 5-10 independent experiments.

Figure 6: Analysis of the human and mouse fibrinogen 
(A) Schematic representation of the fibrinogen Aα-chain in human and mouse plasma. (B and C) 
Scanning electron microscopy of human (B) and mouse (C) plasma matrices. Bar represents 1 µm.

α
A
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particular αvβ3-integrin was underscored by using two unrelated types of inhibitors for 

the α5β1-integrin (MoAb IIA1, endostatin) and the αvβ3-integrin (MoAb LM609, cRGD), 

which make inhibitor-specific effects less likely. Several recent reports have pointed to 

the induction of apoptosis in endothelial cells as a cause of angiogenesis inhibition by 

ligands of the αvβ3-integrin, such as antibody LM609 and tumstatin32. Our in vitro data 

did not provide direct evidence of the occurrence of such mechanism in endothelial cells 

that were in contact with a fibrinous matrix. This suggests that the interaction of hMVEC 

with the fibrin matrix may provide signals into the cells that protect them from going into 

apoptosis once αvβ3-integrin is blocked. In this context it should be noted that the adhe-

sive potential of endothelial cells to bind fibrin(ogen) depends on transglutaminase and 

FXIIIa50. Oligomerization of the αC-domains of fibrinogen by transglutaminase, stimulates 

their ability to bind αvβ3-, αvβ5- and α5β1-integrins on endothelial cells. The oligomeriza-

tion did not only increase cell adhesion, but also promoted integrin-dependent cell signal-

ing via focal adhesion kinase (FAK) and extracellular signal regulated kinase (ERK)51. 

 Our data suggests that integrin-fibrin interactions were dominant in the plasma-

derived fibrinous matrix, because a similar effect was observed with purified fibrin as 

with plasma-derived fibrinous matrix. This directs the attention to the RGD-sequences 

in fibrin, of which the RGD-sequence 572-574 in the Aα-chain of human fibrinogen 

plays a major role in the invasion of hMVECs in a fibrin matrix52,53,54. Interestingly, this 

RGD-sequence is absent in mouse fibrinogen (Figure 6A), while three additional RGD-se-

quences were present between position 272 and 286 in the murine Aα-chain (compare 

human and mouse Aα-chain in Figure 6A). Thiagarajan et al. have demonstrated that in 

the bovine fibrinogen the RGD-sequence at position 272-274, which is homologous to 

an RGG in human fibrinogen, can mediate endothelial cell adhesion. It is likely that this 

substitution plays a similar role in the murine fibrinogen. Indeed we found inhibition of 

neovascularization of a plasma-derived fibrinous matrix by a general RGD inhibitor in the 

mouse in vivo, while the αv-integrin inhibiting peptide was less effective and variable. 

However, given the importance of the flanking regions in the specificity of the RGD-se-

quences data from mouse and man must be compared with cautiousness. Furthermore, 

we can not exclude an additional role for integrin α3β1, which was recently reported 

also to be involved in endothelial cell adhesion55 and migration56. 

 In the fibrinous matrix the inhibitory effect of endostatin is highly compatible with 

α5β1-integrin blocking activity. Although endostatin does not contain an RGD-sequence, 

it can interact with RGD-binding integrins, particularly α5β1-integrin31, similar to the 

binding of the C-terminus of MMP-2 to RGD-dependent integrins57. The inhibitory effect 

of endostatin in angiogenesis may be multiple33. However, several recent reports have 

clearly indicated that soluble endostatin, preferentially recognized α5β1-integrins32,58, 

an inhibitory interaction that involves proper exposure of endostatin by binding to en-
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dothelial heparan sulphates59,60. Wickström et al. recently provided evidence that acti-

vation of α5β1-integrin by endostatin caused activation of Src and inhibition of RhoA 

activity, thus affecting the F-actin cytoskeleton60. Sudhakar et al. reported similarly a 

direct interaction of endostatin with α5β1-integrins. They found that this interaction 

caused inhibition of focal attachment kinase/c-Raf/MEK1/2/p38/ERK1 mitogen activated 

kinase pathway in HUVEC cultured on fibronectin-coated dishes32.

 In conclusion, our in vitro data demonstrate that blocking of only one integrin is 

not sufficient for complete inhibition of tube formation in a fibrin or plasma matrix, but 

requires the simultaneous inhibition of αvβ3- and α5β1-integrins. Neovascularization in 

the fibrinous exudate of mice was also inhibited by the simultaneous inhibition of both 

αvb3- and α5b1- integrins. These findings demonstrate the flexibility of the angiogenesis 

process in a temporary fibrin matrix. Moreover, they also may bear impact on the use of 

inhibitors of specific integrins for anti-angiogenesis treatment61,62. After initial damage 

of the blood vessel by blocking agents of individual integrins, the formation of a fibrin-

ous exudate may support survival of endothelial cells. 
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Abstract

The formation of new tubular structures from a quiescent endothelial lining is one of 

the hallmarks of sprouting angiogenesis. This process can be mimicked in vitro by induc-

ing capillary-like tubular structures in a three-dimensional (3D) fibrin matrix. We aimed 

to analyze differential mRNA expression in two phenotypically distinct cell populations 

from the same culture, namely in tubule-forming endothelial cells and monolayer endo-

thelial cells not participating in tubule formation. A fibrin-rich 3D matrix derived from 

human plasma was used to facilitate tubule formation by human foreskin microvascular 

endothelial cells (hMVEC). After 7 days of stimulation with VEGF, bFGF and TNF-α the 

culture consisted of a monolayer and capillary-like sprouts that had grown into the fi-

brinous matrix. A method was developed to separate the monolayer and tubule-forming 

populations of hMVEC, keeping their cellular integrity intact to ensure mRNA extraction 

and cDNA production. Subsequent array analysis resulted in an inventory of differen-

tially expressed genes that were associated with either tube-forming (angiogenic) or 

non-angiogenic capacity. Differential gene expression was verified by real time PCR on 

the original RNA samples as well as on RNA obtained from laser-capture microdissected 

cross-sections of monolayers and capillary structures in the 3D fibrinous matrix. The 

expression of CDC42GAP, an inhibitor of active-state small Rho GTPases, was reduced in 

tubular hMVEC. Over-expression of CDC42GAP in hMVEC attenuated endothelial tubule 

formation, while its suppression by siRNA slightly enhanced this process. Thus, CDC42GAP 

was identified as a counter-regulatory mediator for tubule formation.



Gene expression in endothelial tubes: role of CDC42GAP

113

Introduction

Angiogenesis occurs in embryogenesis, and in the adult during the female reproductive 

cycle and in pathological conditions such as wound healing, retinal angiopathy and tumor 

growth1. Its onset requires the transition of rather quiescent endothelial cells (EC) that line 

established microvessels into a migrating and dividing endothelial phenotype that invades 

the tissue, expands and restructures into new capillaries2. The process of sprouting angio-

genesis occurs in a coordinated way, after the induction of an ‘angiogenic shift’ by an-

giogenic growth factors, such as VEGF and bFGF3. It involves activation of cells that form 

the lead of the invasion process, the tip cells, which are proteolytically active and contain 

many filopodia, and EC that follow, the so-called stalk cells4. These latter cells also contrib-

ute to proliferation and eventually to the formation of a new basement membrane. Upon 

challenge by angiogenic factors, only part of the EC partake in the formation of capillary 

sprouts, thereby keeping the original vessel intact for future blood supply. However, little 

is known regarding the processes that govern the commitment of endothelial cells to pro-

ceed in the formation of new tubular structures, or remaining in the initial monolayer. 

 The formation of capillary-like tubules is reflected by a repertoire of genes that are 

expressed in response to angiogenic stimuli5. Thusfar a number of studies have been con-

ducted that adress the question which genes are involved in capillary formation. Previous 

studies on gene profiling of angiogenic endothelium have focussed on the isolation of 

endothelium from purely angiogenic and purely non-angiogenic conditions, such as EC 

embedded in collagen6-8 or fibrin9,10 matrices, or EC grown on matrigel11; EC isolated from 

tumor vs. normal tissue12,13; or EC that had been been stimulated with angiogenic factors 

with non-stimulated EC14. However, a comparison of gene expressions by tubule-forming 

and non-tubule-forming endothelial cells that were both exposed to the same stimuli is 

still lacking.

 The formation of tubular structures can be mimicked in a fibrinous matrix, which re-

flects the fibrinous exudate present in healing wounds and tumor stroma, provides a scaf-

fold for invading capillary-like structures15-18 and can be mimicked in vitro by seeding hu-

man microvascular endothelial cells (hMVEC) on top of a plasma-derived fibrinous matrix 

and are stimulated with angiogenic growth factors (VEGF, bFGF) and the cytokine TNFα to 

form capillary tubes16,19. 

 In the present study we report on the separation of endothelial cells that either partake 

in capillary tubule formation or remain in the monolayer within the same culture, and in-

vestigated differential gene expression of tubule-forming endothelial cells versus the non-

invading monolayer cells by array analysis. RT-PCR and microdissection of endothelial cells 

in tubular and monolayer phenotype with subsequent mRNA isolation were employed to 

verify the differentially expressed genes. Furthermore, on the basis of our existing interest 
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in the contribution of Rho GTPases in angiogenesis20 and endothelial barrier function21, 

we have selected the Rho GTPase activating protein CDC42GAP22 from the verified differ-

entially expressed genes, as an example to validate its involvement in tubule formation. 

Materials & Methods

Materials
Medium M199 supplemented with 20 mM HEPES (M199) and penicillin/streptomycin were 

obtained from Cambrex (Verviers, Belgium); newborn calf serum (NBCS) was obtained 

from Invitrogen/Gibco (Grand Island NY) and heat-inactivated before use. Tissue plastics 

were from Costar (Cambridge, MA, USA) and L-glutamine from ICN (Costa Mesa, CA). Hu-

man serum (HS) and plasma were obtained from a local bloodbank and the HS batch for 

cell culture was prepared from freshly obtained blood from 10-20 healthy donors; it was 

heat-inactivated before use. bFGF was purchased from PeproTech EC (London,England), 

VEGF-A from ReliaTech (Braunschweich, Germany) and human recombinant TNF-α was a 

gift from Dr. J. Travernier (Biogent, Gent, Belgium) and contained 2.45 x 107 U/mg protein 

and less than 40 ng lipopolysaccharide per mg protein. Aprotinin was purchased from 

Pentapharm Ltd. (Basel, Switzerland). The monoclonal u-PAR-blocking antibody H2 was a 

gift of Dr. U Weidle (Boehringer Mannheim, Penzberg, Germany). 

Preparation of the 3D plasma and fibrin clots
Plasma clot matrices were prepared by the addition of 2.5 U/mL Factor XIII and 1 U/mL 

thrombin to citrated platelet-poor plasma. Immediately afterwards, 300 µL or 3 mL ali-

quots of this mixture were added to the wells of 48-well or 6-well plates, respectively. 

The plasma clot matrices were left at room temperature (RT) for at least 30 minutes and 

then equilibrated at 37ºC for 2h, under humidified 5% CO2/ 95% air atmosphere with 

serum-containing culture medium (Medium 199 - M199, supplemented with 10% (v/v) 

heat-inactivated HS, 10% (v/v) NBCS, 100 IU/ml penicillin and 100 mg/ml streptomycin). 

During the next 24 hours, the matrices were thoroughly washed with serum-containing 

culture medium (3 to 4 times). Fibrin matrices were prepared as previously described16.

Endothelial cell culture and in vitro formation of endothelial tubu-
lar structures
Human foreskin microvascular endothelial cells (hMVEC) were isolated, cultured in M199 

medium supplemented with 5 mM L-glutamine, 10% human serum, 10% newborn calf 
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serum, 100µg/mL endothelial cell growth factor, 100 IU/mL penicillin and 100 µg/ml 

streptomycin19, and characterized as previously described23,24. Confluent hHMVEC were 

seeded on top of the matrices. 24 h After seeding the cells were stimulated with serum-

containing M199 with or without (control) the presence of 10 ng/ml bFGF, 25 ng/ml 

VEGF and 10 ng/ml TNF-α. Every second day the medium was removed and replaced by 

fresh stimulation medium and after seven days the formation of tubular structures was 

analyzed by phase contrast microscopy as previously described16.

Immunohistochemistry
Characterization of hMVEC was performed with cells grown on gelatin-coated glass 

coverslips and fixed in 4% paraformaldehyde (w/v) in phosphate buffered saline. Subse-

quently, the cells were incubated with fluorescent-labeled Ulex-europeaus lectin (L9006, 

Sigma, MI, USA), or with antibodies directed against VE-Cadherin (sc-6458, Santa Cruz, 

CA, USA), Lyve-1 (102-PA502, Reliatech, Germany) or CD31 (555446, BD Pharmingen, 

Belgium). A FITC-labeled rabbit anti-mouse antibody (F0261, DakoCytomation, Denmark) 

was used as a secondary antibody. Furthermore, non-fixed living cells were incubated 

and loaded with DiI-labeled Acetylated-LDL (L-3484, Molecular probes, the Netherlands) 

according to manufacturer’s orders. The sections were counterstained with Mayer’s he-

matoxylin, phloxin and saffron (HPS) staining (Sigma, MI, USA) or DAPI stain, which 

depicted the nuclei as blue fluorescence.

Separation of endothelial phenotypes
Endothelial cells from five 6-wells plates (in total 30 wells of 9.8 cm2) were used to iso-

late total mRNA. Cell cultures from the in vitro angiogenesis model were drained and a 

medium-soaked Millipore GS 0.22 µm membrane (Millipore, MA, USA) was applied to 

the top surface of the monolayer endothelium and pressed down carefully. After 5 sec-

onds the membrane was removed from the surface of the culture effectively stripping 

the “monolayer” endothelium from the serum-clot. The ‘capillary-like’ tubular endothe-

lium remained in the clot. These separate populations were used for RNA extraction.

RNA isolation 
Monolayer endothelium present on the stripping membrane was immediately subjected 

to TRIZOL total mRNA extraction according to manufacturers’ orders. The plasma-clot 

containing the tubular endothelial cells was removed from the culture dish, frozen in-

stantly in liquid nitrogen and ground with a mortal and pestle. Total mRNA was extract-
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ed according to Chomczynski and Sacchi25. Total RNA preparations from both mono-

layer and tubular endothelium were subjected to an additional purification with RNeasy 

cleanup kit (Qiagen, The Netherlands) resulting in an A258/A280 ratio of 1.8-2.0. These 

preparations were run on an RNase free agarose gel (1.5%) to reveal intact and 28S and 

18S bands at a ratio of approximately 2:1. This mRNA was used for array analysis with-

out any amplification steps.

Array analysis
Research Genetics human gene filter arrays (GF200, Invitrogen, the Netherlands) were 

used according to manufacturers’ orders with a modified labeling method. Generation 

and labeling of cDNA-33P radioactive probes, the subsequent hybridization procedure 

and washing of the membranes were performed using the STRIP-EZ GF protocol (Am-

bion, UK). Resulting adherent radioactive intensity was recorded using a Molecular 

Dynamics PhosphoImager. Array analysis was performed using Scanalyse (Eisen/Brown 

lab, MA, USA) and Pathways (Research Genetics, Invitrogen, The Netherlands) soft-

ware. Monolayer and tubular endothelial cell-derived total mRNAs were used in tripli-

cate array analysis. These experiments were repeated with independent RNA prepara-

tions of a second independent culture. Using Scanalyse the singular gene expression 

was normalized against the combined expression of all genes on the array. Genes were 

only included for differential expression when the expression level exceeded 3× the 

standard deviation of the background in control spots. The Pathways array analysis 

package was used to determine the differential gene expression based on Euclidian 

difference. Both experiments resulted in gene lists that were mutually compared. The 

genes that were significantly up- or down regulated in both experiments are listed in 

Table 1.

Laser-Capture Microdissection and Real-Time RT-PCR
From paraffin cross-sections (5 µm), derived from the in vitro angiogenesis model 

monolayer endothelium and tubular endothelium were isolated by laser-capture micro-

dissection (P.A.L.M. Microlaser systems, Germany). Immediately prior to microdissec-

tion, after dewaxing and rinsing with 70% ethanol the cells in the cross sections were 

visualized with Mayer’s hematoxylin (Sigma, The Netherlands) stain. Subsequently, 

monolayer and tubular endothelial cells from 40 sections from two independent ex-

periments were collected separately in an RNase-free microtubes. The dissected cells 

were incubated in 10 µL with 10 U of RNAsin (Promega, The Netherlands) in 10 mmol/L 

Tris-HCl (pH 7.5), 150 mmol/L NaCl, 10 mmol/L MgCl2 for 10 minutes at 95°C. Subse-
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quently, an RNase-free DNase treatment (Invitrogen, The Netherlands) was performed 

for 30 minutes at 37°C. After complete inhibition of the DNase during 10 minutes at 

65°C in the presence of excess EDTA, first strand cDNA synthesis was performed with 

Superscript (Invitrogen, The Netherlands) according to the manufacturer’s protocol. As 

a control, the enzyme was omitted from the reaction. In these RNA preparations, the 

mRNA level of various transcripts from the array analysis was determined. As control for 

total mRNA content, the mRNA expression of the ribosomal housekeeping gene 36B4 

and beta-2 microglobulin were assessed. Semiquantitative PCR was performed using 

the qPCR for SYBR Green Core kit (Eurogentec, Belgium) applying an ABI PRISM 7700 

sequence detection system (Perkin Elmer Biosystems, The Netherlands). Primers sets 

and PCR conditions were designed and tested for optimal primer efficiency, single-band 

gene-specific product formation and to exclude primer-dimers in the PCR product (see 

table 1 for primer sets).

Over-expression and siRNA of CDC42GAP
To obtain over-expression of CDC42GAP hMVEC were transduced with plasmid pGEX-

CDC42GAP26 using AMAXA technology (Amaxa Biosystems, Cologne, Germany Germa-

ny). We added 2 µg of plasmid or 1 µg of siRNA to 5x105 trypsinized hMVEC in “primary 

endothelial cell nucleofector solution” (VPI-1001) and program T23 according to manu-

facturers’ instructions. As a control for plasmid burden, we used the pmaxEGFP from 

Amaxa. After transfection, cells were resuspended in cM199, transferred to a gelatin-

coated culture dish (cell density 40 – 50 × 103 per cm2) and cultured in monolayer for 

2-3 days to recover before further use in the tube-forming assay and migration assay.

 To silence CDC42GAP expression hMVEC were transfected with siRNA against CDC-

42GAP (Dharmacon, Lafayette, USA). The efficacy of the CDC42GAP over-expression and 

gene silencing was verified by RT-PCR of CDC42GAP using β-microglobulin as an internal 

control.

 The changes in mRNA expression during overexpression and knockdown experiments 

2 days after transduction of endothelial cells were monitored several times before their 

effects on tubule formation and migration were assayed. The CDC42GAP/ b-microglobu-

lin ratio increased 4- to 8-fold in the overexpressing cells, and decreased to 10-20% of 

the control and mock-transfected cells after transfection with CDC42GAP siRNA.

Endothelial cell migration assay
After transfection, the transfected cells were cultured for two days to reach confluence. 

A 2mm tip of a pipette was used to wound the monolayer of cells and the wounded area 
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Table 1: Differentially expressed genes in monolayer vs capillary tube forming microvas-

cular endothelial cells.

Genbank #

Ratio 
Tubular EC / 

monolayer EC Gene Name Gene Ontology

T85191 1,35 hypothetical protein RP4-622L5 Unknown

R96455 1,35 Homo sapiens cDNA: FLJ23070 fis, clone LNG05629 Unknown

R63318 1,35 hypothetical protein FLJ11137 Unknown

H82325 1,28 pre-mRNA processing factor 18 RNA processing

T66907 1,25 ESTs, Unknown

R74078 1,22 Homo sapiens mRNA for KIAA1741 protein, partial cds Unknown

T69477 1,22 ESTs Unknown

AA412053 1,19 CD9 antigen (p24) Unknown

W07798 1,19 collagen, type XVIII, alpha 1 Extracellular matrix

AA446453 1,19 prefoldin 5 Signalling 

N48137 1,17 EST Unknown

AA443302 1,17 ras homolog gene family, member E Signalling

AA495766 1,14 chromosome condensation 1-like Cell cycle

R56871 1,11 chromatin assembly factor 1, subunit B (p60) Cell cycle

R76247 1,09 Homo sapiens clone 23568, 23621, 23795, 23873 
and 23874 mRNA sequences

Unknown

AA453898 1,07 sialyltransferase 4C (beta-galactosidase alpha-2,3-
sialytransferase)

Enzymatic

AA136359 1,07 CD58 antigen, (lymphocyte function-associated 
antigen 3)

Unknown

AA423944 0,83 37 kDa leucine-rich repeat (LRR) protein Unknown

R25153 0,82 ESTs Unknown

AA402960 0,81 ring finger protein 5 DNA binding 

W76032 0,81 DKFZP564M112 protein Unknown

R75635 0,81 collagen, type V, alpha 1 Extracellular matrix

AA443659 0,81 zinc finger protein 143 (clone pHZ-1) DNA binding 

R37519 0,81 neuropilin 2 Growth factor 

AA480851 0,81 claudin 10 Structural 

AA284528 0,80 protease, serine, 2 (trypsin 2) Proteolysis

AA443000 0,80 colony stimulating factor 3 receptor (granulocyte) Growth factor 

N91307 0,80 EST Unknown

AA504554 0,79 cytoskeleton-associated protein 1 Structural

AA422058 0,79 methyltransferase-like 1 Enzymatic

H53499 0,77 zinc finger protein Signalling

H93906 0,77 EST Unknown

AA280924 0,77 carbonyl reductase 1 Enzymatic 

AA504342 0,77 vesicle docking protein p115 Transport

AA070997 0,77 proteasome (prosome, macropain) subunit, beta 
type, 6

Proteolysis 
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Genbank #

Ratio 
Tubular EC / 

monolayer EC Gene Name Gene Ontology

AA488233 0,77 papillary renal cell carcinoma (translocation-
associated)

Transport

R89715 0,76 EST Unknown

AA460599 0,76 COP9 (constitutive photomorphogenic, Arabidopsis, 
homolog) subunit 5

Unknown

R94775 0,75 LIS1-interacting protein NUDEL; endooligopeptidase A Enzymatic

R43544 0,75 ribosomal protein L32 Ribosomal

AA284568 0,75 EST Unknown

R69566 0,75 EST Unknown

AA281548 0,75 holocytochrome c synthase (cytochrome c heme-lyase) Enzymatic 

AA397819 0,74 EST Unknown

N94234 0,74 EST Unknown

R79935 0,74 EST Unknown

R68464 0,74 ESTs, Unknown

AA490771 0,73 UV radiation resistance associated gene Unknown

AA521083 0,73 serine/threonine protein phosphatase catalytic subunit Signaling

AA452374 0,73 syntaxin 5A Transport 

R26337 0,72 Homo sapiens mRNA for FLJ00031 protein, partial cds Unknown

AA069414 0,72 glial fibrillary acidic protein Structural 

AA486332 0,72 prostate tumor over expressed gene 1 oncogene

AA291995 0,71 cleavage stimulation factor, 3’ pre-RNA, subunit 2, 
64kD

Enzymatic 

T67474 0,71 anaphase-promoting complex subunit 7 Cell cycle

AA490300 0,71 PDGFA associated protein 1 Growth factor 

AA448487 0,71 EST Unknown

H05580 0,70 peptidylprolyl isomerase F (cyclophilin F) Enzymatic

AA401111 0,70 glucose phosphate isomerase Enzymatic

AA455316 0,70 aryl hydrocarbon receptor-interacting protein Enzymatic

AA625666 0,70 LPS-induced TNF-alpha factor Enzymatic

AA290737 0,69 glutathione S-transferase M4 Enzymatic

AA486082 0,69 serum/glucocorticoid regulated kinase Signalling

N57731 0,68 ribosomal protein L37a Translation

R40212 0,68 EST Unknown

R91078 0,68 cytochrome P450, subfamily IIIA (niphedipine 
oxidase), polypeptide 4

Enzymatic

AA464755 0,68 ankyrin 1 Structural

R76499 0,68 Homo sapiens, clone IMAGE:3677194, mRNA, partial 
cds

Unknown

N59764 0,68 guanine monphosphate synthetase Enzymatic

AA458472 0,68 major histocompatibility complex, class II, DQ beta 1 Defence

T90621 0,68 chromosome 14 open reading frame 2 Unknown

AA019482 0,68 EST Unknown

T60223 0,68 ribonuclease, RNase A family, 4 Enzymatic

Table 1 continued
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Genbank #

Ratio 
Tubular EC / 

monolayer EC Gene Name Gene Ontology

AA100296 0,67 EST Unknown

AA411440 0,67 villin 2 (ezrin) Structural

AA436591 0,67 Homo sapiens cDNA: FLJ23028 fis, Unknown

AA504526 0,67 low density lipoprotein receptor defect C 
complementing

Lipid metabolism

AA600189 0,66 adenosine deaminase, RNA-specific Enzymatic

AA599158 0,66 glutamyl-prolyl-tRNA synthetase Enzymatic

AA490991 0,66 heterogeneous nuclear ribonucleoprotein F Enzymatic 

AA076063 0,66 Homo sapiens mRNA for caldesmon, 3’ UTR Structural

AA488346 0,66 myosin, light polypeptide 6, alkali, smooth muscle 
and non-muscle

Structural

R63530 0,66 EST Unknown

AA446222 0,66 TGFB1-induced anti-apoptotic factor 1 Structural Protein

R67602 0,65 proteoglycan 2, bone marrow Extracellular matrix

AA488072 0,65 cardiac ankyrin repeat protein Structural

R36571 0,65 Neuroglobin Oxygen transport 

AA455272 0,65 chromosome X open reading frame 12 Unknown

H93842 0,64 EST Unknown

AA481758 0,64 DnaJ (Hsp40) homolog, subfamily B, member 1 Enzymatic 

AA282642 0,63 MADS box transcription enhancer factor 2, 
polypeptide B (myocyte enhancer factor 2B)

Transcription 
factor

R27585 0,63 proteasome (prosome, macropain) subunit, alpha 
type, 1

Proteolysis

N62179 0,63 EST Unknown

AA280677 0,63 zinc finger protein 258 DNA binding

AA441895 0,63 glutathione-S-transferase like; glutathione 
transferase omega

Enzymatic

H93450 0,63 zinc finger 1111 Signalling

AA456352 0,62 pre-mRNA splicing factor similar to S. cerevisiae Prp16 Transcription

AA046690 0,62 kinesin family member 5B Signalling

R52548 0,62 superoxide dismutase 1, soluble (amyotrophic lateral 
sclerosis 1 (adult))

Extracellular redox

AA521431 0,61 profilin 1 Structural 

R09561 0,61 decay accelerating factor for complement (CD55, 
Cromer blood group system)

Complement 
system

W05628 0,60 phosphoserine phosphatase-like Signalling

AA280676 0,60 zinc finger protein 258 DNA binding

AA481547 0,60 protein tyrosine phosphatase, receptor type, C-
associated protein

Signalling

AA448184 0,60 ubiquinol-cytochrome c reductase, Rieske iron-sulfur 
polypeptide 1

Enzymatic

AA411554 0,59 solute carrier family 25 (mitochondrial carrier; Graves 
disease autoantigen), member 16

Transport 

AA460830 0,59 polymerase (RNA) II (DNA directed) polypeptide J 
(13.3kD)

Enzymatic 

Table 1 continued
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Genbank #

Ratio 
Tubular EC / 

monolayer EC Gene Name Gene Ontology

AA253430 0,59 prefoldin 4 Cell Cycle 

W15465 0,58 ESTs  Unknown

AA487197 0,58 ubiquitin-conjugating enzyme E2I (homologous to 
yeast UBC9)

Enzymatic 

W44701 0,58 solute carrier family 25 (mitochondrial carrier; 
adenine nucleotide translocator), member 6

Transport

AA490256 0,57 ESTs Unknown

W85914 0,57 ESTs Unknown

T81764 0,56 cell division cycle 27 Cell cycle

AA397813 0,56 CDC28 protein kinase 2 Cell Cycle 

AA281635 0,56 suppression of tumorigenicity 16 (melanoma 
differentiation)

Growth factor 

N49856 0,55 solute carrier family 6 (neurotransmitter transporter, 
betaine/GABA), member 12

Transport 

N29376 0,55 myeloid cell nuclear differentiation antigen Cell cycle 

R32802 0,55 secretory carrier membrane protein 2 Transport

AA443506 0,55 Rho GTPase activating protein 1 Signalling 

AA459263 0,54 BCL2-related protein A1 Apoptosis

AA279429 0,53 endothelin converting enzyme 1 Growth factor 

R32754 0,53 hypothetical protein FLJ12541 similar to Stra6 Unknown

R78516 0,53 selenoprotein T Extracellular redox

AA434115 0,53 chitinase 3-like 1 (cartilage glycoprotein-39) Extracellular matrix 

AA029963 0,53 ataxin 2 related protein Transport 

AA196465 0,53 EST Unknown

AA261796 0,53 multiple endocrine neoplasia I Unknown 

AA284408 0,53 cut (Drosophila)-like 1 (CCAAT displacement protein) Transcription factor

AA292995 0,53 D-dopachrome tautomerase Enzymatic

H94857 0,52 GCN5 (general control of amino-acid synthesis, yeast, 
homolog)-like 1

Enzymatic

N92646 0,52 EST Unknown

H93118 0,52 EST Unknown

AA427724 0,50 carboxypeptidase Z Enzymatic 

AA459292 0,49 CDC28 protein kinase 1 Cell cycle

Table 1 continued
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Figure 1: in vitro angiogenesis assay using a fibrinous matrix derived from clotted human 
plasma 
HMVEC were seeded in confluent density on top of the fibrinous matrix, and formed a monolayer 
that remained quiescent without stimulation (B). Upon simultaneous stimulation with the combina-
tion of TNFα (T, 10 ng/ml), VEGF-A (v, 25 ng/ml), and/or bFGF (b, 10 ng/ml) (A, C) capillary tubes were 
formed, which were quantified using computer-assisted morphometry. To that end, the cells were 
photographed from above using phase contrast microscopy. A: shows the effect of the mediators 
and the metalloproteinase inhibitor BB94 (batimastat), the plasmin inhibitor aprotinin, and anti-u-PA 
or anti-uPAR (= H2) IgG on bvT-stimulated capillary formation, expressed as mean ± SEM of 4 experi-
ments. D: In cross-section, an HPS stained capillary is shown. Magnifications A and C: 50x; D; 400x. 
[See appendix: color figures]
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was photographed immediately (t=0) and at time points t=1, t=3, t=5, t=7 hours. The 

migration distance (gap size) was determined using image analysis software. The experi-

ments were performed in triplicate wells and repeated twice. 

Statistics
The data are expressed as the mean ± SEM unless otherwise mentioned. Statistical dif-

ferences were determined by ANOVA followed by a Bonferroni test. For the microarray 

analysis Scanalyse and Pathways software was used as indicated above.

Results

The study of differential gene expression in tubular endothelial structures and mono-

layer EC was performed based on an in vitro model of angiogenesis, in which the for-

mation of capillary-like tubules is monitored in 3D fibrin matrices. In the present study 

human plasma was used for clotting to provide a more physiological 3D plasma clot-

derived fibrinous matrix to facilitate capillary sprouting. Human foreskin microvascular 

EC were seeded on top of this matrix and stimulated with different compounds that 

together maximally induce tubule formation; TNFα (10ng/mL), VEGF (25ng/mL) and 

bFGF (10ng/mL). Similar to our observations in 3D-fibrin matrices, the combination 

of VEGF and/or bFGF with TNFα effectively caused capillary growth into the plasma 

matrix (Figure 1A-C). The resulting endothelial tubes form a continuous lumen from 

the monolayer on top of the matrix down into capillary-like structures (Figure 1D). The 

capillary-like tubule formation was efficiently inhibited by interfering of cell-bound 

plasminogen activation (using anti-uPA and anti-uPA receptor antibodies), of plasmin 

activity (using aprotinin) (Figure 1A), and by the combinations of these compounds. 

Under these conditions no significant effect of the metalloproteinase inhibitor BB94 

was observed.

Homogeneity of the microvascular cell culture
Endothelial markers - CD31 (Figure 2A), VE-cadherin (Figure 2B), binding of Ulex eu-

roaeus lectin-1 and uptake of acetylated-LDL (not shown) – confirmed the endothelial 

nature and purity of the cells. However, as the foreskin mucosa, used for the isolation of 

the hMVEC, contains both blood vessels and lymphatic vessels, we verified whether lym-

phatic endothelial cells were present in the microvascular subcultures used. Lymphatic 

marker Lyve-1 did not render any positive signal in cultured hMVEC (Figure 2C), while in 
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Figure 2: Endothelial cell markers 
HMVEC were stained for the presence of endothelial cell markers CD31 (panel A) and VE-Cadherin 
(panel B), and the presence of the lymphatic endothelium marker Lyve-1 (panel C) as indicated in 
the methods section. As a positive control, Lyve-1 antibody was tested on an intact lymphatic ves-
sel freshly isolated from the human foreskin (panel D). The nuclei were visualized using DAPI stain. 
[See appendix: color figures]

tissue slices of the foreskin mucosa Lyve-1 positive lymphatic vessels were readily iden-

tified (Figure 2D). In addition, expression analysis of hMVEC mRNA isolates to detect 

lymphatic markers Podoplanin, Prox-1 and Lyve-1 by real time PCR yielded no signal 

(data not shown). When the subcultured cells were cultured in the presence of VEGF-C 

(10 ng/mL) for 24 or 48 h the lymphatic markers remained absent (data not shown). 

Apparently, under our experimental conditions only hMVEC of blood vessel origin were 

retained during subculturing.

Separation and gene expression analysis of tubular and monolayer 
endothelium
The tubular structures encompass a distinct population of cells in comparison to the 

monolayer in which the endothelial cells remain quiescent. Based on the difference in 

phenotype and position of tubular and monolayer endothelial cells we developed a 

method to separate these populations. In short, a pre-wetted blotting membrane was 
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used to strip the monolayer endothelium from the top of plasma matrix (Figure 3), while 

the capillary-like tubular structures of endothelial cells remained in the fibrinous matrix 

(Figure 3D). The blotting membrane with the monolayer endothelial cells and the plasma 

clot matrix containing the tubular structures were used directly to extract mRNA from. To 

obtain mRNA from the protein-rich plasma matrix demanded special care, grinding it to 

a fine powder in liquid nitrogen and applying two subsequent mRNA isolation methods, 

rendering a total mRNA preparation suitable for array analysis (ratio A258/A280:1.8-2.0, 

and intact ribosomal banding).

Differential gene expression analysis
Differential gene expression analysis was performed on the total RNA preparations de-

rived from the two distinct endothelial cell types. Array analysis was employed to gener-

ate an overview of transcripts that are differentially expressed in in vitro angiogenesis. 

Figure 3: Separation of monolayer and tube-forming microvascular endothelial cells 
Schematic representation of the method employed to separate the monolayer endothelium from 
the capillary endothelium embedded in the plasma clot, schematically (A, B) and as phase-contrast 
photomicrographs before(C) and after the removal of the monolayer (D) (50x). To the monolayer 
of hMVEC (A, C) a pre-wetted blotting membrane was applied and subsequently pulled away (B), 
leaving behind the capillary structures (D).
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A 5200-elements human cDNA array from Research Genetics was used to analyze two 

independent mRNA preparations of both monolayer and tubular endothelial RNA in 

triplicate. The data from both independent experiments were combined to an inventory 

of 135 genes that were confidently differentially expressed (Table 1). Using real time PCR 

on cDNA prepared from monolayer and tubular endothelial cell mRNAs, a selection of 

these genes was assayed, for differential expression to verify the array analysis with an 

independent method (Table 2). 

 To corroborate the expression data that were obtained from RNA/cDNA derived from 

the monolayer separation protocol we assayed specific gene expression in situ. To this 

end, the expression of the selected genes was analyzed using laser-capture microdissec-

tion combined with real-time PCR-based detection of the transcripts in minute tissue 

samples. This combination of techniques was applied to cross-sections of plasma clots 

that were derived from the angiogenesis assay. From these cross sections the protruding 

tips of the capillary-like tubular structures, present in the plasma matrix, were selectively 

cut and collected (Figure 4A,C,E). In addition, monolayer endothelium was dissected and 

accumulated (Figure 4B,D,F). RNA was isolated from these microscopic tissue samples 

that contain only several hundreds to a few thousand cells. Following direct cDNA syn-

thesis from these isolates, real time PCR was performed with the same primers used and 

validated for the selected genes (Table 2). 

 Real time PCR analysis on the samples from the strip-protocol yielded ample sig-

nal intensity for reliable detection of the selected genes. With one exception, the PCR 

data confirmed the direction and degree of the differential expression of monolayer ver-

sus tubular endothelium. In contrast, obtaining sufficient signal intensity in expression 

analysis after microdissection proved to be more challenging. Using this protocol 17 of 

the genes selected could be detected. The direction and degree of gene regulation was 

consistent with the analyses on the strip-protocol derived RNA samples.

CDC42GAP reduces endothelial tubule formation
In conjunction with our existing interest in the contribution of Rho GTPases in angio-

genesis20, we have selected CDC42GAP from the verified, differentially expressed genes 

to investigate whether its gene function is associated with alterations in angiogenic 

capacity. The transcript was reduced 2- to 4-fold in the tubular EC as revealed by RT-PCR 

of the original RNA preparation and RNA obtained after laser capture microdissection 

of tubules (Table 2). A plasmid carrying the CDC42GAP cDNA was used to overexpress 

CDC42GAP in hMVEC that were subsequently used in a tubule formation assay (Fig-

ure 5). Under control conditions the cells remained in quiescent monolayer, while after 

stimulation with TNFα and VEGF tubule formation was initiated (Figure 5C). Importantly, 
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Figure 4: Laser-capture microdissection 
Cross-sections of briefly hematoxylin-counterstained monolayer (B,D,F) and capillary (A,C,E) hMVEC 
as shown by bright-field microscopy (200x). A region of interest was defined (C,D) on the dissection 
microscope and a laser was subsequently targeted to excise the tissue in this region (E,F). The dis-
sected tissue was then retrieved to isolate mRNA from it, generate cDNA and perform quantitative 
RT-PCR analysis. 

overexpression of the CDC42GAP cDNA (Figure 5B,C) reduced the tubule forming capac-

ity by 49 ± 17 %, when compared with hMVEC that were transformed with an equi-

molar control GFP overexpression plasmid. The transformation of the GFP mock plasmid 

induced to a minor extent (10%) the tubule formation relative to hMVEC that were sub-

jected to the transduction protocol without plasmid burden (Figure 5A,C). Subsequent 

reduction of CDC42GAP by electroporation of the cells with CDC42GAP ds-siRNA caused 

an increase in tubule formation (Fig. 5C). Together, these data point to a counter-regula-
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tory role of CDC42GAP in tubule formation by hMVEC in a fibrin matrix. Similar effects 

of CDC42GAP overexpression and knockdown were observed on endothelial migration 

(Figure 6), suggesting that the reduced tube formation was primarily due to reduced cell 

migration. Endothelial cell proliferation was low in the presence of TNFα and did not 

alter by the changes in CDC42GAP expression (data not shown). 

Discussion

We separated invading, tube-forming and non-invading monolayer EC from the same 

culture on a plasma clot-derived fibrinous matrix and isolated their mRNAs. Differential 

gene expression was established in 135 mRNAs of a set of 5200 genes. This differential 

gene expression was confirmed by RT-PCR and by using mRNAs from monolayers and 

tubular structure endothelial cells obtained by lasercapture microdissection. The CDC-

42GAP gene was further evaluated and identified as a counter-regulatory molecule in 

endothelial tubule formation. 

 We employed a new approach to allow separation of monolayer endothelium and 

capillary endothelium from the same culture by using the simple procedure with the 

wet blotting membrane, which proved to be a reliable method that allowed us to 

isolate mRNA from these distinct populations. This RNA was later used in array experi-

ments. In addition, in preliminary experiments we were also able to subject the distinct 

cell populations to protein isolation and subsequent Western blotting for the detec-

tion of phospho-ERK (data not shown). Along with the relative ease to obtain multiple 

well incubations, this “stripping” model renders a useful platform for the analysis of 

various types of (tumor) angiogenesis inhibitors in angiogenic and non-angiogenic 

cells.

 The EC that attained a tubular or monolayer phenotype both reflected blood vessel 

endothelial cells, rather than lymphatic vessels. Although lymphatic ECs were present in 

the initial isolate from the foreskin mucosa, they had been disappeared in the subcul-

tured cell population, as shown by analysis of lymphatic endothelial cell-specific mark-

ers. This is probably due to the culture conditions that we have employed. The basis 

of the inherent heterogeneity of the tubule forming and monolayer hMVEC remains 

uncertain, but underscores that the phenotypic differences are of importance. In this 

respect the difference of properties of tip and stalk cells within the endothelial tubes, 

which remained beyond analysis in the present study, further stresses the importance of 

understanding the phenotypic heterogeneity of EC27.

 The microdissection proved to be a valuable tool to specifically pinpoint and isolate 

the tissue specimens of interest and, after subsequent processing, examine them for 
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gene expression. The combination of lasercapture microdissection with real time PCR 

allows a parallel method to in situ hybridization, especially for tissue samples that are 

refractory to in situ hybridization.

 Genes that were significantly upregulated in the endothelial monolayer belong to 

different gene ontology classifications; cell cycle genes, DNA binding genes, genes in-

volved in metabolism, growth factor (associated) genes and genes with significance to 

Figure 5: in vitro angiogenesis assay was reduced by over-expression of CDC42GAP
En face view photomicrographs (25x) of capillary tubes in a fibrinous matrix that are formed by 
TNFα+VEGF stimulated hMVEC that have been subjected to the transduction by (A) a control mock 
GFP plasmid or (B) with CDC42GAP plasmid. The bar graphs (C) visualize the photomorphometric 
analysis of tubule lengths non-transduced control (“C”), transduced without vector (-), GFP-Mock 
transduced, CDC42GAP, as well as CDC42GAP siRNA treated hMVEC. Representative experiment out 
of three experiments is shown. * = p< 0.05 when compared with control mock GFP plasmid.

A

C

B
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cell shape and motility. Cell cycle and cell signaling genes were upregulated in capillary-

like tubular hMVEC, together with many unknown genes.

 Amongst the cell cycle regulating genes that are upregulated in ingrowing cells are 

RAS E homolog, also known as RND3, a constitutive active Rho family homolog28, and 

prefoldin 5, which is known to interact with the cMyc signaling pathway29. Interestingly, 

collagen XVIII, the precursor of the endogenous angiogenesis inhibitor endostatin, is also 

upregulated in tubular EC and may provide a feedback mechanism30. Indeed, the expres-

sions of proteases that are known to generate endostatin, i.e. cathepsin L, matrilysin and 

elastase30,31, have been identified in hMVEC (data not shown). Interestingly, we found 

the differential expression of genes like glial acidic fibrillary protein and neuropilin. Both 

genes have been implicated in the formation of neurite outgrowth in the development 

of the nervous system. These genes would underline previous reports of parallel features 

between in developmental programs of neuronal and capillary ingrowth through highly 

active tip cells with protruding filopodia32,33.

Figure 6: Influence of CDC42GAP expression on EC migration
Confluent monolayers of EC that were transduced by a control mock GFP plasmid (open squares), 
with CDC42GAP plasmid (closed squares), with control siRNA (triangles) or with CDC42GAP siRNA 
(circles), were wounded using a 2 mm pipette tip. The migration of cells into the denuded area 
was monitored during 7 hours. The migration is expressed as gap size ± Std of triplicate wells. A 
representative experiment out of two is shown.
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 Interesting examples of genes upregulated in the monolayer cells were claudin 10, of 

which family members are involved in the formation of tight junctions34, ankyrin, mem-

ber of the structural protein family that binds membrane proteins to the cytoskeleton35 

and CDC42GAP (also named RhoGAP-1, ArHGAP-1 or p50RhoGAP). 

 Our data indicate that reduction of CDC42GAP expression accompanies endothelial 

cell migration and tube formation making CDC42GAP a counterregulatory protein in 

these processes. Because it is a GTPase, it will inactivate Cdc42 and possibly RhoA as 

well. A decrease in CDC42GAP thus will enhance the activity of Cdc42. As Cdc42 plays an 

important role in the organization of filopodia at the leading edge of migrating and in-

vading cells, a plausible explanation may be that an increased CDC42GAP interferes with 

filopodia formation. However, this has to be further evaluated, because Cdc42 is also 

involved in other aspects of cytoskeletal reorganization and motility36 and the formation 

of endothelial/vascular lumens via fusion of cellular vacuoles37, and CDC42GAP action is 

not restricted to cdc42, but also comprises to some extent on Rho and Rac38,39,40. Inhibi-

tion of tubule formation by overexpression of CDC42GAP (p50RhoGAP) is in concert with 

previous findings that another RhoGAP, p73RhoGAP41 has been shown to contribute to 

angiogenesis. P73RhoGAP was demonstrated to be specific for Rho, and not for Rac-1 

and CDC42. P73RhoGAP was required for proliferation, migration and tubule formation 

by human umbilical vein EC. The Rac1-specific family member p68RhoGAP also affected 

angiogenesis, but in this case by inhibitory effects on the formation of intrusive lamel-

lipodia and endothelial tubes42. These reports underscore the importance of the RhoGAP 

family to angiogenesis, probably via effects on the cytoskeleton. In contrast with p73 

and p68, CDC42GAP is thought to have a most preferential affinity for CDC42, although 

some affinity for Rho and Rac-1 was recognized as well39,40. Therefore we hypothesize 

that CDC42GAP most likely influences other processes than p68 and p73, such as gen-

eration of filopodia, cell motility and lumen formation, which are associated with CDC42 

activity36,37,43.

 In conclusion, based on previous work we have developed a model of capillary-like tu-

bule formation into a fibrinous exudate that mimics the matrix environment of a wound 

bed or the environment of a tumor. We demonstrated differential gene expression in 

cells that exhibit phenotypic heterogeneity in vitro, and separated these cells with a 

novel separation technique yielding a number of interesting candidate genes for further 

research. Amongst these genes, CDC42GAP was shown to be biologically relevant to the 

formation of capillary tubes, demonstrating the relevance of the differentially expressed 

genes and providing additional evidence for the importance of the GAP gene family to 

angiogenesis proper.
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7
DISCUSSION AND FUTURE PERSPECTIVES



Fibrin as a substitute extracellular matrix
Numerous studies have demonstrated the importance of angiogenesis in physiological 

systems such as wound healing1 as well as in pathological processes2-4, of which tumor 

development5 is the most striking example. In many conditions, fibrinogen contributes 

to this process, as it forms a provisional matrix upon tissue wounding or exudation of 

plasma proteins into the tissue (Chapter 2). A fibrin network is established after the 

conversion of soluble fibrinogen into fibrin monomers and finally insoluble fibrin poly-

mers. In this way fibrin functions as a substitute extracellular matrix and allows inva-

sion of leukocytes and EC and the subsequent formation of newly formed capillary-like 

structures6,7. These findings have been challenged by Palumbo et al.8 who reported that 

fibrin is not crucial for the growth of established tumors, albeit that it is an important 

determinant for spontaneous metastasis. However, one must bear in mind that in this 

study established Lewis lung carcinoma cells were transplanted in fibrinogen-deficient 

mice, while the trigger for neovascularization in the tumor had already been “switched 

on” and other extracellular matrix proteins could cover as a provisional matrix. 

Proteases involved in neovascularization of a fibrinous matrix in vivo
Evidence for a role of fibrin in neovascularization is the well-known observation that a 

fibrin clot is invaded by leukocytes and endothelial cells and becomes recanalized by 

an angiogenic process, as a part of the healing process. For the invasion of leukocytes 

and endothelial cells proteases are required including plasmin, which is activated by 

the plasminogen activators uPA and tPA. Previous studies have shown that particularly 

cell-bound uPA is the plasminogen activator that is involved in cell migration and inva-

sion. When we compared the vascularization of fibrinous matrices in mice, we observed 

a 50% reduction in the degree of neovascularization in plasminogen-deficient animals, 

in accordance with a role of the fibrinolytic system in angiogenesis in a fibrinous matrix 

(Chapter 3). However, it remains to be further investigated whether the deficiency of 

plasminogen act primarily on the neovascularization by endothelial cells or on the influx 

of leukocytes, which may act as important modulators of angiogenesis.

 The role of fibrinolysis in angiogenesis in wound healing has been challenged9. Skin 

incision wound healing, which does not necessarily require angiogenesis, was also im-

paired in plasminogen-deficient mice9. In these plasminogen-deficient mice, the delayed 

wound healing was characterized by a decreased migration rate of keratinocytes from 

the wound edges together with an accumulation of fibrin in front of the leading-edge 

keratinocytes9. In mice deficient both in plasminogen as well as in fibrinogen, skin 

wound healing was restored10, suggesting that the accumulation of fibrin caused a bar-

rier for the invading cells and that abundant accumulation of fibrin may disturb the epi-
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thelialization process9. However, in a murine model, Kaijzel et al.11 showed directly that 

human fibrin acted as a scaffold for the ingrowth of new capillaries, and that a change 

in the fibrin structure that reduced its fibrinolytic sensitivity also reduced angiogenesis. 

These findings are in agreement with our observations as we have found a reduced, 

but not fully inhibited, neovascularization in plasminogen-deficient mice (Chapter 3). 

While these experiments demonstrate the involvement of plasmin, they also point to the 

involvement of a plasmin-independent process, which probably reflects a contribution 

of the MMP protease system. In particular MT1-MMP can mediate endothelial cell mi-

gration through a temporary fibrin and fibrin/collagen matrix and therefore likely plays 

a significant role during neovascularization in Plg-deficient mice12-18. This hypothesis 

is underscored by the observation that wound healing was completely arrested when 

plasminogen-deficient mice were treated with the general MMP-inhibitor galardin19. 

Moreover, the plasminogen/plasmin system plays a significant role in the recruitment 

of inflammatory cells, in particular monocytes. The reduced neovascularization in plas-

minogen-deficient animals may therefore also (in part) be explained by a retarded in-

flammatory influx, which limits the subsequent angiogenic response. 

Modulators of the fibrin matrix
Changes in the fibrin matrix structure can affect the ingrowth of capillary-like struc-

tures20. It has previously been shown that the formation of a more coarse fibrin ma-

trix enhances capillary-like tubule formation, while a dense capillary network of fine 

fibrin threads is less accessible to the invading endothelial cells21-23. Further changes in 

the structure of fibrin induced by either genetic deletion of the C-terminal part of the 

Aα-chain24 or acquired partial deletion of the Aα-chain, as occurred in low-molecular 

weight fibrinogen in comparison with high molecular weight fibrinogen11, reduced the 

ingrowth of capillary-like tubular structures. The latter is at least in part due to an altered 

fibrinolytic sensitivity of the matrix formed. The fibrinolytic sensitivity of a fibrin matrix 

can also be changed after formation of the fibrinous matrix. TAFI has been described as a 

modulator of fibrinolysis in angiogenesis and may act as direct inhibitor of plasmin gen-

eration25,26. Activated TAFI (TAFIa) displays carboxypeptidase-B-like activity and removes 

carboxyterminal lysines of fibrin and cellular binding sites of plasminogen, resulting in 

reduced plasminogen binding and activation27. The reduction of plasminogen activity 

may lead to decreased proteolysis and subsequent a reduction in neovascularization. 

This is in line with our findings (Chapter 4) which show that PCI, a TAFIa-specific in-

hibitor, induced enhanced neovascularization, while increasing the TAFI concentration 

in the plasma clot matrix inhibited tube formation. In addition, our data support the 

hypothesis that TAFI28 and carboxypeptidase B (CPB)29,30 require lysine binding sites as 
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incorporation of CPB into the plasma clot matrix resulted in a dose dependent reduction 

of capillary-like tube formation. Furthermore, our results demonstrate that pretreatment 

of endothelial cells with CPB inhibited tube formation and downregulated proteolysis. 

Moreover, a further reduction in uPA accumulation was observed when CPB was added 

to the cells as well as to the medium. Although small fractions of CPB can still be bound 

to endothelial cells, even after severe washing periods, these results suggest that TAFI 

may have a direct effect on endothelial cells that acts on a different level than fibrin 

modulation. 

 Another protein involved in angiogenesis that is modified by the action of the car-

boxypeptidase TAFI is SDF-1, the chemokine stromal cell-derived factor-1, which is in-

volved in the recruitment of leukocytes and particularly progenitor cells. SDF-1 has been 

implicated in pathological cell motility associated with tumor metastasis and plays a 

significant role in angiogenesis together with VEFF or FGF-2, specifically in bone marrow 

disorders, in which progenitor cells are involved31,32. The removal of two carboxy-ter-

minal amino acids by TAFI results in a truncated SDF-1 with a lower affinity for heparin 

sulphate and therefore in a loss of efficacy of the chemokine33. 

 Despite its role in cutaneous wound healing, in which mice lacking TAFI showed in-

appropriate skin wound closure34,35, TAFI-deficient mice displayed normal angiogenesis 

in the corneal neovascularization model, as described by Vogten et al.27. The latter sug-

gested either that neutralizing factors that inhibit plasminogen increase, such as PAI-1 

and α2-antiplasmin, or that other carboxypeptidases compensate for the absence of 

TAFI. Alternatively in wildtype mice TAFI may not be activated in the cornea and does 

not regulate plasminogen activation in corneal angiogenesis. In addition, it is likely that 

corneal angiogenesis proceeds in a collagenous matrix without fibrin. Furthermore, in 

subcutaneous tumor growth, TAFI did not affect the formation and growth of primary 

and metastasized tumors36. In this case the plasminogen system may already be involved 

maximally in the process, or again, TAFI is not activated at all and does not regulate plas-

minogen activation in these tumors. Further studies have to elucidate in which condi-

tions TAFI plays a role in angiogenesis in vivo, and whether the role of TAFI is comparable 

in this process in mouse and man.

RGD-sequences in the Aα-chain of fibrin
Fibrin acts as a provisional matrix at sites of injury, inflammation or infection. In this 

capacity it supports cell proliferation, and the organization and special functions of 

the cells involved. A direct binding of these cells to fibrin is primarily mediated via cell-

surface integrin receptors37 but also via non-integrin receptors (VE-cadherin, ICAM-1, 

P-selectin and GPIba)38-40. Integrins, in particular the RGD-binding integrins, αvβ3 and 
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α5β1, also induce clot retraction, which plays an important role during wound heal-

ing41. The α-chain of human fibrinogen contains RGD-sequences at position Aα95-97 

and Aα572-57442, but several studies have shown that the Aα95-97 RGD motif does not 

play a significant role in endothelial cell adhesion37,43. Although the RGD sequence at 

position α572-574 is known as the primary adhesion site in human fibrin, it is not found 

in the fibrin of most other species44-46. It is absent in the mouse fibrinogen, while three 

additional RGD-sequences are present between position 272 and 286 in the murine 

Aα-chain. Thiagarajan et al.47 have demonstrated that in bovine fibrinogen the RGD-se-

quence at position 272-274, which is homologous to an RGG-sequence in human fibrin-

ogen, can mediate endothelial cell adhesion. It is likely that a comparable substitution 

plays a similar role in the murine fibrinogen. Indeed, in our mouse in vivo experiments 

we found that neovascularization in a plasma-derived fibrinous exudate was reduced 

by a general RGD inhibitor, GRGDSP peptide, that inhibits both αvβ3-integrin as well as 

α5β1-integrin. The specific αv-integrin inhibitor cRGD, did not reduce neovasculariza-

tion significantly, which points to a simultaneous requirement of αv-integrins as well as 

α5β1-integrin (Chapter 2 and 5). 

Integrin involvement during angiogenesis
Among the many integrins expressed on endothelial cells, β1- and β3-integrins received 

special attention by several investigators because of their involvement in the angiogenic 

process48,49 and during neovessel survival and stabilization48. However, these findings 

were challenged by Reynolds et al. who showed that mice lacking β3-integrins or both 

β3- and β5-integrins displayed an increased angiogenic response, suggesting that nei-

ther β3- nor β5-integrins are essential for neovasularization50. Hynes et al. underscored 

these findings and hypothesized that αv-integrins are negative regulators of angiogen-

esis51. Removal of these integrins should lead to enhanced angiogenesis, and engage-

ment by agonists should activate their negative regulatory functions and suppress an-

giogenesis50. If we extrapolate this hypothesis to our plasma matrix in vitro model, we 

would have expected enhanced angiogenesis when αv(β3)-integrin was inhibited. On 

the contrary, both the MoAb against αvβ3-integrin, LM609, as well as the αv-integrin 

inhibiting peptide cRGD showed a partly reduction rather than a stimulation of tube 

formation, which was even more pronounced when combined with the α5β1-inhibiting 

MoAb IIA1 or endostatin. 

 Other investigators suggested that integrins are more like sensors that actively pro-

mote cell death when unligated52. This so called integrin-mediated death (IMD) dem-

onstrates that integrins themselves, when unligated, can trigger apoptosis of adherent 

cells in the absence of any other death-inducing stimuli, such as the interruption be-
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tween cells and the extracellular matrix53. They showed that αvβ3-integrin-bearing endo-

thelial cells seeded on a collagen matrix immediately went into apoptosis and a decreased 

expression of αvβ3-integrin on these cells resulted in a prolonged survival54. These data 

are difficult to extrapolate to the in vivo setting, because αvβ3-integrin is the most pro-

miscuous integrin known, selectively expressed on angiogenic cells, and it seems therefore 

highly unlikely to be ever unligated in a wild-type mouse. Interestingly, in our experiments, 

we did not observe increased cell death when blocking either αvβ3-integrin, α5β1-integrin 

or both. It is unknown whether this is due to apoptosis counteracting properties induced 

by TNF-α, which was simultaneously present in our experiments.

 The different interpretations underscore the complexity of the involvement of integrins 

in angiogenesis. It is not the question “if” integrins are involved in angiogenesis, but 

rather “how” they are involved. One must not underestimate the compensatory responses 

of other integrins, which may result in a different outcome in blocking experiments than in 

genetic ablation. In addition, cross-talk between αvβ3-integrin and other integrins, such as 

α5β1-integrin, has been suggested to affect angiogenesis55,56. In summary, the exact role 

of integrins in angiogenesis is presently a matter of controversy, and may differ between 

angiogenesis during development and that in pathological conditions in the adult57. 

Integrin targeting for clinical trials
αvβ3-Integrin is highly expressed on activated endothelial cells and tumor cells, but is 

not present in resting endothelial cells, which made it a potential target for anti-an-

giogenic cancer therapy58. The most well-known αvβ3-integrin antagonist is vitaxin, a 

humanized monoclonal antibody, that has been shown to inhibit neointimal formation 

after balloon injury in hypercholesterolemic rabbits59. Phase I studies were promising as 

vitaxin appeared to be well tolerated; however it had limited efficacy in patients with 

advanced malignancies60,61. The affinity for the αvβ3-integrin was further increased 

using a stepwise maturation with phage expression libraries62. The resulting MEDI-

522 antibody showed in phase I trials to be well tolerated and to several patients had 

prolonged stable disease63. Phase II trials are now ongoing and recently, MEDI-522 

has been shown to be effective in metastatic bone tumors where it affects osteoclast 

formation64. In addition, the type IV collagen derived agent tumstatin, inhibits prolif-

eration of endothelial cells and induces apoptosis in an αvβ3-integrin dependent man-

ner49,65. Its anti-angiogenic mechanism of action seems to involve the tumor suppres-

sor gene p53 that induces the release of endostatin and tumstatin from collagens 18 

and 4, respectively66. The simultaneous repression of proangiogenic pathways as well 

as induction of anti-angiogenic pathways makes p53 a promising target to be used in 

clinical trials.

Chapter 7

142



 Clinical trials with endostatin, an agent targeting α5β1-integrin, have been very con-

troversial. Tumor regression by repeated administration has been reported and phase I 

studies demonstrated endostatin to be safe and well tolerated67-69. Until recently, the 

α5β1-integrin has been reported as the main endostatin binding receptor and data of 

many investigators point to the fact that signaling of endostatin through the α5β1-

integrin and Scr activation involves reorganization of the cytoskeleton and the down-

regulation of RhoA activity70. This is in line with our findings as endostatin was used to 

imitate the effects of the monoclonal antibody IIA1 against α5β1-integrin (Chapter 5). 

Indeed comparable inhibiting results were obtained when endostatin was combined 

with LM609 or cRGD, instead of IIA1 combined with LM609 or cRGD (Figure 1). 

 Recently, it has been reported that endostatin mediates the anti-angiogenic and anti-

tumor activity through the cell-surface receptor nucleolin, which is primarily expressed 

on tumor-induced angiogenic vessels71. Endostatin is internalized by nucleolin where 

endostatin inhibits for the process of proliferation72. Although a role of α5β1-integrin 

seems very likely, it is possible that the different endostatin receptors like nucleolin and 

α5β1-integrin all act in a co-receptor complex where nucleolin acts as a sensor and 

α5β1-integrin is mainly responsible for intracellular signaling.

 Our data, as well as the recent findings of Carnevale et al. 48, support the use of a 

combined administration of αvβ3- and α5β1-integrin antagonists to block angiogenesis 

in an experimental setting. In agreement with our findings, Carnevale et al. showed that 

Figure 1: Schematic illustration of mutual interaction between αvβ3-integrin α5β1-integrin 
Angiogenesis in a fibrinous exudates requires the involvement of integrins, such as αvβ3-integrin 
and α5β1-integrin, which can be mimicked in vitro by endothelial tubule formation in a fibrinous 
matrix. When, in these conditions, either the αvβ3-integrin or the α5β1-integrin is inhibited using 
either MoAb LM609 or cRGD to inhibit αvβ3-integrin, or either endostatin (ES) or MoAb IIA1 to in-
hibit α5β1-integrin, endothelial tubule formation can still proceed. Simultaneous inhibition of both 
αvβ3-integrin and α5β1-integrin results in a significant inhibition of this process (Chapter 5). 

α β α β
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blocking of both β1- and β3-integrins resulted in inhibition of neovessel formation in fi-

brin matrices in the aortic ring model, whereas blocking of only one of the integrins was 

ineffective48. Using collagen matrices they found that β1-integrins, but not β3-integrins 

were required for angiogenic sprouting. These data indicate that the integrin require-

ments may vary for neovessel formation, dependent on the composition of the ECM. 

Indeed, endothelial cells overexpress αvβ3-integrin when exposed to fibrin and during 

wound healing in a fibrin rich matrix, vascular cells transiently express αvβ3-intgrin73,74.  

Moreover, the data of Carnevale and ours is further underscored by the findings of Bay-

less et al. 75. He reported that the integrin-dependent spingosine-1-phosphate regulates 

endothelial cell invasion, lumen formation and branching morphogenesis in fibrin matri-

ces, which is dependent on both αvβ3- and α5β1-integrins. 

 Although the involvement of particular integrin combinations, essential for angio-

genesis, remains controversial, it is likely that multiple integrin attack prevents compen-

satory mechanisms. This bears a promise for extrapolation to the clinical environment. 

Until now, non-significant toxicities were observed in clinical trials with endostatin67,68,76 

(not greater than grade 4) and vitaxin60 (not greater than grade 2), however, for combi-

nation studies, these toxicities need to be (re-)evaluated.

Intracellular signaling during angiogenesis
Besides their role in adhesion to extracellular matrix molecules, integrins also serve as 

transmembrane receptors that link the outside of the cell to the cytoskeleton inside the 

cell77,78. Ligand-bound integrins assemble into clusters that are known as focal contact 

sites. In these focal contact sites, the cytoplasmic tail of integrins are associated with a 

complex of submembrane linker proteins that connect the cytoplasmic tail of the integ-

rins to the cytoskeleton51,79-85. Many signaling molecules are also associated with focal 

contact sites, resulting in integrin-mediated activation of signal transduction that lead 

to processes such as proliferation, migration and differentiation. In the differential gene 

expression micro-array analysis, in which we compared angiogenic with non-angiogenic 

cells, we have focused on the signaling molecule CDC42GAP (p50RhoGAP), as the regu-

lation of endothelial Rho proteins is an ongoing research programme in our laboratory 

(Chapter 6). CDC42GAP was downregulated in the tubule endothelial cells as compared 

to their monolayer counterparts, via a pathway that appeared to act downstream of 

the α2β1-, αvβ3- and α5β1-integrins, which are known to contribute to the regulation 

of endothelial cell morphogenesis in collagen and fibrin 3D matrices, respectively86,87. 

Thus, we believe that CDC42GAP is a counter-regulatory mediator of tube formation 

that demonstrates the importance of the GAP gene family in angiogenesis. These data 

are supported by previous findings of another RhoGAP, p73RhoGAP, that plays a signifi-
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cant role in angiogenesis88. In contrast to CDC42GAP, p73RhoGAP has only specificity for 

Rho and not for Rac or CDC4288. Furthermore, while p73RhoGAP is upregulated at 3 and 

6 hours and declines to basal level by 24 hours88, CDC42GAP is still upregulated after 7 

days under continuous stimulation. This might be explained by the fact that CDC42GAP 

is involved in endothelial cell morphologic events, including vacuole and lumen forma-

tion in 3D matrices during angiogenesis87. 

Conclusions and future perspectives
We have demonstrated that a 3D plasma-derived matrix can act as an excellent extra-

cellular matrix for microvascular endothelial cells to form capillary-like tubules in vitro. 

Changes in the matrix structure and fibrinolytic sensitivity bear impact on the speed 

and extent of tubule formation. Furthermore, differential gene expression between the 

heterogenic phenotypes of endothelial cells resulted in the identification of CDC42GAP 

as a counter-regulator of angiogenesis and demonstrated the importance of the GAP 

gene family.

 The importance of plasmin during tissue repair has been demonstrated in vivo in Plg-

deficient mice, in which neovascularization was reduced, but not prevented. The latter 

suggests an additional role of other proteases, in particular a specific group of MMPs, 

the MT-MMPs. Because the carboxypeptidase TAFI alters the fibrinolytic sensitivity of 

fibrin, it was in the line of expectation that TAFI inhibited tubule formation. However, 

in addition we observed unexpectedly that carboxypeptidase B (CPB), which has a simi-

lar enzymatic activity, also had a direct effect on endothelial cells, which had not been 

reported earlier. We showed that CPB inhibited tube formation in a 3D plasma-derived 

extracellular matrix in a dose-dependent manner. Pre-treatment of endothelial cells with 

CPB before seeding to the fibrinous matrix resulted in an inhibition of tubule formation 

that is comparable to the inhibition by aprotinin. The moieties or receptor, to which 

carboxypeptidase B binds to endothelial cells, are unknown and should be further in-

vestigated. Finally, we showed the mutual relationship between the fibrin-binding RGD-

dependent integrins αvβ3- and α5β1-integrin during tube formation in the 3D plasma 

matrix model. We demonstrated that tube formation was only significantly inhibited 

when both αvβ3- and α5β1-integrin were inhibited simultaneously. These data may bear 

impact on understanding the result of clinical trials.

 Overall, our data underline the suitability of 3D fibrin-containing extracellular ma-

trices to investigating cell-matrix interactions. Such 3D models can also be used as a 

scaffold to stimulate the formation of small blood vessels within the context of tissue 

engineering. These 3D matrices provide an ideal framework for cells to attach to and 

proliferate, and can be used to be implanted into a tissue. A so-called artificial vascu-

Discussion and future perspectives

145



larization may be beneficial during wound healing to provide adequate vascularization 

after implantation. Indeed, already two in vivo angiogenesis models, the chorioallantoic 

membrane and the dorsal skinfold chamber have recently been introduced in tissue en-

gineering research89. Our preliminary in vivo data demonstrate the increase of neovascu-

larization in plasma-derived matrices in the presence of a suitable growth factor. These 

findings might be a step towards successful clinical use of tissue-engineered products. 

Our data on differential gene expression resulted in a number of interesting genes that 

were upregulated or downregulated in angiogenic cells, and provide valuable informa-

tion for further research in the understanding of the angiogenic profile of cells. For 

example, the upregulation of collagen XVIII, the precursor of endostatin, in angiogenic 

cells makes plausible a feedback mechanism that is required for proper angiogenesis. 

Furthermore, our data provide insight in the complex contribution of integrins to an-

giogenesis. Recently, several single-integrin inhibitors have been used in clinical trials, 

but demonstrate limited efficacy. We suggest that the αvβ3- and α5β1-integrins can 

compensate for each other at the earliest vascular damage, because fibrin is then de-

posited. Specific combination of inhibitors towards αvβ3- and α5β1-integrins might be 

considered for clinical trials, but the effects of such combination may extend beyond the 

tumor vasculature. 
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Angiogenesis, also called neovascularization, is the formation of vessels from pre-exis-

ting ones. Angiogenesis is a tightly controlled process that is essential for normal phys-

iological events such as wound healing, but is also indispensable for tumor growth 

and metastases. Endothelial cells form the inner surface of the blood vessel that, upon 

activation by for instance growth factors, cytokines or inflammatory cells, penetrate 

their basal membrane and subsequently migrate and invade into the extracellular matrix 

(ECM), surrounding the blood vessel and proliferate to form neovessels. During wound 

healing, fibrin initially forms the provisional matrix and once endothelial cells express 

the proper integrin receptors, they invade this temporary matrix and start to synthesize 

a permanent matrix. Although the role of fibrinolysis during angiogenesis in wound 

healing has been challenged, a role for the plasminogen activators uPA and tPA as well 

as for plasmin, has been demonstrated. These proteases are also modulators of the 

angiogenic process as their activation affect the formation of neovessels. TAFI has also 

been described as a modulator of fibrinolysis in angiogenesis as it may act as a direct 

inhibitor of plasmin generation. Although the role of TAFI in cutaneous wound healing 

has been shown, it still remains to be explained why TAFI-deficient mice display normal 

angiogenesis. 

 Integrins are cell adhesion molecules that support the binding of endothelial cells to 

ECM components such as fibrin, fibronectin and vitronectin. In particular the αvβ3- and 

α5β1-integrins received special attention, because they are expressed on angiogenic 

endothelial cells. Cross talk between integrins as well as compensatory responses by 

other integrins display the complex mechanism of action and currently the exact role of 

angiogenesis is a matter of controversy. Nevertheless, pre-clinical trials with anti-integrin 

molecules were promising and have led to ongoing clinical trials. Besides their role in cell 

adhesion, integrins also serve as transmembrane receptors that link the inner cell surface 

with the outside of the cell. In this way integrins modulate cell signaling pathways that 

lead to cytoskeleton reorganization and eventually cell motility, that is required for an-

giogenesis. 

 The work described in this thesis comprises the different aspects of angiogenesis 

that in general can be divided into 3 parts. The first part describes the role of fibrin as 

the most important ECM component during wound healing. The second part describes 

modulators of the angiogenic process that include plasminogen as well as TAFI, but also 

integrins as their expression and their subsequent activation also affect angiogenesis. In 

the third part a closer look at cell signaling pathways that are involved in angiogenesis 

has been taken, in particular the ones that affect cytoskeleton reorganization.   

In chapter 1 the current knowledge of angiogenesis is reviewed and the different as-

pects that affect this process are described in more detail. This includes the role of ECM 
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components, proteolysis and growth factors, but also the regulation of angiogenesis by 

modulators such as TAFI and integrins as well as cell signaling molecules that affect the 

regulation of the cytoskeleton. 

In chapter 2 the role of fibrin during wound healing has been further reviewed and 

provides an overview of the important steps from fibrinogen leakage into the wound, 

the formation of a provisional matrix, the stabilization of the platelet plug and the for-

mation of the fibrin matrix. Subsequent proteolysis and remodeling are described for 

the process of angiogenesis during wound healing, in which the interactions between 

fibrin and endothelial cells play an essential role. In summary, the structural composi-

tion of fibrin and the binding of fibrin to cells and proteins highly determine the wound 

healing process. 

Activation of plasminogen has been proposed to play an essential role in proteolytic 

degradation of extracellular matrices in tissue remodeling events. In chapter 3 we stud-

ied the contribution of plasminogen to proteolytic degradation of extracellular matrices, 

using subcutaneously inserted sponges and compared plasminogen deficient mice to 

their wild-type counterparts. Immunohistochemical analyses of the granulation tissue 

revealed a significantly reduced influx of cells into the provisional matrix and a decreased 

vascularity in plasminogen deficient mice compared to their wild-type counterparts. Not 

only we have demonstrated that the fibrinolytic system contributes to effective angio-

genesis, but also that in a fibrinous matrix in plasminogen deficient mice, angiogenesis 

and tissue remodeling can still proceed, although at a slower rate. 

In chapter 4 the role of plasminogen during cell migration and angiogenesis was further 

evaluated by the addition of TAFI and CPB during in vitro tube formation, which is large-

ly plasminogen dependent. Supplementation of the matrix with TAFI or CPB resulted in 

a reduced formation of tubular structures. Pre-treatment of cells with CBP in combina-

tion with CPB supplementation to the matrix resulted in an additional reduction of tube 

formation, comparable to the inhibition with aprotinin. This may suggests a complete 

interference of the uPA/plasmin system.

Capillary-like tube formation in the in vitro model using a fibrinous matrix, largely de-

pends on the uPA/plasminogen system, but also requires the role of RGD-binding integ-

rins. In chapter 5, we demonstrated that tube formation was minimally affected by the 

addition of either the αvβ3-integrin inhibiting MoAb LM609 or the α5-integrin inhibiting 

MoAb IIA1. Remarkably, when αvβ3- and α5β1-integrins were inhibited simultaneously, 

tube formation was significantly reduced. It was accompanied by a reduction of uPA 
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antigen accumulation and less release of fibrin degradation products. In addition, αvβ5-

integrin blocking antibodies further enhanced the inhibition by LM609 and IIA1, but did 

not reduce tube formation when the blocking antibodies were added alone. Inhibition 

of neovascularization in the murine fibrinous exudate by the αvβ3- and α5β1-integrin 

inhibiting peptide GRGDSP, demonstrated a reduction in angiogenesis, whereas the αv-

inhibiting cRGD did not significantly affect neovascularization. These data demonstrate 

that blocking of tube formation in a fibrinous exudate requires the simultaneous inhibi-

tion of αvβ3- and α5β1-integrins and may bear impact on attempts influencing angio-

genesis in a fibrinous environment. 

In chapter 6 we examined the differential gene expression of tubule forming and non-

tubule forming endothelial cells on a fibrinous matrix. After 7 days of stimulation with 

VEGF, bFGF and TNF-α, the culture consisted of monolayer endothelial cells and capillary-

like tube-forming endothelial cells. A method was developed to separate the two popu-

lations of endothelial cells from each other, keeping the cellular integrity intact to ensure 

mRNA extraction and cDNA production. Array analysis was performed and differential 

gene expression was verified by realtime PCR as well as by laser-capture microdissected 

cross-sections. These data revealed that CDC42GAP, an inhibitor of active-sate small Rho 

GTPases, was one of the genes that were downregulated in tubule forming endothelial 

cells compared to the monolayer counterparts. Overexpression of CDC42GAP in endo-

thelial cells reduced the formation of tubule structures, while the suppression of this 

GTPase by siRNA slightly enhanced this process. Therefore, CDC42GAP was identified as 

a counter-regulator for tube formation.

Chapter 7 contains a general discussion of our work in relation to the recent develop-

ments in angiogenesis research work. The contribution of both the fibrin structure as 

well as plasminogen to the wound healing process is further discussed. Plasminogen, 

TAFI and integrins are all modulators that influence the angiogenesis process and for 

each of these modulators, their contribution to the formation of tubular structures in a 

fibrinous matrix, was discussed. Furthermore, an attempt was made to provide insight 

in the contribution of the GAP gene family members to angiogenesis and the role of 

CDC42GAP in particular.  

Together these data provide further insight in the mechanisms involved in the formation 

of new microvascular structures in a fibrinous matrix. They may be helpful in improving 

the modulation of angiogenesis in pathological conditions in which it should be inhib-

ited or enforced.
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Nederlandse samenvatting

Angiogenese, ook wel neovascularisatie genoemd, is het proces waarbij nieuwe bloed-

vaten worden gevormd uit reeds bestaande bloedvaten. Angiogenese is een nauwkeurig 

proces dat essentieel is voor normale fysiologische gebeurtenissen zoals wondheling, 

maar ook onmisbaar is voor groei van tumoren en hun metastasen. Endotheelcellen 

vormen de binnenbekleding van een bloedvat. Zij kunnen na activatie door bijvoorbeeld 

groeifactoren, cytokinen of ontstekingscellen, hun onderliggende basaal membraan ge-

deeltelijk afbreken en passeren. Daarna zullen de endotheelcellen de extracellulaire ma-

trix (ECM) dat het bloedvat omringt, binnendringen, waarbij zij delen en vervolgens een 

netwerk van nieuwe vaatjes vormen. 

Bij weefselschade wordt fibrine gevormd om de wond te dichten. Dit fibrine vormt een 

tijdelijke matrix, waar de endotheelcellen in migreren en nieuwe vaatjes vormen, die bij-

dragen aan het weefselherstel. Om deze voorlopige matrix te kunnen invaderen moeten 

de endotheelcellen de juiste matrixreceptoren (integrines) en proteasen tot expressie 

brengen. Later, na het ingroeien van endotheel- en weefselcellen wordt een permanente 

matrix gesynthetiseerd. 

Tijdens angiogenese spelen proteasen die een rol spelen bij het oplossen van fibrine 

(fibrinolyse) en andere matrixeiwitten, een belangrijke rol. Hoewel de exacte rol van 

fibrinolyse tijdens angiogenese nog niet helemaal bekend is, is de rol voor de fibrinolyse 

regulerende proteasen uPA en tPA (urokinase- en tissue-type plasminogeen activator) en 

plasmine wel aangetoond bij de uitgroei van vaatjes in kweek. Echter, over de rol van 

deze eiwitten bij angiogenese in vivo bestaat nog onzekerheid. Ook andere modulatoren 

van de fibrinolyse, met name het eiwtit TAFI, zijn in verband gebracht met de regulatie 

van angiogenese. Hoewel een rol van TAFI in de heling van huidwonden is aangetoond, 

is het op dit moment onduidelijk of een effect via angiogenese hierbij betrokken is. 

Naast fibrinolyse en matrixdegradatie speelt de migratie van endotheelcellen tijdens het 

proces van angiogenese een belangrijke rol. Voor dit proces zijn onder meer integrines 

van belang. Integrines zijn celadhesie moleculen die zorgen voor de binding van en-

dotheelcellen met ECM componenten zoals fibrine, fibronectine en vitronectine. Er is 

met name onderzoek gedaan naar αvb3- en α5b1-integrines, omdat deze integrines tot 

expressie worden gebracht op angiogene endotheelcellen. Kruisgewijze communicatie 

tussen integrines alsmede compenserende mechanismen van andere integrines laten 

zien hoe complex het werkingsmechanisme van integrines is. Op dit moment wordt er 

veel gespeculeerd over het werkingsmechanisme van integrines en is de exacte rol in 
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angiogenese nog niet helemaal bekend. Desalniettemin zijn de resultaten van prekli-

nische studies met anti-integrine moleculen veelbelovend en hebben geleid tot verder 

onderzoek in klinische studies. Naast een rol in celadhesie dienen integrines ook als 

transmembrane receptoren die de binnenkant van de cel verbinden met de buitenkant 

van de cel. Op deze manier moduleren integrines signaaltransductie routes die leiden tot 

reorganisatie van het cytoskelet en uiteindelijk tot voortbeweging van de cel dat nodig 

is voor angiogenese. 

Het onderzoek in dit proefschrift beschrijft de verschillende aspecten van angiogenese 

dat over het algemeen in drie delen kan worden ingedeeld. In het eerste deel wordt de 

rol van fibrine beschreven als belangrijke matrix component tijdens wondheling. Het 

tweede deel beschrijft modulators van het angiogenese proces zoals plasminogeen en 

TAFI. Integrines behoren ook tot modulators van angiogenese, omdat de expressie van 

integrines en de daar opvolgende activatie mede de mogelijkheid voor het vormen van 

vaten biedt. In het derde deel wordt er dieper ingegaan op cel signaaltransductie routes 

die betrokken zijn bij angiogenese, met name de routes die reorganisatie van het cyto-

skelet beïnvloeden.

In hoofdstuk 1 wordt de huidige literatuur over angiogenese en de verschillende as-

pecten van het proces uitvoerig besproken. Dit omvat de rol van ECM componenten, 

proteolyse en groeifactoren, maar ook de regulatie van angiogenese door modulators 

zoals TAFI, integrines maar ook cel signaaltransductie moleculen die de regulatie van het 

cytoskelet beïnvloeden.

In hoofdstuk 2 wordt de rol van fibrine tijdens wondheling nader gereviewd en wordt 

een overzicht gegeven van de belangrijke processen zoals de lekkage van fibrine in de 

wond, de ontwikkeling van een tijdelijke matrix, het stabiliseren van de bloedplaatjes-

prop en de ontwikkeling van een fibrine matrix. Achtereenvolgens worden proteolyse 

en modulering van het proces van angiogenese beschreven waarbij de interactie tus-

sen fibrine en endotheelcellen een essentiële rol speelt tijdens wondheling. Samenge-

vat is de conclusie van dit hoofdstuk dat de structurele compositie van fibrine en de 

binding van fibrine aan cellen en eiwitten in zeer hoge mate het proces van wondhe-

ling bepalen.

Het is reeds aangetoond dat activatie van plasminogeen een essentiële rol speelt tij-

dens de proteolytische degradatie van extracellulaire matrices in de modulering van 

het weefsel. In hoofdstuk 3 hebben we de rol van plasminogeen bij de vorming van 

nieuwe bloedvaatjes tijdens weefselherstel beschreven. Bij dit onderzoek is gebruik 
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gemaakt van sponsen die subcutaan zijn ingebracht in muizen, waarbij plasminogeen 

deficiënte muizen en de wildtype muizen met elkaar vergeleken zijn. Aan de hand van 

immunohistochemische analyse van het granulatie weefsel is een significante afname 

van het binnenstromen van cellen in de tijdelijke matrix waarneembaar en een afname 

van de vaatvorming in plasminogeen deficiënte muizen in vergelijking tot de wildtype 

muizen. Met dit onderzoek hebben we niet alleen aangetoond dat het fibrinolytisch 

systeem van groot belang is voor effectieve angiogenese, maar ook dat in een fibri-

neuze matrix in plasminogeen deficiënte muizen angiogenese en modulering van het 

weefsel nog steeds kan plaats vinden, hoewel dit met een langzamere snelheid zal 

zijn.

In hoofdstuk 4 is de rol van plasminogeen tijdens cel migratie en angiogenese verder 

geëvalueerd. Dit is onderzocht door TAFI en CPB, twee verwante carboxypeptidasen, die 

de fibrinolyse beïnvloeden, toe te voegen tijdens de vorming van vaten in het in vitro 

model, dat grotendeels afhankelijk is van plasminogeen. Toevoeging van TAFI of CPB aan 

de matrix resulteerde in een afname van de vaatstructuren. Voorbehandeling van endo-

theelcellen met CPB in combinatie met toevoeging van CPB aan de matrix, resulteerde 

in een additionele afname van de vaatstructuren tot een niveau dat vergelijkbaar is met 

de remming van de plasmine remmer aprotinine. Dit zou kunnen betekenen dat het 

uPA/plasmine systeem interfereert met dit proces.

De ontwikkeling van capillair-vormige vaten in het in vitro model waarbij gebruik wordt 

gemaakt van een fibrineuze matrix, hangt grotendeels af van het uPA/plasminogeen 

systeem, maar vereist ook de betrokkenheid van RGD-bindende integrines. In hoofd-

stuk 5 hebben we aangetoond dat vaatvorming beïnvloedt wordt door de toevoeging 

van ofwel een monoklonaal antilichaam LM609 dat het αvb3-integrine remt, dan wel 

het monoklonaal antilichaam IIA1 dat het α5-integrin remt. Opmerkelijk is dat indien 

zowel αvb3- als α5b1-integrine tegelijk worden geremd, vaatvorming significant zal af-

nemen. Deze afname gaat gepaard met een afname van uPA antigen accumulatie en 

minder afgifte van fibrine degradatie producten. Daarnaast vergroten αvb5-integrine 

remmende antilichamen het remmende effect van LM609 en IIA1, maar al deze anti-

lichamen hebben geen remmende werking als ze alleen worden gebruikt. Remming van 

neovascularisatie in het fibrineuze exudaat van een muis door het αvb3- en α5b1-inte-

grine remmende peptide GRGDSP, laat een afname van 63% in vaatvorming zien, terwijl 

de αv-remmende peptide cRGD niet significant de neovascularisatie beïnvloedt. Deze re-

sultaten laten zien dat het blokkeren van de vaatvorming in een fibrineus exudaat vereist 

dat zowel αvb3- als α5b1-integrine tegelijkertijd worden geremd en dat dit gevolg kan 

hebben voor pogingen om angiogenese te remmen in een fibrineuze omgeving.  
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In hoofdstuk 6 hebben we de differentiële genexpressie tussen angiogene en niet-

angiogene endotheelcellen in een fibrineuze matrix onderzocht. Indien VEGF, bFGF en 

TNF-α 7 dagen lang aan endotheelcellen uitgezaaid op een fibrineuze matrix werden 

toegevoegd, dan ontstond er een celcultuur van capillairvormige endotheelcellen en 

een monolaag van niet-angiogene endotheelcellen. Een methode is toen ontwikkeld 

om de twee populaties endotheelcellen van elkaar te scheiden, rekening houdend met 

het intact houden van de cellulaire compositie voor mRNA extractie en cDNA productie. 

Array analyse is toegepast en differentiële genexpressie is geverifieerd door middel van 

realtime PCR en dwarsdoorsnedes vervaardigd door laser-capture microdissectie. De re-

sultaten laten zien dat CDC42GAP, een remmer van het actieve Rho GTPases, een van de 

genen is, waarvan de expressie omlaag gereguleerd wordt in angiogene endotheelcel-

len in vergelijking tot de monolaag niet-angiogene endotheelcellen. Overexpressie van 

CDC42GAP in endotheelcellen resulteerde in een afname van de vaatvorming, terwijl de 

onderdrukking van deze GTPase activerend eiwit door siRNA de vaatvorming enigszins 

deed toenemen. Daarom is CDC42GAP geïdentificeerd als een tegen-regulator van de 

vaatvorming.

In hoofdstuk 7 is de algemene discussie weergegeven van het gehele onderzoek be-

schreven in dit proefschrift, in relatie tot de huidige ontwikkelingen in het angiogenese 

onderzoeksveld. De bijdrage van zowel de fibrine structuur als plasminogeen aan het 

wondhelings proces is verder bediscussieerd. De rol van plasminogeen, TAFI en integri-

nes als modulators van het angiogenese proces is onderzocht tijdens de ontwikkeling 

van vaten in een fibrineuze matrix. Bovendien is er geprobeerd inzicht te krijgen in de rol 

van de GAP gen familieleden tijdens angiogenese met CDC42GAP in het bijzonder.  
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AMD adult macular degeneration

bFGF basic fibroblast growth factor

BSA bovine serum albumin

CPB pancreatic carboxypeptidase B

3D three dimensional

DC degraded collagen

DNA deoxyribonucleic acid

EC endothelial cell

ECM extracellular matrix

EGF epidermal growth factor

ELISA enzyme-linked immunosorbent assay

EPC endothelial progenitor cell

ERK extracellular-related kinase

FAK focal adhesion kinase

FbDP fibrin degradation products

FCS fetal calf serum

FGF fibroblast growth factor

FGFR fibroblast growth factor receptor

FITC fluorescein isothiocyanate

FN fibronectin

GEF guanine-nucleotide exchange factor

GFP green fluorescent protein

HMW high molecular weight

HS human serum

HSPG heparan sulphate proteoglycans

ICAM intercellular adhesion molecule

IL interleukin 

HMVEC human microvascular endothelial cells

LDL lipoproetin

LMW low molecular weight

MMP matrix metalloproteinase

MoAb monoclonal antibody

MRNA messenger ribonucleic acid

MT-MMP membrane-type MMP

NBCS newborn calf serum

OP osteopontin

PAI plasminogen activator inhibitor

PAX paxillin
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PBS phosphate buffered saline

PCI potato carboxypeptidase inhibitor

PDGF platelet-derived growth factor

PI-3K phosphoinositide kinase 3

Plg plasminogen

RGD arginine-glycine-aspartic acid 

RNA ribonucleic acid

RT room temperature

RTK receptor tyrosine kinase

RT-PCR  reverse transcriptase polymerase chain reaction

SD standard deviation

SDF stromal cell derived factor

SEM standard error of the mean

TAFI  thrombin activatable fibrinolysis inhibitor

TAFIa activated TAFI

TAL talin

TGF transforming growth factor

TNF tumor necrosis factor

TPA tissue-type plasminogen activator

TS thrombospondin

UPA urokinase-type plasminogen activator

VE-CADHERIN vascular endothelial cadherin

VEGF vascular endothelial growth factor

VEGFR  vascular endothelial growth factor receptor

VIN vinculin

VN vitronectin

VPF vascular permeability factor

VWF von willebrand factor

Abbreviations
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Chapter 1, page 12
Figure 2: The sequential steps during angiogenesis
Activation of endothelial cells induces degradation of the basement membrane and activation of 
the proteolysis systems. MMP’s and the urokinase/plasminogen system start to degrade the extra-
cellular matrix and integrins are activated to allow invasion and migration of the endothelial cells 
into the matrix. After proliferation and lumen formation, capillaries are formed, which are stabilized 
by the recruitment of pericytes. Adapted from Engelse et al., 200470. 
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Chapter 1, page 22
Figure 5: Schematic representation of secreted and bound MMPs in angiogenesis
Key regulators of pericellulat proteolytic acivity involved in cell migration and angiogenesis are de-
picted in the yellow box. MT1-, MT2-, MT3- and probably MT5-MMP enhance angiogenesis by their 
pericellular action. MMP-2 and MMP-9 stimulate angiogenesis and can act pericellular by binding to 
membrane-anchored proteins, in particular αvβ3-integrin, MT1-MMP, and CD44 that are indicated 
in grey. Adapted from van Hinsbergh et al. 41.
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Chapter 3, page 59
Figure 1: Remodeling of the fibrinous exudate in a sponge in vivo. 
Polysterene sponges were inserted in the right and left flank of a wild-type mouse and after 14 
days the sponges were removed, embedded and counterstained. A) 7 µm thick sections of sponges 
embedded in paraffin were stained with MSB; white arrow indicates the triangle of the sponge and 
black arrow indicates the formed vessel. Bar: 100 µm. B) 7 µm thick sections of sponges embedded 
in epoxy resin were counterstained with Toluidine blue; arrow indicates the neovessel, white arrow-
head indicates the inflammatory cell and black arrowhead indicates the fibroblast. Bar: 20 µm. C) 
For the localization of functional vessels in the sponge 60 µm thick cryosections of sponges were 
stained with MSB; arrow indicates a functional vessel containing red blood cells (arrowheads). Bar: 
20 µm. D) Sponges were fixed in 2% glutaraldehyde, embedded in epon, and ultrathin sections were 
used for ultrastructural analysis by electron microscopy; arrow indicates the neovessel, white arrow-
head indicates the inflammatory cell and black arrowhead indicates the fibroblast. Bar: 10 µm. 
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Chapter 3, page 60
Figure 2: Immunolocalization of components of the plasminogen activator plasmin system 
in infiltrating cells
7 µm thick paraffin sections of vascularized spongues of wild-type mice were stained for uPA (A), 
uPAR (B) and PAI-1 (C). Arrows indicate the neovessels, white arrowheads indicate the inflammatory 
cells and black arrowheads indicate fibroblasts. Bar 100 µm.

Chapter 3, page 61
Figure 3: Neovessel formation in the sponge
To identify neovessel formation, 60 µm thick cryosections of sponges removed after 14 days were 
stained with laminin antibody in the wild- type (WT) (A) and plasminogen deficient (Plg-/-) (B) 
mice. C) 7 µm FITC-labeled beads were injected in the apex of the heart. Sponges were removed 
and 60 µm thick cryosections were stained for laminin. Arrowheads point to beads, which were 
injected in the heart, present in the microcirculation.
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Chapter 3, page 62
Figure 5: Immunolocalization of components of matrix metalloproteinase system in infiltrat-
ing cells
7 µm thick paraffin sections were stained for MMP-2 (A), MMP-3 (B), MMP-9 (C), MMP-14 (D), 
TIMP-1 (E) and TIMP-3 (F). Arrows indicate the neovessels, white arrowheads indicate the inflam-
matory cells and black arrowheads indicate fibroblasts. Bar 100 µm.

Chapter 4, page 83
Figure 6: Localization of TAFI and endothelial cell marker CD31 (PECAM-1) in neovessels 
formed in a human atherosclerotic plaque that had incorporated a mural thrombus
Immunohistochemistry was performed on paraffin sections as described under materials and meth-
ods. (A) Immunostaining of endothelial cells by CD31; arrows indicate examples of positive endo-
thelial cells. (B,C) Two examples of immunostaining of TAFI with a polyclonal IgG, arrows indicate 
accumulation of TAFI. Results are representative for the organized plaques from two different speci-
mens. Original magnification 400x.
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Chapter 5, page 96
Figure 1: Localization of RGD-binding integrins in endothelial cells in vivo
Immunohistochemistry was performed on paraffin sections of a recanalized mural thrombus formed 
in a human coronary artery as described in Materials and Methods. (A) Phloxin staining; (B) Immu-
nostaining of endothelial cells by CD31; (C) Immunostaining of αvβ3-integrin by MoAb LM609; (D) 
Immunostaining of αvβ5-integrin by rabbit anti-human β5-integrin antibody; (E) Immunostaining 
of α5β1-integrin by rabbit anti-human α5-integrin antibody.
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Chapter 6, page 122
Figure 1: in vitro angiogenesis assay using a fibrinous matrix derived from clotted human 
plasma 
HMVEC were seeded in confluent density on top of the fibrinous matrix, and formed a monolayer 
that remained quiescent without stimulation (B). Upon simultaneous stimulation with the combina-
tion of TNFα (T, 10 ng/ml), VEGF-A (v, 25 ng/ml), and/or bFGF (b, 10 ng/ml) (A, C) capillary tubes were 
formed, which were quantified using computer-assisted morphometry. To that end, the cells were 
photographed from above using phase contrast microscopy. A: shows the effect of the mediators 
and the metalloproteinase inhibitor BB94 (batimastat), the plasmin inhibitor aprotinin, and anti-u-PA 
or anti-uPAR (= H2) IgG on bvT-stimulated capillary formation, expressed as mean ± SEM of 4 experi-
ments. D: In cross-section, an HPS stained capillary is shown. Magnifications A and C: 50x; D; 400x.
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Chapter 6, page 124
Figure 2: Endothelial cell markers 
HMVEC were stained for the presence of endothelial cell markers CD31 (panel A) and VE-Cadherin 
(panel B), and the presence of the lymphatic endothelium marker Lyve-1 (panel C) as indicated in 
the methods section. As a positive control, Lyve-1 antibody was tested on an intact lymphatic vessel 
freshly isolated from the human foreskin (panel D). The nuclei were visualized using DAPI stain.














