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Stellingen

1. De structuur van de fibrine matrix en de mate van cross-linking bepalen niet alleen de snelheid van

vorming van capillair-achtige structuren maar ook de stabi.liteit van de gevormde vaaties.

(Dit?roefrcbifr)

2. qB, speelt geen essentiele rol bij de adhesie van endotheel cellen aan fibrine noch bij de vorming

van capillair-achtige structuren in fibrine in vitro.
(Ditpnefschifi)

3. De invloed van heparine op de proliferatie van endotheel cellen wordt bepaald door het soort
vaatbed waaruit de cellen geisoleerd ziin.

(Ditproefschif)

4. De urokinase (u-PA)-receptor beschermt urokinase (u-PA) niet voor inactivering door trombine.
(Ditproefschifi)

5. Vascular endothelial grorxth factor IIEGF) speelt niet alleen een rol in de vaatbiologie maar ook
tijdens de regeneratie van zenuwweefsel.
(Schratqberger P et al, Nat Med 6:40541 , 2000)

6. De u-PA receptor is zowel betrokken bij cel adhesie als bif cel migratie.
(t7o1er-Hansen G et al, FEBS Lztt 420:79-85, 1997)

7. Therapeutische inductie van angiogenese in een ischemisch gebied veroorzaakt door atherosclerose
kan leiden tot exacerbatie van de vaadesie.

(fu[oulton KS et al, Circilation 99:1726-12, 1999)

8. Leptine verlrrlt niet alleen een rol in de regulatie van de vetrnassa maar ook in de regulatie van het
afi[eersysteem, het stimuleren van angiogenese en de regulatie van de voedsel inname.
(Clenent K et al, Natare 192:39840, 1998; brd GM et al, Nahtre )94:897-901 , 1998; Sierra-Honigmann

MR et dl, Science 281 :1683-1686, 1998; Bado A et al, Nature 394:790-79r, 1998)

9. Tissue factor pathway inhibitor (fFPI) speelt een rol in cel migratie.
(Sato Y et al, Thromb Haemost 78:l 13841, 1997; Fiscber EG et al, J Clin Inuest 104:121 )-21 , 1999)



10. Beenmerg transplantatie van een gezonde donor naar eefl acceptor met psoriasis leidt vaak tot
genezing van de hui&iekte, en andersom tot het over&agen lan de ziekte.

(Snowdm JA et al, Atbritis Rheun 4l :453-9, 1 998; Snowden JA et al, Br J Derntatol 1 ,7:l ,0-2' 1997)

11. Een volledig inhibitie van keratinocyten migratie kan alleen venrezenliikt worden als zowel het

plasminogeen activator/plasmine- als het matrix metalloproteinase-systeem geblokkeerd worden.

(bil LR et al, EMBO I 18:4645-56, 1999)

Stellingen behorende bii het proefscMft: " Fibrin matrix structure and angiogenesis"

Leiden, 6 iuni 2000 Annemie Collen
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chapter I

Introduction

Angiogenesis is mr.rltistep process, which leads to the formation of new capillaries from already existing

vessels. This process occurs during embrvo development when establishment and maintenance of the

vascular tree is an absolute requirement for the growth of the embryo [1]. In the adult the vascular tree

has fully developed, and controlled angiogenesis onlv occurs to a limited extent in the female

reproductive s,vstem [2].

Angiogenesis in the adult is also associated with conditions such as wound repair and collateral

formation in ischaemic areas, where the formation of new blood vessels is temporallv and spatiall,v

stricdy controlled and limited by the metabolic demands of the tissue. Uncontrolled angiogenesis

contributes to the pathogenesis of a variet,v of diseases such as diabetic retinopathl, [3,4], rheumatoid

arthritis [5, 6], psoriasis [7], haemangiomas [8, 9], atherosclerosis [10], and the Elrowth and metastasis of
tumours [11].

The common features of angiogenesis in the adult, which distinguishes it from embrvological

angiogenesis, are the presence of vascular leakage 1121, the deposition of fibrin [1 3], and the influx and

presence of inflammatory cel1s [14]. Angiogenesis is driven by stimulated microvascular endothelial

cells, which fina11y form patent endothelium-lined tube-like structures (figure 1). Endothelial cel1s of
existing capillaries or postcapillary venules are activated by local angiogenic stimuli. Local

vasodilatation, increased vascular permeabiliq, and accumulation of extravascular fibrin occurs, as weli

Figure l: Endothelial cells present in an existing capilLary degrade the basement membrane qnd invade the surrounding interstitium. The

elongated endothelial cells align to form a capillury sprttut, in which gratlualh a lumen is fomred.
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as proteoh'tic degradation of thc bascment membrane of thc parent r.essel. The activated endothelial

cells protrude ct,toplasmatic processes and migrate into thc surrounding matrix towards the angiogenic

stimulus. The endothelial cells elongate and align with cach other to form a capillar)'sprout (figurc 1).

The cells divide to further increase the numbcr of cells and the length of the sprout. Subsequent\,, the

cells organise and a lumen is gradua111, formed. Contiguous sprouts anastomose at their tips to form a

capillar.v loop, into which blood flow is established [151. ()nce cndothelial ce1ls arc assembled into

vascular channels they become surrounded bv smooth muscle cell (larger vcssels) or pericvtes (smaller

vcssels) that affect maturation of blood vessels not ont,v b,v providing structural support but also br'

controlling endothclial cell proliferation, differentiation and vascular tone [7-181.

Specific features of pathological angiogenesis

Angiogencsis, rr,'hich occurs in pathological conditions, is commonlv accompanied br vascular leakage,

the occurrence of inflammatorv cclls and the presence of fibrin. These lactors are absent in

angiogenesis during embryonic development. Inflammatory cells provide a number of factors

favouring angiogenesis. Vascular leakage incrcases the recruitment of fibrinogen and vitronectin, which

precipitate in the fibrinous exudate. The fibrin matrix is a rcpe:L matrix, u'hich enforces the haemostatic

plug and prevents further blood ioss after wounding. In addition it provides a scaffolding for invading

cclls during the subsequcnt rcpair proc(ss.

Inflammatory cells

Angiogenesis in uiuo rnvolves other ce1l tvpes be side s cndothelial cells. Macrophages ate ker-

angiogenesis effector ce1ls by' producing several growth stimulators and inhibitors and b1' secreting

protcol,vtic enzymes and cr.tokines that influence the angiogenic cascade. Thcv induce the tbrmation of

ncw bkrod vessels during tissue regeneration, and induce capillar), rcgression of cxcessir.e r.essels after

trssue regencration has been completed [19].

N{acrophage progenitors originate from bone marrow and migrate into the blood strcam as circulating

monocvtcs [20]. Nlacrophages migrate into the wound, and undergo lurthct differentiation and rapidll.

respond to environmcntal signals [211. A number of environmental stimuli, such as l<x,"'oxlgen tcnsion,

Iactate122] and cndothelial cell derived factors [23], induce the secretion of angiogenic lactors lrom

macrophages, as well as adhesion to and transmigration of leucocr.tes thtough the endothelium pal.

This activation process is tightlv regulated and lcads to increased phagoo'tosis, enhanced chemotactic

activifi., but also to a secretion of proteases, growth lactors and cvtokines. The secreted gro$rth factors

and o.tokines attract endothelial cells and induce angiogenesis [25]. Among a numbet of factors that

har.e been identifled, TNFg [26], TGFcr, TGI]B [27], and IL B [28] are potent mcdiators of

angiogenesis in uiuo and in aitro.The macrophages sccrete proteases, such as plasminogen actrvators and
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MMPs, which degrade the matrix. The accompanling fibrin degradation products are chemotactic for

endothelial cells [291.

These inflammatoty ce11s are present in a healing wound when the proliferative fase of the repair

process is the most pronounced [30]. Their important role is dcmonstrated bv the fact that depletion

of monocvtes results in a delayed wound repair [31], rvhile the introduction of activated macrophages

into healing wounds results in enhanced wound repair [321.

During the resolution phase many of the newly lormed capillaries regress as tissue regeneration is

completed. N{actophages play a role in the resolution phase bv secreting substances inhibitory t<;

endothelial growth and angiogenesis [33,341.

Vascular leakage

Angiogenesis in pathological conditions is often accompanied bv vascular lcakagc. This leakage is

induced bv the inflammatorv cells and mediators involved [35] and by angiogenic factors, such as

VEGF, dso called vascular permeabiliq, factor [36]. VEGF induces both the formation of
transendothelial channels [37] and dissociation of endothelial cell-cell contacts [38, 39]. Furthermore,

it is likelv that migration and proliferation of endothelial is also accompanicd by the dissociation of cell-

cell contacts between adjacent endothelial cells [40]. As a consequencc of vascular leakage a fibrinous

exudate or stroma is formed, which contains fibrin, vitronectin and other proteins.

The function of fibrin in angiogenesis

The formed fibrin matrix serves as a provisional matrix into which cells can infiltrate. It is formed after

wounding of a vessel and composcs a major part of the initial tumor stroma, providing a scaffolding

for both invasive cancer cells and enclothelial cells, thereby contributing to tumor grov/th and

neor.ascularisation [1 2].

It is not onl1. a passive matrix, but also induces morphological and biochemical changes in endothclial

cells (Review Chapter 2). Endothelial cells in contact with fibrin undergo disorganisation [41] and

become susceptible to grov/th factors [42]. Some of these factors not onll.inducc prolileration of
endothelial cells but also induce secretion of several ptoteins and proteases 143,441.

Fibrin itself attracts inflammatorv ce1ls [45,46]. These cells digest fibrin and generate degradation

products that may be chemotactic lor endothelial cel1s [47].

Ilndothelial cells interact with fibrin via a number of receptors ICAM-1, CD-44, VF)-cadherin and

intcgrins (Rcviewcd in chapter 2).The role of these receptors during angiogenesis is the best studied

for intcgrins. lntegrins are heterodimers consisting of two n<>n-covalently associated transmembrane

glycoprotcins (an alpha andabeta unit) [48] that connect adhesive proteins in the extracellular matrix

with the cytoskeleton. Endothelial cells express a numbcr of integrins, of which q.B., and Cx,B, are the

11
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best studied in angiogenesis. Blocking antibodies against these integrins block aagiogenesis in several in

iluo and, in aitro models (see chapter 2).

Fibrin formation

Fibrin accumulates in the extracellular milieu after injurv and also as a consequence of vascular

hy.perpermeabiliry', which is seen during inflammation and in tumours. Fibrin is formed from

fibrinogen, which is present in plasma as a soluble protein. In the presence of thrombin fibrinogen

molecules are transformed into an insoluble fibrin network.

Components <.rf the coagulation system circulate as inactive enzymes in the circulation, and are

activated by the coagulation cascade [49, 50]. The coagulation cascade can be iniriated b1'the intrinsic

pathv/a\r, via contact activation, or bv the extrinsic pathway, via tissue factorf factor VII, which results

in the formation of thrombin.

Thrombin cleaves both fibrinopeptides A (FPA) and fibrinopeptides B (FPB) from the amino-terminal

part of the Acr- and BB-chains, respectively. This results in the formation of a fibrin monomer. Due

A)
+II
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Figure 2: Thrombin cleates oJf

fibrinopeptides A(FPA) and B (FPB) (A)

resulting in the formation of.fibrin

monomers 1B). Fibrin tnononters associdte

into dymers and.fibrin oligomers which

will fom a 3-dimensional network. (B).

Factor XIIIa covalently links adjacent
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of the fibrin network. Reprinted from
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to conformational changcs, pollmensation sitcs, AN and BB'are exposed at the amino-terminal end

of thc fibrin monomer. Thc complementarv polvmerisation site aa' is located at the carboxll-terminal

part of the ]-chain, rvhilc thc complemcntarv bb' site is located in the carboxr,l-terminal part of the

Au,-chain. Thc ncu,h' fbrmecl polvmerisation sites Art interact with complementarv sites aa' on an

adjacent fibrin monr>mer, forming half-staggered non-covalcntlv linked dimers. I-onger protofibrils or

fibrin oligomcrs are formed bv linear polymer lormation between new AN and aa' sites in neighbouring

moleculcs. Interactions berween BB' and bb' lead to lateral association, u,'hich will eventualll lead to the

formation of a three-dimensional fibrin network [51] (figure 2).

Blood coagulation factor XIII can, upon activation by thrombin [52], catalvse the formation of covalent

cross-Jinks, stabilising the structure. lntermolecular cross-linking occurs at the carboxvl-terminal

regions of the y-chains of fibrinogen [53, 54]. CrossJinking also invohrs Cr-chains, which is much

slou'er [55]. ]-] cross-linking results in the binding of monomers together into a protofibril, while cr-cr

cross-linking results in the formation of bundles from protofibrils [56]. Factot XIIIa not onlr. stabilises

the fibrin nerwork; it also binds matrix proteins to it such as fibronectin [57], von W'illebrand Factor

[58] and thrombospondin [59]. CrossJinking of fibrin results in a resistance to fibrino\'sis, due tcr

crosslinking of cx, antiplasmin [(r0] and due to maskingJ of high afhniq' binding sites fot t PA [(r11.

F-ibrin cross linking is also mediated bv tissue transglutaminasc, which covalentlv links rwo Cr-chains

[62]. This delavs the plasmin mediated dissolution of the c1ot, ensuringits persistence until tissue repair

is completed [63] (figute 2).

Thc architccturc of the fibrin clot is detetmined by the conditions of polymerisation. r\ltcrations in the

fibrin structure not onh' have a profound influence upon the sensitivitv of these matrices to plasmin

dissolution but also on thc spatial organisation of possible cell-binding sites [(r4] on the fibrin,Ao(,-chain

ancl possiblv thc BB-chain and ychain (see chapter 2).ln1949, Ferrv and N'Iorrisson corrclated the

optical propcrties of fibrin gels to their architecture. In a transpatent nerwork, the bundles are thin and

arranged in a fine and rigid network, whereas in opaque fibtin, the bundles are thick and arranged in a

porous, malleable network [65]. Fibrin architecture is influenced by the microenvironment conditions

during polvmerisation. The rate of fibrinogen activation is the most important factor in determining

the final fibrin gel structure [66]. Kinetic factors such as ionic strength, pH [67], and concentrations of

fibrinogen, thrombin and antithrombin [68] alter the final structure of the netu,ork. Plasma proteins

[69] such as albumin [70], fibronectin [71], IgG [72] and complement factors [73] also influence the

conformatron of the neru,ork [51].

The presence of different cell rvpes duting polymerisation also influences the structure of the formed

fibrin. The presence of ervthrocvtes [74], granuloc,vtes [75] and platelets 176l modifiv the formed fibrin

network. Glycosaminoglvcans, such as hyaluronan [77] and chondroitin sulphate A [7Bl increase, while

collagen [79] decreases the turbidity. Collagen Tpe IV on the other hand, increases the thickness of thc

bundles whilc laminin and dermatan sulphate decrease it [80]. Also ser.eral drugs, such as acetvlsalicllic

13
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acicl [81], dextran [82], heparin [83, B4l and anti-diabetic drugs [85] havc been rcported to modify the

fibrin network formed.

Altered fibrin structurcs have been reported rn various pathological conditions, such as inflammation,

multiplc mveloma [86], factor XIII deficiency [87], diabetes [88] and proneness to myocardial infarction

[8e].

Fibrin degradation

![hen endothelial ce11s invade a fibrin matrix, they not only use it as a scaffolding, but also degrade it

partiall,y to acquire access into it and to provide space for the formation of capillary strucfures. The

fibrin matrix is degraded b,v pericellular fibrinolytic activities associated with the invading cells. In

addition {rbrinolvsis bv plasma t-PA occurs to remove intravascular formed fibrin.

The plasminogen activator/plasmin system

Plasmin is the major protein involved in fibrin degradation. It is activated from its zlimogen

plasminogen b,v two t,vpes of plasminogen activators (PA), tissue-type plasminogen activator (t-PA) and

urokinase-type plasminogen activator (u-PA). The activity of the plasminogen aclivators and plasmin is

regulated by controlled secretiofl and activation, by interaction with receptors and bv reaction with

specific inhibitors. Inhibition of the fibrinolvtic system mav occur either at the level of the PAs, by

specific plasminogen activat()r inhibitors (?AI), or at the level of plasmin, mainly by ct,-antiplasmin (cr,-

AP) and possibll.b,v tissue factor pathway inhibitor-2 GFPI-2) (ftgure 3).

Figure j: Scheme of the plasminogen

act ivat ion s y-stem. Re p rinted .from

P. Koolwijk and WVM van Hin.sbergh

t23s l

Abbreviations:

PA: plasminogenactivator

t-PA: tissue-n-pe PA

tcu-PA: n-o-chain urokinase-ttpe PA

scu-PA: single-chain urokinase-1pe PA

PAI: PA inhibitor

+. activation

': inhibition

Plasminogen activators contribute to prevention and dissolution of an intravascular thrombus and

participate in pericellular fibrinolysis involved in cell migration and invasion. The latter case involr.es

cellular receptors, in particular the u-PA and plasminogefl receptors.

Plasminogen, tissuc-type plasminogen activator (t-PA) and urokinase rvpe plasminogen activator (u-

PA) arc scrine proteases. The general structure of the serine proteases is similar. Serine proteases are
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secreted as single chain proteins. Specific proteolytical cleavage converts thc protein into a molecule

composed of two chains, which arc linked together with a disulphide bond. u-PA and plasminogen are

secreted as inactivc single-chain proteins, which are activated by pr<>teolvtic cleavage, u''hile single chain

t-PA is actir.c as such. The carboxl,l terminal part of the protein (B-domain or the light chain) contains

the proteoll,tic active sitc, which is similar in all serine pr()teases. The amino-terminal part (A-domain

or hear'1. chain) is more complex and contains the domains, which interact u.ith receptors and matrix

componeflts. Serine proteases cleave their target ptoteins at the COOH-terminal side of Arg or Lvs

tesidues.

Plasminogen

Human plasminogen is secreted as a single cha:n92 kDa glycoprotein by hepatocvtes [90, 91] and is

present at a concentration of 1.5-2 pM in blood. It is a 719 amino acid protein containing a

preactivation peptide, five homologous triple loop structures (kringles 1-5) and a protease domain

192,93). Plasminogen is converted into plasmin by cleavage of the A19561 -Ya1562 bond bv either u-PA

or t-PA, giving rise to a ru,o-chain molecule connected b,v rwo disulphide bonds. The A-chain (66 kDa)

contains 5 kringles and mediates with its lysine and amino-hexyl binding sites the interaction of plasmin

with cx,-antiplasmin and thc speciflc binding of plasminogen to fibrin and cell surface receptors. The

B-chain (2a kDa) contains the serine protease catalytic triad, His603-Asp646-Ser741.

Plasmin is a trl,psin-likc molecule u.ith a broad spectrum of target proteins. It cleaves fibrin, several

extracellular matrix components, such as laminin, thrombospondin, and collagens [94], coagulation

lactors (factor \', VIII and v\fi'F), pro-MMPs [95] ancl plasminogen and plasmin itself.

Plasminogen binds to fibrin and cellular surfaces. I(ringle 1 and 5 have a verr. high affinin' for native

fibrin, whereas kringlc 4 is onl,v capable of binding to partially digested fibrin surfaces [96].

Manv cell 6'pes, including endothelial ce1ls [97, 9B], have ce1l surface localised plasminogen receptors.

PlasminoSSen binds to cell-surfaces via kringle 1 and possibly also via kringle 5 [981. Plasminogen

binding is specifrc, saturable and reversible and plasminogen is bound with a high capacitr,, but a low

affiniry to cell surfaces (10- receptors per ceII) L97,99]. At a plasma concentrati()n of 2 pN{ substantial

occupancy of the receptors is accomplished [98, 100] Antibodies against candidate receptors can onlv

partiallv block plasminogen binding, suggesting that more than a single compoflent is involved in

mediating binding [98, 101, 102).

Binding of plasminogen to a receptor enhances its activatabilitl,. The activation of plasminogen bv u-

PA and t-PA is enhanced [98, 103], although in comparison to plasminogen activation on a fibrin

surface, the activation is still low. Ccll-surface localsed plasmin can efficientlv activate single chain u-

PA (scu-PA) bound to a u-PA receptor (u-PAR) in vicinity,, leading to an amplification loop fot

plasminogen activation at the cell-surface [104, 105]. Plasmin, which is eithcr bound to fibrin or to cell

15
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surfaces is protected from inactir.ation b1, Cr,-antiplasmin since the lysine binding sites, u.hich interact

with cr,-anuplasmin, are masked [99, 10(r].

t-PA mediated activation of plasminogen on fibrin and cell surfaces

In the absence of fibrin t-PA has low activitt'towards plasminogen, but the presence of fibrrn markedh,

enhances its catalvtic efficao' [1071. The fibrin binding part of t-PA is located in the so-called finger-

like domain in the amino-terminal part of the molecule (amino acids 6-43) and in the kringle 2

[108, 109]. Fibrin provides a surface to which t-PA and plasminogen absorb in a sequential order to

form a ternarl enzvme-substrate-cffector complex [107]. This enhances the affiniw for t-PA-mediated

plasminogen actir.ation and leads to an efficient and localised activation [110]. On cell surfaces a ternar\'

complex between t-PA, plasminogen and annexin II enhances plasminogen activation 1102,1111 and

provides a focal point for accelerated plasmin genetation [112]. This process is involved in maintaining

blood fluidiq,'and a mechanism to produce local proteolysis.

The main goal of t-PA is to prevent exccssivc intravascular flbtin formation rather than removal of

alreadv existing clots. If fibrin is deposited at the luminal side of the endothelium, occlusion of the

blood flou. might occur, leading to distal ischemia and tissue damage. To prcvent this endothelial cells

are capable of instantaneouslv upregulating their fibrinolytic activit\ by secreting t-PA lrom an

intracellular storagc pool 11 13]. This secretion is restricted in time and space t() prevenr a st'stemjc

fibrinolvtic activin' [1 14].

u-PA/u-PAR mediated plasminogen activation

u-PA/u-PAR-mediated activation of plasminogen is involved in ptoteoll-tic processes during cell

migration and matrix remodelling and only secondarily in removal of intravascular fibrin [1 15].

u-PA is a 55kDa [1 16] protein composed of 411. amino acids [1 17, i18] held together with 11

disulphide bonds. It has an epidermal growth factot like (EGF) domain (amino acids 5-49), a kringle

domain (amino acids 50-131), a long connecting peptide (amino acids 132-158) and a protease domain

(amino acids 159-41 1), containing the catalytic triad His 204-Asp255- Ser356 [1191.

Single chain urok.inase, scu-PA or pro-urokinase (HMSfl-u-PA) has [ttle plasminogen actir.in'and needs

to be activated. Therefore, scu PA binds to u-PAR and becomes activated br. cleavage at residues

I-,vs158-IIe159, which exposes the catalvtic domain of u-PA [120]. Plasmin catah'ses the acti-',ation of

scu PA to tcu-PA. In turn, tc-u-PA catalyses the activation of receptor bound plasminogen, u,-hich

results in a positir.e feedback mechanism.

u PA-receptor is a high affinitv receptor for u-PA 1121,122) on different cell q'pes [123], including

endothelial ce11s [124]. u-PAR is a highly glvcosylated 313 amino acid protein of 50-60 kDa [125],

processed to a mature protein of 283 amino acids [126]. At the cell surface the polvpeptide folds itself
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into three extracellularly located domains: domain I (amino acids 1-92), domain II (amino acids 93-191)

and domain III (amino acids 192-282) [1.21), which have a low sequence homology [128]. During

posttranslational processing the COOH-terminal part of the nascent protein is removed and a glycosyl-

phosphatidyl-inosityl moiety (GPl-anchor) is covalendy linked to the new amino terminus, anchoring

u-PAR to the cell membrane [129]. The receptor is homologous to a number of other GPl-anchored

proteins from the Ly-6 family [128].

u-PA binds to its receptor by the amino residues 1-137 in the amino terminal domain (ATF domain,

consisting of the EGF and kringle domain, in which the EGF domain is the most important [122].

Both single (inactive) and two chain (active) u-PA bind reversibly and saturably [130]. The binding

sequence for u-PA on u-PAR is located at the amino acids 1-87 in the NHrterminal of domain I

1131,121,122),but other domains have also been implicated in this process [132,133).

The [nker between domain I and II is susceptible to cleavage by several proteases such as trypsin,

chemotrypsin, u-PA, plasmin 11341 and thrombin [135]. It is an inactivarion mechanism, since

DII+DIII alone do not bind u-PA with a high affiniry. Furthermore, temoval of the E,GF-domain from

u-PA impairs binding of u-PA to the u-PA-receptor, Jimiting its activation [136]. Hereby pericellular

plasmin activity is controlled. Thrombin cleaves Arg156-Phe157 [137,138], yielding a u-PA, which is

much slower activated by plasmin [139], suggesting a negative feedback of the coagulation cascade on

plasminogen activation.

The inhibitors

The activity of the proteases of the hbrinolytic system is regulated b,v potent specific inhibitors, which

are membets of the serine protease inhibitor superfamilv or SERPINS [140].

c[z-antiplasmin

Plasmin is instantaneously inhibited by u2-antiplasmir, [141-143]. c2-antiplasmin binds to plasmin via

its active site and via its lvsine binding sites and specifically inactivates plasmin activity [144]. This

reaction is attenuated when plasmin is bound to either fibrin or to its receptor [1,44,1,45).

Plasminogen activator inhibitor (PAI)

The major inhibitors of PA activiq. are PAI-1 and PAI-2. While PAI-2 is active on monocytes and

macrophages [146], PAI-1 is the major physiological inhibitor of t-PA and u-PA in blood and tissues

11471.k is synthesised by platelets [148], hepatocytes [149], smooth muscle ce1ls and endothelial cells

[150, 151]. PAI-1 is a54kJ)a pollpeptide charn1152,153l; itexists in rwo forms [154],an active form

17
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that inhibits specifically both u-PA and t PA [155], and a latcnt form, that cannot inactivate due

conformational changes [1 56].

PAI-1 interacts with PA at its reactive ccntre at aminr> acids 346-347 (P1-P1). Potential binding sites

comprise amino acids 1-80, amino acids 102 104, amino acids 350 [157]. PAI-1 vetv effectivelv

inactivates single and two-chain t-PA and u-PA, but not scu PA [158].

M M P-mediated fibrinolysis

Matrix mctalloprote inases or NIN{Ps are extracellular endopepticlascs that se le ctivclv degrade

components of thc cxtracellular matrix [159] (table 1). They ate producecl bv scveral cell n'pes ancl bv

endothclial cells as inactive proenz\imes that need to be activated. Plasmin generated bv thc u-PA/u-

PAR svstem activates the proenzl,me forms of MNIP. This proteolvtical cascade enhanccs pcriccllular

proteoh'sis (figurc 3). Furthermore, several active N{MPs can activate other members of thc NIMP-

s,vstem, resulting in a positive feedback mechanism. The regulation of NIMP activitv occurs at thc lcvel

of gene transcription, pr()-enzymc activati()n and inhibition b1. specific inhibitors, thc TI\IPs [161 1fi3].

To date, the abilin, to mediate fibrinolvsis has been attributed to the plasminogen activator plasmin

svstem. Some active MMPs, such as MN{P-3, MN{P-7 and N{T1-NINIP are capable of degrading fibrin,

while Ntl{P-1, NIMP-2, MNIP-9 and NIT2 N{N{P only.degrade fibrin to a Limited extent [1(r3-1(r51.

Role of pericellular proteolysis in cell migration and
angiogenesis

Quiescent endothelial cel1s express rPA, N{N{P-2 and minimallv NIMP-1 [166 1(rB], but flet proteolr'sis

is prevented by coincident expression of PAI 1, TII\{P-1 and TIMP-2 [1(r91. During migration and

angiogenesis the proteases and protease inhibitors are concomitanth' uprcgulated [170, 171]. A precise

equilibrium berween proteases and inhibitors is reached to alk>w krcaliscd periceliular matrix

degradation, whilc protecting against excessive extracellular matrix degraclation (figure 4). During this

process existing cell-matrix interactions are disrupted and new attachments are made.

Involvement of u-PA/u-PAR in cell migration during
angiogenesis

Migrating cells display u-PA activity confined to the cell surface. A marked, rapid and sustained increase

of u-PAR suggests that u-PA/u-PAR is involved in cellular migration and inr.asion 1172-176). PAI-1 is

expressed at a different location and time to allow a net increase in fibrinoll.trc activitr.[170]. After

cessation of migration the expression of u-PA, u-PAR and PAI-1 return to normai.
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After sccretion u PA binds to u-PAR, rvhich localises u PA on the cell surface. u PA is convetted from

inactivc scu-PA in active tcu PA. The u-PA/u PAR complexes arc krcatcd at sites where plasminogen

is bound to the cell surface. u-PA becomes acti\.atecl at sitcs lvhcrc plasminogen binds, and thetebv

Iimits the plasminogen activator activitv to cellular protrusions durins cell migration [177]. Plasminogen

is converted in plasmin and proteoly,sis oi thc matrix occurs. On the cell surface the local

microenr.ironment leads to an accelerated reciprocal activation of pro-u-PA and plasminogen

1118,1791, r.vhich not onlv requires bincling of u PA to u PAR but also binding of plasminogen to a

"receptor" [104, 178]. Cell-associatccl plasmin is protected from inactrvation bv cx,-antiplasmin, leading

to further acti\.ation of more scu-PA/u PAR complexes.
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Active u-PA on u-PAR is not internalisccl, whilc complexes with Pr\I-1, PAI-2 and PN-2 are intcrnalised

bv the co operation of Ct(, macroslobulin rcccptor (Vl-Dl--receptor or gp330) [180-182]. In cndothclial

cells it is still uncettain u,hcthcr this proccss occurs via LRP or LRP-relatcd protcin [183]. Aftcr uptake

u-PAR:u PA:PAI 1 are dissociatcd. Thc u-PA:PAl-complexes are subsequentll degradcd in thc

llrsosomes, while the frec u-Pr\R is returned to the membrane.

A vatietv of cytokincs and growth factors regulate the expression of protcinascs. bF(]F is a potent

inducer of u-PA [184] and increases the expression of u-PAR on cnclothelial cclls [185, 1861. VEGF-A

upregulates u PA, t-PA and u-PAR [187, 188]. TNFcrinduces u-PA ancl u-PAR in human monocvtes

[191,192) and MMP-1, N{N{P-3 and NIN{P-8 in endothelial cells 1168, 190]. TGF-B incluces a decrease

in u-PA and an increase in PAI-1 [184, 189], and stimulates the expression of TIMP-1.

u-PAR not only plays a role in localising u-PA to the cell surface and in catalvsing thc plasminogen

activation at the cell surface [104]. The receptor is also involved in signal transduction. Binding of u-

matrix remodelling / degradation
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PA to u-PAR induces specific phosphorylation of proteins [193]. Since u PAR does not have a

transmembrane nor intracellular domain, additional proteins are involved in the signalling.

u-PAR is also involved in cell-matrix interactions. On endothelial cells u-PAR is a major vitronectin

binding protein. Vitronectin binds reversibl.v and with a high affinity [194, 195] to domain I on u-PAR

1194,196). Presaturation of u-PAR by u-PA increases binding of \N [i94-196], probably by inducing

conformational changes favouring this binding [197, 198]. Vitronectin also binds PAI-1 and maintains

it in an active conformaionll99 201]. PAI 1 pla1,s a decisive role in governin5J the balance between u-

PAR mediated matrix binding and release [202]. Active PAI-1 abrogates the binding of vitronectin to

u-PAR [194, 196] due to competition for binding in the NH,-terminal somatomedin B-domain and

(lO()H-terminal amino acids 364-380 of vitronectin 1194,201.,2021. t PA/I-PAR, cr,B, and vitronectin

co-localise in focal adhesions 1203,204). This distribution is triggered by cel1 adhesion to vitronectin,

thus on sites where u-PA can be inactivated by PAI-1 P05,1971.

Involvement of MMP-system in cell migration during
angiogenesis

Recent data suggest that remodelling of the extracellular matrix during the process of angiogenesis is

accompl-ished largel1, tfilesgh the action of MMP, of which the activiq, is the rate limiting step in E,CM

degradation [167,206). N{MP inhibitors inhibit the angiogenesis process in in and in aitro p07-210).

UPA

opet-r pRt-z

tPA

Figure 5; MMPs arc secreted as ind(tive
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Endothelial cells can produce several MMPs, MMP-1, N{MP-2, N{N{P-3, MMP B, MMP-9, MMP-14 and

\fMP-19. Of allMMPs secreted byendothelial cells, the regulation and substrate specificites of MN{P-

1, MMP-2, MMP-3 and MMP-9 are best characterised (table 1). NIN{Ps can, in concert, degrade most
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Group Members

21

MMP nr Main substrates Activation

Collagenases lnterstitialcollagenase MMP-1 Fibrillar collagens (types l, ll, lll, Vll

and X) gelatin, proteoglycans,

aggrecans, serpins

MMP-2

Neutrophil collagenase MMP-8 Fibrillar collagens (types l, ll, lll)

proteoglycans

Not determined

Collagenase-3

Collagenase-4

Gelatinases Gelatinase A

Gelatinase B Gelatin, Collagen (types lV, V, Vll, X),

tibronectin

MMP-13 Fibrillar collagens (types lV, lX, X, XIV), MMP-2; MMP-9

serpins, aggrecan, fibronectin, laminin,

tenascin, gelatin

Not known

Gelatin, Collagen (types lV, V, Vll, X),

tibronectin

MMP-9; MMP-13

MMP.9 Not determined

Stromelysins Stromelysin-1 MMP-3 Laminin, non fibrillar collagens (ll, lV, V, MMP-I; MMP-8;

lX) fibronectin, elastin, gelatin, MMP-9; MMP-13

proteoglycan, aggregan, nidogen

Stromelysin-2

Stromelysin-3

Matrilysin

MT-MMPs MTl-MMP

MMP..I()

q proteinase inhibitor (serpin), gelatin,

f ibronectin, proteoglycans

MMP-7 Laminin, non librillar collagen (type lV),

fibronectin, gelatin, elastin

Laminin, non fibrillar collagens (ll, lV, V, MMP-I; MMP-9

lX) fibroneciin, elastin, gelatin,

proteoglycan, aggregan, nidogen

MMP-2

Not determined

MMP-2;MMP-13MMP-14 Pro-MMP-2, collagens, gelatin

MT2.MMP MMP-15 Pro-MMP-2, collagens, gelatin

MT3.MMP MMP-16 Pro-MMP-2, collagens, gelalin

MT4.MMP MMP-17 Pro-MMP-2, collagens, gelatin

0thers Metalloelastase MMP-12 Elastin

Enamelysin MMP-? Not known

Xenopus MMP MMP-? Not known

Not known MMP-19 Aggrecan

of the components of the extracellular matrix [95], including fibrin [164, 165]. MMP-1 or collagenase

is a 55 kDa protein, which degrades collagen I, II, I[, VII and X. It has a basal expression in endothelial

cells and is inducible. MMP-2 or gelatinase A is a 72 kDa protein which degrades collagen IY Y VII,

X, XI, gelatin, fibronectin and elasrin. It has a basal expression but is not inducible. MMP-9 or

gelatinase B,is a92 kDa enzyme with the same spectrum as gelatinase A, it has no basal expression but

is inducible. MMP-3 or stromelysin-1 degrades collagen I, II, III, IY IX, X, laminin and fibronectin,

gelatins and proteoglycans. It has a basal expression and is inducible.

MMPs are secreted as inactive zymogens and are converted into active eflzymes by proteinases of

different specificities, including tr1'psin, cathepsin G plasmin and MMP itself [211] (figure 5).
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in t.'itro sttdies have demonstrated that N{N{P activatic)n can occur at the cell surface bv the action of the

pericellular localised u-PA/plasmin system. The activin'of a number of NfN{Ps, such as proMN{P-1,

proNtNIP-3, proN{NIP-9, proMMP 10 and proN{NIP 13, is controlled bv the u PA/plasmin s.ystem [212-

214]. The concept of a pericellular actir.ation mcchanism of N{NIPs is further strengthened b\-the

prcsence of membrane-associated N{NIPs on thc cell surface 12151. Of the four known NIT-NINIPs,

NIT1-N{MP, N{T2-N{MP and N{T3-N{NIP can actir.ate prol\IN{P-2 as well as pro-NIMP-13 1216,2111.

This ccll surlace activation mechanism, u,hich is similar to the activation mechanism known for u-PA,

krcalises the activifi. of the MNIP to the pericellular area. A complex activation mechanism mar- be

established as active N{NIPs are able to activate other N{MP proenzymes. This activation cascade is

tightly regulated bv the inhibitors of NIN,IPs, TIIPS [95] (figure 4 & 5).

The activity of NINIPs also controls the PA svstem. N{NIPs cleave the receptor binding ATF-domain of
u-PA, disabling binding to its rcceptor. Futhermore, MMPs can cleave plasminogen in such a u,av that

it is no longer cleavable. This results in a decreased piasminogen activation 1218,219). It is of interest

to note that angiostatin, a potcnt inhibitor of angiogenesis is fotmed ftom plasminr>gen bI NINIPs [220-

2221. This suggests a complcx rclationship berween both svstems involr-ed in degradatron of thc

extracellular matrix. This is also stressed b1, 1[6 fact that the same gro\r,'th factors u,hich inclucc thc

expression of u-PA and u PAR, such as bFGF and VEGR also upregulated the expression of NINIPs

in endothelial ce1ls.

N{I,IP-2 associates with cr,B,, which colocalises with the u-PAR in the focal adhesion sites, suggesting a

direct link between the protease activity and the cell-matrix interaction, analogue to the u-PAR/u-

PA/I,X complex [223].

In vitro angiogenesis model

Angiogencsis in a fibrinous exudate can be mimicked tn an in ritro angic>genesis model. Bo-,-ine

microvascular endothe[al cells, seeded on top of a fibrin matrix can be stimulated to form capillarr--

like tubular structures in the fibrin matrix bv phorbol ester 1224) and b,v thc angiogenic grou,th factors

bFGF and VF,GF [1881. A direct correlation has been demonstratecl betwccn expression of thc

plasminogen activator/plasmin sr.stem and the formation of capillarv sprouts. The tbrmation of tube-

Like structures is criticallv dependent upon the u-PA-mediated plasminogen activation confinecl to thc

ce1l surface b1'u-PAR and restricted bv the concomittant expression of PAI-1. bFGF induces the

protease u PA and its protease inhibitor PAI-I, resulting in a net positive balance tou.ards proteol1,5i5

[225]. Similar to bFGF, VEGF akrne can evokc an angiogenic response p26,227) bv inducing u PA as

well as u-PAR. The effcct of VEGF mav bc attributed to the release of endogenous bFGF- since

bFGF-neutralising antibodies rcsult in an incrcase of PAI-1 and a decrease of u-PA. This results in a

net antiproteolvtic balance and impaired angiogcnesis [228]. bFGF and VEGF har.e a potent synergistic

cffect [1BBl, suggesting that the nature of an angiogenic response bv a c1,6spin. depends on the
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prcsence and concentration of other cr-tokines in the microenvironment of the responding endotheliai

cell.

During angiogenesis, tighd,v controlled proteolvtic degradation of the extracellular matrix by invading

microvascular endothelial cells is necessar\,. I:rcessive plasminogen activation causes the formation of

endotheLial cysts in the hbrin matrix 12291, while enhancement of PA inhibition limits the extent of

capillary tube formation [230]. TGF-B induces PAI-1 resulting in an antiptoteolvtic response inhibiting

sprour formation [230]. Similarly to TGFB, leukemia inhibiting factor (-IF) inhibits angiogenesis due

to a decreased extracellular proteolysis b,v decreasing u-PA and increasing PAI-1 [231].

In agreement u,ith thc results of Mc>ntesano and Pepper, we were able to induce formation of tubular

structures in a model composcd of human microvascular endothelial cel1s seeded on top of a human

fibrin matrix. In human microvascular endotheLial cells, bFGF upregulates u-PAR [1851, but for the

upregulation of u-PA and PAI-1 TNF-u is a necessary component 1232-234). The cooperative effect of

a Elro$/th factor ancl a ct'tokine results in the formation of tubular structures. This process is also

dependent upon u-PA/u-PAR interactions [234,183], leading to pericellular plasminogen activation and

locrliscd fi brinoll uc activin.

Aims of the study

The angiogenic response is critical ior progression of wound healing and in certain angiogenesis-

dependent diseases. The fibrin matnx, which is formed in pathological conditions, facilitates the

invasion of cells and neovasculatisation. Understanding of fibrin-associated angiogenesis can help to

identif,v regulatory processes that can control angiogenesis, or to stimulate it in areas where it is

progressing inadequatelli T<r untavel the basic mechanism involved in exttacellular matrix-endothelial

cell interactions during angiogenesis, angiogenesis was mimicked in uitra by a three-dimensional

angiogenesis model, as described above.

This thesis investigates whether the structure, the composition and the cross-linhing of the fibrin

matrix is a significant modulator r>f the angiogenic process in fibrin and in fibrinous exudates. This was

investigated by manipulating the fibrinous matrix used in tl'e in vitro angiogenesis model. The Ftbrin

mattix was altered bl phvsicochemical means, b.v biological agents, such as heparins and a fibrin matrix

formed from a congenital dr-sflbrinogenemia was used. The interaction of endothelial cells rvith fibrin

plays a pivotal role in angiogenesis in a fibrin and fibrinous matrix. Therefore, we have surveved the

current data on this interaction in chapter 2.

In thc third chapter, the fibrin structure was physicallv modulated by altering the pH of the

polymcrisation buffer during coagulation. Polymerisation conditions determined the structure of the

fibrin network formed. Low pH favoured the formation of an opaque matrix consisting of thick fibrin

bundles in a porous, plasmin-sensitive nerwork, rvhile high pH favoured the formation of a transparent

matrix, composed of thin fibrin bundles in a fine, tight and rigid network (Fcrrv and Morisson 1947).

23
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The influence of the fibrin netv/ork architecture on the initiation, progression and stabiliry of the

capillary-like tubular structure formation was evaluated.

In the fourth chapter, the fibrin structure was changed by adding biologically active agerlts, such as

heparins, during the polymerisation of the flbrin network.

In the fifth chapter the importance of a,B, on cel1 adhesion and in uitro angogenesis was studied by

using fibrinogen from a newly identified dysfibrinogenemic parient. The fibrinogen of this patient,

called fibrinogen Nieuwegein, lacks a large part of the carboxyl-terminus of the Ao,-chain of the

molecule. This part of the molecule harbours an RGD-sequence, which is involved in integrin binding.

The effect of this mutation on the formation of tubular structures in a fibrin matrix was evaluated. The

deleted part of the fibrinogen molecule is aiso involved in cross-linking of the fibrin monomers by

tissue transglutaminase, and in a much slower extent the cross-linking by factor XIIIa. Firsdv, the effect

of cross-linking of the fibrin matrix by rissue transglutaminase and factor XIIIa on the outgrowth of
capillarv-like tubular strucrures was evaluated. In this view, the effect of the absence of the cross-

linking site in fibrinogen Nieuwegein was investigated.

In chapter six the presence of MMPs in capillary-like tubular structures was investigated. In uitro

endothelial cells produce several components of the MMP-system, which are dependent upon plasmin

to acquire activity. In the context of a possible contribution of MMPs in the ingrowth of capillary-like

tubular structures in a fibrin matrix, we evaluated the effect of plasminogen-depletion on the formation

of capillary-like rubular structures in our in uitro model

Finally, because u-PA and u-PAR are required in the angiogenic response in fibrin, we have evaluated

the effect of thrombin, the protease involved in flbrin formation, on the availability of cell-bound u-

PA in human endothelial cells.

Together these data provide evidence that the structure of the fibrin matrix is an important

determinant for the rate of ingrowth and stabi-Lity of capillary-like tubular structures in a fibrin matrix.
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Introduction

Fibrinogen is a native plasma protein secreted by the liver reaching a concentration of 2t<>4mg/ml.

Ce11s in contact with the blood flow, such as platelets, leucocytes and endothelial cells are continuously

exposed to fibrinogen. Fibrinogen present in the plasma plays an important role in facilitating platelet-

platelet interactions during thrombus formation, endothelial cell-leucocvte interactions during

inflammation, and endothelial cell-platelet interaction in haemostasis.

At sites of vascular injury or leakage, induced by tumours or inflammation, fibrinogen is converted in

fibrin. Fibrin forms the cohesive nerwork of haemostatic plugs and thrombi, and it provides an initial

temporary matrix to support healing. Fibrin harbours specific features for adhesion and activation of

endothelial cells. Fibrin formed at the luminal side of the endothelium activates endothelial cells, which

causes the rapid release of several proteins and other products. When fibrin is formed at the basolateral

side of the ce1ls, it serves as a temporarv matrix to adhere to, proliferate on and migrate into.

Interaction of endothelial cells with a fibrin matrix

Vascular injury'disrupts the integrity of the vessel wall, leading to the exposure of the subendothelial

matrix and the deposition of fibrin on the exposed thrombogenic surface. Duting fibrin formation new

epitopes become exposed on the fibrinogen molecule that facilitate cell interaction. Binding of

fibrinogen to arrificial surlaces also causes exposure of these neo-epitopes b,v partial denaturation of

the parent molecule. This should be taken into account when interpreting data on the interaction of

cndothclial cells with fibrinogen. Fibrin and fibrinogen-coated surfaces induce endothelial cell

attachment, spreading and migration 11,2,31 and supports angiogenic responscs. During tissue repair

endothclial cells invade in the fibrinous matrix and interact with the fibrin network bv different fi.pes

of cellular receptors.

Four (super)famrlies of ceil adhesion receptors have been identified: integrins, members of the

immunoglubulin-like superfamih,, cadherins and selectins. In addition proteoglvcans can be involved in

such interactions. Interaction of cells with matrix proteins occurs via selective interaction of one or

more of these cellular receptors with specific domains on the matrix moiecules to which the cell

adheres. Adherence and invasion of endothelial cells (in)to fibrin involves different cellular receptor

molecules, namely the integrins (F:, %0s and cr,B,, the ptoteoglycan CD44 and VE,-cadherin. While

the o(ipl-integrin and VE-cadherin are present in non-activated endothelial cells in uiuo, the expression

of the Cr,.-integrins and CD-44 is induced by exposure to inflammatory mediators, such as TNFcr. The

following sections describe these receptor molecules in more detail.

39



40

The vitronectin receptor and other q-integrins

Localisation and expression of ohpr

chapter II

qB, belongs to the lamily of integrin receptors. lntegrins arc non-covalent linkccl hctcrodimers

consisting of an g-unit and a B unit. The family compriscs 15 cr and 8 B-units, which can

heterodimerise in more than 20 combinations. Intcgrins bind RGD-sequences in different proteins,

such as v\X/F, fibrinogen, vitronectin laminin and collagen, and binding can be inhibited b,v RGD-

containing peptides. This suggests that binding is mediated by the common mechanism invoh,ing the

broadly distributed family of membrane-associated glycoproteins that selectively recognise RGD-

sequences in a variew of proteins. Different integrins can recognise the same protein and one integrin

can bind more than one ligand [4].

The ligand binding pocket is composed of segments in the NH,-terminal part (amino acids 1,39-167)

and the cation binding sites (amino acids 31.2-349) in of the Cr"-subunit and the midsegment of the B,-

subunit (amino acids 61-203) [5].

qB, is a two-chain protein, which is svnthesised as a single precursor. Prior to the processing of the

oligosaccharide chains in the Gcilgi apparatus, the o(- and B-chains form a complcx. The cx,B, is a

heavily glycosylated transmembrane receptor. In the Cr-subunit there are 13 possible N-glvcosvlation

sites present, while the B-subunit contains (r possible N-glycosylation sites. The o,-subunit is composed

of 1018 amino acids of which B(r0 are located in the hear,ry chain (1,20 kDa) and 158 amino acids are

located in the light chain (25 kDa). The heavy chain is located extracellularlv and the light chain of 25

kDa has a transmembrane region ar,d a 32 amino acid long cytoplasmatic tail [(r]. Disulphide bridging

occurs between neighbouring cysteines, the heavy chain contains 15 cysteines while the light chain

contains onlv 3 cvsteines. The B-subunit is composed of 162 amino acids of which 90%, is localised

extracellularll,. The B-subunit has four cysteine rich tandem repeats of 40 amino acids, a single

transmembrane sequence and a cytoplasmatic tail of 50 amino acids [61. In the cytoplasmatic tail two

potential ryrosine phophorylation sites, possibly used for integrin signalling, and a NPLY sequence

influencing integrin acuvation arc presenl.

o,B, is expressed by different vascular ceils, such as smooth muscle cells, fibroblasts, leucocl,tes and

tumour cells. On endothel.ial cells the expression and behaviour is dependent on the origin of the cells.

On cultured HUVE,C Ct,B, is present not only at the luminal side of the cells but also at their abluminal

side and in the celI-cell and cell-matrix contacts 12,7,8,9,1.0,1.1.,121. cr,B., is localised in the adhesion

plaques of endothelial cells seeded on fibrinogen 113,14], vitronectin and von Willebrand factor [15].

It not onlv localises in focal attachment sites but also at cell-cell contacts [10, 16]. The distribution of
the antigen is regulated by the extent of reciprocal contacts among the cells. This antigen associates

with the ventral adhesion sites when cells are not in close contact and plays a role in cell-cell adhesion

when they are in close contact [7]. In non-confluent endothelial cells qp, displavs a discrete well-
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organised distribution at the ventral side of the membranc, corresponcling to the cell-adhesion

structures. lt colocalises with vinculin-rich focal c()ntacts lound at the insertions of the

microfilamentous f-actin bundles of the stress fibre rype. In a confluent monolayer stress fibres and

focal attachment sites disappear, and the o,,B, is localised at cell-cell contacts, representing the actin-rich

peripheral reciprocal contacts berwccn adjacent cells.

Binding of matrix components

The vitronectin receptor or the o(\Pl rcceptor on endothelial cells can interact with fibrin as well as

surface-bound fibrinogen 12,8,9,17, 18]. This receptor binds to vitronectin [1,9,20) and other matrix

proteins, such as vWF It3,9,18,21,22), fibronectin [8,9, 10, 18,23), thrombospr>ndtnl24],

tenascin [25], laminin [26], osteopontin and degraded collagen [27]. Other molecules than matrix

components, such as basic fibroblast growth factor @FGF) and prothrombin can interact with

oqP3 [28,29]. Furthermore, the non-catalytic site of active matrix metalloproteinase-2 adhcres to o,Ft,

which directs the collagenolytic activity directlv to the cell surface and facilitatcs pericellular

degradation. This peticellular degradation can be inhibited by PEX, a breakdown fragment of MNIP-2

[30,311.

Thc affinity of cr,B, for a specific ligand is determinecl bv the lipicl composition of the plasma

membrane of the cells. By this means a promiscuous reccpt()r can have specific ligand binding affiniq,

dcpendent upon the state of the cell [1 1].

The binding of endothelial cells to fibrin is specific, time and concentration dependent. Fibrin binding

is partiall,v mediated by an RGD mechanism since RGD-containing peptides and snake venoms can

inhibit the binding dose-depenclefltly, to a maximum ol 75t'/o. Monoclonal inhibiting antibodies against

qB, also can only partially inhibit binding of endothelial cell to fibrin. This suggests that not only cr,B,,

but also other receptors are involved. During the conformational changes of fibrinogen to fibrin other

neo-epitopes than Acx 512-574 and other RGD sequences might be exposed, which modulate the

attachment of endothelial cells [17].

Role of o(pi in developmental angiogenesis

During blood vessel development cr,B, is expressed on the surface of angioblasts and addition of
blocking monoclonal antibodies disrupt the normal pattern of blood vessel clevelopment. In this

process the ligation of cx,B, to the surrounding matrix seems to bc critical for cell differentiation and

vessels matutation. Blocked cells remain in clusters and round, lacking thc normal cellular protrusions.

This leads to impairment of lumen formation and vessel patterning [32]. Although cr"B, blocking

studies have pointed to a major importance of this receptor in angiogenesis, the deletion of the B3 gene

does not seem to affect vascular developmental formation but induces thrombotic problems
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resembling Glanzmannt disease [331. Deletion of the u, did not inhibit early vasculogenesis and

angiogenesis. However,,it irnpaired proper r.ascular development at late [Jestation, although some mice

are born viable [34]. The small percentage of viable mice die soon after bith. This is due to extensive

intestinal and brain blood vessel abnormalities, leading to massive haemotraghes. Other organs have a

normal vasculature, which suggests that other receptors mediate vessel formation in the absence of o,.-

integrins.

Role of ot,,ps in repair-associated and pathological angiogenesas

Angiogcnesis participates in the progression of angiogenesis-dependent diseases, such as tumour

growth and metastasis, proliferative diabetic retinopathl,, rheumatoid arthritis and h1'poxia-induced

retinal neovascularisatkrn. After tissue injur1,, granulation tissue, which is composed of capillaries

inr.ading the temporart' fibrrn matrix, is formed. In testing vessels endothelial cells do not express this

receptor, while endothelial cells present in newlv formed vessels have a high expression of q,B,

[35,36,31 ,38,39,40,41,42,43]. Focal ischaemia, induced b,v Jigation of the middle cerebral arter1,,

increases the expression of o,.8., in the ischemic area where {ibrin deposition also occurs [44]. Not only

o,.B; is enhanced during angiogenesis in an hypoxic retina, but also the expression of cr,B, is increased

[4s].

Dunng angiogenesis silent endothelial cells become activated to an angiogenic phenotype. This switch

can be induced by growth factors, usually in interplay with other cvtokines. These angiogenic growth

factors often induce ETS-1, a transcription factor, u,hich is a principal regulator involved in the

conversion of endothelial cells to the angiogenic fi,pe. ETS-1 is involved in the regulation of gene-

expression of NIMP-1, N{MP-3 and N{MP-9, giving the endothelial cells an invasive capaciqi

Furthermore, L,TS-1 upregulates the expression of the B,,-gene [46].

Ligation of endothelial cells to the surrounding matrix is a prerequisite for endothelial cell survival and

for the maturation of newlv lormed r.essels. Ligation of cr,B3 not onlv adheres thc endothelial cell to

the surrounding matrix, but also activates cellular signalling pathways that are involved in cell survival.

I-igadon of a,B,, suppresses p53 blocked p21\XIAF/C1P1 pathway and increases the Bcl2/Bax ratio

promoting sun.ival 1491. Inhibition of endothelial ce11 attachment to its surrounding matrix induces

apoptosis 111 ,48,49,50]. It results in the activation of p53 and the Bax cell death pathwar' [51]. The

integrin-mediated cell survival also involves regulation of nuclear factor kappa B, NFKB [52]. I-igation

of B3 induces an increase in NF-rB activity. This activation depends on the small GTP-binding protein

RAS and the fi.rosine kinase SRC. Finally, integrins can activate the RAS/NIAP kinase pathway. During

the initial process of angiogenesis induced by bFGF on the choroid allantois membrane of the egg

(CAND, mitogen activatcd protein kinase (trRli) activitl, is induced which is refractory to integrin

antagonists, whereas the sustained activation depends on the ligation. Inhibition of this ligation by 9,0:
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antagonists blocked the ERI( activation and the formation of new capillaries [531. These data indicate

that in a number of conditions cx,Bl pla,vs a pivotal role in angiogenesis and cell sur.,'ir.al.

The specific and selective expression pattern "f cr,F, in vessels during the process of engiogcncsis

makes this molecule a possible target for the devekrpmcnt <>f inhibitors oI angiogenesis. The binding

of cx,p. to its substratum can be blocked either by administration of inhibiting monoclonal antibodies

against o,B, or bv peptides containing RGD-sequenccs. RGD-peptides are used to rnhibit adhesion,

migration and angiogenesis, sincc RGD is a general motif fcrund in manl ligands. It should be noted

that RGD-peptides not onlv induce apopt<-rsis b,v inhibiting endothelial ccll attachment, but thel can

also enter the cell and bind directlr, to a potential RGD-binding motif in procaspase-3. This induces a

conformational change and ieads to autoprocessing and enzymaic activation of procaspase-3, one o[

the death executors of the apoptosis pathway [54].

In different animal models angiogenesis can be .inhibited by the administration of RGD-containing

peptides as well as bv the administration o[ monoclonal antibodies, without affecting the existing blood

r.essels [39, 40,45,48,55,56,57]. Since the endothelium is relatively easv accessible for gene-therapr,,

specific antibodies targeting the upregulated receptors can be delivered to the activated endothelium

[58]. Neu,desintegrins, such as Accutin, an antagonist of cr,B.,, are developed. Accutin not onlv blocks

adhesion of HUVEC to surface coated fibrinogen, fibronectin and vitronectin, but also inhibits close-

dependcntlv tube-formation in matrigel and angiogenesis in thc CANI-assa1'bv inducing apoptosis [59].

A major drawback of anti angiogenesis strategies is that repair-associated angiogenesis mat' also be

inhibited. lndeed, angiogenesis during the frrrmatron of granulation tissue can be inhibited br'

antibodics against cx,B] 135,42) andf <>r o,Bt [47].

The uni<1ue cxpression pattern of cr,.B, has resulted in the devekrpment of a novel non-invasivc

diagnostic technique s to identifv neovessels. Magnetic re sonancc can be used to visualise a

paramagnetic contrast agent, which is coupled to I-M 6090, a monoclonal antibod,v directed against Cx,B,

[60].

The role of o,B, in the formation of capillaryJike tubular structures in three-dimensional matrices zz

uitro remains controversial. Endothelial cells plated on a matrigel matrix form capillarr-like structures,

which can be inhibited with polvclonal anribodies against cx,B, [61]. \Xrhile Shue et a1 reported that this

process can be inhibited with antibodies against Cr"B,, other authors reported that the formation of

capillary-like tubular strucrure formation in a fibrin matrix could not be inhibited162,63,64]. It is of

interest to note that, while an anri-cx,.B, and o,p, antibodies did not affect the formation of capillarv-

[ke tubular structures, the RGD-containing snake venom echistatin stronglv inhibited this process (our

unpublished results). This suggests that the antibodies vu'ere unable to react in the fibrin matrix or that

other RGD-binding integrins were involved.
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uoB, is thc major fibronectin receptor on endr>thelial cells [10, 13,14,65]. It is an RGD-bincling

rcccptor [14,651, whrch is structurally and functionally relatcd to the fibronectin receptr>r isolatcd f]om

placcnta. It is a heterodimer composed of a 150 kD and a 125 kD polypetide [141.

This rcccptor is localisecl in the focal adhesion sites at the basolateral sicle of cndothclial cell,

colocalising with vinculin [14]. In addition it is also encountered at the luminal side of the ce1l, similadl,

as c[,Br [1i]. Adhcsion of endothelial cells to fibronectin induces protein tl,rosine phosphorylation of
focal adhesion tvrosine kinase p125FAK. This results in the assembly of focal adhesions and actin

fibres [66] and increases the level of cytoprotective Bcl-2 protein [67]. Inhibition of endothelial ce11

adhesion to fibronectin by a fibronectin-derived peptide induces apoptosis in these cells [67,68].

Binding of qp,to fibrinogen

The integrin o,B, is a major integrin on human microvascular endothelal celts [69]. Although a role in

fibrin/fibronectin binding complexes is likely, litde information is available at present regarding the role

of cr,B, in endothelial cell binding to fibtin. Studies on the interaction of fibrinogen with endothelial

ce)ls suggest such an intcraction.

Endothelial cells in suspension bind to fibtinogen with uoB, [70] which is the major receptor for

fibr<>nectin [71]. This binding is suppotted by the presence of Mn2', but is inhibited bv the presence of
Car+. The binding site in fibrinogen for CrrB, is the RGD-sequence which is localised in the carboxvl

terminus Aa 572-574. cr,B, and cr,Br bind to the same side in fibrinogen, but under different

circumstances. \X'hen fibrinogen is present as an immobilised substratum, o:pt can recognise it in the

presence of Cal-. The binding of endothelial ce1ls to immobilised fibrinogen can be blocked bv

antibodies against o,p, and o,B1, but complete inhibition was only established bv both antibodies and

by RGD-containing peptides. This suggests that other RGD-containing integrins such as u,B, and cr,B,,

which are also present on HUVEC, are potential candidates for {rbrinogen binding [72].

It is of importance to determine if CrrB, distinguishes between soluble frbrinogen, immobilised

fibrinogen and if it binds fibrin.

The role of %Fr in angiogenesis

Integrin binding to fibrinogen and fibrin does occur in different circumstances. During wound healing

integrin-expressing endothelial cells are in contact with fibrinogen and fibrin present on the exposed

subendothelium. Bv binding and migrating over the fibdn(ogen), endothelial cells can easilv and

<1uickly recover this surfhce. A temporary fibrin matrix, which is formed after vascular injurl; is not only

composed of fibrin but also of other plasma proteins, such as flbronectin. Endothelial cells can use
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different integrins to adhere to and migrate in the matrix. cx,B, may facilitate migration by binding as

wcll to fibronectin as fibrin(ogen). This mechanism of multiple ligand recognition is also known for
a,B1 which can bind vitronectin, fibrin, and other marrix proteins.

The B1-integrin plavs a role in the formation of blood vcssels in the embryo. The formation of a

complex vasculaturc in beta-1 null embryoid bodies is sigruficantll'delayed and of poor qualitv [73]. To

what extent B1-integrins are involved in pathological angiogenesis is poody investigated. However, as

indicatecl above, it is likelv that arB, integrins contribute to the interaction of cndothelial cells with
fibrin.

Similar as for a,Br, urB, may trigger an intracellular signalling pathway. The extracellular matrix controls
the sensitivin'of endothelial cells for growth factors and cvtokines [741. Interaction of the cell with its
matrix by integrins provide a means to translate information from the matrix into the cell by integrin-
mediated cell signalling.

The CD44-related chondroitin sulfate proteoglycan

Duting angiogencsis in the formation of granulation tissue and tumor stroma, the migrating endothelial

cells increase the svnthesis of proteoglvcans [75,76]. This increased svflrhesis is correlated with cell

proliferation, migration and collagen synthesis [7]. This synthesis returns to basal levels once
migration has ceased.

CD44 is implicated in cell-cell as well as in cell-substratum interactions, suggesting a role in adhesion

and migration [78]. It is a cell surface receptor, which interacts with extracellular matrix proteins and

participates in cel1 migration and invasion. CD44 is a malor surface glr.coprotein, produced bv
numerous cell rypes, including endothelial cells [9]. It contains an extracellular domain, binding a

variefi.of extracellular matrix proteins, such as the glycosaminoglycan h).alrronan [7g,g0, g1,g2),

fibronectin [83, 84], collagen type I [84, 85] and fibrinogen [86], a transmembrane domain and a

cytoplasmatic domain. It is associated with the cytoskeleton [87, 88, 89]. The intracellular domain o[
CD44 binds to GTP, thereby playing an important role in promoting interaction between CD44 and.

the cytoskeleton. Chondroitin sulphate proteogh'cans is covalentll, coupled to the extracellular domain

of the core CD 44 protein [85, 90].

CD44 antibodies inhibit the invasion of endotheljal cells into a fibrin matrix. This suggests thar it
directs migration into a fibrin matrix. A coordinate interaction of different receptors on endotheiial

cells for binding to fibrin is suggested by the fact that CD44 antibodies could onh, inhibit 50% of the

binding to fibrin [86].
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VE-cadherin

Localisation of VE-cadherin
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Vll-cadherin receptor is an endothelial specific adhesive transmembrane protein, which belongs to the

family of cadherins. It is organised in clusters at cell-cell contacts and connects ce11s with a complex

network 6f c,vtoskeletal proteins via their cytoplasmatic domain [91] to strengthen cell-cell adhesion

and transfer signals.

The cadherins form dimers, which associate u,-ith dimers on the oPPosite cell. The extracellular domain

of VE-cadhe rin consists of five homologous repeats of 1 10 amino acids, which have Ca2t binding sites.

It mediates Cal* dependent homophilic interaction between adjacent cells. Inside the ce11 it associates

via its short cvtoplasmaric region with three armadillo proteins, B-catenin, plakoglobin and P120, which

links the receptor to the actin c,vtoskeleton [92].

Adherens junctions can transfer signals between adjacent ce11s in different rvays Kinases, such as src,

lyn and yes, tvrosine phosphatases, components of the Ras signalling Pathv/ay, and small GTP-binding

proteins are localised closelv together at these cell-cell contacts, therebl' facilitating their reciprocal

interaction. The adherens junctions also control the levels of p catenin and plakoglobin, which can act

as signalling molecules when released into the cytosol and translocated to the nucleus. These proteins

bind transcription factors and thercby control gene transcription [93]. Also, when endothelial cells

attach to one another, signalling occurs through the release of growth factors and cytokines ftom

subendothelial matrix.

The formation of adherence junctions is dependent on the furictional state of the cells, the cadherin-

catenincomplexishighlydynamicanditscompositionchangesrapid\..lnhighl,vconfluentendothelial

cells the majoritr. of VE-cadherin, p-catenin and p12O molecules ate unphosphorvlated and VE-

cadherin is associated with plakoglobin and the actin skeleton at cell-ceil contacts. The association with

p120 and B-catenin is reduced in the cadherin complex. ln migrating endothelial cclls VE-cadherin is

highly tyrosine phosphorvlated and linked to P120 and B-catenin, which are also highlv

phosphorvlated [94, 95].

Not onlv in the transition of resting cells to migtatory cells the composition of the iunctions alters, but

also during an increase in permeabilitv and shear stress. Endotheljal cells submitted to an increased

shear stress exhibit prolound changes in ce1l shape, requiring disassembll'/assemblv of adherens

junction mediating cell-cell adhesion. Under static conditions the staining for VE-cadherin, clt-catenin,

B-catenin and piakoglobin is intense and peripheral fotming a continu()s band around the cells, near

cell-cell junctions 196, 91).
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Binding to fibrin

Several reports susgest that endothelial cells interact with the BP 15-42 sequence in fibrin, which not

onlv allows binding but also triggers fibrin-mediated responses in enclothelial cells l9{t]. Binding of

endothelial cells can be prevented b,v the B 15-42-peptide coupled to ovalbumin and b1. antibodies

against VE-cadherin, but not by RGDS or antibodies against the known integrins [62].

Role in developmental angiogenesis

The svnthesis of VE-cadherin at the time of endothelial ce11 differentiation and its ubiquitous

distribution along the vascular tree suggest a role in determining the correct organisation of the

vasculature [99]. Endothelial cells differentiating in vitro fuom embrl.oid bodies, in which the VE-

cadherin gefle was deleted, are indeed capable of forming ce1l aggtegates but thev can not form correct

vascular structures [100]. Deletion of the VE-cadherin during mouse development does also not impair

assembly of endothelial cells in vascular plexi, but has a ptofound inlluence on the remodelling and

maturation of the plexus 1101,102]. This points to an important role in the later steps of angiogenesis.

It suggests that cadherins p1a1,2r, important role in cell-ce11 tecognition and tissue segregation.

Role in adult angiogenesis

Tr> form capillarv-like tubular structures endothelial cells cletach from the existins vessel, invade the

surrounding tissue and form tubes, branch and organisc intr-, enastomic ncru'orks. Dunng the first steps

the endothelal junctions need to become looser to alkrw migration and proliferation. VF.-cadherin

needs to be phosphorvlated on fi.rosine residues, upon which it detaches from the cvtoskeleton and

plakoglobin. This can be induced bv several growth factors, such as VEGI'- A, epithelial growth factor

and hepatocvte growth factor, and ptobablv othets [103]. Placental growth factor, rv-hich onlv binds to

VEGFR1 (flt-1) can not alter the junctions, suggesting that this VEGF-mediated process involves

VEGFR2. \fi''hen the vascular network is formed, migtation and proliferation need to cease bv

establishing cell-cell contacts [iOa]. The intercellular junctions engage VE-cadherin of which the

intercellular domain interacts with cytoplasma proteins (catenins). These catenins contribute to the

anchorage of VE,-cadherin to the actin cytoskeleton and transmit the adhesion signal. Seeding of cells

onto wells coated with the N-terminal VE-cadherin fragments inhibits proliferation, suggesting that

VE cadherin homot',pic engagement at the junctions participates in densiry dependent inhibition of

cell growth [105]. Truncation of the cytoplasmatic domain of VE-cadhetin, u.hich interacts with

catenins, does not affect the binding of ceils but impairs thc inhibition of proliferation [104].

VE-cadherin is essential for tube formation and maintenance of the architecture of a formed capillarr,-

like network in an underh,ing fibrin matrix and in other matrices such as matrigel and collagen.
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Endothelial cells in contact with fibrin at their apical surlacc clevclop into capillarr'-likc tubular

strlrctlrres [106] via thc intcraction with the Bg 15-42 clomain of flbrin. This domain is exposed after

cleavage of fibrinopcptidc Il lrom fibrinogen by thrombin [107]. Antibodies against VFI cadherin, B

15-42-peptides coupleci to ovalbumin and gamma linolic acid (which prevents the formation of VE-

cadherin and catcnin complexes) impair capillaryJike tubular structure formation, sugflesting that the

interaction of the reccptorwith fibrin is important [62, 108]. The architecture of formed capillan-like

tubular structurcs in different matrices is disrupted by the addition of antibodies against VE,-cadherin

[62, 108]. It should be notcd that addition of VE-cadherin antibodies also impairs tubular structure

formation and architecture in a matrigel and collagen matrix. This suglJests that other mechanisms than

interference with hbrin binding are involved [62,109,110].
Addition of VE, cadherin antibodies during the process of angiogenesis and after a network has been

formed probabir'1eads to disruption of cell-cell contacts and induces apoptosis of endothelial cells.

Indeed, VE-cadherin mediated signalling is important in transmission of endothelial survival by

VEGF-A to Akt kinase and Bcl-2 via VEGFR-2, which fotms complexes with B-catenin, VE-cadherin

and phosphoinositide 3-kinase. Deletion of VE-cadhetin aboLishes transmission of the VEGF sutvival

signal, suggesting that the VE-cadherin/B-catenin complex is important in controlling endothelial cell

survival [1 10]. lnitiation of apoptosis correlate s with cleavage and disassembl,v of intra- and

extracellular components of the adhcrencc junctions. Subsequentll', membrane blebbing, cell rounding

and loss of cell-cell and cell-matrix componcflts occurs. Extracellularly located VB-cadherin is shedded

bv proteolvtic cleavage bv metalloproteinascs, which leads to a dramatic decrease of the surface-located

VL,-cadherin. Intracellularlv krcaliscd caspases, such as CPP32 and Mch2, proteolvticall process B-

catenin, plakoglobin and C[ catenin. As a consequcnce B-catenin can not bind cx-catcnin anymore,

disrupting not onh' the adherens junction but also interrupting signalling required for cell survival [1 1 1].

lncreased pcrmeabilin, of an endothelial cell monolayer can be induced by antibodies against VE-

cadherin 1110,112,113,1141 or by VEGF 1103, 115]. Both induce a reorganisation of the actin

cytoskeleton, loss of junctional VE-cadherin from the interendothelial cell junctions and loss of cel1-

cell adhesion, resulting in an increased permeabiliqr Destruction of the homotvpic interactions

between the extracellular domains of VF,-cadherin by antibodies induces a rapid resvnthesis of VE-

cadherin to restore the endothelial cell-cell contact, establishing a critical role for VE-cadherin not onhr

in the maintenance but also the restoration of the monolayer integriqr

Endothelial responses mediated by fibrin Bp 15-42

To better understand the tnteractions, which occur between endothelial cells and fibrin at sitcs of
vascular injur1,, and to characterise the responses that were induced by these interactions, fibrin surfaces

exposing differcnt epitopes have been prepared. Fibrinogen can be converted to fibrin bv diflcrent

clotting enz\rmes. Thrombin cleaves of fibrinopeptidc A (FPA, Atx 1-1(, from thc r\o,-chain of
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fibrinogen at position Argl(; Glv17, as u,ell as fibrinopeptidc B (FPB, BB 1-14) from the BB-chain of
fibrinogen at position Arg14-Glv15, generating two neu,'amino termini. Reprilase ()r the snake venom

ancrod onlv rclcases FPA. This rcsults in the formation of frbrin u.ithout FPB cleavage. Thrombin-
formed fibrin rs called fibrin Il, Reptilase lormed fibrin is fibrin I. (}>ntortrix is another venom which
onll' removes FPB. Specific proteolvtical cleavage oF fibrinogen bv protease III, a snake venom,

rcmoves BB 1-42, forming fibrinogen,.,. This can bc used to form fibrin with either clotting enzyme.

These sttucturallr'' dilferent frbrin matrices, as u,'ell as fibrin frrrmed from patients suffcring from
dvsfibrinosenemia can be used to stucl\' fibrin-enclothclal cell intcracdons.

The structural requirement for fibrin to activate endothelial cells is the exposlrre of an heparin-binding

domain altcr cleavagc of F-PB. The conformational changes incluced bv clcaving FPB exposes hidden

amino acids sequenccs important in modulating specific cellular responses. In their native

conformation P 15-42 sequences are not availablc frrr binding to endothelial cells. Thrombin-induced

exposure oF B 15 42 is required lor the binding bl a heparin-dcpendent, RGD-independent mechanism

at the new NH,-tetminus of fibrin [107]. Bach ct a1 reported that on enclothelial cclls thc interaction

with this region is mediated b,v VF)-cadherln 1621. This spccific structural feature of the temporary
fibrin matrix formed at sites of vascular injurv modulates the responscs of the endotheliai cells. This
propcrtv is countcracted b1. plasmin, which clcaves off this specific scquence.

Induction of migration, spreading, proliferation and formation
of capillary-like tubular structures by fibrin

Spreading of endothelial cells on a Iibrin matrix is mcdiatcd by a diflcrent mechanism than binding of
cndothelial cells. Spreading requires initral adhesron through an integrin, which is lollowed bv

cvtoskeletal rcorganisation. Stress fibber bundles composed of actin filaments are formed. They are

connected to the plasma membrane via cytoplasmatic proteins, rvhich bind to the intracellular segment

of the integrin recePtor located at the focal contacts betwecn the celi and thc matrix. Subsequently

changes occut such as extrusion of laemellipoclia, relocation of the centrosome and polarised

ekrngation of the cell rowards the sitc of injurl'.

A fibrin matrix prepared bl Reptilasc, u,hich onlv cleaves of fibrinopeptide B, supports endothelial cell

adhesion but not spreading, u,hile a matrix prepared bv thrombin supports both adhesion and

spreading. Fibdnogen1,1, lacking the amino acids 1,-42 of the fibrinogen tsB chain clotted with either

thrombin or Reptilase is unable to support spreading. This suggests that the cleavagc of F'PB (amino

acids 1-14) and the subsequent exposure of amino acids 15 42 are essential lor spreacling [116].
Endothelial cells can bind to the amino acrds 15-42 in the BB-chain of fibrin with a non-integrin 130

kDa rcceptor [1 17]. Recendy this rcceptor has been characterised as vlr-cadherin [(r2].
Endothelial cells exposed to hbrinogen aiso undergo spreading [7,101. The endothe]ial ceils interact

with fibrinogen through o'8,, and spteading occurs. This process requires the svnthcsis and secretion
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of fibrinonectin as well as thc clustering <,f cr5B, in the focal adhesion [7]. Spreading of endothelial cel1s

on a fibrinogen matrix is not dependent ofl the binding of amin<> acids BB 15-42 since tibrinogen,,,

supports the spteading of cells. The spreading dcpencls on the RcD-recognition specificity and the

inreraction of cx,B,, since antibodies against the integrin can block the spreading [7]. The discrepancv

between the mechanisms for spreading on a fibrinogen and a fibrin matrix can be explained bv the fact

that coated fibrinogen undergoes confcrrmational changes exposing epitopes which are not acccssible

in soluble {ibtinogen and in fibrin still containing FPB [1 1B].

Endothelial cells which are present in a monola,ver and are exposed to an ovetlaid t'ibtin ciot become

rapicllv disorganised [1 1 9]. The contact of endothelial ce11s with fibrin at thcir apical surface induces the

formarion of capillary-like tubular strucrures via the interaction of fibdn B 15-42 with a recePtor on

endothelial ceils [10(rl. The interaction of fibrin with endothelial cel]s via this recePtor, probabl,v VE-

cadherin [62), ma,- contribute to the mechanism through which ftbrin stimulates angiogcnesis [120].

Endothelial cells seeded on a fibrinll matrix undetgo proliferation [121]. This does not occur ()n

flbrin I matrices or on fibrin matrices prepared lrom fibrinosenrri, suggesting that in this process the

binding of endothelial cells to the amino terminal tegion, which is exposed after F'PB cleavage,

determincs the abilin, to support proliferation. Intcraction o[ endothelial cclls with their matrix via

integrins is not sufficient to induce proliferation.

Fibrin acts as a physiological secretagogue for endothelial cells

Endothelial cells interact with BB 15-42 of fibrin, which induces the secretion of sevetal products.

Endothelial cells exposed to fibrin rapidlr, release v\MF from the \X/eible-Palade bodies. Occupencv o[

endothetal receptors by unclotted fibrinogen is not sufficient to induce the release. r\ structural motive

present in fibrin interacts with an endothelial ce1l receptor 1117,122,1231.The exP()sure of BB 15-42

is a prerequisite for the response, since clotting of hbrinogen with thrombin but not Reptilase suPp()rts

the release. The BB 15-42 interacts directly with endothelial cells, because Peptides containing this

sequence can inhibit the release response [1171. This release can also be induced b1'peptides

corresponding toBB 15-42, albeit less efficicnt. The required conformation for interaction is probablv

better stabilised in complete, intact fibrin, or maximal release requires cross-linking on receptors, which

can onll'be mediated by the complete fibtin.

Earl_v in the process of flbrinol,vsis the carboxvl-terminus of the Acx-chain (which binds cr,B) as well

as the BB-chain (containing BB15-42) are removed. The carboxvl-terminal region of thc ACX, chain

supports binding of endothelial cells, while the catboxt'l-terminus of the tsB-chain induces

prol-iferation, spreading and v\X/F release lrom these cells. Plasmin cleavage of the carboxyl-terminus

of the BB-chain does not majorlr' contribute to the mechanical disruption of the fibrin gel, but

downregulates the fibrin-induced responscs in endothelial cells.
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Fibrin also specificallv induces a time and concentration dependent release of tPA lrom endothelial

cells [124,125,126,121,128). The cleavagc of FPB from fibrinogen is also a prerequisite for the

induction of tPA release and slnthesis. This suggests that this response, as for the secretion of v\XF,

is mcdiated bv the interaction of endothclial VE-cadherin with BPl5 42 in fibrin.

In addition, cxposure of the endothelium to fibrin leacls to a concentration and time depenclcnt

decrease in thc production of NO and N() svnthetase, impairing vasodilatorv rcsponses. As a

consequcnce, N()-dependent attenuatiofl of platelet function is impaircd [129]. Endothelium exposed

to fibrin deposition also releases prostao'clin [125]. Intcraction of the endothelial cells with BP 15-42

probabl.v is a prerequisite, which suggests a common mechanism with vWF release. lt is probablv

related to the increase in o'toplasmic Ca:- that is induced by the BB 15-42 domain o[ fibrin [130]. This

is in conttast rvith results lrom Chang et al [17 , 131, 132), who state that interaction of endothelial celis

with Reptilase formed fibrin induces an increased secretion of prostacyclin.

Several other effects of fibrin have been reported. The exposure of endothelial cel1s to fibrin in uiuo and

in uitroinduces the surface-localised expression of tissue factor [133]. Endothelial cells exposed to fibrin

secrete chemoattractaflt proteins such as IL-8 [134,135,136) and upregulate the surlace locaLised

expression of ICAN{-1 (intercellular adhesion molecule 1) [13(r. Also fibtin rapidlv rnduces a sustained

synthesis and secretion of thrombospondin from endothe[al cells [126]. It is presentlr, unknown

whe thcr thcse latter effects are induced bv BB 15-42 domain of fibrin or bv othcr parts of the molecule.

Interaction of endothelial cells with plasma fibrinogen

Endothelial cells lining the inncr wall of the vessel constitutc a non-thrombogenic surface, which is

continuoush' in contact with high concentratiofls of Iibrinogen prcsent in the circulation. Fibrinogen

plavs a role in mediating binding of different cell types to endothelial cells, an interaction which plays

an important role in inflammation 1137,138,139]. Inflammation is a component in repair-associated

angiogenesis. Dvsregulation of the leucocyte-endothelial cell interaction is an earlv event in the

pathogenesis of vascular diseases such as atherosclerosis [119] and delayed rvound repair.

On endothelial cells predominantlv ICAN{-1 and qB, are involved in this mechanism, and in a lesser

extent also GPIbo [140]. g,Br not onlv mediates the adhesion of activated monocytes and leucocvtes

to endotheliai cells, but is also involved in the transmigration of these cells through the

endotheiium [141].
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The vitronectin receptor, qp,

Binding of fibrinogen to endothelial cells

chapter II

Fibrinogen binding to endothelial cells is saturable, time and concentration dependent, reversible and

specific [1] with binding characteristics resemblig binding of fibrinogen to platelets. The binding

characteristics are independent from stimuli which induce fibrinogen binding to platelets, suggesting

that fibrinogen can bind to unstimulated cel1s and that the receptor is consitutivelv expressed. Initial

binding studies have been performed with human umbilical vein endotheiial cells which have about

55.000 binding sites per ce1l with a kDa of 0.23 pM for cells in suspension and 1.5 pNI for monolaver

culrures. in aitro differences in expression of the receptor in different cell fipes have been reported.

The pattern of recognition depends upori an RGD-recognition specificiq., which can be completely

inhibited bv RGD-containing peptides or by mutation of the RGD-sequence in the i-igands

120,21,142]. Fibrinogen contains three putative RGD adhesion sites, two sites in the fibrinogen Ao-
chain, in the NH,-terminus at positron Ao 95-97 and in the COOH-terminus at position Aa 512-414,

and one site in the COOH-terminus of the ]-chain at position 400-41 1. The interaction can be

inhibitcd b.v a blocking monoclonal antibody against qB, g,M 6094) and by RGD-peptides, suggesting

that o,B, is inr.olved. Studies with blocking monoclonal antibodies ditected against either binding site

in fibrinogen revealed that endothelial cells onlv adhere to the COOH-terminus of the Acr-chain

115,1,43,144]. Platelcts bind to fibrin and fibrinogen via a homologous but distinct integtin on the

C()OH-terminus of the ]-chain (T400-41 1) so both cell types do not compete with one another for

binding [1451.

The limited interaction of endothelial ce11s rvith only the COOH-terminus of fibrin(ogen), which is

abolished by the attack of plasmin, may represent a regulatory role of the fibrinolysis in endothelial cel1

blnding. Mast cell tr)ptase, a 31 kDa glycosylated tr,vpsin-like molecule stored in the granules of mast

cells, not onlv renders fibrinogen inclottable by cleaving Bg 21, but, b,v cleaving Aa 572, it also

abolishes the binding of endothelal cells to fibrinogen [146]. Also dvsfibrinogenemia N{arburg, lacking

Aa 512-574 has an impaired binding of endothe[al cells [1471.

The capaciq. of endothelial cells to bind soluble ligands, such as fibrinogen, is influenced by the

acrivation state of the integrin. An activation of cxuB, leads to a higher affiniw ligand binding

state [16,148,149].

Characterisation of the receptor

The fibrinogen binding endothelial cell surface molecule is immunologically related to the platelet

glycoprotein GPIIbIIIa [8,9, 10, 13, 14, 150] which is the fibrinogen binding receptor on platelets. The

p-unit is identical to the GPIIIa, while the O(-unit is only 34"1, homologous to the IIa subunit of the
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platclet fibrinogen receptor [6, 1 1 8]. The receptor is identical to the vitronectin rcceptor first discovered

on melanoma cclls 18, l8l.

Cr,B, present at the luminal side of the endothelial ccll is clifluse and granuladr, localised [1 1]. This

luminal locatccl cx,B, retains binds RGD-mediated fibrinogen and vitronectin, but ()nh'if these proteins

are clustered on circulating cells or on beads, suggesting they have a role as bridging moleculcs berween

the endothelium and vascular cells in the bloodstream. This binding is probablv mediated bv a spccific

subpopulation of cr,B,, dilferent lrom the receptors mediating cell adhesion, suggesting that there are

two functionally distinct populations of cr,B, on the endothelial cell [151].

The fibronectin receptor, crspl

Fibrinogen can directlv bind to u,p, on endothelial cells [152], which is the major receptor for

Iibronectin [153]. The binding site for endothelial cr,B, is localised in the fibrinogen Acr-chain at

position 572-574, the same binding site as for qB,. The bindingis mediated b.v the RGD-mediated

binding mechanism of integrin receptors, as discussed above.

The ICAM-1 Immunoglobulin-like receptor

ICAM-1 is a single, transmembrane glvcoprotein receptor bekrnging to the immunoglobulin-like cell

adhesion receptor tamilv expressed on clifferent cell types, including endothelial cells and leucocvtes

[154]. Its expression is induced bv inflammatory mediators, such as tumour necrosis lactor (INFCr),

interleukin-1 (IL-1) and interferon-gamma (IF-|), shear stress and flbrin. ICANI-1 binds to membrane-

bound integrin receptors such as LFA-I and MAC-1 on leukocytes, CD43, hvaluronan and fibrinogen

[1ss].

The binding of fibrinogen to ICAM-1 on endothelial cells is involved in mediating the binding of
inflammator,v cells. The first IgG domain of ICAM-1 on endothelial cells [156] binds to y 119-133 in

fibrinogen and the I-domain in the cr-unit of MAC-1 on inflammatory cel1s [157] binds to y 190-202

in the same fibrinogen [158, 159]. This interaction occurs at physiological concentrations of fibrinogen

and is not RGD-mediated [160, 161]. NIAC-1 interaction with f,brinogen is dependent upon aoivation

of the teceptor [162), but chemoactivated N{-A.C-1 can also interact directlv u,ith its counter-receptor

ICAN{-1 on endotheliai cells. The simultaneous interaction of fibrinogen with ICAM,1 on endothelial

ce11s and f!L{C-1 on leucoc\.tes increases the attachment by 5 times.

Intercellular bridging by fibrinogen is a pathway of leucocyte recruitment to the endothelium

independentlv of the receptor/counter-receptor interaction and it is influenced by the unique

topography of ICAM-1 expression on endothelial cells. ICAM-1 is expressed onh. on the apical, and

not on the basolateral side, of endothelial cell protrusions of TNFcx-stimulated cells, thereby favouring

interaction of NIAC-1 bound fibrinogen or B2-interaction. The first step in the adhesion process is the
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binding of an activated NIAC-I receptor to fibrinogcn, inducing a c<-rnformational change in the

fibrinogen resulting in the exposure of the binding sitc for ICAN{-1. This is a means of Prcventing

aberrant activation of the adhesii>n cascade under physiological concliuons, first of all bl the necessitl'

of an activated NIAC-1 and the requirement r>f conf<rrmational change in the fibrinogen [163].

For the binding of fibrinogen on cndothelial ICAN{-1, an intact cytoskeleton is necessar\', su!{gesting

that stress fibres are required for binding [155]. ICAM-1 plavs a central rolc in migration of activated

leucocltes to sircs olt inflammarion.

Fibrinogen induces tight adhesion of cells to postcapillary venules under low shear forces, which can

be blocked br,y 119-133 and bt.antibodies against ICAN{-1 [164].

Conclusion

Fibrin, which is formed after vessel injurl, 2nd in areas of tumours, harbours specific features for

endothelial cell adhesion and activation. To date, several molecules on endothelial cells have been

characterised as fibrin receptors. Thev comprise the tr,B,- and cr,B,-integrins, CD44 related chondroitin

sulphate proteogllcan and VE-cadherin. The integrins cr,Br- and cx,1pr bind to the same sequence in the

Acr-chain of fibrin, namclv Aa 572 574.

Thc role of o,,p,-integrin in angiogenesis has best been studied. Although dispensable in carlv

development, cx,B,-integrin can play a role in adult pathokrgical angiogenesis. This is indicated bv the

ability of o,B,-integrin bkrcking agerrts to reduce angiogenesis in several angiogenesis moclels zz zz)a.

F'urthermore, o,.B,-intcgrin expression is enhanced in endothelial cells present in angiogenic r,csscls and

during inflammation. It is generalll, believed that o,p,-integrin can bind to fibrin by interacting u,ith the

RGD-sequence in the Acr,chain. However, as complex matrices are involved, it remains to be

demonstrated that indeed this interaction plays a pivotal role. Conflictiog in titro data arc available

regarding the role of the u,.8,-integrin in the formation of capillaryJike tubular structures in a fibrin

mattix. In addition to a direct role in ccll adhesion, the interaction betu,een integrins and thc fibrin

matrix also cause ce1l activation bv intracellular signaling. The contribution of cr,B, in endothelal cells

adhesion to and invasion into a fibrin matrix sti11 needs further evaluation.

Fibrin not oniy serves as a passive adhesion mattix, but interaction of endothelial ce11s with fibrin

activates these ce11s and triggers fibrin-mediated responses, such as induction of cell migration,

prolifetation and formation of capillaryJike tubular structures. These reactions are flot onlv mediated

bv the integrin-interaction, but also by the interaction between the BB 15-42 sequence in fibrin and VE-

cadherin. This interaction further induces secretion of several products, which are involved in

coagulation, fibrinol"vsis and attraction of inflammatorv cells. This indicates that the fibrin matrix,

which is onll'present during pathological conditions is more than a passive matrix, but can contribute

to the subsequent healing process by inducing influx of inflammatory cells and b), initiating its own

degradation by upregulating fibrinolvsis.
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Abstract

Fibrin is a tcmporarv matrix which not only covers a wouncl, but also providcs a structure fcrr invading

cells during hcaling. Ohanges in the polvmcrisation conditions bcfore gelation of thc clot affect the

structure of fibrin and thus might influencc the intcraction with invading cells. Thereforc \\,'e tested

whether changes in the fibrin structure influence thc lormation of capillarv-like tubular structures by

human microvascular endothclial cells (hN{VEC) in an in uitro ang,i<:gcnesis model. Opaque lril-ftbrin

structures prepared at pH 7.0; fibrin matrices atpH1.4 and transparent l:5l-fibrin structures prepared

at pH 7.8 wete neutralised (pH 7.4) before seeding hNfVEC on top of them in confluent densiry

Hndothe[al cells rvere stimulated with a grou,th factor @FGF or VE,GF,j and a o.tokine (INFo) to

induce the u-PA/u-PA-teceptor-dependeflt formation of capillary like tubular structures. The

formation of these strucrures was quantified by determining the length of the imzsive structures bv

image analysis and bv measuring the accompanying r:s1-66rtn degradation. Ingrowth of tubular

structures proceeded at a faster rate in opaque matrices consisting of thick fibrin fibres as compared to

transParent gels with fine fibrin fibres. The more rapid ingrowth of tubular structure s in opaque fibrin

gels induced bv bFGF/TNFa or VEGF,.,/TNFa $ras accompanied b,v a larger extent of fibrin

clegradation. Both processes were inhibited by aprotinin and €-aminocaproic acid indicating the

involvement of plasmin. Thev were also inhibited by anti-u-PA or anti-u-PA-receptor IgG, but not by

anti t-PA IgG, suggesting the involvement of cell bound u-PA activir\,1

Horvever, in the opaque fibrin gels, thc tubular structures dissolvecl upon prolonged incubation due to

cxcessive {ibrin dcgradatic>n. Simulation of hMVtlC with bF'GF alone clid not induce tubular structures,

but caused a high dcgrce of t-PA- and plasmin-clependent fibrin lysis and, alter several davs, a parttal

dctachment of sheets o[ cells. Gradua] inhibition of the excessive fibrin ciegradation bv a series of
aprotinin concentrations did not lead to tube lormation in bFGF--treated cells. These data indicate that

the formation and stabilifi' of tubular structures by hMVE,C in fibrin is accompanied by controlled

fibrinolysis and depends criticallv not onlv on cell-bound u-PA-dependent plasminogen acti\.ation, but

also on the fibrin structure. Because the fibrin structure is largely influenced b). the conditions in which

fibtin has been polvmerised, these conditions may have considerable impact on angiogenesis during

wound healing and vascularisation of tumour stroma.

Introduction

Fibrin is a temporarv matrix which is formed after wounding or when plasma leaks from blood vessels

forming a fibrinous exudate, often seen in areas of inflammation and in tumours 11,2]. The fibrin

matrix not onh' acts as a barrier preventing further blood loss, but also provides a scaffolding into

which new microvessels can infiltrate during wound healing [3,a]. The structure of fibrin and other

matrix proteins associated rvith it, such as vitronectin, provicle new adhesion sites ancl thus spatial
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infotmation for cell-matrix intcractions during ccll migtation and the formation of ncu' tubular

structurcs. This remodelling process requircs thc balancecl lormation and dissolution of cell-matrix

interaction sites l5l. In additit>n to the integrins involved in thc formation of ccll-matrix interaction sites

[(r-tt], cell-bound protcolytic enzvmcs, such as plasminogen activat()rs (Pr\) and matrix clcgrading

metalkrproteinases, are gcncrally thought t<> plav a role in the invasion of cndothelial cells into a matrix

structure [9-11].

The ingrowth of endothelial cells in a fibrin matrix was shown to depend criticallv on u PA-mediatcd

activation of plasminogen to plasmin, which was localised on the ce11 surface bv intcraction u'ith the u-

PA receptor 112,13]. Controlled plasminogen activator activitv was essential to form capillan'like

tubular structures. Excessive plasminogen activation caused the formation of endothelial o'sts in the

fibrin matrix [14, 15], while enhancement of PA inhibition limited the extent of capillarv tube

formation [16]. Because alteration of the flbrin structure leads to changes in the sensitir.'in of these

matrices to plasmin degradation [17] as rx,ell to an altered spatial organisation of possible cell-binding

sites, we wondered whether the fibrin structure per se influenced the process of angiogenesis. Altered

fibrin srructures have been rcported in various pathological conditions, such as inflammation [18],

multiple mleloma [19], factor XIII deficienc,v [20] and dysfibrinogenemias [21].

In experimental conditions the fibrin structure can be altered by changes in the local pH during fibrin

polvmerisation, as u,cll as bv incorporation of plasma proteins, or protetns secreted bl inflammatort'

cells 122 24]. Becausc the fibrinol),tic sensitivitl, as we ll the major ccll binding RGD sequcnce in the Ag-

chain cliffers in human fibrin as compared to the fibrin of scveral other species [25], rve prepared

human fibrin matrices at various pH. After neutralising and equilibrating these matrices we er.aluateci

the process of capillarl'-like tubular structure formation by human microvascular enclothclial cells.

These studies shorv that, in addition to cell-bound u-PA and plasmin activit)', thc fibrin structure Per se

is an important dctcrminant of thc rate of capillarl, outgrowth as well as of the stabilitv of capillarr'-

lkc tubular structures.

Materials and methods

Materials

Penicillin/Streptomvcin, L-glutamine and medium M199 with or without phenol red, u,ith EBBS, L-

glutamine and Hepes rvere obtained from Biowitthaket (Vetviers, Belgium). Trichlotoacetic acid (ICA),

try,psin 1-300 370 USP/mg from ICN (Costa Mcsa, CA) and heat-inactir.atecl nen'botn calf scrum ftom

GIBCO BRI- (Paisler', Scotland). Human serum was prepared lrom pooled fresh blood of 10-20

health.v donors obtained from a local bloodbank. Fibronectin was a gift from DrJ. r,an Xlourik (Central

I-aboratory of the Blood Transfusion Service, Amsterdam). A crude preparation of cndothelial cell

growth lactor was prepared lrom bovine brain as dcscribed b1' Maciag et al1261. Thrombin and hcpatin
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werc obtainccl from Leo Pharmaceutical Products (}"/cesp, The Nethcdands), tissue culture plastics

from Costar (Cambridge, MA). Human fibrinogen, batch X 0319-51. containing 3.2 pg plasminogen

and 5 pg plasmin per gram fibrinogen from Chromc>gcnix AB (Nlrilndal, Swedcn), and iodinated human

fibrinogcn (200 tpli/mg fibtinogcn) lrom Amersham (Buckinghamshirc, Engiand). VEGFj.s [27] u,as a

kind gift from Dr. H. \Veich, (GBF, Braunsu,eig, Germanr) and TNFU [28], containing 2.45x10r U/mg
protein and lcss than 40 ng lipopolvsaccharide per mg protein from Dr. J. Tavernler (Biogent, Clent,

Belgium). Recombinant human basic fibroblast growth factor u'as purchased from Intergen furchase,
N! or from Bochringer Mannheim (Mannhcim, Gcrmanr). Rabbit poh-clonal anti-u-Pr\, anti,t-PA,

preimmune lgG and mouse monoclonal anti u-PA were prepared at our laboratorr'. N{onoclonal anti-

u-PA receptor IgG was a gift lrom Dr. \X/cidlc (Boehringer N{annheim, Pcnzburg). Aprotinin and

recombinant human hrruclin were purchascd from Pentapharm Ltd (Basel, Srvitzerland) ancl e-

aminocaproic acicl from lierck (Darmstadt, Germanr). Technovit 8100 r.vas obtained tr<>m Hcraeus

I{ulzer (\\'chrheim, (}crmanr).

Cell culture

Human lorcskin microvascular endothelial cells u.ere isolatccl, culturecl anrl characterised as previouslr-

describccl [29, 30]. Ce11s were cultuted until confluence at 5'X, CO./95y" zrir on fibronectin-coated dishes

in N{199 supplcmented w-ith 2 mN{ L-glutamine, 20 mNI Hcpcs (pH 7 .3), 10'f,, heat-inactivated human

serum, 10%, heat-inactivated newborn calf serum, 150 pg/ml crudc cnclothelial ce1l gro$,'th factor

(ECGD, 5 U/ml heparin, 100 IU/ml penicillin anci 100 pg/ml streptomvcin. Subsequentlv thc

cndothelial cells u,ere dctachcd with trlpsin/FIDTA and transfcrred to new fibronectin-coated clishes

at a split ratio of 3:1. Confluent endothelial cclls wcrc uscd lrom passages 7 to 10.

Preparation of fibrin gels

Human flbrin gels wete prcparcd b.v the addition of 100 pl of 0.3 U/ml thrombin to 200 pl of 3

mg/ml fibrinogen u,hich had been dialyscd against phosphate-buffered saline (PBS) ptl 7.4 u'rth the

adclition ol 21tCi l:il-fibrinoqen in a 1 cml well of 48-we1l plates. The structurc oi thc f-ibrin clot u'as

modificcl bv varvins thc pH of the mixture before poll.merisation bctrveen pH 7.0 and pH 7.8 r.vith

NaOH or HCl. Alter 24h of polvmerisation, inactivation of the thrombin, elution of lree iodine and

adjustmcnt of the pH of the t-ibrin gels to pH 7.4 was carried out by cquilibrating thc gcls rwice for

12h and once ftrr 24h u,ith 0.5 ml II199 containing 1[J7n human serum ancl 10'X, newlrotn calf serum.

The sttr-rctr:rc of fibrin fibres u'as monitored bv turbidiw mcasuremcnt, which is dependent on fibre

thickness and gcl rigidity [31]. This assav has proven to be an cflcctive mcasurcmeflt of the fibrin fibre

thickness and fibrin network structure [32]. The turbiditr.of fibrin gels polymcrised in a 96-u,ell plate

was measured at 350 nm by using a Titertek reacler.
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In vitro angiogenesis model

After preparation of the fibrin matrices confluent cnd<>thelial cells u,-ere detached from the fibronectin

coated dishcs u,ith trl,psin/EDTA, seeded in a confluent densitr, on the fibrin matrices. Alter 24h the

medium was replaced with medium containing diffcrent mediators. Fiverl, 4Bh the medium was changed

and collcctcd, over a time period of six davs. The formation of tubular structures of endothelial cells

by invasion into the underlt'ing matrix was anah'sed 61, phase c()ntrast microscop\,. Quantification of

thc lcngth rif thc structures lormed n'as performed bv a computcr cquippecl with ()ptimas image

anah,sis sofrware ancl a monochrome CCD camera (MX5) connccted to it. Per well thrce pictures u'ere

taken at a low magnification. Because of the turbidity of thc opa<1ue fibrin matrices, the tubular

structurcs u,'cre tracccl ()nto a transparent sheet and their length was measured bt' a computer analvsis

proEyam. After f-txation the matrices were embedded in Technor.,it 8100, according to instructions of

the manufacturer, and the presence of tubular structures in the threc dimensional fibrin matrix was

anal,vsed bv histological cxamination of sections perpendiculat to the monolaver u'hich u'ere staincd

with Coomassie Brilliant bluc.

Analysis of fibrin degradation

The flbrin degradation products in the collccted supcrnatant media u,ere precipitatecl at 0o C bv the

addition of 1 volume of 20"/n trichloroacetic acid The radioisotope content of the pellet, containing the

fibrin degradation products was detcrmined br, a T-counter. Data are expressed as the mean 1SEM.

Results

Structure of fibrin matrices formed at different pH

Fibrin matrices u,crc poh'merised in phosphate-buffered saline at pH valucs ranging from (r.5 to 8.5.

Turbiditl. measurcments u,erc perfcrrmed and the absorbency of thc formecl matrices u,as Plotted

against pH of the polymerisation buffer. Fibrin matrices formed in a morc acid environment (pH 6.5

to 7.0) had a high absorbenct' (opaque fibrin matrices) indicative of a opaque, porous fibrin nctu,ork

composed of thick fibrin fibres, while those polymerised in a more basic environmcnt (pH 7.(r to 8.5)

had a low absorbcnq, (transparent fibrin matrices) indicative of a rigid, transparent nctwork consisting

of thin fibrin fibres 132]. Small pH variations in a range between 7.0 and 7.8 resulted in dramatic

changes in the absorbency and thus in the network structure of the formed matrices. After

pol1,m..1r",ron the fibrin matrices were washed and ccluilibrated three times with serum containing

medium (pH 7.4) for 48 hrs; this did not alter the structure of the fibrin matrix as determined bv

turbidiw measurement.
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F-igure I : 'l he effect of the pH oJ the

polynerisation buffer on the structure of
tltL Jihrit mutrir; DiJTerrnt fihrit matritet

were made hf the a&lition oJ l00 ml of
0.3 U/mL Thrombin to 200 mL o;f 3 mg/ml

Jibrinogen iil Pob,merisation buJfers of
different pH. The stucture (t the Jibrin was

deternined by measurement of the turbiditl

ot 350 nn1 (A 350). Arrows indiLote the

J'ibrin natices which u,ere used in the in

vitro angiogenesis dssa\. l)ota ure

etpressed as the meln ISEM oJ thre(

inde penLle tll e 4te r i m c nl s.

6.5 7.0 7 .5 8.0 8.b
pH ol polymerisation buffer

Formation of capillary-like tubular structures in the various
fibrin matrices

lil/hen human microvascular endothelial cells (hMVEC) grown on a fibrin matrix were exposed to the

combination of bFGF- and TNFcr IbFGF/TNFo) or VFIGF-,., and TNF-cx (VEGFT(I/TNFcI), thev

invaded the underh,ing fibdn matrix and lormed capillarl,-likc tubular structures, as showfl for

bFGF/TNFcr in flgure 2. \X/hen these experimcnts wcre performcd on different {lbrin matrices, the

cxtcnt of tube formation in pll r.Ofibrin matrices was considcrabll. larger than in ptl r.sfibrin matrices,

although the onset of tube formation was seen at thc same time point (usua11y after two days).

Figure 2: Phose controst photomicrographs (left punels) untl histoktgit:al tross-se.iioils (right panels) ol invasive and lubuldr structure

o;f those three-dimensional fibrh matrices in M 199 suppLcmtntetl wilh 109/,. hunan serun antl 10% nettbont calf serum (pH 7.4 ). Silmulation

with 6 ng/ml bFGF ond 6 ng/nl TNFa induLed the cell.s kt invade the Jibrin matrix and form capillurvlike tubular struttutts. Pittures wera

taken alier 1 durs. Bar (top patlels) reprcsents l0 1lm; ntagnilication ol right paneLs is |)-fold.
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Quantification of the length of tubular strlrctlrrcs forrred bv bFGF/TNF-0-stimulated cells alter 4

davs showed that the extent of tubular structlrre firrmation at fH-lfibrin 2nd ng pH-.3fif1in were 79+3'X,

and 22'14"/,., of those in pll rlrfibrifl respectiveh' (figurc3). Not onll quantitative diffetences but alscr

qualitative differences could be obserr.ed. I. 
" 

n,, 
- fibrin matrix an extensive network of inr-asivc

structures v/as formed, while in a pH-lfibrin matrix smallcr and m()re isolated tubular structures werc

f<rrmed(figute2&3).

150
Figure j: Iulluuce ol librin.\tlt(turc on

t h a .fi t rnut i on r t f i tt t' u.s it t euttl t u lt ulu r
il f u(lut?,\ h.l hunut nic rowtculu r
endothelial cell.y: Cell.s vtert itrcubuted

vith 6 nghnl 'l NL a 6 ng/ml bFCF ud/or
25 ng/nrl VEG f I 65 lir I lur.t during

)t hi(h tulrLtIdr stilt( turct rert .fitnu!. The

totdl lefigtlt of tubuldr .\Iru(turc.\ r'ds

quuntifiad os tlestribcd in Mderials okl
Methotls antl e.tpressed us'/, ol tllc |ulu6
o bta i ne d ali e r s t irtt il I a I iot tt i I 11

bFGF/TNl-a on d jH-,,fihrin mdt'i\.
t9',tllIyit1, tfl'lfibriru und rfl.'fihrin rcfer to

tlte three dtfferent fibrirt ntatrices. Ploytin
ttctitirt and pla.sniilogen a(iit,ution werc

itthibired bt aprutitin ( 100 U/mL) and t
onittocttptoic acid ( l0 h1M), rcspectilel)'.

Dutut are tlrc mean ISEM of three

i tt d ep e n dutt e xpe ri mertl s.

+ bFGF/TNF

Thc formation of tubes was largeh. prevented bl t-amin<>caproic acid or aprotinin, which interfere

u,ith plasminoElcn activation or plasmin activit); respectivchr. Similar data were obtained u.ith

VI,lGFr6i/TNF'ct-stimulatcd hNfVEC (figure 3). In agreement u,,ith prcviolrs lindings, thc addition of
bljGlr or VFIGF',6i alone was unable to induce tubular structures 113]. Oross-sectional analvsis after 4

clays confirmc<l thc prcscnce of tubular sffuctures u,ith a lumen covcrecl with enclothelial cells

(figurc28). During a prolonged stimulation of 6 davs, the tubular structures in tht: trl 
-Lfibrin matrix

wcrc rcgrcssecl t<> invaginations in thc fibrin matrix. This could be prcr.entcd bv thc aclclition oi a lou,

conccntration of aprotinin (U.3 U/ml), suglgesting that the disappearancc of thc structurcs \\'as the

consequcncc ()f cxccssivc fibrinolvsis (figure 4A-C). The structures fotmcd in a i'li 
-.nfil>rin matrix

appeared to bc stablc cluring thc prok>ngcd stimulation (figure 4D F).

To dctermine u'hether residual thrombin activity or activation oi residual prothrombin in scrum

affected the outgrou,th of capillary-likc structures [33], the fibrin matrices \rere preincubatcd with

hitudin (5 U/ml) and thc in t'ilro angi<'gcncsis assav was performed in the continuolrs prcscncc of
hirudin. No differences wcre observecl in thc cxtcnt of tube formation (data not sho$,,n).
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Figure 4: Histological cross-sectio,ts of endotheliul cells cultured on the different fibrin matrices: endotheliLl cells were stimulated with

6 ng/ml bFGF and 6 ng/ml TNFa to invatle the matrix and fom tubular-like structures. The slructures fomed u'ere further assessed by

examining cross-sections of dfurent matrices. Tubulor structures in pHT.Wbrin were assessed dfter 4 (A); 5 (B) and 6 davs (C) and in Plli$rtbrin

matrice,s after 4 (D) and 6 (E and F) days. E And F are consecutive sections through the sume tubuLar stucture after 6 da1-s, Magnification

is 40-|bLd.

Pericellular fibrin degradation accompanies tubular structure
formation

To evaluate whether the outgrowth of structures $'as accompanied by fibrin degradation, the

accumulation of lysis products ltot 1251-l2belled fibrin matrices in the conditioned media was

quantified. \fhen hMVEC were stimulated with bFGF or VEGF,., and TNFcr simultaneously, the

formation of l25l-fibrin degradation products increased severalfold (figure 5), particularly in conditions

with the most extended outgrowth of structures (compare figure 3). This increase in l25l-fibrin

degradation products v/as nearly completely inhibited by the addition of aprotinin or E-aminocaproic

acid (figure 6). Furthermore, for both bFGF/TNFo- and for VE,GFr6j/TNFcr-stimulated endothelial

cells, the outgrowth of tubular structures and degradation of r25l-fibrin matrices were simultaneously

inhibited by anti-u-PA IgG but not by anti-t-PA IgG as shown fe1 pHi.0filfi1 matrices (figure 5). Similar

results were obtained f61 pH'.tfi!fir, and pHT.sfibrin matrices.

rJ(hen u-PA antigen was assayed in the supernatants of bFcF/TNFo-stimulated cells, no significant

differences in the u-PA antigen production over a time period of 4 days was found in cells grown on
pHi0fibrin, d{r'4fibrin or ptl"8fibrin matrices (8.8i1.6, 8-111.8 and 8.5+1.9 ng/well respectively measured in

five different experiments). Also no significant difference in the PAI-1 production was observed during

the same incubation penod Q216t369,1749!104 and 2257+573 ng/well respectiveiy), suggesting that

the enhanced fibrinolysis was flot due to enhanced u-PA production or to decreased PAI-1 synthesis,

but related to the properties of the different fibrin matrices.
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Furthermore, an anti-u-PA-receptor monoclonal antibody (anti-u-PAR), which blocked cellular u-PA

binding, could reduce the formation of tubular structures bv 80-95% (figure 5). These data indicate that

the u-PA/plasmiri system is involved in the outgrowth of structures bv the pericellular activation of

150
Figure 5: lnfluence of the fibrin structures

on.fibrin degradation by human

microvascular erulothelial cells: Cells were

incubuted with 6 ng/ml TNFa, 6 ng/ml

bl'Gl- arul/or 25 ng/ml VEGF165 for
1 days during which tubular structures

were forme<I. The total amount of fibrin
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plasminogen to plasmin by u-PA, probably bound to the u-PA-receptor. The presence of hirudin

during the in uitro angSogenesis assay did not influence the extent of fibrin degradation accompanying

the formation of tubular structures (data not shown).
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bFGF induces excessive fibrinolysis without tube formation

L.lnexpectecllri when hMVEC wcrc stimulatcd u,ith bFGIr alonc, considerablc clegradation of 125l-fibrin

occurred even exceeding the degradation inducccl bv stimulation u,ith bFGF/TNFcr (iigure 7). In this

condition no tubular structures were formecl, but shcets of cclls detached from the monolayers and
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gaps wcre frrrmed in the underlr'ing fibrin matrix. This effect was morc prominent ofl pll:lrhbrin than on

t']r-Efibrin. Tbc l,vsis of rrrl fibrin induced br- stimulation with bFGF was inhibited b,v the addition of

aprotinin, t-aminocaproic acid (figure 7) and anti t PA Ig() but not bv anti u PA IgG (figure 7),

suggcsting that bFGF induced t-PA production czruscd llsis ol thc fibrin matrix and detachment of
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matrix degradation, but did not lead to tubular structures formation (figure B). Thus the induction of

300

I pH 7 ofibrin

l*l pH 7 alibrin

l_l pH 7 sfibrin

c
-oEo
rIo

-C6o
=tLlYz
dF
o) LL
-9(,9LL
c_o
iE*

c)

0)

o\

6'O<<
: O(I (I
c -l a

Figure 7; lnfluence of inhibirion ol tl*
p Lastn ino g e n att ita t or/p I os nti n s l ste m ( ) n

l25l-fibrin degradttirtr by rclls stinulatcd

ht bFGF aktte: Calls were incubulad vitlt
6 ng/nl bF GL flt I duts. l lte onount (t'

.fibrit degradatitrt r us quutiliul o.t

tlescribed itr Mrterial.; tuil Mellutds oul
expresscd us'1 of tlk \'dlil(.t ol>tuittd olier

stinLtlutioil rith blGl"/l Nl'a on o tH't'ibr n

tttdlri.\. Pl,tvttitt,'\, 1I ttrtiItttt|| ttt'Iit iI_\ n'tt\

iilhihite.l b| rhc qddirioil of 100 pghnl ol
ileuttuli.\iilg tnlih(,(li(\. D(ltq qre the nteilt

tSEM ol thrcc irulependettt e.rperintents.
o
o

80

40

N
Eo
E
E
_c
O)
C
o
q)

_o

-r- fibrin degradation
--.- tube length



74 thoprer Ill

tubular structures could not bc induccd by t PA-dependcnt f-ibrinolr-sis induced bv bFGF, but required

cell-bound u-PA-dependent plasminogcn activati()n such as that induced bv bFGF/TNFcr.

Discussion

The present study using an in iltra angi,rgenesis m,rdel consisting of human mictovascular endothelial

cclls culturecl on top of various human fibrin gels indicates that, in additi<>n to cell-bound plasminogen

activat()r activih., thc structural and mechanical properties of fibrin play a regulatorv role in the

frrrmation <>f capillarv-like tubular structures.

The fibrin matrix, rvhich is formed in pathological conditions, facilitates the invasion of cells and

neovascularisation 12,31, and thus contributes to the healing process that follows iniurr'. Because fibrin

is specificallv associated u'ith pathological conditions, understanding of fibrin-associatcd angiogenesis

can hclp to iclcntift'rcgulaton,processes that can control angiogenesis [34 36], or to stimulate it in areas

r.r,here it is proccssing inadequatelv [37-381. A numbcr of factors affect the molecular structure <>f

frbrin, and as such mal affcct thc propcrtics of the flbtin matrix that are needed for thc frrrmation of

a ner.r. capillarr- netw,ork [24]. ()ur fincling that opaque and porous flbrin matrices (ntl-166.tr.t, permitted

a faster and more extensive outgrowth of tubular structures than did transparent and rigid matriccs

(rrl"ifibrin) is in [ne with thc obscrvations of other investigators who shou,'ed that the migration of

endothelial cells and fibroblasts proceeded faster in the opaque and porous fibrin gels [39,40].

In our experimental condition endothelial cells wcrc onlv in contact u,ith fibrin at their basolatetal side

and kept their polarised orientation during thc formation oF tubular structures [13]. This prevents rapid

cell shape changes caused bv the apical cxposurc of endothclial cclls to fibrin (ref. 41 and our

unpublishecl observations). In this respcct our modcl differs lrom the model of Nehls and

I-{crmann [39], who embedded bovine endothelial cclls lyown ()n beads in a fibrin ge1. In the latter assat'

thc cclls invaded faster into an opaque and porous fibrin gcl than in a transparent and rigid one, but

thc\.wcrc not able to form tubular structures in the opaquc gels. ln our moclcl, thc opaque and porous

fibrin structures permittecl not onlv a more rapid ingrowth of human microvascular endothelial cells

than did fincll dispersccl f-ibrin gels but also a the formation of a more extended tubular neru.ork.

Hor.ver.er, u.,c also obsen,ed that thcsc tubular structures could not be maintained during a prolonged

incubation of porous f-rbrin gels. This was accompanied bv a considerable degree of lvsis of the fibrin

gels. These obserr-ations agrec with prcvious studies showing that opaque ancl porous fibrin gcls are

more sensitive to flbrinolysis [171. Howcvcr, it should be noted that not onll does the fibrinoll'tic

sensitivrn'of the fibrin matrices play a rolc in this process, but the accessibilitv of important cpitopcs

due to a different fibrin bundle structurc formation may also contrlbute to the different angiogenic

responses. This implies not only direct ccll binding sites on the fibrin Acr-chain [25] and possibly the

BB chain [42], but also the association of vitronectin to the fibrin bundles which is likely to occur

during incubation in the presence of serum or plasma.
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Thc parallcl ()ccurrence of tube formation and fibrin degradation was only Found u,,hen plasmin was

gcncratcd b,v u-PA activitl', and not bv t-PA activit\'. For manv cclls it has been shown that u-PA bound

to a cellular u-PA receptor is involvccl in cell migratir>n ancl invasion 143-46].,'\lthough the role of u-

PA in lateral endothelial migration, such as rc-cnclothclialisation of an arterial inner lining, is uncertain

[47,48), invasion of endothelial ccl1s in a thrcc-climcnsional fibrin metrir in uitra requtes cell-bound u-

Pu\ activitr' 112,13,16).In agreement with thcsc lattcr stuclics, u,c obsen'ed that cell bound u-PA activit\'

u.as needed for the formation of capillar,v like tubular structures in all three fibrin matrices that wcrc

used. Although u-PA, u,hich in human cndothelial cells is induced bv TNFcr [49], is a major protcolytic

determinant for the invasion of cndothelial cells in fibrin, it is likelv that other protcascs, in particular

matrix degrading metalloprotcinases OIMP, are additionallv involr-ed in the remoclclling t>f morc

complex matrices, that also contain intcrstitial collagens [50]. In this context it is oi intcrcst that TNFo(

induces, in acldition to u-Pr\, thc svnthesis of a number of NINIPs in endothelial cells [51-53].

Furthermorc, TNFcx can act at other levels. It can enforce the intcraction bctr.r,ccn \I\lIiC and the

fibrin matrix bv incluction of matrix-binding integrins, in particular cr,Br 154, 551, u,hich bincls to manr'

matrix pr<>teins including fibrin [56] and r.itronectin [57], and it may affcct thc cxprcssion oi grou'th

Factor rcccptors.

An uncxpected finding of our studv \rras that when endothclial cclls wcrc stimulatecl rvith bF-GF in the

abscncc of TNFcr , thcl dcgraded the fibrin matrix at a relativclv high ratc. This lysis depended on

plasmin ancl t-PA activities, but u,as not accompanied br thc frrrmation of tubular structures. The

inabilifi, of t-PA to induce tubular structures is at variancc v"'ith thc data of \hsunaga et a1 [58], but was

also found in other studies [13]. Previous studics <>n cnclothclial cclls har.c shown that stimulation of

endothelial ce11s by, bFGF increases t-PA procluction. Therefore, one ma\. anticipate that enhanced t

PA activin' and accompanving plasmin llcncration is too great to allor.r, the formation o[ stab]e tubes.

F,rcessive fibrinoh,sis preventing tube f<>rmation in fibrin matrices rvas aiso found u,ith phorbol-ester-

stimulated bovine endothclial cclls [591. In that case, the formation of tubular structures could be

rescued bv the stabilisation of the fibrin matrix bv aprotinin [59]. Hos'evet, although titration of the

plasmin inhibitor aprotinin in thc fibrin gels causecl a gradual decrease in fibrin h'sis, it rvas unablc t<r

provide, under anv conclitions, the environment in which tubular structures rr,'ere lrrrmccl br. bFGF-

stimulated hNIVEC. Therefore, we favour the suggestion that orilv well-balancccl u-Pr\-mccliatccl and

cell-bounil plasminogcn activation contributes to the formation of tubular structures, and that t PA

enhanccd fibrinolvsis cloes not, possiblv becausc it is not confined to thc cell surfacc.

ln conclusion our clata point to an important role of the fibrin matrix per sc in thc hrrmation of

capillarv-likc tubular structures, in addition to the role pla,ved b1, cell-bouncl u PA actir.irr'. In this studr;

rclativcll, simplc fibrin matrices have been studied. Nlanr. conditions and c()mponents influence the

structurc of fibrin when ther. are present during fibrin formation, ancl pr()teases from leukocvtes can

modify thc fibrin structure after it has been formed. Thereforc, wound healing and recanalisation of
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mural thrombr mar, in part depencl on I]brin-moclifving factors. Future studies have to re\.eal u'hcther

ancl hou, these factors can i:e influencecl.
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Abstract

Cancer patients treated for venous thromboembolism rvith lou, molccular weight heparin (-N[\VH)

have a better survival rate than patients trcated rvith unfractionated hcparin (UFH). Since angiogenesis

is an important determinant in the progression and metastasis oi manv solid tumors, the effects of
heparins on in uitro angiogenesis were invcstigatcd. Both UFFI and Ll,f\\,'H inhibited to the same the

cxtent bFcF-induced proliferation of human microvascular endothelial cells ftNIVEC) as detcrminccl

bv [:H1-,n"-tdinc incorporation (3(r-(r0'X, inhibition.) VEGF,o,-induced proliferation v'as also inhibitcd,

but to a to a lesser extent (19-33(I, inhibition.)

Turbidin' measuremcflts and electron microscopy showed that the presence of I-N{WI'{ during

polvmerization of the fibrin matrix lccl to a more traflsparent rigid network with thin fibrin bunclles,

while the presence of UF-H resultecl in a more opaque malleable netu,,ork u,ith thick fibrin fibers.

W'c used a human in L,itro angt<lgenesis model, that consisted of hMVFIC secdcd on top of a fibrin

matrix, ancl stimulated thc cells with bFGF/TNFU to induce capillary-likc tubular structures. The

ftrrmatir>n of capillarr-likc tubular structures was retarded with matrices polymerized in the presence

of LMWH (44"/, and 46%, inhibition as compared to a control matrix f<rr 1.5 and 10 U/ml LN[\{'H

rcspcctivclv), while matrices polvmerized in thc presence of UFH facilitatccl tubular structure

f<rrmation (89% and 29"/o simu\aion as compared to a control matrix for 1.5 and 10 U/m1 UFH

rcspcctively.) Similar results were obtained for cells stimulatcd with VFIGF/ TNFcx.

These data determine the inhibitory eflect of hcparins on prolifcration of hN{VEC and provide a novel

mechanism bv which LM\{/H mav affect tumor pr()gression, namelv reduced ingrowth of
microvascular structures in a fibrinous stroma matrix bv rendering it less permissive for invasion.

Introduction

Patients rvith malignant diseascs are at increased risk of \rcnous thromboembolic complicarions [11. As

a result, man\- cancer patients arc treated with antithrombotic drugs, including heparins. Intraven()us

dose adjusted unftactionated heparin (LIFH) has been the standard initial tteatment, but reccnt

randomized clinical trials have shown that subcutaneous fixed doses of 1ow molecular weight hcparin

(I-N[$(/H) are as safe and effective as UFH l2-4). Cancer patients who have been treated u,ith I-N[V'H

for their ven()us thromboembolism were found to have a significantly improved thrce month sur\.ival

as compared to UFH recipients, whereas incidences of hemorrhagcs ancl thromboembolic rccurrences

wcre comparable in both treatment groups [5].

Scvctal experimental studies har.e reported the either stimulatory or inhibitory effects of heparins on

tumor growth and metastasis (see [6] for reviev). Thesc eflects may n()t only reflcct their anticoagulant

function, but may involve other processes, such as angiogenesis [71. Animal studies have shown that
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LXTWH and UFH differentially affect angiogenesis, but the mechanisms by which thev act remain

uncle ar [8,9].

Angiogenesis, the formation of new blood vesscls, supports thc expansion of manv solid tumors and

lacilitates the escape of tumor ce1ls and thus mctastasis [10, 11]. Angiogenesis is driven bv

microvascular endothelal cells (NIVEC), u,hich upon activation degrade their basement membrane,

migrate into the interstitial matrix, proLiferate, and form ncw capillary-like tubular structures [12].

Tum<>rs release a number of angiogenic growth factors, such as vasculat endothelial lJrowth factors

(VEGF, [i3], fibroblast growth factors (FGFs) [14] and scatter factor 115]. Induction and maintenance

of angiogene sis requircs interaction of these growth factors with their respective rcceptors, which then

activatc endothelial cells 116, 17], often in concert with other cytokines [1t3]. Hcparan sulfates and

heparins modulatc thc binding of many angiogenic grov/th factots, and hence mat' affect endothelial

cell responses 119,20). Thus far, the effects of heparins on angiogenesis have been attributecl to thcir

interaction rvith angiogenic growth factors. However, other steps in the proccss of angiogenesis mat,

also be influencccl, in particular the intcraction of MVF,C with the matrix which thev invadc.

A major compr)nent of thc initial tumor stroma is fibrin, which is deposited following exuclation of

plasma from leakv vessels surrounding thc tumor [21]. Fibrin provides scaffolding for both invasivc

cancer cells and endothelial cclls, the reby contributing to tumor growth and neovascularizaion 122,231.

The structural and mechanical properties <>f thc fibrin matrix plav a regulatorv role in the formation of

capillarr-like tubuiar structures p4,25). Modification of the structure of the fibrin network alters its

sensitiviry towards proteol,vtic degradation, which affects tube formation [26]. Hepadns also affect thc

strucrurc of the fibrin clot, altering its sensitivih, to plasmin degradation [27]. However it is not known

ro which extent I-M\ilH or UFH affect angiogenesis b,v altering thc structure of the fibrin matrix.

Thc present study evaluates the effects of UFH and I-M\WH on growth factor-induced prolifetation

and the formation of capillary-like tubular strucrures bv human MVEC (hMVEC). Both compounds

reducc proliferation of hNfVEC to a similar degree. However, the presence of LNIWH during the

polymcrization of the fibrin decreases the formation of tubular endothelial structures, r.vhile the

presence of UFH enhances its formation. These data provide a novel mechanism b1' which LNIWH

may affect tum()r progression, namel,v reduced ingtowth of microvascular structures in a fibrinous

stroma matrix bv rendering it less pcrmissive for invasion.

Materials and methods

Materials

Penicillin/streptom1.6l1, I- glutamine and medium N{199 with or u,ithout phenol red, with EBBS, L-

glutamine and HEPE,S were obtained from Biowitthaker (Verviers, Belgium). Trichloroacetic acid

(ICA), trlpsin 1 300 370 USP/mg were obtained from ICN (Costa N{csa, CA) and heat-inactivated
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newborn calf serum from GIBCO BRL (Paisler,, Scotiand). Human serum was prepared from the

poolecl fresh blood of 10-20 healthv donors obtained frcim a local bloocl bank. Fibronectin was a gift

from Dr J. van Mourik (Central Laboratorl.' of the Blood Translusion Service, Amsterdam, The

Netherlands). A crude preparation of endothelial cell growth factor (LCGF) was prepared from bovine

brain [28]. Thrombin and unfractionated heparin (UF'H) wcre obtained from Leo Pharmaceutical

Products (Jfleesp, The Netherlands), tissuc culture plastics from Costar (Cambridge, NIA). Human

fibrinogen, batch X 0379-51 containing 3.2 pg plasminogen and 5 pg plasmin per gram fibrinogen was

purchased from Chromogenix AB Q4irlndal, Sweden) and the 1ow molecular u.eight heparin (LM!(/H)

Reviparin was ftom I{noll (l,udwigshaven, Germanr). VEGF16; was a kind gift from Dr. H. Weich,

(GBF, Braunsu,ei€5, Germanl), ancl TNFo containing 2.45x10' U/mg protein and less than 40 ng

lipopoll,saccharide pcr mg protein from Dr. J. Tavetnier (Biogent, Gent, Belgium). Recombinant human

basic fibroblast gr()wth thctor (bFCiF) was purchased from PeproTech (Rock1, Hill, NJ) and [rH]-
thvmidine from Amcrsham (Buckinghamshire, UI{.)

Cell culture

Human umbilical vein endothelial cells (HUVEC) [29] and human fr>rcskin microvascular endotheiial

cells (hMVE,C) were isolated, cultuted and characterized as previ<>usly described [30,31]. Cells were

cultured until confluence in 5% CO,/95'/,, air atmosphcrc on fibronectin-coated dishes in NI199

supplemented with 2 mM L-glutamine, 20 mNI HEPES (pH 7.3), 10'X, heat-inactivated human serum,

10%, heat-inactivated newborn calf serum, 150 pg/ml ECGF, 100 IU/ml penicillin and 100 mg/ml

streptomvcin. The endothelial cel1s were then dctachcd with try'psin/EDTA and transferred to flew

fibronectin-coated dishes at a split ratio of 1:3. Confluent cndothclial cells.r,'ere used at passage 9-11

tor hNIVEC and at passage 2 for HUVEC.

Proliferation assay

Incorporation of [iH]-th1'midine in DNA was determined as previouslv described [18]. Confluent

cultures of HUVE,C or hNIVEC were detached by trypsin/EDTA solurion and seeded at a densio' of
7500 cells per cmr on fibroncctin-coated 24 well dishes in M199 medium containing 10%,NBCS,

penicillin/streptomycin, growth factor (2.5 ng/mlbFGF or 72.5 ng/mlVEGF,j. The inhibition of
prolifcrati<>n was studied bv the addition of 0.5or 10U/ml UFH or 0.5 or 10 U/ml LNIWH. After a

prcincubation period of 48 hours, a trace amount of [H]-th,vmidine (0.5 pCi per 2 cml u.e11 in 10 pl)

was aclded and ce11s were incubated for another B hours. The cells then wcrc washcd with ice-cold PBS

ancl [3H]-labeled cells were fixed with 0.5m1 100%methanol, DNA was prccipitated with 5%TCA,

dissolved in 0.3 M NaOH and counted in a liquid scintillation counter.
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Preparation of fibrin matrices

chapter lV

Human fibrin matrices u'ere prepared b1, the addition of 0.1 U/ml thrombin to 300 pl of 3 mg/ml

fibrinogen dialyzed against phosphate-buffered salne (PBS, containing 140 mNI NaCl, 13.4 mNI

Na,HPO*.2H,O, 138 mN{ NaH,PO,.2H,O, pH 7.a) in a 1 cml wcll of 48 well plates. The structure of

thc fibrin clot was modified b.v varving the pH of the miriturc bcf<rrc polymerization bctw'ecn pH 7.0

and pH 7.8 with NaOH or HCl. Aftet 24 hours of polvmerizati<>n, inactivation of thrombin and

adiustment <>f thc pH of the fibrin gels to pH 7.4 u.as carried out by ccluilibrating the gels tu.ice lor

12 hours ancl <>nce fcrr 24 hours with 0.5 m1 \{199 containing 109{, human sctum ancl 10(2, neu,born calf

sef um.

Thc influcnce of heparins on the structure of the fibrin matrixwas studied b1,thc addition of 1.-5 or

10 U/ml UF-H or 1.5 or 10 U/ml of LNM/H prior to the polymerization. After 4 hours of

polymerization the matrices wcrc washed u,ith cultute media.

In a parallel experiment the structure of fibrin fibers was monitored bv turbiditv measutement u,ith a

multichannel spectrophotr>mctcr at 340 nm (Iitettek multiscan; Flou,s Labs, Ilcl,ean, \A) and was

plotted against the pH of the polymcrization buffer or against the concentration of the added heparin.

For electron microscopv examinati<>n of the fibrin ner$,ork structure, human plasma u,as clotted on

formr.ar-coated 200 mesh nickel grids bv the addition of 1 U/m1 of thrombin in the presence or

absence of LN[\\,'H or UFH. After 30 min, fibrin u.as u,ashcd u,ith distilled u,ater and stained with

19/r, phosphotungstic acid for 1 min. After repeated u,ashing u,ith s,ater the specimen was dried ancl the

fibrin network formed was analyzed in a Philips 201 electron rnicroscope.

In vitro angiogenesis model

After prcparation of the fibrin matrices, confluent endothelial cells u,crc detachecl lrom the fibronectin-

coatcd dishcs with trr.psin/EDTA and seeded in a conflucnt dcnsitv ()n thc fibrin matrices. After

24 hours thc mcclium rvas teplaced u,-ith medium containing diffcrcnt mediators. Ilvcrv ;18 hours thc

meclium u'as changcd and collected, for a time period of six clays. Thc irrrmation <>f tubular structures

of endothelial cclls br- invasion into the underlying matrix was analvzed b1'phesc contr.lst micr<,scr,p\'.

Quantification of thc lcngth of the structures formed was performed bv a compr"rter c<luippcci rvith

Optimas imagc anah'sis software connected to amonochrome CCD camera (NIX5) 1181.

Antigen measurement in conditioned media

u-PA Antigen was measured as previouslr, clescribed [18]. Brieflr, 9(r-u,e11 microtiter plates were coatcd

u,ith a mixture of two monockrnal antibodies, UI{ 2.1 and UI{ 2(r.15, recognizing different epitopes of

the u-PA antigefl. The next day, the platcs r.verc blocked u.ith casein and serial dilutions of standard u-
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PA (Ukidan; Scrono, Aubonne, Switzcrland) or culture media werc added. F'inall1., an incubation $,as

pcrformed with HRP-conjugated monoclonal anti u-PA lgG Q-M\f 11.1), and then

tetrameth),'lbenzidine substrate was added to react. Thc rcaction u,as stopped with H,SO, after 15 min

of incubation. The absorbance was measured with a multichannel spectrophotometer.

PAI-1 antigen was detetmined by trLISA of thc conclitir>ned media collected from cells grown on fibrin

and stimulated with diffetent factors in N{199 supplcmcntcd with 1070 human serum and 107u newborn

calf serum, according to the instructions of the manufactures (Biopool, Umea, Sweden).

Results

Effect of heparin on the proliferation of hMVEC and HUVEC

Prolileration u,as measurccl as the incorporation of [3Hl-thymidine in hN{VEC stimr-rlated with bFGF

(2.5 ng/ml) or VliGF,n, (12.5 nglml). Addition of a low concentration of UI]H or LNI\\''FI (0.5 U/ml

of UF'FI or 0.5 U/ml ol LNfWH) to bFGF-stimulated cells resulted in a significant decrease of

B

Figure l: Incorporation ol [-]Hl-thynidine
it DNA oJ hMVEC (A, B) or HUVEC (C,

D): the hhibition oJ prolif'eration was

studied by the addilion oJ 0.5 or l() U/nl
UFH or 0.5 or 10 U/tnl LMWH. Data ure

the nean 4E oJ three ittdependeut

erperintents Jbr bFGF (A and C) and litr
VEGF165 (B and D).

(* represents p <0-01 arul *)'repr(sentt

p < 0.05.)
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[]Hl-thymidine incorporation (58t3% and36x3n/,' inhibition, rcspcctivcll,, as compared to control). The

adclition of higher concentratioris of both heparin preparations rcsultccl in similar or evefl further

inhibition (60t9"k and 50t10% inhibition, respectivelr') (figurc 1A). Also VEGFl6rinduced proliferation
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$,as inhibited br, thc addition of UIrH ancl Lll\X'l l, although to a lesser cxtent (3313(l/i, fbr 0.5 U/ml

UFH and 0.5 U/m1 I-MWIJ, and to 28t3'U, ancl 19t3'L for 10 U/ml respectir,elt) (figure 1B).

Interestinglr,, this effcct of heparin u,'as spccif-ic for hNI\IIIC, l>ecause UFH ot LN{\(IH did not

srgnihcantly affect the proliferation of HUVIIC incluccil br. bF(iF (tit2(/o and 5t8%, for 0.5 U/m1 UFH

encl 0,5 U/ml LNI\IH and to 15t5'X, lot 10 U/ml) (figurc 10) nor \rLGFln; (2x4"/t' and9x7''k f<tr 0.5

U/ml rcspectivclr,, and to 3t5ol, and 4t10%, for 1() U/ml, rcspcctivel\, (figurc 1D).

Fibrin matrices polymerized in different conditions

Prcviously u,c shorvcci that the structure of fibrin depends ofl thc plI at which flbrin u,as polr-merized

1251. Fibtin matriccs p<>h'n'rcrizcd at pH 7.0 or lower had a high turbidin'inclicativc of an opaclue,

malleable ancl porous nctu'ork, rvhile those polymerized in a mote basic environment (pLI 7.8) had a

lcxv ebsorbencr-indicativc <>f a transparent, dense and rigid nerrvotk (figure 2A).

1.21.2

Figure 2: The effect of tlrc pol\\ilcri..rti(rt
conditions ott tlte stntctura of tlrc fornctl
Jibrin matrir.

A, B. Prior to pohrileriaatiol thc pH ol thc

buffer vas altercd betteett pH 7.0 aru|7.8

lA) ot 1.5 or 10 U/ni UFH and 1.5 or l0
lJ/nrl LMWH were added (B). After th of
polrnterization tlrc structure of the .fibrin
\rus deterntitled b\ measurement of tlw

turbidi\'at 310 iltn (A 340). Data ure

Ltpretsetl as tlv tnean +SE ttfthree

i t kl e p?nde n t e.\pe rimeilt s.

C, D, Ii: Ektron microgrt7ths oJ the Jibrin
il?t||ork ufier pol\-nerizatbn $'ithout (C)

or itt the prc*ntt ol UI"H (l)) or

LMWH (E)-
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The presence of LIIjH anc'l LNl\\iH cluring fibrin poll,merization also caused an altcration oi the

turbidifi.of the matriccs ftrrmecl. UFH induced an inctease in turbidin'and I-I[\']l a dcctcase

(figure 28).

Electron microscopic studics r>n fibrin matrices confitmed that the fibtin netu.ork lormccl in thc

presence of UFH was composcd of thickcr fibrin bundles in a morc porous net\I,ork, while buncllcs in

the tighter fletwork formed in the presence of I-N[W'H u'ere thinfler and denser (figure 2C-E).
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Formation of capillary-like tubular structures in the various
fibrin matrices

hN,fVE,C gro$/n ofl a fibrin matrix and stimulated rvith the combination of bFGF and TNFu,

(bFGF/TNFo) ot VEGF,., and TNFcr (Vh,GF'r6;/ TNFcr) invaded the undedving fibrin matrix and

formed capillaryJike tubular structures (figurc 48) [18], as shou,n for bFGF/TNFct in figurc4A,B.
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Figure 3: Influertce ofJibrirt struLiure on

the formatiotl of tapillorv-like tubulur

si'uctures: stinrulation d erulotheIiuI ccIIs

with 5 ng/nil b['GF und I ng/ntl TNF'a.fitr

six days itdutetl tlte ell.\ to it1\'ade th(
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tubuldr stru(luras.-l'lu total lengtlt ol'

tubulur stru.lures wus quatttified oul
expressed at "/, oJ tltc values obtalned after

.\timulutiott vtith bFGF/TNFa on a conlrol

librin mutri.r (pH 7.4 (A) und tilltout
UFH/LMWH (B)). Dato.tre etpressed qs

meun $E ol li,a dffirent expeimertts

perllrnad with duplicate wells. 100q, is

9llyl um/<mt. (* represents p < 0.Al ontl
** repre.sents p < 0.05).
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The overall length of tubular structures rvas considerabll, highcr in malleablc fibrin matrices produced

at pH 7.0 (.126x2% of tube formation 2s compared to matrices polvmerized atpIl 7.4) than in fibrin

Figure 4: InJluent'e of.fibrit stru(lure on

the formatktt of capillart-like tuhulor

st ruct ure s.- S t itltu ld ion ol end t t h e I i u I L c I I s

with 5 ng/ml bFGF und I ng/nl 'fNFa.lbr

six tlcrys intlu<:etl the L.ells to ittveule the

Jibrin mutrix and Jitrnt tupillart-like
tubuLut studures-

A, C - F' : P hata -tttt r.tst p hd omi c ro g rdp h s

oJ tubular strrctuws (A, arrowhetttl)

1i'rnetl hv hMVEC itltttred on Jihrin
matric-as Jbmted in the presence of 1.5 or

l0 U/ml UFH (C and D), 1.5 or l0 U/ml oJ

LMWH (E and F) and control mdtrices (A).

B: Hisoktgical cross-section: a tubular

structure, indicdted by an arrowhead, is

connected as became evi.dent by serial

sections.

I owotibrin

E o"tlibrin
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matrices produced at pH 7.8 (30x4"/u of tubc formation as compared to matrices polvmerized at

pH 7.a), both in bFGF/TNFcr (figure 3A), and VEGF16,/ TNFcx- stimulated cells (data not shown).

Alteration of the fibrin matriccs due to the prescnce of UFH and LN{WH during the po1yms.ir.ti..

also affected the extent of tube-formation bt' hNIVEC (figure 3B). The total length of the tubes

formcd after stimulation with bFGF/TNFcr of the cells larown on fibrin matrices polymerized in the

prcscnce 1.5 U/m1 and 10 U/ml UFH was increased with 89t1 1'2, and 29t1,6nk tespectivell., as

comparcd to control matrices (figure 4C-D). However, the presence of similar amouflts of LNI\XIH

during matrix polymcrization caused a decrease in the length of tube fr>rmation t<> 44t10o/o and 46x7ok

as comparecl to control, respectir.elr (figure 4E-F).

Similar results u,cre obtained when hN[\rEC were stimulated with 25ng/ml VEGF and 1ng/m1

TNFct. The mcasurecl length lor control matrices was 62 mm/cm2, while the measured length fbr

matrices poh'merized in the presence of 1.5U/ml or 1OU/mIUF-H was 79.9mmfcm1 and

17.6mmfcm:, respectiveh'and for matrices polymedzed in the presence of 1.5U/ml or 10U/ml

LNf\\'H u.as 29.9 mm/cmr and 28.9 mm/cmr, respectil.ely

The differenccs in tube formation could not be explained bt, an altered u-PA activiil', becausc thc

secretion of u-PA and PAI-1 antigen in all conditions was similar (table 1).

Tuble 1: Measurentent of u-PA an(l PAl-l
.iltigen in utnditioned ntediq. Stimulation

oJ eru.lotlrcliul cells with 5 ng/nl bFGF and

I ng/ml TNFa induced the cells to invade

tlte Jibrin matrix urul fttrm capillary-like
tubulur.structures. Ever,t two day-s the

vpenutant media were renewetl. The total

uttcentreilion,- oJ u-PA and PAI-l antigens

secreled in the corulitioned media were

mcusttrcd by speciJic ELISA arul expressed

u.\ th? tolul amoLlt1t (ng) .recreted over a

perkxl of six tluvl. I Uhnl LMWH

tepresent,\ I aXu/ml LMWH.

Discussion

PAI-1 ng / 10s cells / 6d u-PA ng / 10s cells / 6d

0 U/ml 678150 21t0.4

1.5 U/ml UFH 6941 57 24!0.1

10 U/ml UFH 685r34 2310.3

1.5 U/ml LMWH 711!20 231 0.1

10 U/mI LMWH 682!20 23r0.4

The ptesent studv reve als two mechanisms by which UFH and LMSflH affect angiogenesis zr yitro. UFH

and LNIW'H inhibit the proliferation of hMVtrC induced by the angiogenic factors bFGF and VEGF'16;

to a similar degree, and dilferently affect frbrin matrix formation. LN[\{,H causes the formation of
more rigid flbrin matrices that inhibit capillary-like tubular structure formation, while thc presence of
UFH contributes to the formation of a more malleable fibrin matrix and thus facilitates angiogenesis.

Angiogenesis is required for the cxpansion r>f manv solid tumors and facilitates the metastasis of tumor

cells to other organs [10]. Factors altering angiogenesis mav therefore influence these processes and

thereby the prognosis of cancer patients. Various studies have suggested that heparins affect the

prolileration of endothelial cells b,v their cffects on angiogenic growth factors, in particular FGFs and
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VIIGFs 132-341. Both endothelial heparan sullatcs ancl heparins can promote thc interaction of these

growth factors with their receptors. C)nc mar- anticipatc that LNIWH might inhibit angiogenesis bv

competing with cellular heparan sulfates lor the binding of these grorr,-th factors [35]. Hou,er''et ncr

diflerences between UFH and LM\X, H on endothelial cell proliferation induced by bFGF or VEGF16,

u'ere obsened. Interestinglr,, the inhibitorv eflect of hcparin on proliferation was relatively strong in

hlI\rEC, u.hereas it was non-significant in HUVEC. Becausc angiogenesis is driven bv microvascular

cndothelial cells, this elfect is probab\, rclcvant for tumor neovascularization.

The migration and inr.asion of cclls dcpend on their cletachment from and the new attachmcnt of

imzding cells to their extracellular matrix. The matrix of an initial tumor stroma is prcclominantlv

formed bv plasma proteins, in particular fibrinogen, released bv leakv rcssels [22, 3(rl. Tum<>r cells

inducc a state of hlpetpermeabilitl, in the surtounding vasculature bv the release of vascular

permcabilin' factors such as VIIGF [36]. The fibrinous exudate formed providcs an important

provisional scaffolding for invasive cells, therebv contributing to tumor grou,th and neovascula,rizatior,.

In titro angiogcncsis studics revealed that the formation of capillarv-like tubular structures b\.

endothelial cells in a fibrin matrix depends on local and controled matrix clegraclation mecliatcd br-cell-

bound urokinase and plasmin [38-40]. In addition, the structure of fibrin itself plal's an important role

in thc invasion of the matrices b1' [24, 25] and as is shown here, heparins affect fibrin matrix formation.

Diffe rence s in the fibrin network structure alter its sensitivitl, towards plasmin-dependent

protcolysis 141,27) and the displa,v of epitopes inr.olr.ed in endr>thelial cell-matrix intcraction during

angiogcnesis [42,43]. Heparins were present during the p<>h'mcrization of the matrix, but were washed

out before theit use in the in uilro angiogeoesis model. It is unlikell' that a small amount of heparin

rcmaining significantly affected endothelial proliferetion in r.tur in t'ilro anglogenesis model. This

su€JEIestion is strengthened bv our previous observation that the formation of tubular structures does

not criticalh.depend on cndothelial proliferation [18,40]. Finallr; the effects of UFH and I-N{WH on

hInrEC proJiferation u,ere similar, whercas thcir cffects on capillarlJike tube formation paralleled their

effects on the fibrin structure. Thus heparins may influence angiogenesis differentiallr; b1, their specific

effect on the frbrin structure in thc fibrinous stroma of a tumor.

These data pror.ide a novel mechanism by which LNI\X/H mar. affect tumor progression, namelr,

reduced ingrowth of microvascular structures in a fibrinous stroma matrix bt' rcndcring it lcss

permissive for inr.asion.

In conclusion, our data indicate that heparins not onlr. affect the prolifcration of cnckrthclial cclls, but

also affect angiogenesis bt'altering the structural and mechanical propcrtics of thc fibrin netu,ork.

\Whereas the structural alterations of the fibrin matrix bv UFH enhancccl the invasion of the matrix bl
capillary-forming endothelial ce1ls, LNf\{'H reduced it. These findings may contribute to the elucidation

of the mechanisms br'' which heparins mav affect canccr progression diFfetentiallr...
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Abstract

A congenital dysfibrinogenemia, fibrinogefl\i,,u",.,., u,as discrx,ered in a young male without anv

thromboembolic complications. r\ homozrgous inscrtion of a singlc nucleotidc (C) in codon /\o( 453

(Pro) intr<>duced a stop codon at position 454, which resultcd in the deletion <>f the carboxr.l terminal

segment Act 454-610. The ensuing unpaired cysteine il Aa 442 gcflcratcd fibrinogen-albumin

complcxcs of different molccular u,eights. The molccr-rlar abnormalities of fibrinoge.\,.,n...,n led t,, n

delar''ecl clotting time and a rigid fibrin netw,ork s.ith a low turbidi6,, probabl,v due to detectivc lateral

association of thc fibrin br-rnclles. Electron microscopr. confirmccl that thin fibrin bunclles were

organizcd in a fine nerworl<. The use of fibrinr*n.ron in an in izTz angiogcncsis modcl resultecl in a strong

rcduction of tubc lcrrmation as quanti{iecl bv image analr,sis. The ingrou'th of human microvascular

cnclothelial cells in this model v-as shou,n t<> bc indepenclenr of o(,Pr, indicaring that thc reduced

ingrowth is not due t() the absence of the RGD binding sitc on Ao( 572-514. Rathcr, thc n'rore rigid

fibrin sffucture of fibrinr,,,,,.g,, is thc causc, since partial normalizatron of the fibrin neru.ork br.

changing the pH cluring polymctization to more acid, resultccl in an increase of tube formation.

\\'hereas factor XIIIa, which cross-links primarilr, y-chains, iurther decreased thc ingrou,th, tissue

transglutaminasc (TG), which is rclcased in areas of vessel injurv, did not. This is in line u,-ith the

absence of the cross-linking site for TG in the ct-chains of fibrinogefl\nuo.{,in. In conclusion, this nevlv

discovered congenital dvsfibrinogcnemia has a delayed ckrtting time. It leads to thc lormation of a rigicl

fibrin structurc, which could not be cross-[nked bv TG ancl rvhich is less supportive for ingtowth <>f

endothelial cclls.

Introduction

Fibrinogcn is a 340-kDa slvcoprotein that is prescnt in tl-re blood at a concentration of approximatelv

3 mg/mL [1]. It is composccl o[ six polr'peptidc cl.rains, (u, B, y): v'hich arc linkcd together bv disulfide

bonds and are organizcd in a symmetrical dimeric fashion [2]. During blood coagulation thrombin

c()nvcrts fibrinogen to fibrin monomers, which associate into stagscrcd, overlapping, nvo-stranded

fibrils. These two-stranded fibrils lateralll, ass<>ciate to form fibrin buncllcs [3]. The final stcp in the

f<rrmation of a three dimensional fibrin network is the cross-linking of thc flbrin subunits bv formation

t>f intermolecular bonds. This reaction is catalvzed by factor XIIIa, which in thc presence of Calt

covalentlt' links y-chains of t\r'o adjacent fibrinogen moleculcs [4, 51, while cell-clerived tissue

traflsglutaminase covalentlvlinks two cx-chains [6]. Apart fiom its role in hemostasis, thc fibrin formed

also provides a temporar\I matrix for cell invasion during thc subsequent healing pr()ccss. Formation of
new blood vessels, or angiogenesis. is an important comp()nent of tissue-repair after injurv [7-8].

Endothelial cells degrade the fibrin matrix locallri migrate into it, proliferate, and tbrm capillarv tubes

[9]. This process not only requires proteases for cell detachment, invasion and lumen formation, but
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also new ccll-matrix interactions for reattachment o[ the invading cells. Dilferent recePtors, including

integrins, are in-,-olved in endothelial cell-matrix interactions during migration and subsequent

reattachmcnt 110].

The structure of the fibrin network present in the fibrinous exudate is an important determinant in the

extent of capiltary tube formation [1 1 13]. The architecture of the fibrin nerwork and its fibrinolvtic

sensitivitv are clctermined b1. the rate of polymerization and its extent of cross-linking [14-17]. The

carbox,vl-terminal region of the Au-chain of fibrinogen detcrmines the thickness of bundles fotmed,

and as such thc structure of the fibrin network [18-21]. Thin fibrin bundles will associate into a tight

and rigid nerwork, while thick bundles associate into a porous and ma11eable network [22].

Several endothelial cell receptors interact with different domains in the fibrinogen molecule [23-25].

Integrins are heterodimers, composed oI an g- and a B- subunit, which bind to the RGD-sequence

present in extracellular matrix proteins [26]. The o,B,-integrin is a promiscuous receptor, binding a wide

varierv of extracellular matrix proteins, as well as fibrinogen [27). The RGD-sequence at position Au

572-574 of fibrinogen is involved in binding of the cell-surface localized endothelial q,B,-integrin

reccpt()r [28]. The expression of this recept()r on endothelial cclls is tightly regulated; it is onl,v

minimally expressed on resting endothelial cells, but highlv upregulated during angiogenesis fu i'ila

129 , 30;1. Inhibitors of cr, B,-integrin [31 , 32] can block angiogenesis in various conditions, suggesting an

important role for this receptor.

Congenital dvsfibrinogenemia, fibrinogens with structural andfor functional dcfects, have proven not

only to bc valuable tools to study structure-function relationships in the fibrinogen molecule [33], but

also for studving interactions of various cells with fibrinogen and fibrin [34].

In the present study, we characterized a new congenital dys{ibtinogenemia, fibrinogefl\i.,,,,n,in, with 2

truncated Acr-chain, lacking the binding site for endothelial cx,B,-integrin on the Acx-chain as well as the

cross-linking sirc for tissue transglutaminase. The effects of these alterations on cndothelial capillarl'

tube formation was studied in an in uitro anglogenesis model using human microvasculat endothelial

cells ovedaved on fibrin matrices. Polymerization of fibrinogenr,.uu.r.,n flut2flt resulted in a transparent

rigid network that markedlv delayed endothelial capillarvJike tube formation in aitrn.

Materials and methods

Coagulation studies

Blood was collected by venipuncture and anticoagulated with 1/10 volume of 0.11 mol/I- trisodium

citrate. Platelet-free plasma u,'as prepared bv centrifugation for 30 min at 4a C x 2300 x g. The

concentrarion of fibrinogen in plasma was determined by clotting of plasma with Reptilase, dissolution

of the washed clot in 0.025 mol/L acetic acid and measurement of the absorbancv at 280 nm, using
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an absorption coefficient sf r\l ,.lcn = 15.0 [351. Coagulation time was c]ctcrmined by the Clauss

thrombin-method [36].

Purification of fi brinogen

Fibrinogen was purified from the plasma using B-alanine as described bl Straughn and \il/agner 
t371. B-

Alanine was added to plasma in a final c()nccntration ol 0.5 mol/L and kept on ice for 3 min. Altct

removal of the precipitate by centrifugation at 13,000 rpm for 15 min, the concentradon of B-alaninc

in thc supernatant was raised to 1.5 mol/l- and thc mixture rvas kept for another 30 min on icc.

Subsequentlr', fibrinogen was collected bv centrifugation at 13,000 rpm for 15 min. Rcsidual fibrinogen

was precipitatecl lrom the plasma b.v raising the B-alanine concentration to 3 mol/L and centrilugation

after 30 min incubation on ice. The fibrinogen pellets were dissolved in PBS (phosphatc buf lerecl saline,

pH 7.a) and dialvzed against PBS. The concentration of the fibrinogen solution u,as adiustcd to 3

mg/ml lor subsequent use.

SDS-PAGE of plasma and immunoblot analysis

F-ibrin monomers were prepared b,v clotting plasma with Reptilasc. After washing of the clot with PBS,

fibrin monomers were dissolved in 0.025 mol/L acctic acid. SDS-PAGE of fibrin monomers after

reduction with 7ul, wt/vol B-mercaptoethanol u'as perfirrmed with 10'Zo wt/vol polyacrylamide gels

according to Laemmli [38]. For \Xr'estern blotting, elcctrophoresis of plasma or Iibrin monomers was

performed with or without reduction bv B-mcrcaptoethanol on 4-1.6'fo rv-t/vol polvacrylamide or

5'l,, u,t/vol polvacrylamide precast gradient gcls (Bioracl). Thc electrophoresis buffer consisted of

l).025mci/L Tris,0.19mo1/L glycine,0.19(,wt/vol SDS, pH8.3, u,hile the samplc buffer contained

Bmol/L urea,0.05mol/LTris/HOl,25mm<>l/L EDTA, 2okwt/yol SDS,0.1%\\,t/vol bromophenol

blue, pH 6.8. After separation on SDS-PAGE gels, proteins were semi-drl blotted onto a nitroccllukrse

filter. The blots u,ere blocked bv incubation with 0.01 mo1/L Tris/HCl, pH 8.0, 0.15 mol/I- NaCl,

0.1'7, Tween-20 and 5'2, skimmed milk overnight at 4t C. Subsequenth., the blots were incubated fot

2hours at room temperature in 0.01 mol/L Tris/HCl pH7.4,0.15moI/L NaCl,0.1'Z,Twcen-20 in

which the antibodies were diluted. Y18, a monoclonal antibodv against the NH,-terminal part of the

Acx-chain of fibrinogen, and G8, a monoclonal antibody against the COOH-terminal part of the Acr-

chain of fibrinogcn, were conjugated to horse radish peroxidase (HRP) and usecl in a 1:1000 dilution

[39,40]. A rabbit-anti-human-Fbg coupled to HRP [41] and a rabbit-anti human albumin coupled tcr

HRP were used in a 1:3000 and 1:1000 dilution, respectively. After 3 times 15 min u.ashes rvith

incubation buffer cross-reacting bands were visualized with BM-blue.

99



100

Fibrin structure

Turbidity of the fibrin network

,ltttptcr V

Human fibrin gels were prepared by addition of 1 pL of 10 U/ml thrombin to 100 pL of 3 mg/ml
fibrinogen dialyzed against PBS in a 0.33 cmr well of 96-well plates. After 4h of pol.vmerization, the

turbidity of fibrin gels, which is dependent on fiber thickncss and gel dgidity [42], was measured at

340 nm by using a titertek reader.

Electron microscopy of fibrin

Plasma was clotted on a formvar-coated 200-mesh nickel grid by the addition of 1 U/mL <>f thrombin.

After 30 min of clotting, fibrin was washecl with distilled water and stained with 1'14, phosphotungstic

acid for 1 min. After repetitivc washing with water the specimen was dtied and the formccl fibrin

network was analvzed b,v electron microscopy.

DNA isolation and DNA sequencing

Genomic DNA was isolated from white blood cells l43l and the DNA encoding the catboxv-tetminal

part of the Ao-chaifl from amino acid 391 to 625 was amplified b1. PCR, using as forward

oligonucleotides o6A (TGGGGCACATTTGAAGAGGTGTCA) and as reverse aCD2

(GGAACTTACAGTCGACCACAAAAACAGACC). 'fhe 829 bp PCR product of exon V of the

fibrinogen Atr-gene was sequenced bv Baseclear (Leiden, The Nethcrlands).

Cell culture

Human foreskin microvascular endothelial cells were isolated, cultuted and characterized as prer.iouslr'

described [44]. Cells werc cultured until confluence at 5o/o COr/95"/,, air on fibronectin-coated dishes in

M199 supplemented with 2 mmol/L L-glutamine, 20 mmol/I. Hepes (pH 7.3), 1,0'/,, hcat-inactivated

human serum, 107uheat-inactivatecl newborn calf serum, 150pg/ml- crude endothelial ccll growth

factor supplement (E,CGFs), 5U/mL heparin, 100 IU/mL penicillin and 1001rg/ml- strcptomlcin.

Subsequently the endothelial cells werc detached with tr,vpsin/EDTA and transferrecl t<> ncw

fibronecrin-coated dishes with a split ratio of 1:3. Confluent endothelial cells v'ere used at passage 11.
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In vitro angiogenesis

Preparation of fibrin gels

101

Human fibrin gels werc preparcd bv aclclition of 2 p,l- ol 100 pmol/L plasminogen, 2 pL of 100 U/mL
thrombin to 100 pL of 3 mg/ml fibrinogcn in a 0.33 cmr well of 96-we11 plates. Tissue

transglutaminasc and lactor Xllla wcrc acldecl in different concentrations together u,'ith 5 mmol/L

CaCl.. After 4h of polvmerizatt<n, thrombin was iflactivated bv equilibrating the gels for 12h with

0.2mL trI199 containing 10'X, human scrum ancl 10%neu'born calf serum. Inhibiting monoclonal

antibodies or peptides were added during this incubation period to allow penetrauon into the fibrin. All

cxpetiments u,ere pcrf<rrmecl with duplicate wells.

Altering thc pll prior to polvmerization b1, adding HCI (to pH 7.0) or Na()H (o pH 7.8) changes the

structurc of the k>rmccl fibrin network.

In vitro angiogenesis model

lrnclothelial cclls were detached from the fibronectin-coated dishes with trypsin/EDTA and seeded in

a c<rnflucnt clensitv on the fibrin matrices. After 24 h the me dium was replaced with medium containing

cliflcrcnt test compounds. Ever,v 48 h the meclium was changcd and collected, for a total of four to six

clavs. Thc formation of tubular structure s of e ndothelia] cells br, invasion in the underly,ing matrix was

analr.zccl b,v phase contrast microscopl'. Quantification <lf the length of the formed structures was

pcrlormcd bv a computer equipped with Optrmas image analvsis software and a monochrome CCD

camera (IIX5) connectcd to it [45].

Immunohistochemical analysis of the formed capillary-like tubular
structures.

Fibrin matrices u'e rc fixcd ar 4" C in p-formaldehyde PBS, pH 7.4 fot 2 hours at 4o C. After fixation the

fibrin matrices were washed overnight with 5%, sucrose in PBS and embedded in Tissue-Tek and snap-

frozenin preco<>led 2-methvl butane and stored at -80'C. 7 pm-thick sections were made throughout

thc whole specimen and for immunohistochemical analysis the sections were fixed on the slide by 4k p-

formaldehyde in PBS. The primarl antibod-v (CD-51, a monoclonal antibody against the c[,-chain was

used at a conccntration of 1:100) was incubated in dakodiluent fcrr one hour at room temperature, and

after washing anti-mouse-Cy3 was added in a 1:100 dilution for one hour. After washing the sections

wcrc mountcd with Vectashield with DAPI. Sincc the capillary-like tubes are only composed of
enclothelial cells, no cell marker was used.
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F'ibrin matrices were prepared in a u,'ell of a 9(r-rvells platc b1'aclding 50 pI- of 3 mg/mL fibrinogen t<r

which 1 U /mL cf thrombin was added to induce ckrtting. Aftcr clotting the matrices were equilibrated

u,ith NI199 with 1% wt/vol HSA s,,ith or without thc addition of antibodies or peptides for a period of

12hours. Human microvascular endothelial cclls lorming confluent monolayers were detached br'

trypsin/IiDTA, seclimentcd bvcentrifugation at 250g lot 5min and resuspcnded in N{199 1%wt/r'ol

HSA at a conccntrati()n of 50,000 cells/ml-. A r-olume of 150 pL of thc cclls in suspension u,as added

t() thc wells and allou,ccl to attach for 2 hours x 374 C. The wel]s were washccl thrce times to remo\re

unattached cells, flxcd with 2'7n paralormaldehvde and adhered ccll wcre countecl. Attachcd cells u,erc

exprcsscd as the pcrcentage of cells attached to normal fibrin [46].

Statistics

Expcriments rvcrc pcrftrtmccl u,ith duplicate wells and expressed aso/o of control. Fot statistrcal analysis

the ANOVA rvas uscd lolkrwcd by a modified t test according to Bonferroni.

Results

Coagulation parameters of normal plasma and plasma*ieuwesein

A 35-year o1d patient showed a prolonged activatecl partial thrombin time (aPTT), u,hich rvas

clctcrmined prior to biopsrr The clotting time of this plasn-ra, as determined b,v the Clauss 25s2y, \r''2S

clclayccl (normal plasma diluted to 50% in Nfichaelis buffcr clotted within 4.5 scc and the patient plasma

within 15 sec). This delayed clotting time s,as associatecl with a normal plasma conccntration of

fibrinogcn (3.4 mg/ml). This suggests an abnormaliq'in the fibrinogcn molecule, u,hich rvas idcntified

as fibrinogenr,*n,rnn.\{'hen plasma was coagulated b1'the addition of thrombin (1 U/ml-), the turbidin-

at 340nm incrcasccl progressi',,clv rvith normal piasma but not with plasmar,,^,,*,, (figrt" 1A). Simtlar

turbiditl'curvcs u'cre obtained if normal plasma and the patients plasma were coagulatcd r.vith Reptrlase

and if purified fibrinogcn s.as usccl (clata not shown).

Determination of the fibrin structure by electron microscopy

Since the measured turbidiw is an indicator of the structure of the fibrin network, the kru, turbiclitl,of

coagulated p12Sfl2\o,o,r,in suggests that thc frrrmed hbrin nerw'ork is tight and rigid, whereas thc high

turbiditv after coagulation of normal plasma is knou,n to rcflcct a porous and malleable nerwork [421.
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To visualizc the fibrin network, normal plasma and plzSfi2ri.*,r,in were clotted br, the aclclition of 1

U/ml, of thrombin and the lormed nctu,ork was analyzed by electron microscopr'. Thc fibrin network

lormed from fibrinoqen\,,uo..unn appeared to be tighter than the nctwork formccl bt' normal fibrinogcn,

and consisted of thin fibrin fibers, instead of the thick l'ibrin buncllcs of n<>rmal fibrin (figurc 1I3,C).

Ec
<t

=p
-o

=

1.25

1.00

0.75

0.50

0.25

0.00

Figure L Fibrirt structure oJ Jibrin,,,,,-,,,,,..

A: Plosna vds ckrted bl the addition ol

1 U/ml thrombin. Turbidit\ at 310 nm was

meqsured in time. Triangles represent

contrul plosnd antl circlet pla:ma,. ." .

Data are expressed as mean ISEM o;f

duplicate experiments bith tripIicate wells.

B, C: Eleoron miooscopic unalsis of the

lbrmed Jibrin stucture from normal plasma

(B) and plasna\i,,,,,,,,. (C).

time (minutes)

SDS-PAGE and immunoblot analysis of
fibrin monomers and plasma

SDS-PAGE o[ fibrin monomers prepared from plasmar,**.g,]n (panels 1) and normal plasma (panels 2)

was pcrformed under reducing conditions on a l}'kwtfvol polvacrylamide gel and stainecl with

Coomassie Brillant blue (figure 2A). With notmal frbrin, a band at the Ao-chain position ((r(r.5 kD), a

band at the BB-chain position (52 kD) and a band at the position of the ]-chain (47 kD) were observcd

(figure 2A). With fibrinr,,,o.g,tn an additional band below the ]-chain was seefl (figure 2A).

Immunoblotting with tabbit-anti human fibrinogen revealed that the band at position 66.5 kD of

fib.irNi,u,g,in @ane1 1) did not crossreact, indicating that this band does not cofltain fibrinogen

(figure 2B). To determine the position of the Acr-chain in fibrinr,.,o.g.in, blots from normal plasma and

plasmaNi un,g,in were incubated with Y18/HRP, an HRP [nked antibody that is specific for the NH.
terminus of the Acr-chain (figure 2C) and GS/HRP, afl antibody that is specific for the 150 last amino

acids in the COOH-terminus of the Acx,-chain complexed to HRP (figure 2D). The Ao-chain detected

with Y18/HRP in hbrinogen\n,u,g,in appeared to be smaller than normal. The absence of cross-reaction

with GS/HRP suggests that part of the COOH-terminal part of the ACx chain is deleted. Furthcr

analysis of the band at the position of 66.5 kD with immunoblotting with rabbit-anti-human

albumin/HRP revealed that this band contains albumin (figure 2E).
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Figure 2: Arttlt.tis rtJ tttrnwl Jibrhogen or

Iibrin tildbners (2) und rl lihrinogenr,,,,,,,,,.

or librinr,,,.,,,,,, nrtnonters ( I ).

A ; C r x trrtts s i t, s t n in i n g ol .li bri n Dtono Dl t, r.t

run on l0'/a SDS-PAGE gals alier

B-8. ltiltunobld.\ ol lihrirto.qcn. nn ut
l0(/a SDS-PAGE gels t(iar rctluction, witlr

rdbbit dnti-luonatl.fibrinogan/HRP ( R ).

G8/HRP (C), Mub Yl8/HRP (D) arul

rub b i F qtt i al h umi tt/ H R P ( E ).

F: Arurlrsis of pkrsnkr run ot t 5% SDS-

ptrge gel without re.luction Ind
immutnblotted witlt Mah Y18/HRP
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To determine the molecular weight of the different forms of fibrinogen, normal plasma and

plrsmu\t,un.*,,n were anah'zcd br. immunoblotting with Y1B/HRP. In normal plasma thc diflcrent

molecular wcight lorms of fibrinogcn could be clctected, consistcflt with precursor fibrinogen, HN{WL

fibrinogen (340 kD), LNl\{'-fibrinogen (310 kD) and LM\X/'-fibrinogcn (270 kD) [43,44|. The different

molecular frrrms oi fibrinogenr,.,,,.q.n in the plasma have lowcr molecular weights than thosc of norma]

fibrinogen (HN'I\\' is approximatelr' 30(r kD, LM\fl appr()ximately 290 kD and an l-N'IW" of 270 kD),

due to the presencc of an abn()rmally short Acr-chain. Additional bands u,-ere ()bserved f<rr the

pl2Sffi2\t,u,,.*,in, which probab\' represent fibrinogen-albumin complexes, similar as previoush described

for fibrinogcn Nlarburg [34]. A complex of one or rwo albumin molecules per HNI\V- Fibrinogcnru,o.r.n

and complcxes of one albumin molecule per LNIWL Fibtinogenr',*,"s,in c2fl be formed, leading to

complexes u,ith molecular mass of 366 kD, 426kD and 350 kD respectiveh:

Amplification and DNA sequence analysis of exon V of the
fibrinogen Acr-chain gene

Sequence analr.sis of base pairs encoding amino acids 391 to 625 in the COOH-terminus in the Acx-

chain rer.ealed that in the codon of prolinc at position 453 a C-nucleotide is insertcd, altering the

sequence from CCT to CCC. This insertion changes the following coclon of Asp at position a5a (GAT)

to a stop codon (fGA). A normal sequence for the Ao-chain was not cletccted in the amplified DNA,

indicating that the mutation was homozr.gous. This inscrtion results in deletion o[ amino acids 454 to

(r10of the Acr-chain. This is in agreement with the prcscnce of a shortcr (t17kD) Acr-chain in

fibrinogen.,.",,,r,,n on 10'Z,wt/vol SDS-PAGE gcls in reducing c<>nclitions and thc prescncc of



chapter V 10s

fibrinogcn-albumin complcxcs, duc to clisulficlc f<rrmatir>n bctwccn thc r-rnpairccl cvstcine at posrtion

Aa 442 ancl a ficc clstctnc prcscnt in albun-rin.

Influence of dysfibrinogenn,rr*esein on in vitro angiogenesis

T<r inr.cstigatc thc cf-Fcct of thc structutal dcfcct of fibrinogcnr.n,{,i,, ()n tubc tirrmation, f-rbrin matrices

prcparcd from this fibrinogen u.ere usccl in an cstablished in ritro angiogenesis model [451. \\'hen hr.rman

microvascular enciothelial cells (hNf\/EC) seeded on top of a llbrin matrix u,ere stimulatcd u,ith bFGF

and TNFcx @FGF/TNFct), thel invaclcd thc unclcrlr,ing Frbrin matrix anil lormccl capillatr' like tubular

structures (figure 38). Cross-sectional anah.sis confirmcd the prescnce of tubular structures u.ith a

lumen covered rvith endothelial cells. In agreement with our previous finclings 145] no tubulat structures

were formed in the absence ol bFGF/TNF0 (hgure 3A). \Ihen fibrin\uuo.*,i,, u'as used as a matrix, a

marked reduction (15!6'/,) in tubular structurc formation occurred (figure 3C).

Since the outgrou,th of vessels depends ofl the local degraclation of the underlr'ing fibrin matrix br- thc

u PA/plasmin s\.stem, the concentrations of u PA and PAI-1 antigen [45] u.ere determined in the

conditioned media- No effect of the matrix on the accumulation of these proteins rvas found (data not

shown).

Localization of <\fu on the suface of endothelial cells present in
the capillary-like tubular structures in a fibrin matrix

Dclction of the carboxll tern-rinal part of thc Acx,-chain in fibrinogcn.,..,,.".... eliminates the RGD

scqucncc at position Aa572-514 which constitutcs an adhesion site for cnclothclial cx,B, integrin. T<;

investigate whcther this mav be the cause of the climinishecl tubc firrmation, u,c t-irst conf-irmccl thc
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presence of cr,.pr-integrin on endothelial cells. Immunohistochemical analysis of hNIVF,C showed an

increased appearance of cr,p, on the surface of hMVE,C present in capillarl'Jike tubular structures in

the fibrin matrix, as well as in cells present ()n top of the fibrin matrix (figure 4).

Figure 4: lmmunostaining for qp,
receptor on the cell surface oJ \MVEC
stimulaled with bFGF/TNFa After an

incubation period of 5 days w'ith

bFGF/TNFa ( the Jibrin matrices were

sectioned and endothelial cells w,ere

slained fo r qPr inre g ri ns. A rrow heads

point to endothelial ceLls present in the

monola\er on top of the matrix and to cells

in the capillary-like tubular structure in the

fibrin.

Role of RGD-sequences in fibrin and endothelial qfu during cell
attachment to and tube formation in a fibrin matrix

A possible interacti<>n berween the RGD-sequences in fibrin and the endothelial cr,B,-receptor during

ceil-adhesion and tube formation was evaluated using cyclic-RGD peptides (c-RGD, 10 pg/mI) and an

inhibiting moAb against c[,8] GM609, 10 pglml). This antibody completeh' blocks the adhesion of
hNIVEC to a vitronectin matrix [461.

Figure 5: Effect ofc-RGD (10 !tg/mL) and

anti-qB,-antibod,- (LM609, 10 pS/mL) on

the adherence to and invasion in Jibrin
matrices by- LMVEC. A: Cells vere allowed

to adhere to Jibrin in the presence c-RGD

(10 pg/ml), anti-FITC (10 pg/mL) and

LM609 ( 10 ltghnL). Cells vere also

allowed to adhere to a matix prepared

fromJibrinogenu,,,,,,,,,. After 2 hours the

adhered cells were counted and expressed

as ch oJ control (no ad.lition). Results front
six cultures in three indeperulent

experiments are giten and etpressed as ntean tSD. B: hMVEC on top ol the.lihrin mutrix were stimulated to ittvade br 5 ng/nL bFGF und

I ng/mL TNFa uknte or in the presetrt'e of c-RGD ( l0 ytg/mL), unti-FITC ( 10 pg/ml) or LM609 ( 10 ltg/mL). Cells were qlso ollowed to

invutle in u muri.r prepuretl Jrtn Jibrinogen\tu\.(tr. Alier six duls the.formed tube length was maasured ontl e.rpresv.l a,\ ''/, of (,ntol (no

utUition). I)ata ure the nean t SD of si.t t-ultures in threc independent experiments (+ represents P < 0.05).
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The attachment of endothelal cells to an underlying fibrin matrix was slighd.v reduced by the presence

of c-RGD Q0x9"/n, n=3), and unaffected by the presence of LM609 (95$'h of control values, n=3)

(figure 5A). Binding of endothelial cells to fibrinri.,oqein was not impaired either. These data indicate that

qB,-intcgrins on endothelial cells are not involved in initial attachment of hMVEC to fibrin.

During the process of capillary-like tubular structure formation in the underlying fibrin matrix the

presence of c-RGD reduced the extent of outgrowth by 2019"k (n=3), whereas LM609 did not alter

outgrowth (95.3"k as compared to control, n=3) (figure 58).

Influence of the fibrin structure on in vitro angiogenesis

The effect of the abnormal polymerization of fibrinogenNouoog,i, on capiliary-like structute formation

was further analyzed in two v/ays. Firsdli because the fibrinogen molecules in plasma.,,ror*,, can form

complexes with albumin, either one or two per molecule, albumin was added to the polymerizing

fibrinogen in a 1to 1 (1:1) or 2to1(2:1) molar ratio to investigate the effect of albumin on the

formation of capillary-like tubular structures. The extent of capillary-like tubular strucfure formation

was only sJightly affected in the highest concentration of albumin tested. This suggests that the

presence of albumin per se in fibrinogenr.,,,.*,6 does not significantly influence tube formation

(figure 6). These results however do not exclude thc possibiliry that covalent binding of albumin tcr

fibrinogenr,.uo"q.in affects tube formation.
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Figure 6: Fibrin mutices from nonnul

.fibrinogen were polvmerized ir the

presence of albumin. After 4 day-s

capi lla ry - like tubula r st ruct u re s we re

measured arul expressed as 7c of control.

ControL represents a Jibrin matix with no

albumin, ]:1 represents albumin added in

I to I moLar ratio to polymerizing

fihrinogen and 2. I represenrs albumin

added in 2 to I molar rutio to pol)mcri?inB

lihrinogen. Dutu are nrean t SD ol four
cultures in two independent experimenls.

Secondlli as shown in figure 74, the pH of the polymerization buffer influences the structure of the

fibrin matrices [12]. An increase of pH during the polymetization of notmal fibrin from pH 7.0 to

pH 7.8 results in a decrease of turbidiry. Analysis of tube formation reveals a parallel decrease in the

tube length formed. Similarly,, an increase in turbidity of fibrin mattices prepared from fibrinogen.,,uo.*.n

was observed when the pH of the buffer was decreased to pH 7.0 (figure 7A), with a parallel increase
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(53t19'2,) in tube firrmation (iigLrrc78). Takcn togethcr thcsc finclings slrgscst that thc configuration

of thc f-lbrin ncr\\()rk is an important detcrminant of thc outgrourth ()f tr-rbcs in a fibrin matrix.

F'igure 7: fibrin nttricc.t littnt uorntel

Iibrinogcn tnl .libri*tuenr, ,., ,, ten,
poltnvri:atl ul 1tH 7.0. pH 7.1 antl pH 7.,\.

A. Turbidity at -110 ntn tus ncusurcd aficr

2 hotrrs ol polvtcri:airn. B; ltMVEC rert
taeded on top oJ tlrc.se .fibrh nntrices orl
stimukted with 5 ng/ntL bFGF and

I ng/nL TNFa n.fitrnt invltive t:tpillarr-
like tuhLtlur structurcs. Capillart-like
tub ulttr .s t ructu re Jlt nn a t i on ty u s q uan t ili ed

alier 1 tlats antl erptess?d as ,/, of'contrcl
(nonntrl Jibrin at pH 7.1). Datu are nteart

tSD of six cultures in three irdepettdent

experiments.

2.O0

Effect of cross-linking of fibrin on the extent and maintenance
of tube formation

Not onlv the bundle structure is an important factor in the architecture of the fibrin matrix, but also

thc cxtcnt <>f cross-linking. Tissuc transglutaminasc, which is releasecl cluring rvouncling ol' a r,csscl,

c()valcnth'links trvo r\C:(-chains in acljaccnt fibrin molccr-rlcs, whilc fact<>r XIIIa, which rs prescnt in thc

circulation, cor.alcntlv links turr y-chains.
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Figure 8. Efleo ol .lit ror XIlla and ris.sue

t rans g l ut ant i ilds ? ott t lt e .firnn t i ut t tl
cc4tillort likt tubulor stnr-tures itt fihrirt.
l' i b r i n tn at rice s p re lta retl .fi on rto rnu l
li bri rtoge n arul.fi b ri no gett r,,.,,,, r'e/? ('ro!.r-

liiled by the additiott of'difi'erent

concentrations oJ Jitctor XIIIa (A) ctnd

tissue transglutaminase (B ). hMVEC tere
seederl on top of tlta.fibrin atrtl stitnulatetl

with 5 ng/mL bFGF arul I ng/ntl TNFa n
Jb rm invas iv e cup i I lon- I i ka rubular

.ttructures. The total length of capillan-like
tubulqr structurcs wtts tluantified after

1 days antl expressetl us % of urttrcl
(normal Jihrin). Data arc nteot +SD ol'

8 arlturL t iu Jitrrr indelvuleut ctlteritnettt.t
(+represents D < 0.05).
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Cross-linking of normal fibrin matrices with factor Xllla resultcd in a dccrease of the total length of
thc tubcs formccl (figure BA). Factor XIIla, added during the polymerization of normal fibrin in a

c()ncentrati()n of 1 L.l/mI-, did not significantll, affect thc cxtcnt of tubc fr>rmation (84+8'll, as
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c()nlplrrccl to control), uhiI highcr c()lrcclrtrati()1rs oi ] Ll/rrl, rrnrl l(tL'/ntl, t:rctor \lll:r inhibitcd

tr-rbc torretion 1l 5{ )+ll',,:rntl 6ij+l' ,,, rcsl)cclivcl\' (trq-Lrrc ul)). (.ross-iinl<inq oi thc tlbt'ir-r nct\\1)rli

firrnrcrl irrt.r tibrirroqcnr. .-. u irh .l L'/nrl, frrctor \llle rcsLrltcrl in u ProP,rrtionul clccru':rsc

('1211 , n=5) oi thc lcnqth oi tLrbcs lornrcrl.

,\rltlitiorr ot-tissLtc trilnsglLrtrlnrinitsc cltrritr.q thc poJvnrcriz:rtion oi nonr:rl lllrrirr rcrlLrccrl tlrc lcngtlr oi
thc tornrccl tr.rbe s br -12+()",, anrl r8+5'ti, firr 11.112 11/nrl. 1rnd 0.6 1r/nrl. tisstrc trllrsglutillr'ltsc,

respcctivcl\'(trqlrrc iilS). ,\clclitiorr oi ().(r L1/rll. tissuc tr:rnsglur:rminasc to polvnrerizirrq librin.. . dicl

n()t atfcct thc c\tclrt oi tubes tirrrncrl (trgLrrc 813).

lntcrcsringh, cfl)ss linkinq oi thc normal fibtin matrix u,ith transglut:rmin:lse rct:rrrls thc initiatior-r oi
capill,lrr iikc tubular strlrctlrrc formation (figurc 9t), (.) ancl as sLrch the incteesc in firrn-rcci tubc lensth

altcr ,l clavs. Durin.q a pr:r)lonccd pcriocl of - c1avs, thr tubul,rr stmctlllcs in thc non closs linkccl flbrtn

matriccs \\-crc rcgrcssc(l to inlaginatic)ns ifl the fibrin matrix, :rs rer-ealed br- eraminations oi histological

cross scctions (ficurc 9r\). Thc structurcs lormed in cross linked metrices hos-cr-er appcarcd to be

stable clurinq tl're prolongecl stirnulation (figr-rrc 913, (-). These clara suggest thet cross linking oi thc

f'lbrin matrix br'-fG not onh'aftccts thc inittatior-r encl ertent of tr-rbular structlrrc lirmation br,rt als<r

thc m:rintcnancc oi thc strLrctLlrcs tirrn'rccl.

Iti.ttoloqil rtl r ntst rcttiotr ol tltL cttrrttltttulittq lil)rin nkttrit.\.
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Congenital dl,sfibrinogenemia\i.,u.g.,n, with an abnormally short Acx-chain results in the lrrrmation of an

altered fibrin nerwork and dela\,s the formation of capillary-like tubular structurcs in a.n in t'ilru

angiogenesis model.

The presence of an abnormallv short Acr-chain in flbrinogenuiun"cucin w2S the result of the appearance of

a stop codon at Au 454, due to which the molecular mass of HM\!'- and LN{WL fibrinogen is smaller

than the molecular mass of normally occurring HM\X'- and I-M'i7-fibrinogen molecules [47, a8]. The

lack of amino acids at position Acr454-(r10 resulted in the appearance of a free SH-group in the

cysteine at position Aa 442, which normally forms an intrachain disulfide bridge with the SH-group in

the cysteine x Aa 472 [49]. As described previously for other congenital dysfibrinogenemias containing

an unpaired cvsteine, complexes with free SH of othet molecules can be formed [32). Three different

fibrinogen-albumin complexes can arise, as previously described for Fibrinogen Nlarburg [34], two

complexes of one or two albumin molecules per HMW-fibrinogen and a complex of one albumin

molecule per LN[\X,'- fibrinogen. Complexes with free SH-group in other fibrinogen also can occur

leading to fibrinogen/fibrinogen complexes with different high molecular mass [50].

A decreasc in turbiditl' of the formed fib.irnouo"r,. network was found. It has been long knorr,'n that the

turbidit,v of a fibrin network is a good indicator for its structure 142]. A low turbidifi' (transparent

network) is an indicator lor a tight nerwork, consisting of thin rigid fibrin bundles, whereas a high

turbidit,v is a feature of a malleable nerwork, consisting of thick fibrin bundles. The presence oi thin

fibrin bundles in the rigid network fr:rmed from p1asmar,.,u.s,in w2s confirmed bt' electron microscopl'.

The Au-chain of fibrinogen plal's an important role in the lateral association of the fibrin monomcrs

and delav of this association leads to the formation of a tight network, which consists of thin fibrin

bundles [14, 15]. The presence of cross-linked albumin to cysteine Aa442 in fibrinogen.uuo"rnn delal's

the polvmerization rate, due to which a tight fibrin network is formed [18, 19].

The effect of the structural and functional delect of fibrinogenrieuotg.in on the formation of capillarl'-like

tubular structures in an in uitro angogenesis model was analyzed. hX[\rEC were sdmulated to form

capillary-like tubular structures in the underll.ing fibrin matrix by the co-operative action of bFGF and

TNFa [45]. This process depends on local degradation of the fibrin maffix and detachment of cell-

matrix contacts and subsequent renewal of cell-matrix contacts needed for invasion in the underl,ving

matrix and to form a network of tube-like strucrures. A dramatic decrease in the length of the formed

tubules was observed on a fibrinr,,u,,.,qcm lr2trix.

The deleted Acl-segment in fibrinogenu*,0,r,,n contains the Arg-Glv-Asp sequence at position Au 572-

574, which interacts with the cr,.B.,-integrin. An important role of u,.B,-integrin during the process of

angiogenesis in uiao and during fibrin-endothelial cell interaction in aitrohas been suggested [30-32]. The

absence of the cr,B,-integrin binding sequence in fibrinogenni,,o"g.in and inhibition of the active form of

the cx,,Br-integrin by LNI609 on endothelial cel1s did not affect endothelial cell binding to the fibrin,
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although o,.B, integrin u,as cleadv present on hNfVE,C in our experimental conditions. In contrast to

the expectation [28], the intcraction of cx,B,-integrin with the RGD at position Aa 512-514 is

aPparently not necessar\'for initial attachment of endothelial cells to fibrin. ()ther receptors, including

other RGD-mcdiated integrins, on endothelial cells arc more important for initial endothelial cell-fibrin

interactions during attachm ent 124,251. Blocking of the qB,-integrin receptor b1. I-NI609, an inhibiting

monoclonal antibodv against cr,B,, in our in uitro model also did not block the formation of capillar,v-

likc tubular structures. Our data indicate that the reduccd formation of capillarl-li[e tubu]ar structures

infibrinr,*o"n,,isnotcausedbytheabsencetheRGD-bindingsite atposition Aa572-574.

During the formation of capillary-Like tubular structures the architecrure of the formed fibrin matrix

plays a critical role [1 1-13]. An opaque fibrin mattix, consisting of a malleable fibrin nerwork, faci[tated

the formation of capillarv-like tubular structures more than a traflsparent mattix, with a rigid fibrin

network. Turbid fibrin matrices prepared from intact fibrinogen have a rapid and extensive ingrowth of
capillarl-fi[6 tubular structures. The process of tube formation in a transparent fibrin matrix prepared

from intact fibrinogen developed similarlv as the formation in a fibrifl\i.*,.*,in matrix, suggesting that the

initiation and extent of tube formation is dependent upofl the conformation of the nerwork. In

fibrinogen".,0.r.n the presence of cross-linked albumin bound to the cysteine x A0"442leads to steric

hindering of the lateral association of the fibrin monomers. This results in the formation of a rigid

network. A rigid fibrin network is less sensitive to plasmin mediated fibrinolr.sis than a malleable fibrin

network [51], and as such less permissivc for rapid ingrowth of endothelial cells [12]. The formation of
capillarl-llks tubular structures was not influcnccd by the presence of non cross-linked albumin in the

fibrin matrices.

Fibrin matrices prepared from intact fibrinogen without additional cr<>ss-linking support rapid

ingrowth of tubular structures, but these structures could not bc maintained during prolonged

incubation. Not onlv the initiation and progression of capillary-[ke tubular structures formation, but

also the stabilitl' and maintenance of the structures formed are influenced bt' the extent of cross-

linking of the fibrin. Cross-linking results in a decrease of fibrinolytic sensitivifi'of the fibrin matrices

[52], due to which endothelial cells more slowly can degrade the matrix. During migration of cells the

stabilization of the temporarv matrix plavs an important ro1e, increased stabiliq, of provisional fibrin

matrix promotes wound healing in uiuo 153]. The crosslinking site of tissue transglutaminase in the ACr-

chain is deleted in fibrinogenrrx*gc;n, resulting in an impairment of cross-linking. But, the formation of
a tight fibrin nerwork bv fibrin1;,u,,,r,1n already supports tube formation during a prolonged incubation

petiod, overcoming the defect of cross-linking by transglutaminase.

From these results we can conclude that fibrinogenNi,u*eg,inhas an abnormal short Act-chain, leading tcr

thc absence of the RGD-sequence at position 4a572-574 and to the formation of a rigid fibrin

network partl)' b)' the presence of cross-linked albumin at the unpaircd cvstcine at position Aa 442.

When tested in an in aitro angiogcnesis model the formation of capillary-like tubular structures $/as

delaled. This is probablr. not due to the absence of the cr,B,-integrin binciing site but to the formation
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of a tight fibrin matrix. The tight fibrin network of fibrinogen"ouu.r,inlc2dS to the frrrmation of a stabile

provisional matrix, r.vhich retards the ingrowth of cells, but favours the stabilitl of angiogenic

microvessels ()nce thev arc formcd.

The authors want to thank Andrew \Vcstmuckett for the electron microscopv and the histological

anah,sis.
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Abstract
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Adult angiogcnesis, associatcd with pathological conditions, is usuallv accompanied by the formation

of a fibrinous exudate. Thc fcrrmation of capillarr. structures in a flbrinous matrix in ilua cz.n be

mimickccl in vitrobt- a model, composed of human microvascuiar endothelial cells (hNIVI]C) seedccl on

top of a fibrin matrix and stimulated with bFGF/TNFg to fcrrm capillarl-like tubular structures.

Previous studies shou.ed that local degradation of the matrix b), cell-bouncl urokinase/plasmin activitv

is rcquired for tube formation. \X,'e investigatcd whether capillatvJike tubular structure formation also

occurrcd in experimental conditions avoid of plasmin actir.ifi,. To that end, the plasmin inhibitor

apr()tinin was used or the fibrin matrix ancl the cultute medium wcrc depleted from plasminogen.

Depletion of piasminogen and the addition of the plasmin inhibitor aprotinin rcsulted in a clecrease of
tube fcrrmation br' 60"1,. In the absencc of plasmin activir,v the initiation of tube formation occurred,

but progression to fullv clcveloped tubular structures with a lumen was impaired. Immunohistochemical

analysis showed the prcsence of several N{NIPs, namelr.N{N{P-1, MMP-2 and N{N'IP-3 associated with

endothelial cells present in the capillary-likc tubular structures. The formation of initial structures in

the absence of plasmin activiry was inhibited bv the metakrproteinase inhibitor BB94. These data

indicate that the u-PA/plasmin ancl MN[P-system coopcrate in the formation of capillary like tubular

structures rn a fibrin matrir.

Introduction

Tissue injurr. causes the disruptir>n of blood vessels and the extravasation of plasma fibrinogen, which

results in the formation of a fibrin clot or fibrinous exudate. This temporan' matrix not onll prcvents

further blood 1oss, but also serves as a scaffolding to support cell migratir>n during.r,'ound hcaling [1].

Thc invasion of new blood vessels during the formation of granulation tissue is driven bv

microvascular endothelial cclls (NIVEC), which upon aclivation locallv degrade thcir basement

membrane, migrate into thc supporting matrix, proliferate, and f<rrm new capillary-like tubular

structurcs [2]. For this process migrating endothelial cells use and produce at least two pr()teasc systems,

namclv the plasminogen activator/plasmin system and matrix mctalloproteinases QIIIPs).
The temporaty fibrin matrix can be degraded br- plasmin, which is activated from its zvmogen br- two

types of plasminouen activators, tissuc-fi'pe plasminogen activator (t-PA) ancl urokinase,n.pe

plasminogen activator (u-PA) [3]. Although plasmin is an important proteoh,tic clctcrminant for the

invasion of endothelial cells in fibrin [a, 5], it is suggested that both u-PA/plasmin ancl N{MP systems

are invol.,'ed in the degradation of the extracellular matrix [(r-141. This is also supported b1- the fact that

endothelial cells at the leading edge of a new blood vcsscl concomittantlv express components of both

protease systcms [15, 16] ancl that their expression is regulated by the samc srowth factors ancl



t20 chapter VI

cvtokincs 11,7-21). Furthcrmore, diffetent componcnts in the extracellular matrix, including fibrin

111,22,231, are commofl substrates for as well plasmin as MN{Ps Y.4-26).

IIIIPs arc secreted as inactivc zymogens and in uitro studies har.,e shown that thc u-PA/plasmin sytem

directly or inclircctl,v activate s a nr,rmber of pto-NIN'IPs, such as pro-N{N P 1 , pro-MNIP-9, pro-NIN{P 10

and pro-MNIP-13 P7-30]. A complex interrealtionship between both proteasc svstems is furthct

supported b1, the lact that N{NIPs can also control plasminogen activation bv u-PA/u PAR at the cell

surface 131,321, and that some MN'IPs, such as NIMP-3 and MMP-12, can form angiostatin, an

important inhibitor of angiogenesis, from plasminogen [33-351.

Recentll,, Hitoaka et a1 [11] reported that capillarv-like tubular structures werc lrrrmcd when tissue

segments of plasminogen krockout mice u'ere embedded in a hbrin matrix. This suggests that

angiogenesis in uitro in a flbrin matrix can ()ccur plasmin-independentlv [11]. Indeed, thcsc authors

reported that this proccss rvas driven b1'l{T-l\{N{P activity [11].

The frrrmation of neu, capillaries in a temporarv matdx in uiuo can bc mimicked in illro by a model

composed of human N{Vtl(l (hN[VEC) seedecl on top of a three dimensional matrix and stimulated bv

bFGF/TNFo to form capillary like tubular structures [36]. bFGF and TNIrU cooperatively induce the

surfacc localization of u-PA receptor (u-PAR) and the secretion of urokinase ("-Pr\), leading to

periccllular activation of plasminogen to plasmin bv cell-surface localizecl u-PA. TNFcr can, in conccrt

with a growth factor (aFGF), induce the secretion of several components of the NTNIP s1-stem such as

N,INIP-1, N{NIP-2 and NL\{P'B in MVEC [37,38].

To investigate v,hether the MNlP-system might plav a plasmin-independcnt role in the formation of

capillan.-like tubular structure, we investigated the eifect of plasminogcn depletion on the proccss of

tube formation. In addition wc demonsttated the presence of several MMPs in the tubular structurcs

and have shown that NINIP acuvig' can act in concert with ccll bound u-PA/plasmin activities.

Materials and methods

Materials

Penicillin/streptomlcin, L-glutamine and medium NI199 with or without phenol red, rvith EBBS, L-

glutamine and HEPES u.ere obtained lrom Biowitthaker (y'eniers, Belgium). Trlpsin 1-300 370

USP/mg from ICN (Costa Mesa, CA) and heat-inactivated newborn calf setum from GIBCO BRI-

(Paisle1,, Scodand). Human serum was prepared from pooled fresh blood of 10-20 healthy donors

obtained from a local bl<x>dbank. Fibronectin was a gift from DrJ. van Mourik (Central Laboraton'of

the Bl<>od Translusion Service, Amsterdam). A crude preparadon of cndothelial ce11 grou'th lactor u,as

prepared irom bor.ine brain [36]. Thrombin and heparin (UFH) u.ere obtained t]om I-ecr

Pharmaccutical Products $\,'eesp, The Nethedands), tissue culture plastics from Costar (Cambriclge,

NLA). Human flbrinogen, free of plasminogefl, was purchased from Kordia (l-eiden, The Nethetlancls).
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TNFo, containing 2.45x10- U/mg protein and less than 40 ng lipopolvsaccharide per mg protein from

Dr. J. Tar.ernier (Biogent, Gent, Belgium). Recombinant human basic t'ibrolrlast growth factor @F()f)
was purchascd flom PcproTcch (Rock1' Hill, NJ). Plasminogen was a kind gift of Dr. D. Rrjken.

P<>lr,ckrnal antibodies against NIN{P-1, NINIP-2 and MMP-3 werc ftom Bi()trcn.ls. Tissue Tck at Sakura

(Zoctcnvoudc, The Ncthcrlands), Streptavidin Cv-3 at Sigma Chcmicals (St Louis, II()). I-ou,acrvl

I{1 1NI kit u,'as lrom Tr\;\B laboratorics (Aldcrmaston, UI{). Vcctashiclcl and biotin labclcd anti-rabbit

IgG wcrc lrom Vector Laboratories (Burlingamc, CA, USA). Aprotinin u'as purchased lrom

Pentapharm Ltd @asel, Switzedand) and t-aminocaproic acid from N{erck (Darmstadt, Germanr).

Collagen was from Collagen Corporation (Palo Alto, CA), ptrogen-free human serum albumin from

CLB (Amstetdam, The Netherlands), and BB94 was a kind gift from Dr E.A. Bone (British Biotech

Ltd, Oxford, UK)

In vitro angiogenesis model

Cell culture

Human foreskin micror.ascular endothelial cells (-TMVEC) were isolated, cultured and characterised as

prcviouslv described [39,40]. Cells were cultured until confluence at 5(I) C(),/95"1, air on fibronectin

coatcd dishcs in NI199 supplemented with 2mN{ I--glutaminc,20mNI Hepes (pFl 7.3), 10'Z,hear

inactivated human serum, 10'2, hcat-inactivatcd newborn calf serum, 150 pg/ml cruclc cndothclial ccll

gro$/th factor (lrCGF), 100 IU/ml penicillin and 100 mg/ml streptomycin. Thc enclothelial cells rverc

then detached rvith ttvpsin/EDTA and transferred to new fibronectin-coated dishes at a split ratio of

1:3. Confluent e ndothelial cells were used at passage 9 11.

Preparation of the three dimensiona! matrices.

Three dimensional matrices were prepared by addition of 300 pl in a 1 cml well of 4S-well plates of a

mixture of 0.1 U/ml thrombin ard 2mg/ml fibrinogen. After poll.merisation the matrices were

equilibrated with 0.5 ml M199 containing 107n human serum and 107n neu.born calf serum to inactivate

residual thrombin. Human and new born calf serum rvere depleted of plasminogen bv incubating

2 volumes of serum rvith 1 voiume of lysine-sephatose for 2 hours N 4a C, after u,-hich the lvsine

sepharose was removed bv centrifugation. This process was repeatcd three times. In conditions in

which plasminogen was required 1 pNI of Lys-plasminogen was added.

After preparation of the matrices, confluent endothelial cells (0.7x105 cells/cm:) rvere rvashed three

times 5 minutes with NI199 containing 100 mM t-aminocaproic acid (eACA) and 1'x, human serum

albumin (HSA), rvhere after ther, were detached from the fibronectin coated dishes rvith

trvpsin/trDTA. The cell suspension was washed twice u,'ith 100 mN'l eACA in NI199 before thel wcre
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scedcd in the culturc media on the matrices in a confluent densit1,. Alter 24 hours the medium was

replacccl u,ith medium containing different mediators. F)very 48 hours the medium u'as changecl ancl

collcctccl, this f<>r a time period of four to six days. The formation of tubular structurcs of cndothclial

cclls bv invasion into the underlving matrix was analvsed by phase contrast microscopl'. The total length

of thc structurcs formcd was mcasured in six randomly chosen microscopic fields (7.3 p6:/field) by'

a computer equipped with ()ptimas imagc analysis softwarc connected to a monochrome CCD

camera Q'IX5) and was expressed as mm/cm2 [361.

Preparation of the specimens.

The matrices rr''ere fixed ar 4o C in 1-formaldehyde in phosphate buffered saline fBS, pH 7.4) for

2 hours ^t 4" C. After fixation the matrices were washed overnight with 5% sucrose in PBS and

embedded in Tissue-Tek and snap-frozen in precooled 2-meth1,l butane and stored at -80" C. 7 pm-

thick sections r,,'ere made throughout the whole specimen and stained with the appropriate antisera as

described belour

Histology

For immunohistochemical anall.sis of the hMVFIC invaded in the matrices, the 10 pm thick sections

wcre fixecl on thc slidc bv 4"1, p-fc>rmaldchyde in phosphate buffered saline (PBS). The primarl antibodv

(rabbit-anti human N{NIP-1, N,IN,IP-2 and MMP-3, at a concentration of 1:100) was incubatecl PBS

containing 1'l{, FCS f<rr one hour at room tcmperature, after rvhich it was biotin-labeled bl biotinvlatecl

goat anti-rabbit IgG. As secondarl, antibody Streptavidin-Cy3 was added in a 1:100dilution ftrr one

hour and after g,ashing the sections were mounted with vectashield with DAPI. Since the capillarr'-like

tubes are onh' composecl of endothclial cells, no cell marker was used.

Statistics

Experiments were performed with dupJicate we1ls and expressed as 7u of control. For statistical analt.sis

the ANOVA was used followed b_v a modified t-test according to Bonferroni.
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Results

Plasminogen depletion from the culture conditions impairs
capillary-like tubular structure formation in a fibrin matrix

123

hIIVtr(l scccled on top oi a t-rbrin matrix ancl cr-rltr.rrcd s,ithout aclclition of a grou"th i..rcror or a

c1'tokinc rcmained as a c}ricsccnt monola\,er ()n t()p of thc matrix (tiuure 1A). Stimulatir>rr of thc

hN'IVIr(l u'ith the combination oi 5 ng/ml bFGIr ancl I ng/ml TNFu 0)F(llr/TNFu) inducccl invasion

ancl firrnration of structurcs in the underlvins rnatrix (trgure 1B). (lr<>ss-sectional analvsis alter (r davs

conflrrned thc prcscncc of tubular structurcs consisting oi endothelial cclls surroundinq a lumcn in the

unrlcrlvins fibrin matrix (trgLrrc 1C) 136,41,421.
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Inhil>ition oi plasmin activitv bv the addition of aprotinin (100U/ml) rcducecl thc fcrrmation of
tubulrtr structurcs br 59+16".1, (l1gure 2). A similar clccrease in structr:rc firrmation (72+(r'rl) rr'as

obscrr"ccl rvhen plasmin()sen \\'as depleted frorn thc flbrin matrix ancl thc cr,rlturc mcclium (tigurc 2).
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The firrnrarion of tl'rese lattcr strlrctlrres coulcl n()t l)c fLrrthcr inhrbitccl lrv the addition oi tprotinin

(100 L /ml), sr-rggcsting that tl-rc tirrmation of thcsc structures clid not clcpcncl on resiclual pl:rsn-rin

actir-rtv (trgurc 2).

The rcsiclr-rel strlrcturcs ftrrmccl in both conditions dicl not 1'esemble thc normallt' ftrrmed capillarr'-likc

tubular strlrctlrrcs, but lookecl likc clcnsc, clongatcd corcl-like strlrctllres consistinq of sPtouting cclls

(figure 3A, I3). (iloscr anah'sis bv cross scctioflal hrstological cxamination rcvcalccl tl-rat thc structlrrcs

clid not rcscm[.llc normal capillarv lilic tubular structurcs, but lr.ere composccl sr-rpcrticialh- inr.acicc]

elongatecl cclls, rvl'rich clicl not ftrtm ant,substantial lumen (fiuurc 3(., D).

Itigure 3: Hi.stologicul utulvi.t rl the

stnrclrr*'.r fbntetl irt llt prt'tottL ol the

pltvtin ittlibitor al)ft)liilin ()r iil
p lu:nt ino u eu deJic iettt t'ouLl i t it nt.r.,4rirtlr'rl.r

(l tlt(, .ttru(urcs lbttted ltv entktlrliul
cLll.t .tLcrlerl trt the.librh ntutritL.t rurl

ttitnulutul vith 5 ng/nl hFGF ond

I ng/ntl 
-l Nl a in the presentt' of

pldtniuogcn uttl uptotinirt ( 100 Uhnl)

(A, C) or iu pLus,titngeil delicient

tttilitiotrt I B, I)). Alier I dats ttl tulturt,

I'irlurt \ tttrt t,tlt-t1 tt,ttl !ltt .lil,rttt 11t.tlt tt't'\

t., r, rir, J ,tt,l ,tul,,,1,1,,l ,rt,J . r,,."-

sedirnts rart tttaltst'tl (C, D). Bar

reTtre;ent.: -)00 1tM.

.M

Localization of MMP -1, MMP-2 and MMP-3 in capillary-like
tubular structures formed by hMVEC in a fibrin matrix

'fo iclenrit-r'u,hethcr altcrnative protcascs, such'.rs N{N{Ps, arc cxprcssecl bv thc h\lVl:(- invacling the

r.rnclcrlving fibrin matrix, tl'rc krcalization of \'INIP 1, NII.IP-2 and NINIP-3 Nas anah.se.l. \\'hen hN[\'E(-

\\'crc stimulatcd u,ith blr(iIj/TNFcr for 4 clavs, tuLrular structurcs s'crc clcarlt'r-isible unclcrnexth the

cnckrthclial monola,vcr.'fhc prcsence of NI\IP-1 (tigure4r\), )ttrlP 2 (frgure4B), N{XIP-3 (frgure40)

1,as c6nfirmccl bl immgnestainrng 11 ith ditlcrcnt polvclonal antiboclics. NIN'lP 3 expression *'as clearh'

visiblc in thc cltoplasm sr-rrr<;uncling the cel1 nr-rclei (tlgurc 4C), u'hilc l\INIP 1 (figure 4r\) \\-,1s meinh

lgcrlisc{ in the basolateral srclc of the ce11s ancl in thc surrounding t-ibrin rnatrix. }I}IP-2 stainins s'as

krcalizccl diftuseh-around thc ccll, as rve1l at thc basolatcral as at the apic:rl sirle of the ccll (figtrrc 48).
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Inhibition of structure formation in plasminogen deficient
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Discussion

Human micror.zscular endothelial cells, seeded on top of a fibrin matrix, and stimulated u'ith a grorvth

lactot and a c\-tokine inr,aded the undedving matrix and lormecl capillarv-Like tubular structures

consisting of endothelial cells surrounding a lumen 136,41,421. The depletion of plasminogcn and

inhibition of plasmin actir-in' did not impair thc initiation but the progression and formation of
capillarr,-like tubular structurcs. Thc length and the charactcristics of thc structurcs fbrmcd u,ere

impaired. The structurcs lrrrmccl clicl not resemlrle the notmalll, frrrmccl tr-rbular structurcs, rvhich

c<>nsistccl of cnciothclial cclls surrouncling a lumcn in thc underlyins fibrin matrix, but lookcd hkc solicl

c<>rcl-likc strucrLlrcs. 'I'he se structurcs wcrc composccl of alignccl e nclothclrnl cclls rvhich u,crc

supcrficiallv invaclccl in thc fibrin matrix ancl which wcrc r-rnablc to firrm anv substantial lr:mcn.

Analogous ct>rd like lr,rmcn lcss structurcs have bccn rcp()rtc(l bv Peppcr ct al., rvhcn insr-rfficicnt fibrin

11.5i5 1,25 the result of uprcuulatccl protcasc inhibrti<;n by 1'GF- B la3l. This suggcsts that clc,qraclation

of thc hbrin matrix bl plasmin is critical lrrr the formation of capillarv likc tubular structurcs u.ith a

Patcnt lumcn.

ln the con<litions of deficient plasmin activifi'hNnrEC have a residual N'INIP actrr-inr This I\IIIP activitv

onlv contributcd to the initiation of structure formation, but did not lead to the prollression and

lormation of normal tubular srructures. This was probablr, due to insufficient proteolr-tical degradation

of the fibrin matrix and as such to patent lumen formation. These data are in concert \\.ith previous

reports that shou,cd that fu11 formation of capillary-like tubular structures depends on the plasminogen

activator/plasmin svstem in a fibrin matrix [4,36]. Interestingly,, Hiraoka et al shrxvd that ]IT1-trI}P
secreted bv human umbilical vein endothelial cclls (HU\/LC) acts as a pericellular f-ibrinolvsin, rvhich

clirects their invasion into a plasminogen free fibrin matrix. However, in c()ntrast to HL-\'F.C, hIIVE(-
clicl not acti\.ate NIIIP-2 upon stimulation bv'INFcx, which suggests that these cells crpress littlc IIT1-
NINIP [371. This is ref]ectccl bl the inabilin,of thc cclls to activate N{N{P 2 up()n stimulation blTNFcr,
rvhich contrasts t() the abiltr'<>f HUVFI(I 1371. Diflcrcnccs in exprcssion ancl sccreti()n of III\iPs
bctrvccn macror-ascular ancl microvascular cnckrthclial cclls havc prcviouslv bccn rcportccl [44]. Thc
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absence of MT1-MMP expression by M\EC might explain why these cells do not form fully developed

capillary-like rubular structures in plasminogen deficient conditions.

Our study is confined to the formation of capillary-like rubular structures in a fibrin m^tttx ifi aitro. In

uiuo ithas been shown that endothelial cells present in the leading tip of new blood vessels express u-

PA, u-PAR and MMPs as well as their inhibitors [15, 16]. Using our in uitro anglogensis model, the

expression of MMPs by hMVEC present in the capillary-like tubular structures in a fibrin matrix was

ana\sed. In a previous report v/e have shown that endothelial cells present in the capillaryJike tubular

structures express u-PA and u-PAR [42]. Here we report that these hMVE,C also express MMPs, such

as MMP-1, MMP-2 and MMP-3. Other MMPs may also be involved, but have not yet been studied.

\X4ren the outgrov/th of capillary-like tubular structures was reduced by inhibition of plasmin or

plasminogen deficiency,, the contribution of metalloproteinase activiry became visible. Thus, the

presence of components of both systems in capillary-like tubular structures sugge sts that both protease

systems are involved in the process of tube formation in uitro. Ftture studies have to elucidate whether

these protease systems both act on fibrinoiysis or represent different contributions such as fibrinolysis

by the PA/plasmin system and degradation of the basement membrane by the MMPs.

It should be noted that our experimeflts have been conducted in matrices of purified fibrin. In a

fibrinous exudate in aiuo the fibrin network is enriched with other plasma proteins, such as vitronectin.

Furthermore, it is intermingied with c6llagen fibers from the interstitium. The role of the plasminogen

activator/plasmin may be overemphasized as compared to the MMP system by the use of purified

fibrin matrices. Future in uiuo anglogenesis studies, and in aitro sttdies with use of more complex

matrices containing fibrin, collagen and other proteins will be helpful to elucidate the role of the

PA/plasmin and MMP system and their mutual interaction.
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Abstract

t33

Single-chain urokinase-type plasminogen activator (scu-PA) is cleaved by thrombin, resulting in an

inactive molecule called thrombin-cleaved two-chain urokinase-rype plasminogen activator (tcu-PA/T).

It has been reported that binding to soluble urokinasc receptor protects scu-PA from inactivation by

thrombin, but there is no knowledge about cell-mediated inactivation of scu-PA. \Ve have studied

whether scu-PA bound to cultured human umbilical vein endothelial cells (HUVE,C) could be

inactivated by thrombin. High molecular weight scu-PA was bound to HUVEC and incubated with

increasing amounts of thrombin for 30 min 
^t 

37" C. Cell-bound urokinase-rype plasminogen activator

(u-PA) was released and levels of scu-PA, tcu-PA/T and active two-chain u-PA were measured using

sensitive bioimmunoassays. Cell-bound high molecular weight scu-PA was efficiently inactivated by

thrombin. 50'% inactivation of scu-PA occurred at about 0.2 nM thrombin. Onlv k>w binding of low

molecular weight scu-PA to HUVEC was observed. In the presence of monoclonal anti-urokinase

receptor IgG, at least 50% of the binding of scu-PA to HUVE,C was inhibited. The relative amount of
tcu-PA/T that was generated by thrombin was not affected by the monoclonal antibodyr These results

indicated that scu-PA bound to HUVEC via the urokinase receptor can be inactivated by thrombin.

The eFficient inactivation of cell-bound scu-PA suggests that a cofactor for thrombin may be involved,

like thrombomodulin or glycosaminoglycans. It is concluded that scu-PA bound to the urokinase

rcceptor on a cell surface can be inactivated bv thrombin, which may have profound effects on u-PA-

mediated local fibrinolysis and extracellular proteolysis during processes in vzhich thrombin is also

involved.

Introduction

Urokinase-rype plasminogen activator (u-PA) plays an important role in extracellular proteolysis and

fibrinolysis by converting plasminogen into plasmin [1]. This serine protease circulates as a single-chain

precursor form (scu-PA), which can be activated into two-chain u-PA (tcu-PA) after cleavage at I-ys 158

- Ile 159 by plasmin or other activators [1]. Cleavage of scu-PA can also result in inactivation.

Thrombin cleaves scu-PA at Arg156 - Phe 157, two residues prior to the activation site, in this way

generating an inactive tcu-PA form called thrombin-cleaved tcu-PA (tcu-PA /'D t2). The inactivation of
scu-PA has been postulated as a mechanism for protecting a fresh blood clot from earl1, fibrinolysis

[3,4]. This process does indeed take place in uiuo,as we have demonstrated the presence of tcu-PA/T

in human body fluids under pathological conditions which involve the production o[ large amounts of
thrombin [5,6].
The inactivation of scu-PA by thtombin is accelerated by thrombomodulin, both in a purified system

and in a plasma miJieu [7-9]. Thrombomodulin is a membrane protein on endothelials cells which

forms a 1:1 complex with thrombin, in this way promoting both the anticoagulant and antifibrinolytic
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properties of thrombin (for review see [10, 11.|). \\'ilhelm et a/.have shou,n that binding of scu-PA to

soluble urokinase receptor protects scu-PA lrom inactivation bv thrombin 112]. However, this

protective effect is abolished in the presencc of soluble thrombomodulinll2l. These data imply that

the urokinase receptor and thrombomoduln mav plal'a significant role in regulating the inactivation of

scu-PA by thrombin. Binding of scu-PA to the urokinasc receptor promotes the activation of

plasminogen eithet by augmentation of the intrinsic activitv of scu-PA or via reciptocal activation of

scu-PA and plasminogen [13-16]. Inactivatton of receptor-bound scu-PA by thrombin or the

thrombin/thrombomodulin complex thus mar. affect processcs that arc mcdiated fl, plasminogen

activati()n via receptot-bound u-PA, such as local fibrinol1,sis, ccll migration, tumor invasion, tissue

remoclelling and angiogenesis [17-19]. However, there is no knowledge about thrombin-mediated

inactivation of scu-PA on a cell surface. In the present stud1,, we examined thc inactivation of scu-PA

bound to cultured human endothelial cells by thrombin.

Materials and methods

Penicillin/streptomvcin, L-glutamine and medium NI199 were obtained lrom Biov-itthaker (Vcrvicrs,

Belgium). Heat-inactivated newborn calf serum was obtained from Gibco/BRI- (Paisleli UII). Human

serum was prepared from pooled fresh blood of 10-20 healthv donors obtained from a local

bloodbank. A crude preparation of endothelial cell growth factor was prepared from bovine brain as

described bv Maciag et a/. l2Ol. Heparin was obtained from Leo Pharmaceutical Products (X/eesp, The

Netherlands). Geiatin was obtained from N{crck (Darmstadt, Germany) and tissue culture plastics from

Costar (Cambridge, N{A, USA).

High molecular weight (HM\I,) single-chain urokinase-tvpe plasminogen activator (scu-PA) from a

transfrrrmcd human kidner, ce11 line was a gift from Dr. F. Hammcrschmiclt (Sandoz, Vienna, Austria)

p1]. I-ow molccular weight (I-Nt\{) scu-PA purified from human cmbryonic kidncy cell cultures was a

gilt from Dr. J. Henkin (Abbott Laboratories, Abbott Park, Ill, USA) [7]. Human thrombin (specific

activitv of 2.9 NIH U/pg, as indicated bv the manufacturer) and bovinc scrum albumin @SA) u.ere

obtaincd from Sigma Chemical Co. (St. Louis, NIO, USA). Hirudin was obtained from Pcntapharm

(supplied bv liordia, I-eidcn, The Netherlands). Monoclonal anti human urokinase recept()r lgG (Nloab

H-2) was a gift lrom Dr. \\,'eidle (Boehringer Nfannheim, Penzburg) [18,22]. An inhibitorv monoclonal

IgG directed against epidcrmal growth factor-like domain 5 of human thrombomodulin was obtained

from American Diagnostica (Greenwich, CT, USA). Monoclonal anti-human maflnose rcccptor Ig()

(15-2) was a gift from NI. Barrctt-Bergshoeff of this institute [23].
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Human umbilical vein endothclial cells (HUVEC) werc isolated, cultured and characterized as described

previouslr'124,25). Cclls rvere cultured in a 12-wells gelatin-coated (1'X) culture plate until confluence

at 5'f, C()./95"1, air in medium N{199 supplemented with 2 mM L-glutamine, 20 mNI HEPES (pH 7.3),

10'lnheat-inactivated human serum, 10'%heat-inactivated newborn calf serum, 150pg/ml crude

endothelial cell grou,th factor, 5 U/ml heparin, 100 IU/ml penicillin and 100 pg/ml streptomycin at

37o C. Confluent cells were used from passage 2.

Inactivation of HMW scu-PA or LMW scu-PA by thrombin on
HUVEC

Confluent HUVEC cultuted in 3.8 cm2 wells of a 12-wells culture plate were incubated for 2h 
^t37o 

C

with serum-free medium. Prior to the incubation with scu-PA, endogenous ligand bound to the

urokinase receptor or other binding sites was removed by washing the cells with 50 mM glicine/HCl,

pH 3.0, 100 mN{ NaCl for 3 min at 37o C, followed bv immediate neutralization with N{199 containing

1"1, BSA (buffer A). Cells were then incubated with 1 pg/ml HMW scu-PA or LNflX/ scu-PA in buffer

A for 30 min at 37o C in a final volume of 400 pl. Unbound scu-PA was removed and increasing

amounts o[ thrombin (0 - 10 nN! in buffer A were added for 30 min at 31o C in a final volume of
400 pl. Afler incubation thrombin was removed and cells were washed once with buffer A
supplemented with 1 ATU/ml hirudin to inhibit thrombin. Cell-bouncl u-PA u,as relcascd by adding

405pl 50mN{ gl.vcine/HCl, pH3.0, 100mN{ NaCl,0.1%,BSA for 20min at 37"C, and supernatants

were collected. The supernatants were neutralized by adding 135p1 150mN{ Tris, 0.4'%BSA,

0.04'Z,Tween80 containing 4ATU/ml hirudin and centrifuged. Levels of tcu-PA, scu-PA and tcu-

PA/T were assessed in 25 pl supernatant using bioimmunoassa).s for tcu-PA, scu-PA and tcu-PA/T

(see below) 15,26,27). Total u-PA antigen was determined in 20 pl supernatant using a urokinase

ELISA [28]. As a control, the experiment with HMW scu-PA and LM\&' scu-PA was also performed in

blank wells without HUVEC.

Effect of monoclonal anti-urokinase receptor IgG (Moab H-2)
on the inactivation of HMW scu-PA by thrombin on HUVEC

HUVEC were incubated with 1 lrg/ml HMW scu-PA in the absence and presence of 2.5 and 10 pg/m1

monoclonal anti-urokinase receptor IgG (Moab H-2) in buffer A for 30 min N 37o C, as described

above. Unbound scu-PA and Moab H-2 were removed and bound scu-PA was inactivated bv 0.1 nM

thrombin in buffer A for 30 min at 37o C. Cell-bound urokinase was released and levels of tcu-PA, scu-

PA and tcu-PA/T were assessed in 25 pl supernatant using the bioimmunoassat's, as described above.
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HUVIIC u'crc incubatcd rvith 1 pg/ml HNI\X scu-PA in buffer A frrr 30 min at 37o (-, as clcscribccl

above. Unbouncl scu-Pr\ was rcmovcd ancl bouncl scu PA was innctivatcd b1't).1 ancl 1 nl\l thrombin in

buffer A in the absence and presence of 2.5 ancl 25ytg/ml monockrnal anti-thrombomoclr-rlin Ig() firr

30 min at 37o (,. As a control antiboch,, 25ytg/ml monoclonal anti-mannose reccptor IqG u.as uscd.

Cell-bound urokinase u,as released and lcvcls of tcu-PA, scu PA and tcu-Pr\/T wcrc assessed in 2-5 pl

supernatant using the bioimmunoassays, as described above.

Bioimmunoassay (BIA) for tcu-P& scu-PA and tcu-PA/T

The inactir,ztion of scu-PA on HUVE,C was measured using a BIA for tcu PA and scu-PA, and a BIA

for tcu-PA/T as described befcrre [5, 26,27).In these assays, the (potential) activifi' of the various u-PA

forms is measured. Btieflv, 25 pl supernatant in duplicate was incubated in 96-well plates coated with

rabbit polyclonal anri-u-PA antibodr,. Aftcr washing, the immobilized material rvas activated in parallel

wclls with buftcr (BIA lor tcu-PA), 1 nNI plasmin (BlA for scu-PA) or 20 nM cathepsin C @IA for tcu-

PA/T). Urokinasc activifr,rr,'as determined using (ilu-plasminogen and the plasmin substratc H-D-Val-

Ler,r l-ys-p nitroanilide. 'Ihe levels of tcu-PA and scu-PA were calculatecl fiom a calibration curve

obtainecl bv serial dilutions of purificcl scu-P.,\, ancl thc lcvel of tcu-PA/T was calculatcd from a

calibration curvc obtzrinecl bv serial dilutions of purificcl tcu PA/7.

Statistics

Correlations between levels of u-PA measured in the BIA and levels of u-Pl\ measuted in the IILISA

were tested using the Pearson correlation coelficicnt method.

Results

Inactivation of scu-PA by thrombin on HUVEC

The total amount of cell-bound HM\X,'u-PA rvas calculated as the sum of the lcvcls of tcu PA, scu PA

and tcu PA/T as measured in the BIAs. The rccovery of total ce11-bound HN[W' u-PA rvas found to

clecrease with increasing amounts of thrombin, while no effect was obscrvcd on the binding of HNI\X'

u-PA to blank u,ells (table 1). The same phenomenon was found when total u-Pr\ antigen rr''as measured

by ELISA (clata not shown). In addition, a positive correladon was observed berween the levels of the

total amount of u-PA rccovered in the BIAs and the levels of total u-PA antigen recovered in the
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Thrombin (nM)

tOtAI HMW U-PA

bound to
HUVEC (ps)

total HMW u-PA
bound to
blank wells (pg)

tOtAI LMW U.PA

bound to
HUVEC (ps)

24'l t31

total LMW u-PA
bound to
blank wells (pg)

t37

4357 t791 628

3747 t824 619

Thble 1: Effect ofthrombin on the reutvery oJ cell-hourul u-PA in the BIAs. HMW scu-PA or LMW scu-PA ( I pg/ml) were bound n HIJVEC

for 30 min at 37" C in fttur (n=1) ond three experiments (n=3), respectively-. As a control, HMW scu-PA (n=2) and LMW scu-PA (n=l ) were

also bowrtl to blank u ells. Cells were subsequentlt incubated with increasing amounts of thronbin for 30 min ut -17" C. Cell-bountl u-PA

was released atul levels of tcu-PA, scu-PA arul tcu-PNT in the supematants (total volume oJ 510 pl) were detennined using

bioimnunoassay-s (see Muteriuls antl Methods.) The total amount of bound u-PA (mean t SD, n=4 for HMW stu-PA bourul n HLIVEC:

mean, n=2 rttr HMW st'u-PA bowul to blank wells: mean t SD, n=3 for LMW scu-PA bound to HUVEC: n=l .for LMW scu-PA bountl to

blank wells) *'us etpressetl us the sum ol the onnunts of tcu-PA, scu-PA and tcu-PA/T.

ELISA (r = 0.903, p < 0.001), indicating a simultaneous decrease of both u-PA activiq' and u-PA

antigen (data not shown). The effect of thrombin on the recovery of cell-bound u-PA may be explained

by thrombin-mediated release of u-PA bound to HUVEC, resulting in a decrcased amount of celi-

bound u-PA. T<r correct for this phenomenon, levels of tcu-PA, scu-PA and tcu-PA/T were expressed

as a Percefltage of the total amount of u-PA bound to HUVh,C pcr thrombin concentration (figure 1).

Both the absolute levels of scu-PA (data not shown) and the levels of scu-PA expressed as a percefltage

of total cell-bound u-PA were found to decrease with increasing amounts of thrombin (figure 1).

Simultaneously, tcu-PA/T was generated which was ref'lected both by an increase of absolute levels of
tcu-PA/T (data not shown) and an increase of tcu-PA/T exprcssed as a percentage of total cell-bound

u-PA (figure 1). About 0.2 nM thrombin was needed to induce 50o/n inacivaion of scu-PA. The levels

of tcu-PA were very low and were not affected by thrombin, suggesting that scu-PA was hardly

acrivated during the incubation.

100

75 Figure l: lnactivutiol of HMW scu-PA bt
thrombin on HUVEC. HMlil scu-PA (l pghnl)
wdr bouild k' HUVEC tAt in.lout e.\pcriments

(n=4) or to hlank yells tBl n two e.\pcriments

(n=2) for -10 nin ot -17" C und subsequently

incubated with intreasing amounts oJ thrombin

Jbr -|0 min at J7" C. kvel.t oJ cell-bound tcu-

PA ( L ), sLu-PA ( a ) dnd tcu-PNT (a ) were

metuured in bloimmunoassays (see Materials

urul Methods) antl were expressed as a

perccnluge (mean tSD, n=4) of the total
0 0.1 '1 10

amount of cell-bound u-PA per thrcmbin concentation (see toble I .) lzvels of tcu-PA ( L ), scu-PA ( a ) untl tcu-PNT ( | ) bouncl to the blan*
welLs were expressed as a percentage (mean, n=2) of the total amount of bound u-PA per thrombin concentration (see table l.)

249 t 35
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About 10% binding of HMW u-PA to thc blank wells was found as compared to binding to HUVEC

in the absence of thrombin (table 1). scu-PA bound to the blank wells was also found to be inactivated

b.v thrombin, but to a lesser extent than scu-PA bound to HUVEC (figure 1). In the blank wells,

50%, inactivation was not even reached at the highest concentration of thrombin used (10 nN4).

In the absence of thrombin, about 5% binding of LMW scu-PA to HUVEC was found as compared

to HN{\X/ scu-PA (table 1). Thrombin did not affect the recovery of bound LM$fl u-PA in the BIAs.

Thc binding of LMW scu-PA to HUVEC was about rwofold higher than the binding of LNf\&'scu-PA

to blank wells (table 1).

Thcsc findings impiied that in this experimental set-up about 9onk of the binding of HM\{' scu-PA to

HUVEC was specific and mediated via the N-terminal part of scu-PA. ln addition, scu-PA bound to

HUVEC r.ia cellular binding sites was efficiendy inactivated by thtombin.

Role of the urokinase receptor in the inactivation of scu-PA by
thrombin on HUVEC

To examine specifically whether scu-PA bound to the urokinase receptor could be inactivated by

thrombin, we studied in a second experiment the effect of monoclonal anti-urokinase receptor llIG

(N{oab H 2) on the inactivation of HMW scu-PA by thrombin. The binding of HM$il scu-PA to

HUVEC was inhibited b,v Moab H-2 in a concentration-dependent manner (figure 2A). At 10 pg/ml

monoclonal antibodl,, 50% inhibition of scu-PA binding was found. This finding indicated that in this

experimental set-up at least 50% of HMW scu-PA is bound to HUVEC via the utokinase receptor.

Since ccll-bound HMW scu-PA could be completely inactivated by 10 nM thrombin (figure 1), the

urokinase receptor must be at least partiall), involved in this process. The involvement of the urokinase

reccptor in the inactivation of cell-bound scu-PA by thrombin was confirmed b,v the finding that the

relative amount of generated tcu-PA/T was not affected by Moab H-2 (figure 2B). If onll, scu-PA

bouncl to HUVIIC via other binding sites than the urokinase receptor had been inactivated by
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Figure 2: Effect of morutcktrutl ortr-

urckinase receptor IgG (Moab H-2) on the

binding of HMW scu-PA to HUVEC and on

the inacti\,ilioil of scrPA by thnmhin ut
HUVEC. HMW sctrPA (1 pg/nl) was bowtd

b HUVEC in the absence (open bars) arul

presence of2.5 pg/ml (hcttched bars) or
l0 pg/ml (solid bars) Moab H-2 Jbr 30 min

at 37" C in three e.rperiments (n=3.)

Sub sequent ly, c ell-bound scu- PA was
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incubated with 0.1 nM thrombin for 30 min at 37" C. Levels ot cell-bound t< u-PA, scu-PA ancl tcu-PNT were measured in bioimmunoassays

( see Materiqls and Methods. ) The tdal amount of bountl u-PA ( meun t SD, r=-lJ wrrs expressed as the sum of the amoants of tcu-PA, scu-

PA and tcu-PNT (A) and generated tcu-PA/T was expressetl as u percenluge o.f the tutal amount o;f bound u-PA (B).
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thrombin, then an increase in the relative amount o[ generated tcu-PA/T could have been expected in
the presence r>[ NIoab H-2.

Role of thrombomodulin in the inactivation of scu-pA by
thrombin on HUVEC

N{onoclonal anti-thrombomodulin IgG and the control antibodi- monoclonal anti-mannose receptor
IgG did not affect the total amount of HMW u-PA that was recovered in the BIA and had nr>

significant effect on the inactivation of scu-PA bl thrombin at the concentrations used (data not
shown).

Discussion

In this studr; thrombin-mediated inactivation of scu-PA bound to HUVEC u,as examined. The results

demonstrated that binding of scu-PA to HUVEC does nor protect scu-PA from inhibition by
thrombin. Cell-bound scu-PA was almost complctely inactivated into tcu-pA,/T br. 10 nM thrombin. In
this experimental set-up, at least 50%, of the binding of scu-PA to HUVITC appcared to be mediated

br- the urokinase recePt()r. The involvement of other binding sites besidcs the urokinase receptor, like

Proteasc nexins and glycosaminogl)-cans caflnot be excluded 129-32]. From our results it is concluded

that binding of scu-PA to HUVEC via the urokinase reccptor offers no protection against inactivation,

as has been claimed for the binding of scu-PA to soluble urokinase receptor by \\11he1m et a/. [12]. An
explanation mav be that due to the binding of thrombin to an endothelial cofactor, the protective effect
of thc urokinase receptoris abolished. In the studv of Wilhelm et al.,thrombin bound to its cgfactor
thrombomodulin was capable of inactivating urokinase receptor-bound scu-pA [12].
Cell-bound scu-PA was verv efficientlv inactivated by thrombin. About 0.2 nNI thrombin u,as needecl

to induce 50'/n inactivation of scu-PA, which is far less than observcd in buf-fer or in a plasma milieu

[7,91. In the absence of thrombomodulin,50'2, inactivation of scu-PA in buffer is incluced bt.5-15 nN{

thrombin, while more than 300 nN{ is needed in a plasma milieu because of thc prcsence of thrombin
inhibitors [7,9]. In the presence of thrombomodulin, about 0.2-1.0 nN{ thrombin is needed to induce

50'lo inactivation in buffer, and about 80-90 nNI is needed in a plasma miLieu [7,9]. These data suggest

that the inactivation of cell-bound scu-PA by thrombin may be potentiated br. a cofactor.
Thrombomodulin is an endothelial cofactor for thrombin and potentiates the activation of protein C

and thrombin activatable fibrinolysis inhibitor by thrombin at the endothelial ce11 surface [1 1 , 33-351. In
this study, the inactivation of cell-bound scu-PA by thrombin $/as not affected by 25 1tg/ml (170 nN[)

monoclonal anti-thrombomodulin IgG, suggesting that the role of thromobomodulin is of minor
importance. However, the amount of monockrnal anubody used in this studl' mav not have been

sufficient to Prevent the binding of thrombin to thrombomodulin. Molinari et al.have demonstrated
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that cndogenous thrombomodu[n enhances the inactivation of scu-PA by thrombin in a petfused

rabbit heart model [8]. In acldition to thrombomodulin, other comPonents on the endothelial sutface

may serve as a cofactor for thrombin. It is known that heparin and related glycosaminoglycans like

heparin sulphate and chondroitin sulphate potentiate the inactivation of scu-PA by thrombin [8,36].

Heparin-like molecules are present on endothelial cells and are abie to bind both thrombin and u-PA

[31,32,37-39]. Further research is needed to examine the tole of thrombomodulin or other cofactors

like glycosaminoglycans in the inactivation of cell-bound scu-PA by thrombin.

A strong and rapid decreasing effect of thrombin on the recovery of cell-bound u-PA was observed'

This observation may be explained by the release of the urokinase recePtor from HUVEC by

thrombin [40]. Cleavage of the ligand-binding domains of the urokinase recePtor by tcu-PA as

describecl by Hoyer-Hansen et all41,) is not likely, since no activation of scu-PA into active tcu-PA was

observed.

The inactivation of cell-bound scu-PA seems not to be restricted to a specific cell type. In a preliminary

experiment, we found that scu-PA bound to cultured human smooth muscle cells is also inactivated bv

thrgmbin (unpubtished observations). Recently, it was demonstrated that scu-PA associated to human

platelets via an unidentified urokinase binding protein is inactivated by thrombin into tcu-PA/T. This

reaction is fo]lowed by re-activation of tcu-PA/T due to thrombin mediated release of a lysosomal

eflzyme by platelets [a2]. This phenomenon may be of importance for the regulation of fibrinolysis'

Besidcs in fibrinolysis, thrombin-mediated inactivation of cell-bound scu-PA may have profound

effects on processes in which both u,PA and thrombin are involved, like angiogenesis, atherosclerosis

and restenosis.
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ln this chaptcr some specihc hndings described in this thesis are discussed in a broader context. The

major finding of our studies is that the architectute and composrtion of the fibrin matrix determines

the initiation, progression and stability of capillarv-like tubular structure formation in fibrin. This

finding is based on in uitro studies, in which thc structure of the fibrin matrix was modulatcd by physical

conditions during coagulation, by biological agcnts, in particular heparins, and b1. a structural clefect in

fibrinogen Nieuwegein. It is important that these studies will be lollowed by in uiao studies, in which the

fibrinous exudate can be studied in thc context of man1, parameters that contribute to angiogenic

processes. Becausc a fibrinous exudate will be sensitive to lvsis, enforcement o[ the fibrinous matrix by

an inett and supportive matrix is probably needed. A sponge, which can be transplanted

subcutaneousll', would bc a good model for such studies [1]. Alternativelli wound chambers [2] may be

used, as thev allow not only to inspect a spontaneously formcd fibrinous exudate, but also the

ncovascularisation of modificd fibrin lat,ers that have been placed on top of a skin wound.

Three aspects have reccived special attention in this thesis: (a) thc involvement ()f pr()teases; (b) the role

of integrins; (c) the strucrure and extent of cross-linking of the fibrin network.

Involvement of proteases

Ftrrmation of capillary-Jike tubular structures involves cell movement into the temporary fibrin matrix.

This requircs an active proteolytic system that can cleave a path for cell migration and invasion [3,41.

The cxisting endothefial ce11-matrix interactions, which anchors the cell to the extracellular maffix, are

disrupted. At the leading edge of the moving cell expression and activation of matrix degrading

enzvmes contribute to degradation of the extracellular matrix [5,6]. This degradation facilitates the

invasion process by creadng a path for ccllular m()vement [7].

In our in uitro angiogenesis model, invasion of endothelial cells in the underh,ing fibrin matrix is mainly

accomplishcd bv the PA/plasmin systcm. The cell bound plasmin activitv not on1r. disrupts the cell-

matrix interactions, but also degracle s the fibrin to create space for cell invasion. The parallel occurrcnce

of tube formation and fibrin degradation is onl1. f6snd when plasmin is generated bv u-PA/u-PAR

activin', and not b,v t-PA activit\,. Binding of u-PA and piasminogen to thcir reccptors results in a

localised activati()fl of u-PA and plasminogen. This confines the proteasc activit), ro rhe immediate

vincinity of the cell [8-11]. The plasmin activiry which is gcnerated by t-PA, is not confined to the

pcricellular arca. t-PA-mediated plasminogen activation occurs throughout a large area of the fibrin

matrix, and since the fibrin/plasmin complex is protected from inactivation by Ct,-antiplasim, it causes

uncontrolled lysis of the entire matrix structurc [12).

Normal capillary-like motphogenesis depends on a prccisc pr()tease antiprotease equilibium.

Ph,vsiological protease inhibitors pla1, 2n important regulatorv role in controlling proteolytic acrivity
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[4, 13]. lncreased u-PA expression b,v endothelioma cells tesults in unconttolled {ibrin dcgradation [14].

Similadl., when u-PA activity is uncontrolled by deficieno'in PAI-1, angiogenesis can be impaired in

certain conditions [15]. This results in degradation of matrix proteins, that represent the scaffolding

strucrure lor the migrating ce11s. As a consequence cells can no longer adhere and pul1 themselves

through the matdx, and undergo apoptosis U6, 17].

Plasminogen deficiency in liuo usta11,t'does not impair angiogenesis, which suggcsts that other Protease

svstems, probabl,v N{MPs, can compeflsate during development and in several pathological conditions

[181. 
()ur in uitro studies indicate that u-PA/plasmin activity is a prerc<luisitc lor tube formation. The

model is composed of purified flbrin [19], and therefore the rolc of u-PA /plasmin mav be Limited to

situations in u,hich endothelial ce11s encounter and must degrade fibrin to lorm new capillarv sprouts.

in uiao rr,orc complc\ temporarv matrices are formed [201. Thev are fotmed from fibrin rvhich is

entangled in the interstitial collagen and in which plasma proteins such as vitronectin are entrapped. It

is Likel,v that matrix degrading metalloproteinases (N{MPs) piav an impottant role in the digcstion of

several of these phlsiological matrices f21]. In particular, membrane-bound NIT-NINIPs in combination

with other N{NIPs provide a means of cell-bound proteolytic activiry with a btoad substratc spcctrum,

including protcins sensitive for thc u-PA/plasmin s,vstem 122-24).

The fotmation of fulll,developcd capillary-likc tubular structures h uitro depends upon plasmin activitv.

Depletion of plasminogen or inhibition of plasmin activitv did not preverlt the initiation of

superficiallv invading structures, but caused c()mplete inhibition of further cell invasion and the

formation of capillary-like rubular structurcs. F<;r the formation of a patent lumen although plasmin

activin, nceds to be present. Although NINIPs are capablc of degrading f|oin p5-271, thel- s2n ,ro,

result in the formation normal tubes in the absence of plasminogen. The fact that in plasminogen

dcficicnt conditions the residual NINTP activin'could lead to initiation of tube fotmation suggests a role

for MN{Ps in angiogenesis. This role is also emphasised b), the fact that the same factors induce the

expression of both protease svstems and that both s,vstems are upregulated in the leading tip of a

ne<rvcssel 14, 1.3,28-132). Future studies have to elucidate whether these prctease svstcms both act on

degradation of the fibrinous exudate, or each have aspecific role, i.e. clegradation of the temporarr'

fibrin matrix br.the PA/plasmin s\.stem and degradation of the basement membranc br,the NINIPs. For

therapcutical applications it should be taken in account that selection of the tvpc of proteasc inhibition

to achieve inhibition of angiogcnesis depends on the balance of both protcasc svstems, and that in

manv conditi<-rns a completc inhibition of angiogenesis requires interfcrence with both protease

sYste ms.

Role of integrins

Not onlv proteases play a role during the migration of endotheLial cells. The process of angiogenesis

involves multple inteactions between endothelial cclls and proteins present in the extraceliular matdx
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L33,34). The adherence, invasion and migration of endothelial cclls during angiogenesis is regulated bv
one or more members of the integrin family [17,35-37]. The temporar\'fibrinous cxudate provides a

template of differcnt adhesion sites onto u,hich endothelial ce1ls can adhcre during migration. During
angiogcnesis in t'iuo a,$;tntegrin plavs an important role. In several angiogencsis modcls in uiyo,

inhibition o[ cx,B,-interaction u.ith the extracellular matrix results in the inhibition of capillarv nerwork
formation [17,38]. It is sr-rggested that endotheliai cr,B,-integrin interacts with ancl RGD-sequence in
the Acx-chain of fibrin(rgcn) [39,401. In our in uitro model, consrsting of pure fibrin and endothclial
ce1ls an important rolc fbr c[,B, scems to be absent. Blocking of the cx,B,-integrin recept()r and thc
absence of a binding site in a congcnital dysfibrinogenemia, at position Aa 572-574, dicl not impair
formation of capillart'likc tubular structurcs. The interaction between endothelial o,,B,-intcgrin and the

RGD-sequence at position Aa 572-574 is not neccssarv for attachment and migration, this in contrast
to what expected. This discrepancv betwecn the in uiao data and ou in yitro findings can be explained
in several ways. Either endothclial cells in contact u,ith fibrin prefercntiallv use another, yet unclear,

rccePtor. ()ther receptors, even RGD-mediated integrins, on endothelial cells could be more important
for initial endothelial cell fibrin interactions during attachm ent [41, 42].

The network structure of fibrin

The proccss of vessel fcrrmation and thc resulting stabilisation of thc nev.ll lormed vcssel is a complex
cvent that depends on thc intcraction of cells with thc cxtracellular matrix. Our studies revealed that
the formation of capillary-likc tubulat structures bv endothelial cells in a fibrin matrix depends on the
structurc of the lormed nerwork. Nlanv conditions and componcnts influence thc structure of fibrin
when thcy are Prcsent during fibrin formadon [43]. \\'e found that opaquc and porous fibrin matriccs
permit a laster ancl more extensive outgro$rth of tubular structures than transparent and rigici matriccs.
Opaque, mallcable matrices are more sensitive for clegradation by plasmin than transparent, rigid
matrices [44]. Not onlv thc fibrinolytic sensitivity of thc fibrin matrices plar-s a role, but the accessibility
of important epitopes for endothelial cell adhesion might be different in cliFFerent fibrin bundle
structures [45]. Malleable matrices support iaster ingrou'th of tubular structure s, but the frrrmed vessels

are n()t verv stabile and after a ptolongcd incubation period the capillarv network c<>llapses. This
emphasises the impact of the fibrin-modif-ving conditions during fibrin formation on the angiogencnic

Process and as such on wound healing. The qualit1,, rate and stabilifi' of vesscls formed after wounding
or during recanalisation of mural thrombi mav in part dcpend on thc microenvironmcnt. Reccntlv za

rz)a studies have demonstrated that a stablc fibrin matrix iavours wound healing. It has been suggested

that stabilisation of thc temp()rar\- matrix supports better migration of cells ancl ,as such, results in a

better wound healing in uiua 146). Therapeutic interventions can be easily undertaken, if the fibrin-
modifling conditions, which favour angiogenesis, are bettcr understood.
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It should be takcn in account that drugs, such as heparin, influence the fibrin structure. Clinical studies

have sh6wn that cancer parients treatcd with unfractionated heparin (UFH) have a shorter survival than

patients treated with low molecular-weight heparin [,X.AVH) [47]. In this context we investigated thc

effect of LMW and UFH on the structure of the fibrin network and as such on angiogenesis. \X/e found

that heparin favours the formation of a malleable fibrin network, while I-MWH favours the formation

6f a rigid ncrwork [48]. As such, the presence of UFH during fibrin polymerisation favours a faster

formation of capillarv-like tubular structures, while LM!( inhibits the formation. It should be taken in

account that permissive matrices do not contribute to the stabilin' of the vessels formed. The

angiogencsis, u,hich occuts in areas of tumours, is uncontrolled and as such dctrimental to the organism

[49]. UFH may contribute to this unorganised angiogenesis, and may help to enhance side effects, such

as additional vascular leakage from these unorganised vessels.

A permissi',,c matrix not onlv supports migration of endothelial cells, also tumour cel1s will invade

easier in malleable matrix. Nehls et al have recently shown that h)'aluronan, which is secreted by

tumours, alters the fibrin structure to more malleable [50]. As such tumours contrihute to the formation

of a petmissive temPorary matrix which suPPorts rapid tumout migration'

\When heparins are given to patients with diseases associated with angiogenesis, it should be takcn in

account that they mav influence the structure of the fibrin and as such the angiogenic process. Thcre

is a need for systematic evaluation of such effects in tiro.

Effect of fibrin stabilisation

The fibrino\,tic sensitiviq. of fibrin matrices can also be influcnced b.v cross-linking. Factor XlIIa,

present in the circulation, primarilv cross-l-inks y-chains and tissue transglutaminase (TG), which is

releasecl after endothelial injur1,, cross-[nks Cx-chains. The impact of cross-linking of an intravascular

thrombus on fibrinolysis has been krng known. Extensive cross-linking b,v XIIIa strengthens the clot,

due to which it is less susceptible to plasmin degradation [511. Thc role of stabi[sation of a fibrinous

matrix in neovascularisation of granulation tissue however is a recent field of investigation. Reccntll', i1

has been shown that addition of TG to wounds lcads to a better healing, probab\, due to a stabilisation

of the fibrin matrix [461.

Our data indicate that the initiation, prr>gression and maintenance of capillatv-tke tubular structures

are influenced by the extent of crosslinking of the fibrin by TG. Cross-linking results in a decrease of

fibrinol,vtic sensitiviq, of the fibrin matrices [52], due to which endothelal cells more slowll' can

degrade the matrix. This results in the perisitance of the matrix until wound lrealing is tcrminated.

The stabifisation of the matrix by TG could regulate assemblv of the granulation tissue and the

neovascularizariofl process, that is essential fot an eFfective healing resPonse. Migradon of endothelial

cells into fibrin forms an indispensable part of the healing process. During migration, the stabilitv of

the previsional fibrin matrix is of utmost importance, and TG's abiliq'to stabilise the matrix that resists
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degradation may be vital for orchestrating tissue repair. The important role of tissue transglutaminase

during wound healing is further supported by the fact that endothelial ce11s invading a fibrin clot express

rG [46].

Taken together, these data indicate that the stabiliry of the fibrin matrix plays an important mediator

of angiogenesis by regulating important events in vascular assembly.

Perspective

The recognition that the fibrin matrix structure plays an important role in the formation and stabiliqv

of capillaryJike structures contributes to unravelling dre basic mechanisms of endothe[al cell-matrix

interactions, which pla,v an important role in angiogenesis. Since angiogenesis in the adult is thought to

play role in a number of diseases, insights in these mechanisms have the potential to contribute to the

development of therapeutic applications. Modulation of endothelial cell-matrir interactions mav

provide a meafls to stimulate angiogenesis in poody vascularised areas, as well as to inhibit angiogenesis

in diseases, where it contributes to the progression of the disease. Because the extracellular matrix is

different in wounds, bone and various tumours, it may provide a means for selective interfetence of the

angiogenesis process in tumours without interference in the healing of wounds or bone fractures.

Future developments have to show whether this is indeed the case and can be implemented in a

therapeutic context.
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Samenvatting

Voor de groei en het hetstel van weefsel is de toer.oer van voedingsstoffen en zuurstof en de afuoer

van afi,alstoffen van essentieel bclang. Aanvoercnde bkredvaten vootzien in deze behoeften van

groeiende fumoren en herstellende wonden. He t r.aatbed breidt zich samefl met groeiend en herstellend

weefsel uit. Inzicht in de mechanisme van nieuwr.orming van bloedvaten is van essefltieel belang om

het proccs van tumor groei en metastasering tc begrijpen en te kunnen r.erhinderen. Tevens kunncn

deze inzichten helpen om een manier tc vindcn om slecht helende rv-onden te r.oorkomen. De nicuwc

vaaties urorden ger.ormd in een rijclelijkc, dtagcnde ondergrond, oftewel fibrine.

Fibrine is normaliter nict aanu.ezig in het lichaam. De tijdelijke fibrine plug u.ordt ger,ormd uit

fibrinogeen. Fibrinogcen is ecn cru,it clat in een bepaalde concentratie aanwezig is in het blocd. Als er

een verwonding opttccdt dan komt het stollingslrsteem op gang. Het eindproduct r.an ciit svsteem is

trombine. Trombinc z()rgt crvoor dat fibrinogeen geactiveetd wordt waardoor dezc ccn netu.erkje of

een stolseltje gaat v()rmen. Dit stolseltje, of fibrine zor€+ ervoor dat de bbeding gestelpt wordt, maar

moct ()p den duur ook weer opgeruimd.r,-orden en vervanglen worden d<ior het wccfscl dat cr eerst was.

Dc cerste fase van dit opruimwerk bestaat uit de vorming .van 
^ 

n- cn af'noerend blocdvaatjes, ofteu,el

angiogenese.

Vanuit de rimringende bloedvaatjes begint dit angiogenese proces. Dit proces wordt gestuurd door de

cellen aan de binnenkant van de bloedvatwand, dc cndothcel ccllcn. Het groeiende - vragende - weefsel,

dat extra bloedvat voorzieningen nodig heeft, roept endothecl ccllen van de binnenkant van

nabijgelegen -,,aatjes op. Deze cellen krijgen het vermogen om zich te verplaatsen en te

vermenigvuldigen. Doordat ze deze mogelijkhedcn krijgen zijn ze in staat om vanuit hun moeclcr

bloedvaatje een nieuw bloedvaatje naar het vragendc wcefsel te vormen.

Bij dit proces trekken de zich nieuwvormende blocdvaatics door het fibrine stolseltje. Om ciit te kunnen

doen moeten de celletjes zich eerst krsmakcn van hun plaats, de fibrine afbreken om een baan tc

vormen en zich vervolgens een stapje vcrder weer vast te zeften, om dan u,eer opnieuu, zich 1os te

maken en weer verder te trekkcn.

De afbraak van fibrine moet in de buurt van de cel en op een geconttoleerdc manicr gcbcurcn. Als dc

cellen niet genoeg fibrine afbreken, dan worden er erg nauwe vaatjcs llevormd. Als er tc vecl fibtine

aFgebroken wordt, dan kunnen cr gccn vaatjes gevormd worden omdat de cellen dan hun tijdelijke

ondergrond vernietigd hcbbcn.

Om de fibrine op een gelokaliseerde manier af te kunnen breken hebbcn dc geactiveerde cellen een

perfect uitgebalanceerd mechanisme. Op het voortstuwende deel dragcn de cellen aan de oppcrvlakte

een receptor. Dit is een eiwit dat fungeert a1s een haakje of ankcrtjc waaraan ccn spccifiek eiwit zich

kan vastmaken. Aan de receptor zal u-PA zich binden. u-PA is een eiwit dat in staat is andere eiu,itten

te activeren. Een van deze eiwitten, oftewel plasminogeen, bevindt zich ook aan de oppervlakte van het

voortstuwende deel van de cel. Plasminogeen wotdt dan door u-PA tot plasmine geactiveerd. Het is



plasmine datop zljn beurt in staat is ()m clc ccllcn los te maken en om fibtine af te breken. Dit proces

wordt nauwkeuri55 onder controle gehouden door remmers, clic de activiteit van elk van de enzymen

uitbalanceert. Antilichamen tegen u PA en tegen de u-PA receptor en remmers van de plasmine

activiteit zl)n in staat om dit proces te blokkeren.

Naast hct u-PA/plasmine s,vsteem beschikken dc ccllcn over een ander mechanisme om zich te

verplaatsen. Dit systeem wordt het N{N{P s,vsteem genoemd. MMP staat voor matrix metalloproteinase,

enzymen die de mattix kunnen afbreken en tot een specifieke familie behoren. De bijdrage van dit

s,vstcem in clc verplaatsing van endotheel cellen in een tijdelijke fibrine ondergrond is echter van minder

belang dan de bijclrage die het u-PA/plasmine systeem levert. Maar als de vorming van nieuwe

bloedvaatjes vollcdig gcremd moet worden, moet met dit systccm ook rekening gehouden worden.

Niet alleen de fibrine aft,rekende capaciteit die de cellen gekrcgen hcbben spelen een rol bij cle

verplaatsing van de cellen, maar ook de eigenschappen van de tijdelijke fibrine onclergrond. Als

fibtinogeen omgezet rru-ordt in fibrinc dan wordt de structuur van dit fibrine netwerk bepaald door de

omstandigheden. Sommige omstandighedefl zorgen ervoor dat een fibrine netwerk gevormd worcit dat

bestaat uit dikke bundels clic zich organisercn in een gtofmazig netwerk met grote tussenruimten. In

andere omstandigheden wordt dan weer preferentieel een nerwerk gevormd met dunne bundcltjes in

een fijnmazig netwerk. De opbouw van het netwerk bepaalt hoe goed het later afgebroken zal worden.

Het grofmazige netwerk wordt beter en sncller afgebroken dan het frjnrnazige netwerk. Dat heeft tot

gevolg dat de cellen zich sneller verplaatscn in het grofmazige netwerk. Maar aangezien de tijdelijke

ondergrond sneller afgebroken wordt is hij minder stabiel en blijft hij niet tot op het einde stcvig genocg

om de nieuwgevormde vaaties te dragen. Op de lange duur zal dit vaatie dus inklappen en ten onder

gaan, wat niet bevordedijk is voor de toevoer naar het vragende weefsel.

Niet alleen de omstandigheden in het lichaam tijdens de vorming van de fibrine ondergrond bepalen

hoe dc structuur is, ook ziekten en medicijnen kunnen de structuur verandeten. Dit kan soms

onverwacht hct proces van vaatvorming beim4oeden.

Verplaatsende cellen maken niet alleen hun ankers met de matrix los, maar bij de verplaatsing moeten

ze ook steeds nieuwe ankerplaaten maken. Ce1len beschikken over een hcel arsenaal adhesie receptoren

die kunnen binden aan fibrine. Een adhesie receptor is een soort sleuteltje dat op het oppervlak van de

cel zit en dat past in een slotje in de ondergrond. Door deze speciheke interactic kunnen cellen zich

vastmaken aan de ondergrond cn kan dc ondergrond ook informatie aan de cel doorspelen. T<rt nu toe

is het echter nog niet helemaal duideliik welke receptoren endotheel cellen gebruiken om zich vast te

zettefl efl te bewegen over een fibrinc ondergrond. Een Literatuur studie werd gedaan om een overzicht

te krijgen welke interacties er plaats vinden. De belangrijkste receptor die naar voren gekomen is, is de

vitronectine receptor of cx,B,-integrinc, die cen interactie a ng^ t met een slotje op fibrine.

Van een patient werd een nieuw afivijkend fibrinogeen dat dit slotje voor de avb3 integrine mist

gekarakteriseerd. De afwezigheid van dit slotje en ook het toer,'oegen \ran een antil-ichaam tegen dit

integrine kon de binding van ce11en aan fibrine en de vorming van nieuwe bloedvaatjes in de fibrinc



metrix niet \.erhindercn. \'erclcr onclerzoe li naar anclerc rcceptorcn clic u,cl van prirnair bclang zijn in dit

proccs zal moctcn aant()ncn u,cll<c rcccptor ccn slcutclrol spcclt.
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