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HEMOSTASIS, THROMBOSIS, AND VASCULAR BIOLOGY

Aberrant fibrin formation and cross-linking of fibrinogen Nieuwegein,
a variant with a shortenedvAchain, alters endothelial

capillary tube formation

Annemie Collen, Annemarie Maas, Teake Kooistra, Florea Lupu, Jos Grimbergen, Fred J. L. M. Haas, Douwe H. Biesma,
Pieter Koolwijk, Jaap Koopman, and Victor W. M. van Hinsbergh

A congenital dysfibrinogenemia, fibrino-
g€eN Nieuwegein » Was discovered in a young
man without any thromboembolic compli-
cations or bleeding. A homozygous inser-
tion of a single nucleotide (C) in codon Ax
453 (Pro) introduced a stop codon at
position 454, which resulted in the dele-
tion of the carboxyl-terminal segment Aa
454-610. The ensuing unpaired cysteine
at Aa 442 generated fibrinogen-albumin
complexes of different molecular weights.
The molecular abnormalities of fibrino-
geNpieuwegein l€d to a delayed clotting and
a fibrin network with a low tur-
bidity. Electron microscopy confirmed

in a fine network. The use of fibrino-

g€en Nieuwegein -derived fibrin (fibrin  yieuwegein )

in an in vitro angiogenesis model re-
sulted in a strong reduction of tube forma-
tion. The ingrowth of human microvascu-
lar endothelial cells (hMVEC) was
independent of «,B3, indicating that the
reduced ingrowth is not due to the ab-
sence of the RGD-adhesion site at posi-
tion Aa 572-574. Rather, the altered struc-
ture of fibrin Nieuwegein iS the cause, since
partial normalization of the fibrin network
by lowering the pH during polymerization
resulted in an increased tube formation.
Whereas factor Xllla further decreased

tissue transglutaminase (TG), which is
released in areas of vessel injury, did not.
This is in line with the absence of the
cross-linking site for TG in the  a-chains
of fibrinogen ieuwegein - IN conclusion, this
newly discovered congenital dysfibrino-
genemia has a delayed clotting time and
leads to the formation of an altered fibrin
structure, which could not be cross-
linked by TG and which is less supportive
for ingrowth of endothelial cells. (Blood.
2001;97:973-980)

that thin fibrin bundles were organized the ingrowth of hMVEC in fibrin © 2001 by The American Society of Hematology

Nieuwegein

Introduction

Fibrinogen is a 340-kd glycoprotein that is present in the blood at a The structure of the fibrin network present in the fibrinous
concentration of approximately 3 mg/mUt is composed of 6 exudate is an important determinant in the extent of capillary tube
polypeptide chains (of, v), that are linked together by disulfide formation!1-13 The architecture of the fibrin network and its
bonds and are organized in a symmetrical dimeric fashuaring fibrinolytic sensitivity are determined by the rate of polymerization
blood coagulation thrombin converts fibrinogen to fibrin monoand its extent of cross-linkiny:1” The carboxyl-terminal region of
mers, which associate into staggered, overlapping, 2-strandbd Aa-chain of fibrinogen determines the thickness of bundles
fibrils. These 2-stranded fibrils laterally associate to form fibriformed, and as such the structure of the fibrin netw&®&.Thin
bundles® The final step in the formation of a 3-dimensional fibrirfibrin bundles will associate into a tight and rigid network, whereas
network is the cross-linking of the fibrin subunits by formation ofhick bundles associate into a porous and malleable nettfork.
covalent intermolecular isopeptide bonds. This reaction is cata- Several endothelial cell receptors interact with different do-
lyzed by factor Xllla, which in the presence of Calinks a- and mains in the fibrinogen molecufé?® Integrins are heterodimers,
vy-chains of 2 adjacent fibrinogen molecufésyhile cell-derived composed of amx- and a-subunit, which bind to the RGD
tissue transglutaminase (TG) mainly linksxzhains® Apart from sequence present in extracellular matrix protéinghe o, Bs-

its role in hemostasis, the fibrin formed also provides a temporantegrin is a promiscuous receptor, binding a wide variety of
matrix for cell invasion during the subsequent healing procesxtracellular matrix proteins as well as fibrinogérifhe RGD-
Formation of new blood vessels, or angiogenesis, is an importaeuence at position A(572-574) of fibrinogen is involved in
component of tissue repair after injutfyEndothelial cells degrade adhesion of the cell surface-localized endothetigBs-integrin

the fibrin matrix locally, migrate into it, proliferate, and formreceptof® The expression of this receptor on endothelial cells is
capillary tube$. This process not only requires proteases for cefightly regulated: it is only minimally expressed on resting
detachment, invasion and lumen formation, but also new ce#indothelial cells, but highly up-regulated during angiogenesis in
matrix interactions for reattachment of the invading cells. Differemtivo.2%30 Inhibitors of o, Bs-integrint-32can block angiogenesis in
receptors, including integrins, are involved in endothelial cellvarious conditions, suggesting an important role for this receptor.
matrix interactions during migration and subsequent reattachtfient. Congenital dysfibrinogenemias, fibrinogens with structural or
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functional defects, have proven not only to be valuable tools tsing a Polaron critical point drying apparatus. The samples were coated
study structure-function relationships in the fibrinogen mole&ule with gold and examined in a Hitachi scanning electron microscope.

but also to investigate interactions of various cells with fibrinogen

and fibrin3 In the present study, we characterized a new congenifdVA isolation and DNA sequencing

dysfibrinogenemia, fibrinog@Ruwegein With a truncated Aa-chain, Genomic DNA was isolated from white blood céfsand the DNA
lacking the adhesion site for endothelialBs-integrin on the encoding the carboxy-terminal part of the Aa-chain from amino acid 391 to
Aa-chain as well as the cross-linking site for TG. The effects d§25, corresponding to exon V, was amplified by polymerase chain reaction
these alterations on endothelial capillary tube formation wefBCR), using as forward oligonucleotide8A (TGGGGCACATTTGAA-

studied in an in vitro angiogenesis model using human microvas@ACGTGTCA) and as reverseCD2 (GGAACTTACAGTCGACCA-
lar endothelial cells (hMVEC) overlaid on fibrin matrices. CAAAAACAGACC). The 829-bp PCR product dbrinogen Ar-gene was
sequenced by Baseclear (Leiden, The Netherlands).

Cell culture

Materials and methods Human foreskin microvascular endothelial cells were isolated, cultured,

Coagulation studies and characterized as previously descriffeells were cultured until
confluence at 5% C4PB5% air on fibronectin-coated dishes in M199

Blood was collected by venipuncture and anticoagulated with 1/10 volunggpplemented with 2 mM-glutamine, 20 mM HEPES (pH 7.3) (Biowit-

of 0.106 M trisodium citrate. Platelet-free plasma was prepared hiaker, Verviers, Belgium), 10% heat-inactivated human serum (serum

centrifugation for 30 minutes at 4°C at 2300g. The concentration @boled from 10 donors, obtained from a local blood bank), 10% heat-

fibrinogen in plasma was determined by a Rocket electrophoresis usifgctivated newborn calf serum (GIBCO BRL, Paisley, Scotland), 150

Dade-Behring antiserum. Coagulation time was determined by the Clays§imL crude endothelial cell growth factor supplement (ECGFs) (prepared

thrombin-method® from bovine brain as described by Maciag and cowordgrs U/mL
heparin (Leo Pharmaceutical Products), 100 IU/mL penicillin, and 100
Purification of fibrinogen ng/mL streptomycin (Biowitthaker). Subsequently, the endothelial cells

. . . . . were detached by treatment with trypsin/EDTA and transferred to fibronectin-
Fibrinogen was purified from the plasma usigglanine as described by ¢,ateq dishes with a split ratio of 1:3. Confluent endothelial cells were used
Straughn and Wagnét. B-Alanine was added to plasma in a final at passage 11.

concentration of 0.5 M and kept on ice for 3 minutes. After removal of the

precipi_tate_ by centrifugation at 900(\_)gr 15 minutes, the conc_entration of | vitro angiogenesis

B-alanine in the supernatant was raised to 1.5 M, and the mixture was kept

on ice for another 30 minutes. Subsequently, fibrinogen was collected Bgeparation of fibrin gels. Human fibrin gels were prepared in 96-well
centrifugation at 9000dor 15 minutes. Residual fibrinogen was precipi-plates by addition of 2uL 100 U/mL thrombin to 100nL 3 mg/mL
tated from the plasma by raising tiftealanine concentration to 3 M and fibrinogen in PBS, pH 7.4. Bovine TG (Sigma Chemicals, St Louis, MO),
collected by centrifugation after 30 minutes of incubation on ice. Theuman TG (purified from red blood cells according to Lobitz and
fibrinogen pellets were dissolved in phosphate-buffered saline (PBS, pBworkerd®), or factor Xllla (a kind gift from Dr H. Boeder and Dr P.
7.4) and dialyzed against PBS. The concentration of the fibrinogen solutidappes, Centeon Pharma, Marburg, Germany) was added in different

was adjusted to 3 mg/mL for subsequent use. concentrations together with 5 mM CaCAfter 4 hours of polymerization,
thrombin was inactivated by equilibrating the gels for 12 hours with 0.2 mL
Sodium dodecy! sulfate-polyacrylamide gel electrophoresis M199 containing 10% human serum and 10% newborn calf serum.

Inhibiting mAbs or peptides were added during this equilibration period to
allow diffusion into the fibrin matrix. All experiments were performed with
Fibrin monomers were prepared by clotting plasma with Reptilase. Aftéuplicate wells.

washing of the clot with PBS, fibrin monomers were dissolved in 0.025 M  Altering the pH prior to polymerization by adding HCI (to pH 7.0) or
acetic acid. Fibrin monomers were reduced with 7% wiBrohercaptoetha- NaOH (to pH 7.8) changes the structure of the formed fibrin network.

nol and subjected to electrophoresis on a 0.1% sodium dodecyl sulfate In vitro angiogenesis model Endothelial cells were detached from the
(SDS), 10% wt/vol polyacrylamide gel (PAGE) (Biorad, Hercules, CAfibronectin-coated dishes with trypsin/EDTA and seeded on the fibrin
according to Laemmfi? For Western blotting, plasma or fibrin monomersmatrices in a confluent density. After 24 hours the medium was replaced
were subjected to SDS-PAGE (Biorad) using 5% wt/vol or 4% to 16%ith medium containing different test compounds. Every 48 hours the
wt/vol gradient gels, and proteins were semidry blotted onto a nitrocelluloggedium was changed and collected, for a total of 4 to 6 days. Accumulation
filter. The blots were incubated with monoclonal antibodies (mAbs) against fibrin degradation products in the conditioned media was assayed by a
the amino-terminus (Y18 and the carboxy-terminus of the Aa-chain of specific fibrin degradation enzyme-linked immunosorbent assay (ELISA;
fibrinogen (G8)° a rabbit-antihuman-fibrinogefi,or a rabbit-antihuman Organon Teknika, Boxtel, The Netherlands). The formation of tubular
albumin (Nordic, Tilburg, The Netherlands). The antibodies were couplegructures of endothelial cells by invasion in the underlying matrix was
to horseradish peroxidase and used in dilutions of 1:1000, 1:10 000, 1:308@alyzed by phase contrast microscopy. Quantification of the length of the

of plasma and immunoblot analysis

and 1:1000, respectively. formed structures was performed by a computer equipped with Optimas
image analysis software and a monochrome CCD camera (MX5) connected
Eibrin structure to it.#7 Cross-sectional analysis of the formed structures revealed that

o o o ~ they reflected tubular structures or invaginations in the underlying
Turbidity of the fibrin network. Human fibrin gels were prepared in fiprin matrix 1247

96-well plates by addition of L 10 U/mL thrombin (Leo Pharmaceutical
Products, Weesp, The Netherlands) to §0®B mg/mL fibrinogen dialyzed | ,munohistochemical analysis of the formed
age_uns_t PBS. After 4 hqurs of_ polymerization, the turbidity of f'b”n_gelscapillary-like tubular structures
which is dependent on fiber thickneédsyas measured at 340 nm by using a
Titertek reader (Titertek Multiscan, Flows Labs, McLean, VA). Fibrin matrices were fixed in 4%-formaldehyde in PBS, pH 7.4 for 2
Scanning electron microscopy of fibrinPlasma was clotted on a hours at 4°C. After fixation the fibrin matrices were washed overnight with
formvar-coated 200-mesh nickel grid by the addition of 1 U/mL thrombir6% sucrose in PBS and embedded in Tissue-Tek (Sakura, Zoeterwoude,
After clotting, fibrin was washed, fixed with 2% glutaraldehyde, dehydratethe Netherlands) and snap-frozen in precooled 2-methyl butane and stored
with a serial dilution of ethanol, transferred in 100% acetone, and dried —80°C. For immunohistochemical analysis sectiongrid thick were
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made throughout the whole specimen and the sections were fixed on tr A

slide by 4%P-formaldehyde in PBS. Incubation with the primary antibody _  1.25
(CD-51, a mAb against the,-chain was used at a concentration of 1:100) £

T
was in dakodiluent (Dako, Carpinteria, CA) for 1 hour at room temperature. § 100 T

As secondary antibody antimouse-Cy3 (Sigma Chemicals) was used in = ’I —a- normal
1:100 dilution for a 1-hour incubation. After washing the sections were>~ 85 | /

mounted with Vectashield (Vector Laboratories, Burlingame, CA). 050 F4 -e~ patient

Adhesion of endothelial cells to fibrin 025

Turbidity

Fibrin matrices were prepared in a 96-well plate. After clotting the matrices ~ 0.00
were equilibrated with M199 with 1% wt/vol human serum albumin (HSA)
(CLB, Amsterdam, The Netherlands) with or without the addition of
anti-oyBz-antibodies (LM609, Chemicon, Temecula, CA) or c-RGD pep
tides (c-RGD, ie, cyclo(-Arg-Gly-Asp-D-Phe-Val) (Bachem United King-
dom, Saffron Walden, United Kingdom), for a period of 12 hours. The
hMVEC-forming confluent monolayers were detached by trypsin/EDTA,
sedimented by centrifugation at 25fag 5 minutes, and resuspended in 1%
wt/vol HSA in M199 in a concentration of 50 000 cells/mL. A volume of
150 p.L of the cell suspension was added to the wells and allowed to attacl
for 2 hours at 37°C. The wells were washed 3 times to remove unattache
cells and fixed with 29%P-formaldehyde, after which adhered cells were
counted. The amount of attached cells was expressed as a percentage ve
relative to the numbers of cells attached to normal filtin.

Figure 1. Fibrin structure of fibrin  njeuwegein. (A) Plasma was clotted by the addition

e of 1 U/mL thrombin. Turbidity at 340 nm was measured in time. Triangles represent

Statistics control plasma, and circles, plasmayieuwegein- Data are expressed as mean + SEM of

X . i duplicate experiments with duplicate wells. (B,C) Scanning electron microscopic

Experiments were performed with duplicate wells and expressed as Percgllysis of the formed fibrin structure from normal plasma (B) and plasmayeuwegein
of control. For statistical analysis the ANOVA was used followed by &c). Bars represent 900 nM.

modifiedt test according to Bonferroni.

ure 2A). Although control plasma contained the pattern of fibrino-
gen molecules consistent with high-molecular-weight (HMW)
fibrinogen (340 kd), low-molecular-weight (LMW) fibrinogen (300
Coagulation parameters of normal plasma and plasma  nieuwegein kd), and LMW fibrinogen (270 kd) (Figure 2A, lane ®)3°a large

] ] heterogeneity of fibrinogen molecules with aberrant molecular
A 35-year old man showed a prolonged activated partial thromb}tﬁ'asses was found in plas@ween(Figure 2A, lane 1)
i&dwegein ’ .

time, Whi,Ch vyas dete.rmined routinely prior to a biopsy procedure. To further evaluate the nature of the altered structure of the
The clotting time of this plasma, as determined by the Clauss as inogeneuegsnmolecule, the individual fibrinogen chains were

was prolonged (clotting times for normal plasma and pat'e%c?racterized. To this end, fibrin monomers were derived from

plasma were 4.5 and 15 seconds, respectively). This delayq .
clotting occurred despite a normal plasma concentration of fibrin lasmajeumeqeinDy Reptilase treatment, and subsequently analyzed
SDS-PAGE under reducing conditions. Whereas in control

gen (1.7 mg/mL), suggesting an abnormality in the patient ; )
fibrinogen molecule. This fibrinogen is further referred to alasma 3 bands corresponding to the-ABB- andy-chain were

fibrinogeNeumeqein When plasma was clotted by the addition o]t_ou_nd (Figure 2_B, lane 2), an additional banql was observed for
thrombin (1 U/mL), the turbidity at 340 nm increased progressiveRPNMyieunegein (Figure 2B, lane 1_)- Imr.nunoblot.tln.g of plasma run
with normal plasma but not with plasmguwegen (Figure ). ©Ona 5% SDS-PAGE with rabbit-antihuman fibrinogen showed a
Differences in turbidity were also observed when normal plasn#gnal for the Aa-, B@-, andy-chain in the normal fibrinogen, and
and the patient's plasma were clotted with Reptilase or whé@r the BB- andy-chain and an additional band with an apparent
purified fibrinogens were used (data not shown). mass of 46 kd in fibrinog&Ruwegein (Figure 2C). Y18, which
specifically recognizes the amino-terminal part of the-é&ain,
reacted with the Aa-chain in normal fibrinogen and with the 46-kd
band of fibrinogeRicuwegein SUgQESting that this 46-kd band corre
To visualize the fibrin networks, normal plasma and plagf@gein sponds to a shortened Aa-chain (Figure 2D). This was confirmed
were clotted by the addition of 1 U/mL thrombin and the forme&Y the use of G8, which recognizes the carboxyl-terminal part of
network was analyzed by scanning electron microscopy. Consistéitg Aa-chain; whereas this G8 reacts with the Aa-chain in normal
with the turbidity data, the fibrin network formed from fibrino-fibrinogen, no signal was observed with fibrinoggg,egein(Figure
g€Mieuwegein (fibrNNieuwegeid Was tighter than the network formed2E). These results indicate that the carboxyl-terminal part of the
from normal fibrinogen and consisted of thin fibrin fibers instead @a-chain is lacking in fibrinogeQeuwegein The 66-kd band at the
the thick fibrin bundles of normal fibrin (Figure 1B,C). Aa-chain position of fibrinogefeuwegein Was at the height of
albumin and found to cross-react with rabbit-antihuman albumin,
demonstrating that this band predominantly represents albumin
(Figure 2F, lane 1). Indeed, immunoblotting of plag@egeinwith

The different molecular forms of fibrinogen in plasm@auegenand  rabbit-antihuman albumin revealed 3 different bands (Figure 2G),
control plasma were analyzed under nonreducing conditions (Fighereas no bands were observed for normal plasma.

Results

Determination of the fibrin structure by scanning
electron microscopy

SDS-PAGE and immunoblot analysis of fibrin monomers
and plasma
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A anti - N - term Ao B Coomassle Influence of dysfibrinogen  nieuwegein ON iN Vitro angiogenesis
66.5— —Au To investigate the effect of the structural defect of fibrino-
A50— s . Y . .
340— ey —HMW 52— —Bp g€MieuwegeinON tube formation, fibrin matrices prepared from this
300— g Dy :LMW 47— —Y fibrinogen were used in an established in vitro angiogenesis
LMW model4” When hMVEC seeded on top of a control fibrin matrix
Nwg Co Nwg Co were stimulated with basic fibroblast growth factor and tumor

necrosis factor-¢bFGF/TNFa), they invaded the underlying fibrin

C Eiin, O Excemis. B SeeaTi matrix and formed capillary-like tubular structures (Figure 3B).

o kD sl This process was accompanied by local degradation as was evident
—_—r ) from the accumulation of fibrin degradation products in the
e , conditioned medium. Cross-sectional analysis confirmed the pres-
2340 R ence of tubular structures with a lumen covered with endothelial
Nwg Co Nwg Co Nwg Co cells. In agreement with our previous findirfgso tubular structures
were formed in the absence of bFGF/TNFdeigure 3A). When
Foat-abmn (G 200 = Ay fibrinnieuwegeinWas used as a matrix, a marked reduction in fibrin
e degradation products in the conditioned media (66662 ng/mL
[ as compared to 7289 217 ng/mL, n=3) and a reduction

(75% = 6%, n= 5) in tubular structure formation occurred (Figure
3C). Because the outgrowth of vessels depends on the local
degradation of the underlying fibrin matrix by the urokinase-
o _ B _ plasminogen activator (u-PA)/plasmin system, the concentrations
T et s nores OfU-PA and plasiminogen actvator infibitor (PA1)-1 antigmere
against the N-terminus of the Aa-chain (A). (B-F) Coomassie staining of fibrin determined in the conditioned media. No differences in accumula-
monomers run on a reduced 10% SDS-PAGE gel (B). Immunoblots of plasma, runon  tion of these proteins in conditioned media from cells cultured on

a reduced _10% SDS—I_DAGE gel, with rgbblt—antlhuman flt_Jnnogen/HRP (C)_, mAb top of a control and a ﬁbrmeuwegein matrix were found (data
Y18/HRP directed against the NH,-terminus of the Aa-chain (D), G8/HRP directed
against the COOH-terminus of the Aa-chain (E). Immunoblot of fibrin monomers with not ShOWﬂ).

rabbit-antialbumin/HRP (F). Analysis of plasma run on a nonreduced 5% SDS-PAGE o . i i

gel and immunoblotted with rabbit-antihuman albumin/HRP (G). Nwg indicates ~ LOcalization of - a-integrins on the surface of endothelial cells

fibrin(ogen)nieuwegein, @nd Co, control fibrin(ogen). present in the capillary-like tubular structures in a fibrin matrix

Nwg Co Nwg Co

Deletion of the carboxyl-terminal part of theoAchain in fibrino-
geNieuwegein€liminates the RGD sequence at position 3&2-574,
which constitutes an adhesion site for endothel{@ls-integrin. To

Sequence analysis of an amplified DNA fragment spanning tﬁyestigate whet_her this may be the cause of the_ dimir_1ished tube
base pairs encoding amino acids 391 to 625 of taechain of formation, we first confirmed the presence @f-integrins on
fibrinogeNeuegenevealed that in the triplet coding for Ad53 endothelial cells. Immunohl_stqchemlgal analysis of hMVEC cul-
(proline) a cytosine residue is inserted, altering the sequence friff€d on top of a normal fibrin matrix showed the presence of
CCT to CCC. This insertion alters the reading frame, changing the-integrins on the surface of hMVEC present in capillary-like
GAT sequence, the codon fon54 (asparagine), to aterminationtUbU_'arlStrucu{res in the matrix, as well as in cells present on top of
codon (TGA). The normal sequence for the-8hain was not the fibrin matrix (Figure 4).

detected in the ampllfled DNA, lndlcatlng that the patient iﬁole of RGD sequences in fibrin and endothelial
homozygous for this mutation. This insertion results in a truncateg); adhesion to and tube formation in a fibrin matrix
Aa-chain lacking the amino acids 454 to 625. As shown for

fibrinogenarmug™® and fibrinogegianon,>* this premature chain A possible interaction between the RGD sequences in fibrin and the
termination will give rise to an Aa-chain with an apparent mass afndotheliale, 33 receptor during cell adhesion and tube formation
46 kd on a SDS-PAGE gel according to Laemmli and also explaim&s evaluated using cyclic-RGD peptides (c-RGDp0mL) and

the presence of fibrinogen-albumin complexes, due to disulfid@ inhibiting mAb against, 33 (LM609, 10.g/mL). This antibody
formation between the unpaired cysteine at positiordd2 and a completely blocks the adhesion of hAMVEC to a vitronectin matrix,
free cysteine present in albumin. which indicates that endothelial cells have a functional

Amplification and DNA sequence analysis of exon V
of the fibrinogen Aa-chain gene

B3 during

Figure 3. Formation of capillary-like tubular structures by hMVEC in a fibrin Nieuwegein Matrix. The hMVEC were seeded in confluency on the fibrin matrices. Under control
conditions they remained as a monolayer on the fibrin (A). Stimulated with 5 ng/mL bFGF and 1 ng/mL TNF-« they formed invasive capillary-like tubular structures in normal
fibrin matrices (B). Capillary-like tubular structure formation by bFGF/TNF-a—stimulated cells was decreased in fibrinyieuwegein Matrices (C). After 4 days pictures were taken.
Arrows indicate capillary-like tubular structures. Bar represents 300 wM.
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Effect of cross-linking of fibrin on the extent and maintenance
of tube formation

Not only the bundle structure is an important factor in the
architecture of the fibrin matrix, but also the extent of cross-linking.
Factor Xllla, which is present in the circulation, covalently links 2

A
120
=
£
- 100
=
3
4 80
(=]
Figure 4. Immunostaining for  ay-integrins on the cell surface of hMVEC &Q
stimulated with bFGF/TNF-a.  After an incubation period of 5 days with bFGF/ -_ 60
TNF-q, the fibrin matrices were sectioned and endothelial cells were stained for @
ay-integrins. Arrows point to endothelial cells present in the monolayer on top of the (]
matrix and to cells in the capillary-like tubular structure in the fibrin. 5 40
St
]
. . - 20
ayBs-complex (Figure B, compare to Figure 4). The attachment -
of endothelial cells to an underlying fibrin matrix was slighty =~ <@

reduced by 20% 9% (n= 2) by the presence of c-RGD; addition of 0
25 to 50 pg/mL c-RGD reduced thadhesion of cells in a dose-
dependent fashion. The adhesion of cells was unaffected by the
presence of LM609 (95% 4% of control values, = 3) (Figure
5A). Adhesion of endothelial cells to fibKRuwegeinWas not im
paired either.
During the process of capillary-like tubular structure formation
in the underlying fibrin matrix the presence of f@/mL c-RGD Control fibrin
hardly reduced the extent of tube formation. Addition of higher

¢-RGD

Control
LM609
Control
L.M609

Control Ab
Fibrin Nwg

Vitronectin

concentrations of c-RGD (50-1Q0g/mL) reduced the outgrowth B
to 80%. The addition of LM609 did not alter the extent of = 120
outgrowth (80%+ 9% and 95%*+ 3% of control values, & 3, E
respectively) (Figure 5B). These data indicate thg@s-integrins s 100
on endothelial cells are not essential for attachment to and invasion 8
in a fibrin matrix. qs 80
Influence of the fibrin structure on in vitro angiogenesis IS

S
The effect of the abnormal polymerization of fibrinoggfvegeinON = 60
capillary-like structure formation was further analyzed in 2 ways. o 40
First, because the fibrinogen molecules in plagma geincan form 5
complexes with albumin, either one or 2 per molecule, albuminwas g
added to the polymerizing fibrinogen in a 1:1 or 2:1 molar ratio to -g 20
investigate the effect of albumin on fibrin structure and the fm

formation of capillary-like tubular structures. The extent of tube 0
formation was only slightly affected by the highest concentration of
albumin tested (data not shown). This suggests that the presence of
albumin per se in a fibrin matrix does not significantly influence
fibrin formation and as such tube formation. These results,
however, do not exclude the possibility that covalent binding of
albumin to fibrinogegicuwegeinaffects fibrin polymerization and as
such tube formation. Control fibrin
Second, as shown in Figure 6A, the pH of the polymerizatiorigure 5. Effect of c-RGD (10 pg/mL) and anti-a ,Bz-antibody (LM609, 10 pg/mL)
buffer influences the structure of the fibrin matrié®@an increase ©°n the adherence to and invasion in fibrin matrices by hMVEC. (A) Cells were

allowed to adhere to vitronectin in the presence or absence of LM609 (10 pg/mL) or

of pH during the polymerization of normal fibrin from pH 7.0to 7‘8t0 fibrin in the presence c-RGD (10 p.g/mL), anti-FITC mAb (10 ng/mL) (control Ab),

results in a decrease of turbidity. Analysis of tube formation revealsd LM609 (10 pg/mL). Cells were also allowed to adhere to a matrix prepared from
a parallel decrease in the tube length formed. Similarly, an incred8enogennieuegein- After 2 hours the adhered cells were counted and expressed as

. L L . A ) percent of control (no addition). Results from 6 cultures in 3 independent experiments
in turbidity of fibrin matrices prepared from flb”nom""ege'”was are given and expressed as mean = SD. (B) The hMVEC were seeded on top of the

observed when the pH of the buffer was decreased to pH %n matrices prepared from normal and fibrinogenyjeuegein and were stimulated to
(Figure 6A), with a parallel increase (53%19%) in tube invade by 5 ng/mL bFGF and 1 ng/mL TNF- alone or in the presence of c-RGD (10
formation (Figure 68). These findings suggest that the configuﬂ’a‘llmL)’ anti-FITC (10 pg/mL), or LM609 (10 pg/mL). After 6 days the formeq tube
. o . . . length was measured and expressed as percent of control (bFGF/TNF-a without
tion of the fibrin network is an Important determinant of theclddition of antibodies). Data are the mean *= SD of 6 cultures in 3 independent

outgrowth of tubes in a fibrin matrix. experiments. (*represents P < 0.05)

¢-RGD

=
St
p=)
=
=]
Q

LM609
Control Ab
Fibrin Nwg
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>

in the non-—cross-linked fibrin matrices were regressed to
invaginations in the fibrin matrix. The structures formed in
cross-linked matrices, however, appeared to be stable during the
prolonged stimulation (data not shown). These data suggest that
cross-linking of the fibrin matrix by TG not only affects the
initiation and extent of tubular structure formation but also the
maintenance of the structures formed.
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0.50 Discussion
In this paper we describe the effect on capillary-like tubular
structure formation of a new congenital dysfibrinogenemia, fibrino-
0.00 2 X ] 2 = OeMvieuwegein Which is characterized by the deletion of amino acids
i Z 2 E S Aa 454-610 of the Aa-chain. This deletion is the result of insertion
TE= TE § 4 & of a single nucleotide in codon Ad53, which results in the
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Figure 6. Effect of fibrin structure on capillary tube formation. Fibrin matrices
from normal fibrinogen and fibrinogenyieuwegein Were polymerized at pH 7.0, 7.4, and B
7.8. (A) Turbidity at 340 nm was measured after 2 hours of polymerization. (B) The — *
hMVEC were seeded on top of these fibrin matrices and stimulated with 5 ng/mL 'E'
bFGF and 1 ng/mL TNF-a to form invasive capillary-like tubular structures. Capillary- j: 120
like tubular structure formation was quantified after 4 days and expressed as percent =
of control (normal fibrin at pH 7.4). Data are mean = SD of 6 cultures in 3 independent S 100
experiments. o
S
o 80
v-chains in adjacent fibrin molecules, while TG, which is released c\°
during wounding of a vessel, covalently links 2v&hains. The : 60
presence of factor Xllla during the polymerization of normal fibrin t 40
caused a concentration-dependent reduction of tube formation 5
(Figure 7A), resulting in a 68% 3% (n= 4) decrease at 10 U/mL = 20
factor Xllla. Cross-linking of the fibrigeuwegeinwith 3 U/mL factor B
Xllla resulted in a proportional decrease (42¢4.%, n= 5) of the g 0

length of tubes formed.

Addition of TG during the polymerization of normal fibrin
reduced the length of the formed tubes by 4298% (n=5)
and 78%=* 5% (n=15) for 0.02 U/mL and 0.6 U/mL TG,
respectively (Figure 7B). Addition of 0.6 U/mL TG to polymeriz-
ing fibrinyieuwegeindid Not affect the extent of tubes formed (Figure
7B). This is consistent with the absence of a cross-linking site fhigure 7. Effect of factor Xllla and tissue TG on the formation of capillary-like

P . : _ - jtubular structures in fibrin.  Fibrin matrices prepared from normal fibrinogen and
TG in flbrlnN'e”WE’ge_'”due to the deletion of the carboxyl termlnalfibrinogenNieuwegein were cross-linked by the addition of different concentrations of
part of the Aa-chain. factor Xllla (A) and tissue TG (B). The hMVEC were seeded on top of the fibrin and
Interestingly, cross-linking of the normal fibrin matrix with stimulated with 5 ng/mL bFGF and 1 ng/mL TNF-a to form invasive capillary-like

TG retards the initiation of capillary-like tubular Structuretubularstructures. The total length of capillary-like tubular structures was quantified

. . . aftir 4 days and expressed as percent of control (normal fibrin). Data are mean = SD
formatlon_and as such the m(_:rease in formed tube |ength aftesf cultures in 4 independent experiments (* represents P < 0.05). NS indicates not
days. During a prolonged period of 7 days, the tubular structuregnificant.

Control
0.02 U/mL
0.6 U/mL
Nwg

Nwg + 0.6 U/ml
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appearance of a stop codon at A&4. The structural defect of for fibrin-endothelial cell interactions in our in vitro angiogenesis
fibrinogemyieunegein results in the presence of a covalently linkednodel. In vivo the nature of the temporary matrices is more
albumin to the free SH-group in the unpaired cysteinecatA2, in  complex than fibrin alone, and during interaction of endothelial
the deletion of the RGD-sequence ai/A72-574, and in the cells with these matrices the role f@yB is indispensablét-32Qur
disappearance of the cross-linking site for TG. Analysis of thgata, however, suggest that a role fey3; during endothelial
effect of this structural defect on fibrin formation and on theell-fibrin interaction may be overemphasized.
formation of tube-like structures showed that the more dense fibrin The results of this paper and previous wdi show that the
network formed from fibrinog@feuwegein delayed ingrowth of architecture of the formed fibrin matrix plays a critical role during
human endothelial cells. This delayed tube formation was furthgfe formation of capillary-like tubular structures. Turbid and
retarded by factor Xllla but not by TG. malleable fibrin matrices prepared from intact fibrinogen have an
Fibrinogenieuwegeinh@s characteristics that are very similar textensive ingrowth of tubular structures, while transparent and
the previously described dysfibrinogen Marbtfrgnd Milano  rigid matrices retard this process. In line with this, tube formation
II1.5% In both congenital dysfibrinogenemias clotting time isn the transparent fibriguuegenmatrix is delayed. By lowering the
prolonged and the fibrin network formed is tight. The deletion gfy guring polymerization the structure of the fibiRwegein
carboxyl-terminal amino acids 454-610 in fibrin0@RMwegein network could be partially normalized, which led to an increased
and that of amino acids 461-610 in fibrinoggmuresultin the  yhe formation. The formation of capillary-like tubular structures is
presence of an unpaired cysteine at position M2, which  gependent on pericellular fibrin degradation by invading endothe-
normally forms an intrachain disulfide bridge with cysteine ajy| cellsi2 and the fact that the dense fibrin network is less
position Aa 47252 The free SH-group of the unpaired cysteingjeqraded than the normal fibrin matrix explains the slower

covalently links to a free SH-group in albumin, which results tg, . o\th of endothelial cells heref.Not only the fibrinolytic

the formation of fibrinogen-albumin complexes. Ipte_restingly, iBensitivity of the matrices influences the outgrowth, but also the
other congenital dysfibrinogenemias, such as fibringge differences in pore size between the normal and filifegein

- Y- i . _ . .
and fibrinogeBhapes v fibrinogen-albumin complexes are also, o161 could account for the differences in formation of tubular
formed. In these dysfibrinogenemias, the substitution of ar

Wructuresin the underlying matrix. Other congenital dysfibrinogen-

nine Aa 554 by cysteine results in the presence of a fr_egmiaswith a structural defect that leads to abnofibeh polymeriza-

SH-group that covalently links to a free SH-group in albumin. - .
These latter 2 dysfibrinogens are also associated with a delrﬂr)lygél1 may similarly be expected to show retarded ingrowth.

clotting time and the formation of dens fibrin networks. Thi Cross-linking of fibrin by factor Xllla and TG further stabilizes
9 R, o . ?he network and thus further decreases the plasmin-mediated
suggests that in fibrinogQRuwegein @and fibrin0geRiarmurg the

degradation of the fibrin matri% As a consequence endothelial

delayed clotting times and the abnormal network formation are

caused by the covalently linked albumin rather than by th;:eells more slowly degrade the matrix during migration and tube

absence of the carboxyl-terminal part ofw&hain. The Ac ormation, which results in a retarded ingrowth of tubes. In vivo it
chain of fibrinogen plays an important role in the lateisdociation of has been shown that an |ncrgased Stab'“.ty of the temporgry mqtnx
the fibrin monomers, and the presence of cross-linked alburrﬁrtlomOtes proper wound healing by ensuring that the matrix persists

molecules leads to steric hindrance of the association and conl_é@t-',l tissue regeneration Is C°mp'e‘@_d“! f_'b”n’\“euweGe‘” cross_-
quently to the formation of a rigid netwof#:5 Such a steric linking by factor Xllla resulted in a diminished tube formation,

hindrance leading to abnormal lateral association is also seen witfilar to the decrease observed in normal fibrin. However,
fibrinOgertamcas i Which the conversion of a serine into ancross-llnklng by TG, which is mo.re relevant for woun(_j r(_epalr,.du.:i
asparagine leads to an additional carbohydrate group linked to f}f 0ccur as a result of the deletion of the TG cross-linking site in
carboxyl-terminus of the Aa-chaifs. the carboxyl-terminal part of the Aa-chain. Due to the nature of the
Because of the deletion of the carboxyl-terminal part diPfiMnieunegeinn€twork, the temporary matrix formed at an injury
Aa-chain in fibrinogeReuwegein the RGD-sequence at position AcSite has. a .st.ablllty comparable to a TG cros§-I!nked matrlx |.n a
572-574 is missing. This RGD-sequence is reported to interact wiiRfmal individual. Indeed, we observed a similar capillary-like
endotheliaky, Bs-integrin and during fibrin-endothelial cell interac formation in TG-treated fibrin matrices formed from normal and
tion in vitro3%-32 suggesting it also plays an important role duringhe patient’s fibrinogen. This may explain why in the anamnesis of
the process of angiogenesis in vivo. h(MVEC exprasg; (this the patient until now no abnormal wound healing has been
paper and reference 56) and this integrin is essential for tFRported.
attachment of these cells to a vitronectin matfixn contrast to In summary, this report describes a new congenital dysfibrino-
the expectation that the absence of the RGD-sequence in fibrig@nemia characterized by a deletion of the carboxyl-terminal part
g€MiieuwegeinMay result in a retarded tube formati®hour results of the Aa-chain containing an important RGD sequence and a TG
show that an interaction ef,s-integrin with the RGD at position cross-linking site. This fibrin delays tube formation, not because of
Aa 572-574 is not crucial for endothelial cell attachment to anidhe absence of the,; adhesion sequence, but due to the altered
tube formation in a pure fibrin matrix. This does not excluddibrin structure. As a result of the deletion in fibgiQwegeinfurther
however, that other receptots?® including other integrins or stablization by TG does not occur. Taken together, the characteriza-
cooperative interaction ak,Bs-integrin with other integrin8’ or  tion of fibrinogefeuwegeinProvides further insight in the structural
other RGD-sequences in fibrinogen are apparently more importé@atures required for angiogenesis in a fibrin environment.
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variant with a shortened A a-chain, alters endothelial capillary tube
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