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ABSTRACT

Primary human vascular endothelial cells were immortalized by the integration of a 
single DNA copy of an amphotropic, replication-deficient retrovirus containing the E6/E7 
genes of human papilloma virus. To date the resulting cell lines, designated EC-RF7 and 
EC-RF24, have been cultured for more than 200 generations . The cell lines have retained a 
diploid karyotype, display no abnormalities and are able to grow in a polar mode. Analysis of 
the EC-RF cell lines by indirect immunofluorescence, using an extensive panel of monoclonal 
antibodies, showed expression of endothelial cell-specific soluble (von Willebrand factor) 
and surface-bound antigens (endoglin, PECAM) indistinguishable from that of primary cells. 
In addition, the expression of the markers CD9, CD13, CD14, CD29, CD36, CD40, CD51 
and CD 55 that are not restricted to endothelial cells, was also similar for the immortalized 
and the pimary endothelial cells.  Immortalization did not alter  the expression of the surface 
adhesion molecules  E-selectin, VCAM-1 and ICAM-1 nor transmigration of neutrophils. 
The regulation of extracellular proteolytic activity by EC-RF24 was established by measuring 
both the induction of functional tissue factor (promotion of Factor Xa generation) and the 
functional deposition of plasminogen activator inhibitor 1 in the subendothelial matrix (SDS-
resistant complex formation with thrombin). Finally, the biosynthesis of endothelial cell-
specific von Willebrand factor was studied in detail in the EC-RF24 cell line and the data 
were compared with those of primary endothelial cells.
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INTRODUCTION

Endothelial cells are of mesodermal origin and form the lining of the vasculature, 
thereby separating the bloodstream in the vessel and the surrounding tissue. The endothelium 
actively participates in many physiological and pathophysiological processes that occur 
either at the luminal or the abluminal side. Consequently, endothelial cells are an important 
subject in studies on e.g. haemostasis, thrombosis, atherosclerosis and infl ammatory disorders 
(reviewed in Nachman, 1992; DiCorleto and Soyombo, 1993; Springer, 1990). For these 
studies, culturing of primary endothelial cells from human umbilical veins is a frequently 
used and well established  technique (Jaffe et al., 1973; Maciag et al., 1981). The main 
drawback of this approach is, however, the limited life span of these cells. Accordingly, 
studies of endothelial cell-specifi c biological processes by directed introduction of stable 
genetic modifi cation (“double knock out”) are not feasible, since those manipulations require 
prolonged growth and multiple rounds of cloning (Capecchi, 1989; te Riele et al., 1990).

A number of groups have reported on the generation of human endothelial cell lines 
either by spontaneous transformation (Takahashi et al., 1990) or by the introduction of 
oncogenic viral DNA (Gimbrone and Fareed, 1976; Sasaguri et al., 1991; Faller et al., 1988; 
Ades et al., 1992; Fickling et al., 1992). However, in most cases either the morphology of 
the cells deviated from primary endothelial cells or the cell lines displayed aneuploidy or 
polyploidy in karyotypic analysis. Obviously, the latter feature renders such cells unsuitable 
to study endothelial cell-specifi c processes by targeted gene disruption, since this approach is 
virtually only feasible in diploid cells.

Recently, Perez-Ryes et al. (1992), reported on a method for the immortalization of 
human primary smooth muscle cells, using the E6/E7 open reading frames (ORF) of the 
human papilloma virus 16 (HPV16), while maintaining the diploid karyotype of the cells. 
In this paper, we describe the generation of human endothelial cell lines that have been 
obtained by infection with an amphotrophic recombinant retrovirus construct containing 
the E6/E7 open reading frames of HPV 16. The resulting cell lines have been extensively 
characterized with regard to morphology, endothelial cell-specifi c expression of surface 
antigens, heamostatic and fi brinolytic properties and their interaction with leukocytes.
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MATERIALS AND METHODS

Cell culture and infection. Primary human umbilical cord endothelial cells were isolated as descibed (Jaffe et 

al., 1973) with some minor modifi cations (Willems et al., 1982). The endothelial cells were cultured in a medium, 

consisting of equal volumes of RPMI 1640 and M 199 (Gibco, Paisley, Scotland) containing 20% (v/v) heat-

inactivated human serum, 2mM glutamine (Merck, Darmstadt, Germany), penicllin (100U/ml), streptomycin (100 

U/ml) and fungizone (2.5 μg/ml) (Gibco, Paisley, Scotland). The amphotrophic helper-free retrovirus pLXSN16E6/

E7 (Halbert et al., 1991)  was kindly provided by dr. T. Compton (University of Wisconsin, Medical School). This 

replication-defective retrovirus contains the gene encoding neomycin resistance (neor) under control of the Simian 

virus 40 “early” promoter and the HPV16 E6/E7 open reading frames downstream of the 5’ long terminal repeat 

promoter-enhancer sequences of Molony leukemia virus (Halbert et al., 1991).  Retroviral infection was performed 

in serum-free medium containing 4 μg/ml polybrene (Sigma St. Louis, MO) by an 8 h incubation of  second passage 

primary cells, grown to near-confl uency in 80 cm2 fl asks. Twenty-four h after infection, cells were treated with 

trypsin and replated. After splitting of the cells, followed by culturing for 24 h, selection was initiated by the addition 

of the neomycin analogue G418 to a fi nal concentration of 100 μg/ml (Gibco, Paisley, Scotland). After 10 days of 

selection, 24 neor clones were taken and further expanded to cultures of several millions of cells. At this stage, part 

of the culture was stored by cryopreservation and another part was used for long-term propagation. During culturing 

of cells at low densities, the medium was supplemendted wit 12 μg/ml endothelial-cell growth factor (ECGF) and 

90 μg/ml heparin (Sigma).

Immunofl uorescence. Primary endothelial cells or immortalized endothelial cell lines were grown on coverslips 

coated with gelatin, subsequently washed with serum-free medium and fi xed for 10 min. at room temperature in 

methanol. After fi xation, the cells were washed twice with phosphate- buffered saline (PBS) and incubated for 1 h 

with the indicated monoclonal or polyclonal antibodies in PBS supplemented with 3% (w/v) bovine serum albumin 

(Organon Technika, Boxtel, The Netherlands). Then, the coverslips were washed twice in PBS and incubated for 1 

h with fl uorescein isothiocyanate (FITC)-conjugated goat anti-rabbit antibodies or with FITC-conjugated goat anti-

mouse antibodies (Central Laboratory of the Netherlands Red Cross Blood Transfusion Service, Amsterdam, The 

Netherlands), diluted 100-fold in PBS containing 3% (w/v) bovine serum albumin. After washing, the coverslips 

were mounted in PBS, containing 80% (v/v) glycerol, 1 mg/ml o-phenylene diamine (Sigma, St. Louis, MO) and 

viewed with a Leitz Ortholux II fl uorescence microscope.

Analysis of provirus DNA. High molecular weight cellular DNA was isolated according to Old and Higgs, 1983, 

digested with EcoRI (BRL, Bethesda, MD), subjected to electrophoresis on a 0.5% (w/v)  agarose gel and blotted 

onto nitrocellulose. Hybridization  was performed with a 32P- labeled fragment of HPV16 E6/E7 that comprises the 

HPV16 nucleotides 64 till 875 (Seedorf et al., 1985).
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Flow cytometric analysis of DNA content of  cells. Immortalized endothelial cells were suspended as described 

in the paragraph “Immunofl uorescence fl ow cytometry” and fi xed with cold ethanol at a fi nal concentration of 75% 

(v/v). After sedimentation, the cells were suspended  in 0.1 M TRIS-HCL (pH 7.5), 0.1 M NaCl, 5 mM EDTA, 1 

mg/ml RNase A, 25 μg/ml propidium iodide, 0.1 mg/ml saponin, 1 μg/ml Triton-X-100 and incubated for 20 min 

at 37 °C. Subsequently, the fl uorescence of 30 000 cells was analyzed by fl ow cytometry. As a reference for diploid 

cells, freshly isolated human leukocytes were treated identical to the immortalized cells and analyzed in parallel.

Fluorescence in situ hybridization. Fluorescence in situ hybridization experiments were carried out on interphase 

nuclei of EC-RF24 cells with a centromere probe for chromosome 12 (pα12H8) using standard techniques (Lichter 

et al., 1990). The fl uorescence signal was scored by two independent observers.

Polar secretion. Primary and immortalized endothelial cells were grown to confl uency on fi bronectin-coated 

polycarbonate fi lters (Costar, Cambridge, MA; 4.7 cm2, pore size 0.4 μm). The integrity of the monolayer was 

verifi ed by measuring the trans endothelial electrical resistance (TEER). The medium was replaced every two days 

and after fi ve days of culturing 20 ng/ml tumor necosis factor (TNF-α) was added and the cells were grown for 

another 24 h. The content of interleukin 6 (IL-6) was determined in both the apical compartment (0.65 ml) and the 

basolateral compartment (2.35 ml) by using an ELISA-kit (Central Laboratory of the Blood Transfusion Service, 

Amsterdam, The Netherlands).

Immunofl uorescence fl ow cytometry. Primary and immortalized endothelial cells were grown to confl uency on 

fi bronectin-coated fl asks. The monolayers were then incubated for 3.5 and 20 h with medium, either in the presence 

or absence of 10 U/ml interleukin-1β (IL-1 β). After IL-1 β stimulation, the cells were non-enzymatically detached 

in 20 mM HEPES, 132 mM NaCl, 6 mM KCl and 1.2 mM potassium phosphate (HBS), supplemented wit 1.5 mM 

EDTA. The subsequent incubations with a monoclonal antibody and, subsequently, with FITC-conjugated goat 

anti-mouse antibodies were done for 30 min at room temperature in HBS containing 1 mM MgSO4, 1 mM CaCL2 
and 0.5% (w/v) bovine serum albumin. The incubations with antibodies were followed by extensive washing with 

HBS. Binding of the monoclonal antibody was quantifi ed for 10 000 cells with a FACScan fl ow cytometer (Becton 

Dickinson, Mountain View, CA).

Neutrophil adhesion and transmigration assays. The adhesion and transmigration of 51Cr-labeled neutrophils 

through either primary- or immortalized endothelial cells was determined as described (Kuijpers et al., 1992).

Tissue factor activation. Tissue factor (TF) expression on monolayers of either resting or phorbol-ester (PMA)-

treated cells was measured as TF/Factor VIIa-dependent activation of Factor X as described (Brinkman et 

al.,1994).
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Functional deposition of plasminogen activator inhibitor (PAI-1) in the endothelial cell matrix. The preparation 

of matrices of primary endothelial cells and of immortalized endothelial cell lines and the subsequent complex 

formation between PAI-1 present in the matrices and 125I-labeled thrombin was performed as described before 

(Ehrlich et al., 1991).

 

Metabolic labeling of cultured cells. Primary endothelial cells or immortalized endothelial cells were grown on 

fi bronectin-coated dishes to near-confl uency. The cells were then washed twice with RPMI 1640 (devoid of methionine) 

and, susequently starved for 1 h in the same medium supplemented with 0.5% (w/v) human serum albumin (Central 

Laboratory of the Netherlands Red Cross Blood Transfusion Service, Amsterdam , The Netherlands). The cells were 

pulse-labeled for 1 h in RPMI-1640 medium, supplemented with 0.5%  (w/v) human serum albumin and 70 μCi/ml 
35S-methionine (specifi c radioactivity 1000 Ci/mmol, The Radiochemical Centre, Amersham, U.K.), followed by a 

chase period of 4 h with an excess of unlabeled methionine. The medium was collected and centrifuged for 5 min at 

350 x g. Cell extracts were made by lysing the cells in 10 mM Tris-HCl (pH7.8), 150 mM NaCl, 5 mM EDTA, 1% 

(v/v) Nonidet P-40, 10 mM benzamidine, 5 mM N-ethylmaleimide and 1 mM phenylmethylsulfonyl fl uoride (IPB). 

Conditioned medium and cell extracts from metabolically labeled cells were stored at –80 °C.

Immunoprecipitation and analysis of subunit composition of von Willebrand factor (vWF).

Conditioned medium from metabolically labeled cells was adjusted with a 5-fold concentrated IPB solution to a fi nal 

concentration of 1x IPB. Preclearing of cell extracts and of conditioned medium was performed by incubating twice 

with gelatin-Sepharose beads and, subsequently, with preformed complexes of rabbit pre-immune serum coupled to 

protein A-sepharose beads. Radiolabeled vWF was immunoprecipitated by incubation of the precleared material with 

preformed complexes of an immunoglobulin preparation, derived from rabbit anti-human vWF serum (Dakopatts, 

Glostrup, Denmark), coupled to protein A-Sepharose beads. Immunoprecipitates were extensively washed with IPB 

and pelleted through a discontinuous, 10 to 20% (w/v) sucrose gradient, dissolved in IPB supplementd with 0.5% 

(w/v) deoxycholate and 10 mM Tris-HCL (pH 7.8). The fi nal precipitate was analyzed by electrophoresis on a 5% 

(w/v) SDS polyacrylamide gel (SDS-PAGE) (Leammli, 1970).

Analysis of multimeric composition of vWF. Confl uent layers of cells were washed twice with PBS and then grown 

for 20 h in serum-free medium supplemented with 0.5% (w/v) human serum albumin. The conditioned medium 

was centrifuged for 10 min at 350 x g, adjusted to a fi nal concentration of 0.5x IPB and, fi nally, concentrated by 

Centricon-30 fi ltration (Amicon, Danvers, MA). Approximately 8 ng of the concentrated material was analyzed by 

discontinuous SDS-agarose gel electrophoresis as described (Ruggeri and Zimmerman, 1981). An affi nity purifi ed, 
125I-labeled rabbit anti-human vWF immunoglobulin preparation was used for staining of the gel.
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RESULTS AND DISCUSSION

Generation of human endothelial cell lines by infection with amphotrophic, 
replication defi cient pLXSN16 E6/E7 retrovirus. It has been shown that integration of 
DNA encoding the HPV16 E6/E7 proteins into the genome of different types of cultured 
primary human cells leads to high effi ciency immortalization (Perez-Reyes et al., 1992; 
Halbert et al., 1991). The underlying mechanism of this process is not entirely understood, 
although indications are at hand that suggest an interaction between E6/E7 oncoproteins 
and the cellular tumor suppressor proteins p53 and the retinoblastma gene product. These 
interactions would then result in disturbance of the normal cell cycle control, ultimately leading 
to the immortalized phenotype (reviewed by Vousden, 1993). We introduced E6/E7 DNA in 
the genome of human primary umbilical vein endothelial cells (HUVEC) by infection with 
the amphotrophic, replication defi cient retrovirus pLXSN16 E6/E7 that encodes neomycin  
resistance (neor). After infection, the cells were grown for 10 days in a selective medium, 
containing G418, allowing the formation of  neor clones. Twenty four of these clones were 
isolated by local trypsinization and further expanded, yielding 15 viable clones that were 
used for long term culturing by serial passage in 10 cm2 tissue culture clusters. During this 
procedure, 13 of these clones exhibited growth retardation, morphological abbarancies 
and, fi nally, became completely senescent. Two clones, designated EC-RF7 and EC-RF24, 
displayed little or no growth retardation and have been kept in culture for approximately 
200 generations without exhibiting growth abnormalities. We consider these clones to be 
immortalized human endothelial cells and, consequently, they were chosen for further 
studies. The resulting neor endothelial-cell clones do not produce intact virus, according to the 
observation that conditioned medium is not able to confer neor to primary endothelial cells. 
It should be noted that each of the 15 clones, used for long term propagation, harbours the 
complete E6/E7 DNA sequences as evidenced by polymerase chain reaction (PCR) analysis 
(data not shown). This observation indicates that the mere presence of these sequences, 
although supporting a considerable prolongation of the life span, does not necessarily lead 
to immortalization of endothelial cells. Apparently, the nature of the recipient cell is a major 
determinant in the ultimate cellular transformation, since integration of the E6/E7 ORF DNA 
into the genome of human foreskin epithelial cells fully results in immortalization (Halbert 
et al., 1991). 

Genomic DNA of the EC-RF7 and EC-RF24 cell lines was subjected to Southern blot 
analysis to determine the number of integrated provirus copies. To that end, high molecular 
weight DNA was isolated and digested with EcoRI. This restriction enzyme has a unique 
cleavage site near the 5’end of the retroviral vector (Halbert et al., 1991), allowing a 
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convenient assessment of genomic fragments that hybridize with a radiolabeled E6/E7 DNA 
probe. The DNAs of EC-RF7 and EC-RF 24 revealed single hybridizing fragments of 3.4 
and 6.6 kb, respectively (Figure 1). Clearly, each cell line has arisen by a single integration 
event of pLXSN16 E6/E7 DNA that had occured at distinct integration sites in EC-RF7 and 
EC-RF24. 

Fluorescence in situ hybridization with EC-RF24 nuclei and determination of DNA 
content of EC-RF24 cells. As indicated before, we intend to employ the human endothelial 
cell lines for the construction of  “double knock-outs”, in particular to eliminate the vWF 
genes. For this purpose, it is desirable that EC-RF-24 cells are diploid for the vWF alleles. 
The human vWF gene is located on chromosome 12 (Verweij et al., 1985; Ginsburg et al., 
1985). Consequently, we used fl uorescence in situ hybrization with a chromosome 12-specifi c 
centromere probe (pα12h8) to determine the number of chromosomes 12 per EC-RF24 cell. 
Of a total of 560 interphase nuclei, we scored after hybridization with fl uorescent pα12H8 
DNA that 82% of the nuclei had two spots, while 12% had four spots and in 6% of the nuclei 
three spots were detected. We conclude that the vast majority of the cells are diploid for 
chromosome 12.

Flow-cytometric analyses of the EC-RF24 cell line revealed a cell population that is 
highly homogenous with regard to DNA content. A comparison of the DNA content of EC-
RF24  cells with that of freshly isolated human leukocytes did not show signifi cant differences. 
From these observations we tentatively conclude that the immortalized cells have retained 
the diploid karyotype.

23.1

9.4

6.6

4.4

2.3

2.0

1 2 3 4 Figure 1. Southern blot analysis of cell lines for E6/E7 specifi c 
DNA sequencces. High molecular weight cellular DNA, digested 
with EcoRI, was subjected to electrophoresis on a 0.5% (w/v) 
agarose gel, blotted onto nitrocellulose and hybridized with a 
32P-labeled fragment containing E6/E7 nucleotides 64-875. Lane 
1, HUVEC DNA (isolate A); Lane 2, HUVEC DNA (isolate 2); 
Lane 3, EC-RF7 DNA; Lane 4, EC-RF24 DNA. The length of the 
fragments is indicated (kbp).
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Phenotypical comparison between the human endothelial cell line EC-RF24 
and HUVEC. The morphology of the endothelial cell lines was compared with that of  
HUVEC. The results of analyses performed with EC-RF24 are presented. Virtually identical 
observations were obtained with EC-RF7. The observations for EC-RF24 were made with 
cells that were grown for approximately 30 generations. First, inspection of the morphology 
by phase-contrast microscopy unambiguously showed that the typical cobblestone 
morphology of HUVEC is retained by EC-RF24. Second, growth of the EC-RF24  cell line is 
contact inhibited and anchorage dependent, corresponding to the characteristics of HUVEC. 
Immortalized cells, however, are able to grow to a higher cell density than nonimmortalized 
cells. Third, we determined whether the immortalized endothelial cells had retained the 
property of primary endothelial cells to secrete proteins in a polar fashion. To that end, 
the TNF-α-induced secretion of IL-6 was analyzed. Both for primary cells and EC-RF24 
cells a preferentially basolateral secretion of IL-6 was observed, indicating a conservation 
of polarized routing in the immortalized cells (data not shown). Fourth, we examined the 
expression of the endothelial surface proteins PECAM-1, endoglin, and the intracellular 

1 2

3 4

65

Figure 2. Immunofl uorescence of endothelial 
specifi c markers expressed by EC-RF24. 
Indirect immunofl uorescence either with primary 
endothelial cells or with the immortalized cells was 
performed as described in Materials and Methods. 
Panels 1, 3 and 5 are primary human umbilical vein 
endothelial cells (HUVEC), whereas panels 2, 4 
and 6 are immortalized EC-RF24 cells. Staining 
with specifi c mono- or polyclonal antibodies was 
carried out for the following proteins: panels 1 and 
2, vWF; panels 3 and 4, CD31, panels 5 and 6, 
endoglin. The magnifi cation for panels 1 and 2 is 
250 fold, whereas the magnifi cation is 340 fold for 
panels 3, 4, 5 and 6
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von Willebrand factor (vWF) (Figure 2). The fl uorescence patterns of these markers were 
indistinguishable from those of HUVEC: PECAM-1 and endoglin revealed typical surface-
localized staining, (Albeda et al., 1991; van Mourik et al., 1985; Gougos and Letarte, 1990), 
whereas vWF displays a characteristic, particulate staining due to vWF-storage organelles, 
i.e., the Weibel-Palade bodies (Weibel and Palade, 1964). The phenotypical analysis was 
extended for a number of additional surface antigens. For that purpose, we used several 
monoclonal antibodies, representative for clusters of differentiation, for which the vast 
majority of the antibodies belonging to that cluster have been shown to be reactive with 
primary endothelial cells (Favaloro et al., 1990). Hence, we determined the presence of CD9, 
CD13, CD29, CD51 and CD55 both in the EC-RF24 cell line and in HUVEC. Finally, we 
examined the surface expression of CD14, CD36 and CD40, markers which are known to be 
expressed on microvascular endothelium but not on HUVEC (Swerlick et al., 1992; Knapp et 
al., 1989). We conclude that, in addition to the expression of the endothelial-specifi c surface 
and intracellular proteins (Figure 2), no qualitative differences are encountered for the 
expression of these latter antigens by EC-RF24 and HUVEC. From these results we deduce 
that infection of primary endothelial cells with the retrovirus pLXSN16 E6/E7 does not alter 
the differentiated phenotype.

Regulation of gene expression in EC-RF24 in infl ammation and atherogenesis. 
Adhesion of leukocytes to endothelial cells, and subsequent transmigration to the intima, 
are key events during infl ammatory reactions and atherosclerosis (Ross, 1993). A number 
of surface molecules on endothelial cells, involved in the interaction with leukocytes, have 
been extensively studied and are suitable as markers to assess the functional properties of 
the immortalized cells in these processes. In this regard, we have studied the expression of 
the adhesion molecules E-selectin, VCAM-1 and ICAM-1. The expression of E-selectin on 
the luminal surface of endothelial cells is strictly dependent on treatment of the cells with  
infl ammatory cytokines such as IL-1β or tumor necrosis factor α (TNF-α). Optimal expression 
of E-selectin occurs 4 to 6 h after administration of the cytokine and declines to basal levels 
after 12 to 24 h (Bevilacqua et al., 1987; Bevilacqua et al., 1989). The kinetics of expression 
have been found to parallel the adhesive capacity of the endothelial cells for neutrophils 
(Bevilacqua et al., 1987). VCAM-1 and ICAM-1 are members of the immunoglobulin 
superfamily and their expression is strongly induced by infl ammatory cytokines (Dustin et 
al., 1986; Osborn et al., 1989). The kinetics of induced expression differs from that of E-
selectin: optimal expression is reached only 6 to 12 h after induction. 

We studied the regulation of expression of these adhesion molecules on the surface 
of EC-RF24 as compared to that in HUVEC. For that purpose, confl uent monolayers were 
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treated with IL-1β for 3.5 and 20 h or mock treated (controls). Subsequently, the cells were 
stained, incubated with appropriate monoclonal antibodies and analyzed by fl ow cytometry. 
The result of the fl owcytometric analysis is depicted in Figure 3. Resting EC-RF24 cells 
show no expression of E-selectin, whereas induction for 3.5 h with IL-1β reveals marked 
E-selectin surface expression. The rate of E-selectin induction of the EC-RF24 cells is 
comparable to that found for primary endothelial cells (data not shown). Basal levels of 
surface expression of EC-RF24 cells were observed for VCAM-1 and ICAM-1, although 
somehat lower than that of primary endothelial cells. Signifi cantly, after 20 h of induction 
with IL-1β, the expression of these surface antigens vastly increased, comparable to that 
observed for primary cells (Figure 3). 

Functional expression of these adhesion molecules was assessed by measuring 
transmigration of neutrophils. For that purpose, a two compartment system was employed 
that contains a monolayer of either HUVEC or EC-RF24 cells. Adhesion and subsequent 
transmigration of 51Cr-labeled neutrophils was promoted by a chemotactic gradient of 
formyl-methionyl-leucyl-phenylalanine (FMLP) (Kuijpers et al., 1992). In addition, the 
effect of IL-1β on these processes was studied (Table 1). The results are consistent with those 
of fl ow cytometric experiments: the kinetics and extent of expression of adhesive molecules 
on the immortalized cells corresponds with that of primary endothelial cells. Finally, the 
identical transmigration rates measures for primary and immortalized endothelial cells after 
IL-1β stimulation indicate that, in addition to the adhesive functions, the immortalized cells 
maintain expression of mediators of diapedesis.

Figure 3. Flow cytometric analysis of EC-RF24 for non-induced and IL-1β induced expression of adhesion 
molecules. (a) E-selectin, resting EC-RF24 (dotted line) and EC-RF24 after 3.5 h stimulation with 10U/ml IL-1β  
(solid line). (B) VCAM-1 , resting EC-RF24 (dotted line) and EC-RF24 after 20 h stimulation with 10U/ml IL-1β  
(solid line). (C) ICAM-1, resting EC-RF24 (dotted line) and EC-RF24 after 20 h stimulation with 10U/ml IL-1β  
(solid line).
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Performance of the human endothelial cell line EC-RF24 in proteolytic cascade 
systems. Induction of tissue factor (TF), at the surface of endothelial cells, is considered to 
contribute to the initiation of the coagulation cascade in the extrinsic coagulation pathway. 
The TF-Factor VIIa complex activates Factor X, allowing the formation of the Factor Xa/
FactorVa  prothrombinase complex, which in turn generates thrombin (reviewed in Nemerson, 
1988). De novo synthesis of TF on endothelial cells requires induction by infl ammatory 
agents, such as TNF-α, IL-1β, as well as by endotoxin or phorbol esters (PMA) (Scarpati 
and Sadler, 1989). Here, we have assessed the functional expression of TF under resting and 
under induced conditions both on EC-RF24 and on HUVEC (Table 2). 

Clearly, without PMA treatment of either the primary or the immortalized cells, no TF 
expression was detected as measured by the absence of Factor Xa generation. PMA-induced 
expression of TF by EC-RF24 cells was higher than that found on two independent isolates 

Table 1. Interaction of EC-RF24 with 51Cr-labeled neutrophils. The interaction of 51Cr-labeled neutrophils was 
compared in a two compartment system under various conditions for EC-RF24 and for HUVECs. Cells were either 
treated with IL-1β (10U/ml) for 4 h or not treated before the addition of 51Cr-labeled cells. In another experiment, 
0.1 nM FMLP was added to the basal compartment immediately before 51Cr-labeled neutrophils were added to the 
upper compartment. Adherence was determined as radioactivity associated with the endothelial-cell monolayers 
and migration was monitored as radioactivity detected in the lower compartment. The results are expressed as 
percentage of total radioactivity added. The values are the mean of duplicate experiments.

cells addition adherence 
(%)

transmigration 
(%)

HUVEC - 7.0 0.1 
HUVEC FMLP 20.0 19.0 
HUVEC IL-1ß 48.0 17.0 
EC-RF24 - 6.9 5.0 
EC-RF24 FMLP 33.0 27.0 
EC-RF24 IL-1ß 48.0 17.0 

Table 2. Expression of tissue factor. Tissue factor expression on non-stimulated or PMA-stimulated cells was 
compared for C-RF24 and for two independent isolates of HUVEC (denoted 381 and 382). Cells were stimulalted 
with 50 ng/l PMA during 6 h after which TF expression was measured as factor VII dependent factor X generation. 
Rates of factor X activation are expressed per 105 cells. 

Endothelial cells Rate of Factor Xa generation 
(fmol/min/105 cells) 

HUVEC 381 nonstimulated 3 
HUVEC 381 PMA-stimulated 160 
HUVEC 382 nonstimulated 0 
HUVEC 382 PMA-stimulated 155 
EC-RF24 nonstimulated 0 
EC-Rf24 PMA-stimulated 568 
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of HUVEC. It should be noted, however, that for other isolates of HUVECs higher rates of 
TF-dependent Factor X activation were found (Brinkman et al., 1994). 

Another example of endothelial cell-mediated regulation of proteolytic activity is 
the deposition of plasminogen activator-inhibitor 1 (PAI-1) in the subendothelial matrix. 
This protein is the physiological inhibitor of  both tissue-type (t-PA) and urokinase-type 
plasminogen activator (u-PA), forming equimolar, SDS-resistant complexes (reviewed by 
Loskutoff et al., 1989). It has been demonstrated that PAI-1 is encountered in the subendothelial 
matrix as a complex with vitronectin (Declerck et al., 1988; Mimuro and Loskutoff, 1989). 
Moreover, we have recently reported that in the presence of vitronectin (or high molecular 
weight heparin) PAI-1 is endowed with additional thrombin-inhibitory properties (Ehrlich 
et al., 1990; Ehrlich et al., 1991). These observations are particularly relevant with respect 
to regulation of the mitogenic properties of thrombin (Carney et al., 1992). Consequently, 
we examined whether PAI-1, deposited in the matrices both of primary and of immortalized 
endothelial cells, forms complexes with exogenously added thrombin. Accordingly, 125I-
labeled thrombin was added to subendothelial matrices for 1 h and the eluted material was 
analyzed by SDS-PAGE (Figure 4). Evidently, matrices of either immortalized or of primary 
cells form an SDS-resistant complex with an apparent molecular weight of about 80 000. 

200

68
97

43

200

68
97

43

1 2 3 4

1 2 3 4

A

B

Figure 4. Formation of SDS-stable complexes 
between 125I-labeled thrombin and PAI-1 associated 
with matrices of EC-RF24 and HUVEC and the effect 
of monoclonal PAI-1 antibodies on formation of the 
complexes. Matrices were incubated with antibodies 
against PAI-1. After 15 min, 125I-labeled thrombin 
was added and the incubation was continued for 60 
min. The supernatants were analyzed by 10% SDS-
PAGE under non-reducing conditions. (A) Matrices 
of EC-RF24; lane 1, anti-PAI-1 monoclonal MAI-12 
(inhibitory); Lane 2, Anti-PAI-1 monoclonal CLB-
1B10 (non-inhibitory); Lane3, Anti-PAI-1 monoclonal 
CLB-1C3 (non-inhibitory); lane 4, no monoclonal 
antibody. Matrices of HUVEC; Lane 1, MAI-12; Lane 
2, CLB-1B10; lane 3, CLB-1C3; lane 4, no antibody. 
Apparent molecular weights are indicated (kD). The 
arrows indicate the position of equimolar thrombin-
PAI-1 complexes. 
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This complex consists of thrombin and PAI-1, since preincubation of the matrices with a 
monoclonal antibody (MAI-12) that blocks PAI-1 activity fully prevents complex formation. 
In contrast, anti PAI-1 monoclonal antibodies that do not prevent PAI-1 inhibitory activity 
(CLB-1B10 and CLB-1C3) do not alter complex formation between thrombin and PAI-1. 
From these results, we conclude that immortalized endothelial cells synthesize and deposit 
functional PAI-1 in the subendothelial  matrix.    

Biosynthesis of von Willebrand factor (vWF) by the human endothelial cell line 
EC-RF24. Von Willebrand factor (vWF), synthesized by vascular endothelial cells plays an 
important role in the formation of the heamostatic plug by mediating adhesion of platelets to 
exposed subendothelium (Tschopp et al., 1974; Sakariassen et al., 1979). The vWF involved 
in this process is secreted either from resting endothelial cells via the constitutive route or 
is released from endothelial-specifi c storage organelles, the so-called Weibel Palade bodies 
(Wagner and Marder, 1984), upon stimulation of the cells with activators of protein kinase 
C (regulated secretory pahtway) (Loesberg et al., 1983). The composition of vWF, secreted 
via either one of these two routes, substantially differs: the regulated pathway delivers vWF 
molecules that are fully proteolytically processed and highly multimerized, whereas those 
from the constitutive route are partially processed and multimerized to a lower degree. 
Signifi cantly, high molecular multimers are particularly potent mediators for the adhesion 
of  platelets to the subendothelium (reviewed by Girma et al., 1987). First, we compared 
vWF synthesis and proteolytic processing by the EC-RF24  cell line and by HUVECs. To 
that end, immunoprecipitation of conditioned media and cell extracts was perfomed and 
the material was subsequently analyzed by SDS-PAGE under reducing conditions. The 
data demonstrate that the level of vWF synthesis, the extent of proteolytic processing, 
and, ultimately, the amount of constitutively secreted vWF does not signifi cantly differ 
between the immortalized and the primary cells (Figure 5). Inspection of these cells by 
immunofl uorescence after stimulation of the protein kinase C pathway with phorbol ester 
(PMA) revealed a disappearance of the Weibel-Palade bodies and a concomitant increase 
of the amount of vWF antigen in the conditioned medium as measured by ELISA (data not 
shown). Second, the multimeric composition of the secreted vWF was determined on an 
SDS-agarose gel under non-reducing conditions, followed by staining with 125I-labeled anti-
vWF polyclonal antibodies (Figure 6). Clearly, a similar multimeric pattern is observed for 
EC-RF24 and for the primary endothelial cells.

Aging of the human endothelial cell line EC-RF24. The experiments described in the 
previous paragraphs with the immortalized endothelial cell line EC-RF24 were performed 
with cultures that were grown for about 30 generations. In general, the characteristics of the 
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EC-RF24 cell line remain unaltered after prolonged growth. Nevertheless, we observed that 
the extent of induction of TF expression by PMA stimulation decreases after an extended 
period of culturing. Specifi cally, TF-Factor VII-dependent Factor Xa production amounted 
568 fmol/ml/min/105 cells, grown for 33 generations (Table 1), wheras 26 fmol/min was 
detected for 105 cells, grown for 190 generations. However, if should be noted that optimal 
TF induction occurs in an narrow span and, consequently, conclusions on differences in TF 
induction can only be drawn if the kinetics of induction are identical (Busso et al., 1991). 
Finally, both for EC-RF24 cells and primary cells the induction of TF expression fully 
relied on treatment with PMA, irrespective of the generation number. Furthermore, we also 
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Figure 5. Subunit composition of intracellular 
and secreted vWF compared for HUVEC and 
EC-RF24. Cells were metabolically labelled 
with 35S-methionine and radiolabelled vWF 
was immunopurifi ed from cell extracts and 
conditioned medium. Subsequently, the purifi ed 
material was analyzed by 5% (w/v) SDS-PAGE. 
Lane 1, conditioned medium of HUVEC; lane 2, 
conditioned medium of EC-RF24; Lane 3, cell 
extract of HUVEC; Lane 4, cell extract of EC-
RF24. Apparent molecular weights are indicated 
(kD).

1 2 3 4
Figure 6. Multimeric composition of vWF, constitutively 
secreted by EC-RF24 and HUVEC. Conditioned medium 
was harvested and concentrated as described in Materials and 
Methods. Subsequently, the concentrated material was analyzed 
on a 1.6% (w/v) SDS agarose gel . Lane 1, normal plasma; Lane 
2, HUVEC; Lane 3, EC-RF24. Lane 4, EC-RF7. The arrow 
indicates the top of the separating gel.
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observed that the constitutive secretion of vWF decreased upon extended propagation of 
EC-RF24 cells. In view of the similarity of both the expression of surface antigens and of 
soluble proteins of the relatively “early” generations of the cell line and of the primary cells, 
we conclude that a decrease of a few functions is not due to immortalization perse, but may 
result from prolonged culturing.
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