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A vascular endothelial cell antigen with restricted
distribution in human foetal, adult and malignant tissues
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Summary. Human vascular endothelial cells were
isolated by collagenase digestion of umbilical veins.
Hybridomas secreting monoclonal antibodies were
raised by fusing a mouse myeloma cell line to spleen
cells from mice immunized with the isolated endothe-
lial cells. A clone was selected which produced an
antibody binding strongly to human umbilical vein
endothelial cells. This antibody, EN 3, was shown to
be directed against a major antigen on the surface of
the cells, and appeared to be distinct from other
antigens previously described on vascular tissues. The
antibody bound to a lesser extent to umbilical artery
endothelial cells and syncytiotrophoblast. Capillary
endothelial cells in adult oesophageal tissues and
tonsil were also labelled by the antibody, as were
capillaries in a seminoma and infiltrating duct car-
cinoma of the breast. This well defined distribution in
some foetal, adult and malignant tissues suggests that
there is structural heterogeneity amongst endothelial
cells in different sites, which may be linked to differ-
ences in differentiation or function.
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INTRODUCTION

A widely used method for studying endothelial cells in
vitro involves the isolation of human umbilical-cord
vein endothelial cells by collagenase digestion (Striker,
Harlan & Schwartz 1980). Cells prepared in this way
have been shown to possess blood group antigens
(Jaff& et al., 1973), class 1 histocompatibility antigens
(Gibofsky et al., 1975), class 2 histocompatibility
antigens (Moen, Moen & Thorsby, 1980; Hirschberg,
1981) and an antigen shared with blood monocytes
(Moraes & Stastny, 1977). Cultured umbilical cord
endothelial cells have also been shown to be able to act
as accessory cells in both mitogen-induced (Ashida,
Johnson & Lipsky, 1981) and antigen-induced lym-
phocyte proliferation (Hirschberg, Bergh & Thorsby,
1980). In addition they have binding sites for thrombin
(Stein & Hoak, 1981), factor VIII/von Willebrand's
factor (Wall et al., 1980), and Clq (Andrews et al.,
1981). Factor VIII/von Willebrand's factor may also
be an integral membrane protein of umbilical cord
endothelial cells (Jones et al., 1981).
The purpose of the present study was to define the

antigenic properties ofhuman umbilical cord endothe-
lial cells. For this reason monoclonal antibodies were
prepared which bound to membrane constituents of
isolated endothelial cells. Monoclonal antibodies have
a number of advantages compared to polyspecific
heterologous antisera in the study of membrane
antigens (Barnstable et al., 1978; McMichael & Bastin,
1980). They can be used to demonstrate small anti-
genic differences and quantify and purify membrane
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components. This report describes the preparation of
a mouse monoclonal antibody which recognizes a
human umbilical cord endothelial cell antigen, which
appears to be distinct from membrane components
previously described on vascular endothelium.

MATERIAL AND METHODS

Endothelial cells
Human umbilical-cord vein endothelial cells were
isolated by the method of JaffM (1980), with modifica-
tions. Maximal lengths of the umbilical cord were
clamped at each end and placed in sterile phosphate-
buffered saline (PBS), pH 7 4, containing penicillin
(100 u/ml) and streptomycin (100 pg/ml). Then the
umbilical vein was cannulated with a butterfly 16 ST
tubing connector (Abbot Ireland Limited, Sligo, Eire),
which was held in place with a clamp. Digestion was
carried out with 0.1% (w/v) collagenase (Worthing-
ton) at 370 for 5 min. The cells were collected in
medium 199 (Flow Laboratories, Scotland) without
serum. After centrifugation, the cell pellet was resus-
pended in 'endothelial cell culture medium' which
contained medium 199 with 20% pooled human serum
(which was not heat-inactivated), 2 mm L-glutamine,
penicillin 100u/ml and streptomycin 100 ,g/ml. Cells
were cultured in 50-ml T/25 flasks (Nunc, Gibco
Biocult, Uxbridge, Middx). All flasks for culturing
endothelial cells were pro-coated with 0.2% (w/v)
gelatin (British Drug Houses, Poole, Dorset) which
had been sterilized in an autoclave. 2 ml gelatin was
added to each 50-ml flask, left at 40 overnight, and
emptied prior to use. Flasks containing endothelial
cells were incubated at 37° for 7-10 days to obtain
confluent cultures. Attached cells were obtained in
suspension by digestion with 022% (w/v) trypsin(Well-
come, Beckenham, Kent) in PBS containing 0 3 mM
EDTA. Culture media were changed twice weekly and
sub-cultures, which were produced by a 1 in 3 dilution,
were maintained for 2-3 cycles. The purity ofendothe-
lial cultures was examined by phase contrast micros-
copy and staining with fluoroscein isothiocyanate
(FITC)-conjugated anti-factor VIII antibody (Boehr-
inger) (Hoyer, de Los Santos & Hoyer, 1973). Over
98% of the cells were endothelial cells, with occasional
fibroblasts.

Human endothelial culture supernatants (HECS)
Confluent cultures of human endothelial cells were
incubated with endothelial cell culture medium for

24-72 hr at 370 with 5% CO2 in air. Supernatants were
collected, centrifuged, pooled and stored at -20°.

Production ofhybridomas
Three million sub-cultured endothelial cells in 1 ml of
phosphate-buffered saline were injected intraperi-
toneally into 8-12-week-old (CBA x Balb/c) Fl mice.
Three weeks later they were given an intravenous
injection of the same number ofcells in 0 3 ml PBS and
the spleens were removed 3 days later. Single-cell
suspensions were made and fused to the 8-azaguanine
resistant murine myeloma cell P3-NSl/1 Ag 4.1
according to the methods of Kohler & Milstein (1975)
with modifications (Oi & Herzenberg, 1980). Ten days
later, supernatants from culture wells were screened
for antibody to endothelial cells, and cells in selected
wells were cloned three times by limiting dilution. The
antibody from the clone described in this report was
named EN 3. This clone has remained stable for over 3
months, both in liquid N2 and in sub-cultures. Antibo-
dy-containing ascites fluid was also obtained from
pristane-treated (CBA x Balb/c) Fl mice injected in-
traperitoneally with the hybridoma cells. Antibody
EN 3 was of subclass IgG 1, and was not complement-
fixing or cytotoxic for endothelial cells.

Hybridoma screening technique
Culture supernatants from fused mouse myeloma and
mouse spleen cells were screened for antibodies to
human umbilical-cord endothelial cells by the method
of Lansdorp et al. (1980) with modifications. Rigid
microculture plates (Nunc, Gibco Biocult) were pre-
coated with gelatin as described above and seeded with
second- and third-generation human umbilical-cord
endothelial cells, 3 x 104 cells/well, and cultured in 5%
CO2 in air at 37°. After about 5 days confluent
monolayers were fixed with 0.025% (v/v) glutaralde-
hyde in PBS for 10 min at 200. The wells were washed
three times with PBS and re-filled with 50 ,ul PBS
containing 0 02% (w/v) gelatin and 1 mm sodium
azide. These were stored at 40 until used. Endogenous
peroxidase in each well was inactivated with 50 yl 0 1o%
(v/v) phenylhydrazine (Sigma, Poole, Dorset), in PBS,
for 1 hr at 37°. The wells were then washed three times
with PBS and once with PBS containing 0.05% (v/v)
Tween 20 (PBS/Tw) (Sigma). 50 kd of hybridoma
culture supernatant was added to each well with a
multichannel pipette (Flow Laboratories), incubated
for 1 hr at 370, and washed three times with PBS/Tw as
above. Then 50 yl of a 1/1000 dilution of peroxidase-
conjugated rabbit anti-mouse IgG (Miles-Yeda
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Laboratories, Slough) in 10% (v/v) glycerol in PBS/Tw
was added. The plates were incubated for 1 hr at 370,
and washed five times with PBS/Tw. Fifty microlitres
of the substrate was then added to each well. This was
freshly made by mixing together 25 ml of 0-1 M
phosphate-citrate buffer pH 5-0, containing 20 mg
o-phenylenediamine hydrochloride (Sigma), with 25
ml water containing 20 u1 30% H202 (BDH). After
incubation in the dark for 30 min at 200, the extinction
of each well at 492nm was measured with a Titertek
Multiskan Plate Reader (Flow Laboratories, Scot-
land).

Clones giving rise to the highest antibody titre to
endothelial cells were selected and these were recloned
three times. It was found that a higher recovery and
yield of hydridomas producing endothelial-cell anti-
bodies could be produced by culturing selected clones
in medium containing 20% human endothelial-cell
supernatant (Astaldi et al., 1980).
One immunized mouse provided spleen cells which

were grown in two 96-well microculture plates. Of the
192 wells, 144 (75%) grew cells which secreted anti-
body reactive with human umbilical-cord endothelial
cells. Half of the cultures contained antibodies which
also reacted with fibroblasts. The remaining cultures
were recloned in medium containing 20% human
endothelial-cell supernatant. About 20% of the anti-
body-producing cells were lost during the cloning
procedure. Cultures retaining specific antibodies for
endothelial cells were recloned and stored in liquid
nitrogen. From among 100 clones which were initially
found to secrete antibodies to human umbilical-cord
endothelial cells, one (clone EN 3) was selected for
further study.

Tests for antibody reactivity
A wide range of techniques were used to study the
specificity of the antibody, and the range of tissues
where it could be found in sections from foetal and
adult samples. Soluble protein antigens were studied
by coating polyvinyl chloride microtitration plates
(Dynatech Laboratories Limited, Sussex) by the
method of Voller, Bidwell & Bartlett (1979). The
following proteins were studied: pooled human serum,
pooled human plasma, human endothelial-cell super-
natants (containing factors secreted by endothelial
cells) and human fibronectin (Sigma). The amount of
antibody bound to these antigens was assayed using
peroxidase-conjugated rabbit anti-mouse antibody as
described above.

Possible binding ofEN 3 to the surface ofblood cells

was studied by attaching either erythrocytes,
mononuclear cells, neutrophils or eosinophils to poly-
L-lysine (Sigma)-coated polyvinyl chloride microtit-
ration plates by the method of Lansdorp et al. (1980).
Antibody binding was assayed using peroxidase-con-
jugated rabbit anti-mouse antibody as described
above.
The binding of EN 3 to antigens in tissue sections

was studied by indirect immunofluorescence using
FITC-conjugated rabbit anti-mouse IgG and by the
peroxidase-anti-peroxidase (PAP) labelling pro-
cedure (Mason et al., 1982). Frozen sections of the
following human tissues were studied by immuno-
fluorescence: (a) foetal tissues (umbilical cord full term
placenta and tissues obtained at abortion); (b) adult
tissues (saphenous vein, kidney and penis). Acetone-
fixed cryostat sections of the following human tissues
were studied by immunoperoxidase staining: (i) nor-
mal tissues-stomach, brain, bladder, oesophagus,
kidney, skin, breast, liver and tonsil; (ii) malignant
tissues-seminoma, carcinomas of the breast, colon
and kidney.

Assayfor EN 3 binding to the membrane ofendothelial
cells
The binding of EN 3 antibody to the surface of
endothelial cells was studied by indirect immunofluor-
escence. Fifty microlitres ofEN 3 culture supernatants
was added to 50 il endothelial cells, 2 x 106 cells/ml for
20 min at 00. The cells were washed three times and 50
u1 FITC-conjugated rabbit anti-mouse IgG was
added. After 20 min at 00 the cells were washed three
times and resuspended in 0-1 ml, and examined by
phase contrast and fluorescence microscopy.
The binding of EN 3 to monolayers of endothelial

cells on gelatine-coated glass cover-clips was studied in
the same way. Confluent monolayers were fixed with
acetone for 10 min, air dried, and stored at- 700. The
monolayers were rehydrated with PBS for 10 min.
Supernatants were removed and replaced with single
drops of EN 3, incubated for 30 min at 37°. After
washing the sections three times, they were stained
with FITC-conjugated rabbit anti-mouse IgG and
studied as described above. Controls were foetal
skin-derived fibroblasts grown on cover-slips.

RESULTS

Results of experiments to determine the specificity of
binding of antibody EN 3 to human tissues and the
density of the antigen on cells were as follows.
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Figure 1. Titration of antibody EN 3. Serial dilutions of the
antibody were added to umbilical cord endothelial cells. The
extent of binding was assayed with an ELISA peroxidase-
linked rabbit anti-mouse IgG assay. (0 0) Hybridoma
culture fluid; (O- --0) hybridoma-induced ascites fluid.

Foetal vascular endothelial cells
The antibody was selected on the basis of its capacity
to bind strongly to umbilical-cord endothelial cells in
microtitre wells using an ELISA assay. Binding was
detected at dilutions of i0' hybridoma culture
supernatants and 10-7 ascites fluid (Fig. 1). Single cell
suspensions of umbilical-cord endothelial cells which
were prepared by trypsin treatment, showed as strong
binding (judged by indirect immunofluorescence) as

monolayers of the same cells crown on cover slips.
This siggested that the membrane antigen was not
sensitive to tryptic digestion.
The distribution of the antigen in foetal tissue was

studied first by indirect immunofluorescence. Strong
staining of umbilical vein endothelial cells was seen
and there was lesser staining of umbilical artery
endothelium, but there was no staining of placental
tissues or other foetal tissues. However when the
distribution of the antigen was studied using the PAP
labelling procedure, it was seen that the antibody also
bound to syncytiotrophoblast (Fig. 2), but not to other
placental tissues.

Vascular endothelial cells in normal and malignant adult
tissues
Antibody EN 3 bound to capillaries in many different
adult normal (Fig. 3 a,b) and malignant (Fig. 3 c,d)
tissues.

Specificity of EN 3 antibody
A wide range of studies showed that this antibody
recognized an antigen distinct from others already
known to be present on vascular endothelium. A large
number of proteins were studied to see whether they
would bind to antibody EN 3. Serum did not interfere

Figure 2. Distribution of the antigen detected with antibody EN 3 in human placenta. Syncytiotrophoblast was strongly stained
(arrows). PAP technique x 150.

186



Endothelial antigen 187

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ .4.~

'.m..~~~~~~~~~~~~~~~~~~~~~~~~A
~~4~~~4 ~~~~ .4~ ~ ~

.-iI~~~~~ ~~ 4 - 4~~~~ 4.~~~, ~~ 4 4.Mi

A A

4.~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~X

T~~~~~~~~~~'
Us: ~~ ~ ~ ~ ~ ~ * ~

*~~~ 4~~~*

* il:i.4 4:

9 4* J

z ~ ~~~~A .j ~ 9$~1

Zi! `

V~~~~~~.*.

Fiue3Tebnigo nioyE oautadmlgattsue.()Ospau;cplaisaiigi h oncietsu
andascndigitotheepihelum hee lbeled arrws (b Nomalhumn onsl; her wa lbelingof apilaies(arows i

boh aacrtx(P) n grinl etrs G) c Smioa;deslystiedcpilais aros)wreprsntwihn n
around the tumour (d) Infiltrating duct carcinoma of the breast; strongly stained capillaries (arrows) were stainedPAP~~6

technique x 150~~~~~~~~~~~~~~~~~



Y. C. Cui et al.

with the binding of EN 3 antibody to umbilical-cord
endothelial cells, and purified fibronectin, which is
synthesized and secreted by umbilical-cord endothe-
lial cells, did not inhibit binding. EN 3 also failed to
bind to the cytoplasm ofendothelial cells which is rich
in fibronectin. Microtitre plates coated with human
endothelial-cell supernatants containing fibronectin
or with purified fibronectin also did not bind the
antibody, and the antibody could not be absorbed out
with purified fibronectin. This showed that the antigen
detected by antibody EN 3 was not actively secreted by
endothelial cells and was clearly distinct from
fibronectin, serum proteins and other endothelial
cell-related proteins. Lack of staining of endothelial-
cell cytoplasm also suugested that it was unrelated to
factor VIII-related antigen.

DISCUSSION

This study has demonstrated that there is a major
membrane antigen with a restricted distribution on
human vascular endothelial cells in some foetal, adult
and malignant tissues. It appears to be distinct from
other membrane components which have been
detected on endothelial cells. These include blood
group antigens, class I and class II histocompatibility
antigens, fibronectin and factor VIII-related antigens.
A number ofmouse monoclonal antibodies to human
leucocytes have been found to cross-react with endo-
thelial cell membrane antigens. These include anti-
bodies to T lymphocytes (T9), monocytes (Mo3, Mo4)
and myeloid cells (My7, My8). My7 showed some
organ preference for binding to endothelial cells
(G. G. Petranyi, 1982, personal communication).
Antibody EN 3 did not bind to T lymphocytes,
monocytes or myeloid cells. It is therefore likely to be a
separate antigen. The antigen did not appear to be
secreted by endothelial cells, so it is unlikely to be a
component of the vascular basement membrane, such
as collagen, microfibrils, elastic fibres, mucopolysac-
charides or fibronectin (JaffM et al., 1976). The antigen
was not found in serum, and was probably produced
by endothelial cells themselves.

Little is known about the distribution of membrane
antigens or endothelial cells in foetal tissues. Sunder-
land, Redman & Stirrat (1981) have prepared mouse
monoclonal antibodies which bind to two antigens on
the apical aspects ofhuman syncytiotrophoblast (Gat-
ter et al., 1983). The relationship of these antigens to
the antigen detected here remains to be explored, but it

is likely that a range of tissue specific antigens will be
found in foetal vasculature. The present study suggests
that venous endothelial cells have different degrees of
expression ofat least one oftheir antigens compared to
arterial endothelial cells. A similar antigen has been
described recently on murine endothelial cells, using
a rat monoclonal antibody (Ghandour et al., 1982).
This rat antibody did not bind to human endothelial
cells.
A number of vascular sites in adult tissues also

possessed the antigen detected with antibody EN 3.
The antigen was present on many endothelial cells in
small blood vessels, including capillaries, but it was
not detected on endothelial cells in large veins or
arteries. This suggests that there may be important
structural, and possibly functional, differences
between endothelial cells in these sites. It is generally
held that endothelial cells in blood vessels have a
common origin, but there are already suggestions that
regional differences exist. For example studies with
lymphocytes have shown that they only interact with
certain types of vascular endothelium (Butcher,
Scollay & Weissman, 1980; Andrews, Ford &
Stoddard, 1980). For these reasons, although
human umbilical vein endothelial cells are the
most easily obtained cells of this type, caution should
be shown in extrapolating results to endothelial cells in
general.
A useful technical procedure in the preparation of

this monoclonal antibody was the use ofHECS, which
has been shown to increase the frequency and yield of
mouse hybridomas (Astaldi et al., 1980). It is not
known how HECS affects the survival and growth of
hybridomas, but it seems to depend on the absorption
of some component to the surface of the tumour cells
(Astaldi et al., 1981).

It is concluded that human endothelial cells possess
an antigen which is distinct from blood group
antigens, histocompatibility antigens and other endo-
thelial cell products which are known to be involved in
haemostasis and the formation of vascular basement
membranes. As the antigen is not expressed equally
strongly on vascular endothelial cells in all adult,
foetal and malignant tissues, it is probable that it is a
differentiation antigen associated with variations in
the structure or function of blood vessels in different
sites. If this proves to be the case, further studies with
this antibody should provide new insights into the
properties of endothelial cells and may provide new
approaches to the study ofdifferential susceptibility of
blood vessels in diseases.
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