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Abstract
Microvascular endothelial cells play an
important part in inflammation as well as
in organ specific leucocyte traffic, and may
be functionally different from large vessel
endothelium in this respect. This study
therefore established a method for isola-
tion and longterm culture of human
intestinal microvascular endothelial celis
(HIMEC). After dissociation by collage-
nase/dispase/DNase of mucosal and sub-
mucosal tissue obtained from normal adult
jejunum, cells were plated and cultured to
subconfluence in endothelial serum free
medium containing 2*5% fetal calf serum,
hydrocortisone, and N6, 02-dibutyryla-
denosine cyclic monophosphate. Primary
cultures were trypsinised and endothelial
cells were isolated by paramagnetic beads
armed with monoclonal antibody to CD31.
Optimal growth conditions for HIMEC
cultures were established, allowing up to
nine passages (three months in vitro). The
cells contained Weibel-Palade bodies,
expressed von Willebrand factor, CD31,
and VE-cadherin; and bound Ulex Euro-
paeus lectin I. A method to establish
longterm cell cultures of HIMEC will
facilitate further investigation of the func-
tion of intestinal endothelial cells and their
participation in physiological and patho-
logical events in the gut.
(Gut 1995; 37: 225-234)

Keywords: intestinal mucosa, vascular endothelium,
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Increasing evidence suggests that vascular
endothelial cells are important in modulation
of normal leucocyte trafficking and in media-
tion of inflammation.1 2 Regulation of
haemostasis is another central role of the endo-
thelium.3 4 The participation of endothelial
cells in various biological phenomena in the
gut, however, has been difficult to elaborate in
the absence of a valid culture model. There is
good reason to believe that intestinal endo-
thelial cells behave differently from their
counterparts in other vascular beds.5 6 Know-
ledge about the structure and function of
human endothelial cells stems primarily from
studies of large vessel endothelial cells,
whereas physiological and pathological events
take place mainly at the level of the microvas-
culature. Recent work has furthermore shown
several differences between the endothelium
isolated from large vessels and cultured
microvascular endothelium.7-10 Immuno-
histochemical mapping of cellular antigen

expression in situ supports this view.9 11-16
Functional studies based on large vessels may
therefore not be valid for microvascular endo-
thelium.
Our report describes a procedure for

longterm culture of human intestinal
microvascular endothelial cells (HIMEC)
isolated from the normal gut by: (a) primary
selection of adherent cells; (b) growth of these
primary cultures to confluence; and (c) by
means of paramagnetic beads coated with a
monoclonal antibody (mAb) to CD31. This
cell surface antigen is a 130-140 kD single
chain glycoprotein found on endothelial cells,
leucocytes (T cells, monocytes/macrophages,
granulocytes, and 40% of bone marrow cells),
and platelets,'7 but not on fibroblasts (the
major contaminating cell type). Immuno-
histochemical studies of normal intestinal
biopsy specimens have reported microvascular
endothelial cells to express CD31 in situ.'8

Methods

MATERIALS

Chemicals, hormones, and growth factors
Dithiothreitol, N6, 02-dibutyryladenosine
cyclic monophosphate (db-cAMP), N6-mono-
butyryladenosine cyclic monophosphate (mb-
cAMP), n-butyric acid, heparin, acridine
orange, ethidium bromide, propidium iodide,
hydrocortisone, endothelial cell growth supple-
ment (ECGS), recombinant human epidermal
growth factor (EGF), and gelatin were all
purchased from Sigma Chemical Company
(St Louis, MO). Recombinant human basic
fibroblast growth factor (bFGF), gentamicin,
and amphotericin B were obtained from Gibco
BRL (Paisley, Scotland), EDTA from Ferak
(Berlin, Germany), HEPES buffer from
Biowhittaker (Walkersville, MD), and rat tail
derived type I collagen (Vitrogen) from Celtrix
Laboratories (Palo Alto, CA).

Culture media and serum samples
Endothelial-SFM (growth medium and plating
medium)'9 and fetal calf serum were pur-
chased from Gibco BRL, RPMI 1640 from
Biowhittaker, endothelial basal medium (a
modification ofMCDB 13120) from Promocell
(Heidelberg, Germany), and pooled human
AB serum from Sigma.

Enzymes
Collagenase A, dispase I, and DNase were
obtained from Boehringer Mannheim
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Primary antibodies usedfor immunoselection and immunocytochemistty

Working
Antibody/clone Specificity concentration Specifications Source

hec7 CD31 0.4 ,g/ml Mouse IgG2a, supernatant (ref 18)
TEA 1/31 VE-cadherin 1:10 Mouse IgGl, supernatant E Dejana, Milan, Italy
von Willebrand factor von Willebrand factor 1:350 Rabbit antiserum, IgG fraction Dakopatts, Glostrup, Denmark
PD7/26 and 2B1 1 CD45 1:50 Mouse IgGl, supematant Dakopatts
PG-MI CD68 18 ,g/ml Mouse IgG3, supernatant Dakopatts
R-505 Cytokeratin 1:100 Rabbit antiserum Authors' laboratory

(Mannheim, Germany) and trypsin/versene
solution from Biowhittaker.

Primary antibodies and secondary immune
reagents
The Table summarises the primary antibodies.
The generation of anti-human CD31 (mAb
hec7) has been described elsewhere.'8
Antibody specific for VE-cadherin (mAb TEA
1/31)21 was a kind gift ofDr E Dejana (Milan,
Italy). Rhodamine labelled swine antirabbit
IgG conjugate was from Dakopatts (Glostrup,
Denmark), and streptavidin-isothiocyanate
fluorescein (FITC) conjugate from Boehringer
Mannheim. Ulex Europaeus lectin I-FITC
conjugate, a sensitive marker for human endo-
thelium in several tissues,22 23 and biotinylated
horse antimouse IgG were from Vector
Laboratories (Burlingame, CA).

Paramagnetic beads
Paramagnetic monodisperse beads (450 nm)
coated with sheep antimouse IgG as well as a
magnetic particle concentrator were obtained
from Dynal (Oslo, Norway).

Cell culture equipment
T25 culture flasks (25 cm2) with a 0-22 p.m
vented cap and 96 well tissue culture trays
with detachable 8 well strips were purchased
from Costar (Cambridge, MA), 96 well tissue
culture trays from Falcon (Becton Dickinson,
Mountain View, CA), and Lab-Tek tissue
culture chamber slides from Nunc (Roskilde,
Denmark).

TISSUE DISSOCIATION
Segments of human small intestine were
obtained from brain dead organ donors kept
on assistant ventilation for organ transplanta-
tion. After the organs were retrieved, a 20 cm
segment of the proximal jejunum was har-
vested. The gut segments were opened along
the antimesenteric side and rinsed extensively
in sterile saline. The specimens were further
prepared immediately or, alternatively, could
be stored in RPMI 1640 containing 5% fetal
calf serum and gentamicin/amphotericin B at
4°C for up to 32 hours. The tissue was next
incubated in 1 mM dithiothreitol in isotonic
Ca++- and Mg++-free phosphate buffered
saline (PBS, pH 7.5) for 15 minutes at 200C
and subsequently washed in PBS. Mucus was
carefully wiped away before two additional
washings in PBS. Epithelial cells were removed
by four subsequent incubations in 5 mM

EDTA/PBS (30 minutes, 37°C) and interven-
ing PBS rinses with mild surface scraping. The
mucosa with adjoining submucosa was then
carefully dissected from the external muscula-
ture, cut into small pieces, and incubated for
one hour at 37°C in RPMI 1640 containing
1 mg/ml collagenase A, 2 mg/ml dispase,
0.04 mg/ml DNase, 50 ,ug/ml gentamicin,
0.25 p.g/ml amphotericin-B, and 20 mM
HEPES buffer. Cold PBS was added next and
the cell suspension sequentially passed through
200, 140, and 94 p.m stainless steel meshes
(Bellco Glass, Vineland, NJ). The final eluate
consisted mainly of single cells and capillary
loops with little contaminating debris. The
viability ranged from 70°/O to 95% as judged by
the acridine orange/ethidium bromide test.24
The cell suspension was finally separated on
Lymphoprep density gradient to remove
granulocytes and erythrocytes; remaining cells
(including endothelial cells) from the inter-
phase were washed and resuspended in RPMI
containing 10% fetal calf serum and 0.5 mM
db-cAMP.

PLATING PROCEDURE
Cells were plated at a seeding density of 1 X 106
per cm2 into T25 culture flasks coated with
monomeric non-fibrillar collagen as described
by the manufacturer. After 60 minutes non-
adherent cells were removed and the medium
changed to growth medium containing 2-5%
fetal calf serum (see later). In some experi-
ments, cells were plated on 1% gelatin or in
endothelial-SFM plating medium (containing
vitronectin).

ENDOTHELIAL CELL ISOLATION
The paramagnetic bead selection was per-
formed as previously described25 with the
following modifications. The primary cell
cultures were grown to subconfluence. A single
cell suspension was obtained by applying
trypsin (0.5 mg/ml, 1:250) and EDTA (0.2
mg/ml) in PBS for two to four minutes at 37°C.
Paramagnetic sheep antimouse IgG coated
monodisperse beads were armed according to
the manufacturer with antihuman CD3 1 (mAb
hec7, 0.2 p.g antibody/mg beads). A small frac-
tion of cells was mixed with armed beads and
briefly centrifuged (400 g, 1 min, 4°C) and the
percentage of rosetted cells was estimated in a
haemocytometer. On the basis of this prelimi-
nary test the suspension was rosetted at a
bead:target cell ratio of 5:1. The rosettes were
extracted by a magnetic particle concentrator
for two minutes after which non-rosetted cells
were removed. Rosetted cells were washed six
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times, resuspended in normal growth medium,
and plated into T25 culture flasks.

CELL CULTURE
Endothelial-SFM is a medium designed for the
serum free culture of animal endothelial cells.19
HIMEC were grown in this medium with the
addition of 2.5%, 1 [Lg/ml hydrocortisone, 0.5
mM dibutyryl cAMP, 50 ,ug/ml gentamicin,
and 0.25 ,ug/ml amphotericin-B. The cells were
maintained at 37°C in a humid 95% air:5%
CO2 atmosphere. The medium was changed
twice weekly. Confluent cultures were split 1:2
or 1:3 by trypsin/EDTA detachment. In some
experiments, endothelial cells were cultured in
RPMI 1640 or endothelial basal medium with
the same supplements as described.
Human foreskin derived fibroblasts (kindly

provided by Dr Ken Purvis, Institute of
Pathology, Rikshospitalet) were cultured in
RPMI 1640 with 10% fetal calf serum.

IMMUNOCYTOCHEMISTRY
Histologically normal intestinal biopsy
specimens were obtained by endoscopy from
patients with non-ulcer dyspepsia. The
specimens were collected in ice cold isotonic
saline, snap frozen in liquid nitrogen within
one hour, and stored at -70°C until section-
ing. Cryosections were cut at 4 ,um, air dried,
and acetone fixed (10 min, 20°C) before
immunostaining. HIMEC were grown to con-
fluence in chamber slides, rinsed in PBS, and
fixed in acetone (10 min, 20°C).

Staining protocol
Monolayers ofHIMEC as well as tissue sections
were first incubated for one hour with mAbs
(Table), then with a rabbit antihuman von
Willebrand factor (IgG fraction, 1.5 hours)
combined with biotinylated horse antimouse
IgG (1:20, 1.5 hours), and finally with a rhoda-
mine labelled swine antirabbit IgG (1:80,
30 min) in combination with streptavidin-FITC
conjugate (1:50, 30 min). Other prepara-
tions were incubated for one hour with
Ulex Europaeus lectin I-FITC conjugate
(2 jig/ml), followed by rabbit antihuman von
Willebrand factor (1 hour), and then by rhoda-
mine labelled swine antirabbit IgG (30 min).
Controls were: (a) cells or tissue slides
incubated with secondary reagents only;
(b) irrelevant subclass matched primary anti-
bodies; and (c) cultured human foreskin derived
fibroblasts. The sections were examined in a
Leitz DM RX/E fluorescence microscope
equipped with a DM RD photosystem (Leica,
Wetzlar, Germany). Results were recorded on
Ektachrome professional 800/1600 ISO day-
light film developed at 800 ISO.

ELECTRON MICROSCOPY
Surface attached confluent monolayers were
fixed with 2% glutaraldehyde in calcium free
cacodylate buffer (0.1 M, 30 min, pH 7.2) fol-
lowed by osmium tetroxide (40 mM) in

cacodylate buffer with calcium (25 mM, 20
min), and dehydration in graded alcohols.
Cells were then scraped into a 1:1 mixture of
Epon 812 (Fluka Chemie, Buchs, Switzerland)
and propylen oxide. The pellet obtained by
centrifugation (3000 g, 8 min) was finally
embedded in Epon 812. Sections were cut at
60 nm with a Reichert-Jung Ultracut E ultra-
microtome (Vienna, Austria) and mounted on
copper grids. The sections were stained with
uranyl acetate and lead citrate and examined
with a Jeol 100 B electron microscope (Jeol,
Tokyo, Japan).

FLOW CYTOMETRY
Single cell suspensions ofHIMEC and cultured
human foreskin fibroblasts, obtained after
trypsinisation, were centrifuged (400 g, 5 min)
and resuspended in PBS containing 1.0% fetal
calf serum, 0.1% NaN3, and 2.0 mM EDTA.
Cells (5X 104) were incubated in microtitre-
plates at 4.C under gentle stirring with Ulex
Europaeus lectin I-FITC conjugate (2 g1g/ml,
20 min), then washed by centrifugation twice,
and finally resuspended in 200 p1l medium con-
taining propidium iodide (2.5 pLg/ml). Cultured
human foreskin fibroblasts served as control.
Cell samples were analysed on a fluorescence
activated cell scanner (FACScan, Becton
Dickinson) and 6X103 gated living cells were
acquired in list mode for each sample.

DETERMINATION OF CELL PROLIFERATION
Endothelial cell proliferation was determined
by a modification of the procedure described
by Gillies et al.26 27 Briefly, formalin fixed
adherent cells were air dried and stained with
0 /1% crystal violet in PBS for five minutes
followed by repeated rinses in water. The
nuclear dye was eluted with 33% acetic acid
and optical density was recorded at 570 nm in
a Titertek Multiscan microplate photometer
(Flow, Helsinki, Finland).
For determination of growth rates, cells

were cultured in 96 well trays with separately
detachable strips, which were fixed on various
days as shown in the Figures, stored at 4°C
until termination of the experiment, and then
stained by crystal violet. Media were changed
daily unless otherwise indicated. Medians
from triplicate wells were plotted. The results
shown are in each case representative for
three experiments.

STATISTICS
The correlation between cell number and
optical density was estimated by means of
Pearson's correlation coefficient.

Results

ESTABLISHMENT OF HIMEC CULTURES

Primary plating
Plating of the cell suspension obtained after
tissue dissociation resulted in a mixed
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Figure 1: HIMEC cultures. (A) Mixed primary cell culture
obtainedfrom human gut wall two days after plating.
Endothelial cell colonies containing 2-15 cells are
surrounded byfibroblastoid and semi-adherent cells. Phase
contrast micrograph. (B) One endothelial cell colony at
higher magnification. (C) Cells in first passage selected by
paramagnetic beads coated with anti-CD31 (one day after
plating). (D) Confluent monolayer ofsecond passage cells,
nine days after plating. Scale bars= 100 ,am.

population of adherent cells. On day one or

two, small endothelial cell colonies consisting
of two to 15 cells were detected, being
surrounded by fibroblastoid cells and semi-
adherent cells (Fig 1A, B). Prolonged plating
time resulted in more fibroblastoid cells
without increasing the number of endothelial
cell colonies. The intestinal endothelial cells
were of epitheloid shape with a light nucleus
containing one or two nucleoli as judged by
phase contrast microscopy. The immediate
perinuclear cytoplasm was dark and sur-

rounded by a bright halo. The limits of the

cytoplasm were difficult to visualise by phase
contrast microscopy.
The highest number of colonies was

obtained on collagen coated surfaces.
Endothelial cells, however, could also adhere
and proliferate on gelatin or vitronectin but not
on uncoated plastic. Moreover, serum free
conditions could maintain these primary
cultures for only a few days (data not shown).
At least 2.5% fetal calf serum was required in
primary cultures; higher concentrations
resulted in increased numbers of endothelial
cells but fibroblast growth was also stimulated
(data not shown).

Isolation of endothelial cells
On day five to seven, when cultures were sub-
confluent, paramagnetic bead separation of
CD3 1+ cells was carried out and usually
resulted in 10-30% rosettes that were replated
(Fig 1 C). Most of the beads detached from
the cells during the following few days and
were not detectable in the next passage. The
secondary cultures reached confluence after
seven to nine days (Fig 1D). Contaminating
fibroblastoid cells (as judged by phase contrast
microscopy) were rarely seen and, when
present, were easily eliminated by an addi-
tional bead separation.

GROWTH CONDITIONS FOR SECONDARY HIMEC
CULTURES
Quantification of endothelial cell growth was
performed using crystal violet staining, which
measures reliably even small cell numbers.26
The relation between cell numbers and dye
intensity was examined by plating serially
diluted cells in triplicate wells ranging from 0 5
to 32X103 cells per well. After six hours the
cells were fixed and stained. Correlation coeffi-
cients were greater than 0 99 and there was a
linear relation between cell number and optical
density (data not shown).

Medium
The proliferation rate of HIMEC in RPMI
1640, endothelial basal medium, or endothelial-
SFM was compared at 2.5%, 10%, and 20%
fetal calf serum. SFM medium proved slightly
better than endothelial basal medium and
RPMI (data not shown). In RPMI the cells
soon acquired an irregular shape and resembled
senescent cultures even in the presence of 20%
fetal calfserum. Endothelial-SFM was therefore
chosen as standard medium.

Serum type and concentration
Figure 2 shows the influence of fetal calf serum
on proliferation rate of purified endothelial
cells. Without serum there was a slight increase
in cell number during the first seven days, after
which a numeric decline and a general deteri-
oration of the cell culture were seen. The
growth rate increased with higher serum con-
centrations, peaking at 10% serum. Pooled
human AB serum at 2.5-20% was also tested,

-D __
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Figure 2: Effect offetal calf serum on growth rate of
HIMEC cultures. Plating was performed in 100 ,ul
standard medium (3000 cells per well) with 0% (0),
1.0% (C1), 2-5% (V), and 50% (0) serum added as
100 gl solutions at twice the final concentration in 96 well
trays. Media were changed daily. Cells were fixed on
various days as shown and stained with crystal violet to
record proliferation (results measured at 570 nm).
Representative resultfrom one of three experiments
(medians from triplicate wells plotted). Ranges were within
15% of the median.

but appreciable differences from fetal calf
serum were not seen (data not shown).

cAMP analogues
Endothelial cells were exposed for 72 hours
to varying concentrations (30 ,uM-10 mM) of
n-butyric acid and the cyclic AMP analogues
N6,02-dibutyryl cAMP (db-cAMP) and
N6-monobutyryl cAMP (mb-cAMP) (Fig 3A).
Increasing concentrations of db-cAMP and
mb-cAMP resulted in a similarly increased
number of cells, whereas n-butyric acid had no
apparent effect. In the course of 10 days, more
than 1 mM db-cAMP was required for
endothelial cells to reach confluence (Fig 3B).

ECGS
Endothelial cell growth supplement (ECGS),
which is a crude preparation of acidic fibro-
blast growth factor (aFGF), was tested at
1-300 ,ug/ml in growth medium containing
18 IU heparin (Fig 4). Without addition of
db-cAMP, cell growth was moderately stimu-
lated by increasing concentrations of ECGS.
In the presence of only 0 5 mM db-cAMP,
however, the cells grew even faster than with
ECGS alone at 300 ,ug/ml, showing only a
minimal effect of ECGS on HIMEC growth.

bFGF
Basic fibroblast growth factor (bFGF) was
tested at 3 pg-10 ng/ml in standard growth
medium. A minimal stimulatory effect on
growth was seen after 72 hours (data not
shown), but after seven days the number of
endothelial cells grown in the presence of
1 ng/ml bFGF was twofold higher than con-
trols (Fig 5). Wells were examined by
microscopy before elution of crystal violet and
were free from contaminating fibroblasts.
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Figure 3: Effect ofcAMP analogues on cell proliferation of
HIMEC cultures. (A) Dose response to db-cAMP (0),
mb-cAMP (0), and n-butyrate (V). Cells (3000 per
well) were plated in standard medium (2-5% fetal cal
serum) andfixed after 72 hours. (B) Effect ofdb-cAMP
on growth rate. Cells (3000 per well) were plated and
incubated without (0), or with 0 1 mM (0),
1 mM (V), and 10 mM (v) ofdb-cAMP.
Representative resultfrom one of three experiments
(medians from triplicate wells plotted). Ranges were within
15% of the median.

EGF
Epidermal growth factor (EGF) was tested at
1-10 ng/ml without any apparent effect on cell
proliferation even after nine days. By contrast,
this EGF preparation induced moderate pro-
liferation of human umbilical vein endothelial
cells (HUVEC) under identical conditions
(data not shown).

Hydrocortisone
Hydrocortisone was tested at 0.01-1 ,ug/ml
and induced about twofold increase in cell
counts at 1 ,ug/ml after five days (Fig 6).

CELL IDENTIFICATION

Immunohistochemistry
Cryosections of normal intestinal biopsy speci-
mens immunostained for CD3 1 showed
strongly positive vessels that always coex-
pressed von Willebrand factor (Fig 7A and B).
Some interstitial stormal cells were weakly
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Figure 4: Effect ofECGS on cell proliferation ofHIMEC
cultures. Cells (3000 per well) were plated in 96 well tissue
culture plates in standard medium (2.5% fetal cal serum)
containing 18 IU heparin and various concentrations of
ECGS alone (0) or in combination with 0.5 mM
db-cAMP (0) for 72 hours. Representative resultfrom one
of three experiments (medians from triplicate wells plotted).
Ranges were within 15% of the median.

positive for CD3 1 as well. Immunostaining
was also performed with mAb TEA 1/31
specific for VE-cadherin; this marker is selec-
tively expressed by endothelial cells in several
human tissues.28 Costaining for von Wille-
brand factor showed that mAb TEA reacted
exclusively with vascular structures in the
human intestine (data not shown). Ulex
Europaeus lectin I, a sensitive marker for
endothelial cells that recognises ao-L-fucose
residues on glycoproteins and glycolipids,22
stained endothelial cells in situ but also the
brush border of the intestinal epithelium (data
not shown).

Confluent monolayers ofHIMEC expressed
von Willebrand factor in a granular pattern
throughout the cytoplasm (Fig 8A); most cells
were positive up to the fifth passage, after
which there was a slow decline in the pro-
portion of von Willebrand factor positive cells.
However, cells continued to express VE-
cadherin up to the eight passage. The staining
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Figure 5: Effect ofbFGF on growth rate ofHIMEC
cultures. Cells (3000 per well) were plated in standard
medium (2-5% fetal cayserum) containing 0.5 mM
db-cAMP and incubated without (0) or with 0.01 ng/ml
(O), 0 1 ng/ml (V), and 1.0 ng/ml (V) ofbFGF.
Representative resultfrom one of three experiments
(medians from triplicate wells plotted). Ranges were within
15% of the median.
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Figure 6: Effect of hydrocortisone on growth rate of
HIMEC cultures. (A) Cells (3000 per well) were plated in
standard medium (2-5% fetal cal serum) and incubated
without (0) or with 0 01 ,ug/ml (0), 0 1 ,ug/ml (V), and
1 0 ,ug/ml (v) hydrocortisone. (B) Ethanol, the solvent
for hydrocortisone (final concentration: 0 1 %o) was
included in parallel control wells in which cells were cultured
with ethanol alone (0) or with 1 ,g/ml hydrocortisone
dissolved in the same amount of ethanol (0).
Representative resultfrom one of three experiments
(mediansfrom triplicate wells plotted). Ranges were within
15% of the median.

was restricted to the region of intercellular con-
tact with some additional weak reactivity sur-
rounding the nucleus (Fig 8B). Staining for
CD31 on cultured HIMEC showed a similar
reactivity at the intercellular junctions, particu-
larly when the cells reached confluence (data
not shown); a staining pattern identical to that
described for HUVEC.18 CD31 reactivity was
maintained on most cells up to the eight
passage. HIMEC furthermore bound Ulex
Europaeus lectin I (see later). Staining of
established monolayers with anti-CD45
(leucocyte common antigen), anti-CD68
(macrophage restricted form), and anti-
cytokeratin showed no contaminating cells
(data not shown).

Electron microscopy
The Weibel-Palade organelle, a unique ultra-
structural endothelial cell marker, was present
in moderate numbers in cultured HIMEC
(Fig 9A and B). The cells furthermore con-
tained micropinocytotic vesicles (Fig 9A
(insert)). Filaments were seen in scarce
amounts.
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Isolation and longterm culture ofhuman intestinal microvascular endothelial cells

Figure 8& Coexpression ofvon Willebrandfactor (A) and
VE-cadherin (B) in cultured HIMEC. Two colour
immunofluorescence staining of acetone fixed confluent
monolayer. Scale bars= 100 jam.

Figure 7: In situ coexpression of CD31 (A) and von
Willebrandfactor (B) in the same field ofnormal haman
intestinal lamina propria. Two colour immunofluorescence
staining of microvascular endothelial cells in acetone fixed
cryosection. Scale bars= 100 gttm.

Flow cytometry
Cultured HIMEC were assessed for purity by
means of Ulex Europaeus lectin I applied in
flow cytometry; uniform reactivity was seen in
the cell population (Fig 10). Cultured fore-
skin derived fibroblasts served as a negative
control.

REPRODUCIBILITY
Endothelial cell isolation was performed with
47 intestinal samples. From every sample
250X 106 cells were plated in 10 T25 bottles. It
was then usually possible to harvest one to
twoX 106 rosetted cells that underwent 10-15
population doublings. Eight samples were dis-
carded on the first day after isolation because
of fungal infection, and two samples became
infected by bacteria. All remaining cultures
were brought through at least passage two; 15
cultures being cultured to passage seven or

higher.

Discussion
This is to the best of our knowledge the
first description of isolation and longterm cul-
ture of HIMEC. In the lamina propria and

submucosa such cells probably play a decisive
part for the normal homing of leucocytes as
well as for the extravasation that takes place in
intestinal inflammatory lesions. According to
current knowledge of lymphocytes destined for
the intestine, naive cells home mainly to gut
associated lymphoid tissues by crossing high
endothelial venules and the T cell areas,
whereas memory cells migrate predominantly
across flat endothelial surfaces in the mucosal
lamina propria.29 Some of the endothelial cell
molecules involved in the homing of lympho-
cytes to gut associated lymphoid tissues are
well characterised, at least in non-human
species,30 but adhesion molecules that regulate
selectively normal lymphocyte extravasation at
tissue sites where high endothelial venules are
lacking have not been identified.31 In the
pathogenesis of inflammatory bowel disease
both immunological hypersensitivity32 and
vascular lesions33 34 have been implicated.
Furthermore, increased perivascular endo-
thelin-1 immunoreactivity was recently des-
cribed in both Crohn's disease and ulcerative
colitis, suggesting a link between the two
pathogenetic hypotheses.35 Thus micro-
vascular gut endothelial cells may play a
central part both in coagulation, in normal and
inflammatory adherence and transmigration of
leucocytes, as well as in the production of
endothelin-1.
The role endothelial cells play in these

interactions in the human gut has hitherto

i
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Figure 9: Electron micrographs oj
Palade body cut longitudinally (c
micropinocytotic vesicles. (B) Sei
axis. WP= Weibel-Palade body,
Scale bars= I ,m.

it
h

P_____________ been difficult to unravel because of the lack of
a valid culture model. Most of what is known
about the structure and function of human
endothelial cells stems from studies of
HUVEC. Data from large vessel endothelial
cell cultures must be interpreted with caution,
however, because functionally important
molecules might be differentially expressed
and regulated in microvascular endothelial
cells.5 6 8 9 Furthermore, most physiological
and pathological events take place at the
level of the microvasculature. Immunohisto-
chemical analyses of tissue antigens have
shown that small vessel endothelial cells are
phenotypically different from their large vessel
counterparts9 11-16 36 and some of these
molecules are not found on HUVEC.15 36
Progress in the isolation and culture of

firmed the phenotypic heterogeneity of
endothelial cells and has also shown differ-
ences with regard to their in vitro growth

b; requirements,7 prostaglandin production,8
abltoform tubes in vitro,3 immunological

phenotypes,9 and the regulation of cell
adhesion molecules.1040

Endothelial cell cultures were in our study
W,Wrx obtained from jejunal segments of organ

donors but similar results could be achieved
with colonic and rectal resection specimens
(unpublished findings). A pure endothelial

_ cell population required the following steps:
(a) removal of slow adhering cells after 60
minutes of plating; (b) comparatively low
serum concentrations to inhibit the growth of
fibroblastoid cells; and (c) endothelial cell
selection by means of the CD3 1 antigen, which
in the lamina propria was found to be most
strongly expressed on endothelial cells and

f cultured HIMEC. (A) Note the profile of one Weibel- apparently absent from fibroblasts (the major
2rrow). GER=granular endoplasmatic reticulum. Insert:
veral Weibel-Palade bodies cut perpendicular to the long contamiating cell in the primary cultures).
GO= Golgi complex, Mit= mitochondrion, N= nucleus. Other cellular elements showed low in situ

reactivity for CD3 1, and these undefined
putative contaminators were presumably either
without adherent or proliferative potential
under the present culture conditions. CD31
was preferred as selection antigen because it is
one of the few enrdothelial cell surface mole-

r0 cules that shows trypsin resistance and persists
in culture over several passages. We have
previously bead selected endothelial cells by
means of CD34,41 but this antigen is rapidly
lost during primary culture. The same
applies to the mAb defined PAL-E antigen"2
(our unpublished findings). The mAb EN4
has recently been shown to be CD3 1-
specific.42

Contamination of the cultures by mesothe-
lial cells43 was ruled out as follows: (a) the
mucosa and submucosa were carefully dis-
sected away from the external musculature
before tissue digestion; (b) the cultured cells
showed the characteristic granular expression
of von Willebrand factor as previously
described for cultured endothelial cells from

10° 101 102 1010 several tissue sites4 6 as well as in tissue
Figure 10: Flow cy c analysis of Ulex Europaeus sections from the intestine (our unpublished
'ectin I bound to cultured HIMEC. LogFITCfluorescence finding); and (c) both the cultured monolayers
kistogram of endothelial cells (passage seven, shaded adteitsia irvsua nohlaiistogram) andforeskin derived fibroblasts (passage eleven, and the intestinal microvascular endothehial
),Den histoaram). cells studied in situ reacted with Ulex
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Isolation and longterm culture ofhuman intestinal microvascular endothelial cells 233

Europaeus lectin I, contrasting mesothelial
cells that are negative for this marker as well as
for von Willebrand factor.43 4

Contamination of the cultures by other
CD31 positive cells was excluded by lack of
staining for the leucocyte common antigen
CD4548 as well as the macrophage restricted
form of CD68,49 whereas contamination of
Ulex Europaeus lectin I binding epithelial cells
was excluded by lack of staining for cyto-
keratin.
The endothelial cells isolated from the

human intestine were cultured in a growth
medium designed for serum free culture of
animal endothelial cells.'9 According to the
manufacturer, endothelial-SFM is also useful
for the culture of HUVEC after supplementa-
tion with ECGS, EGF, and hydrocortisone.
These growth factors, however, as well as
db-cAMP at maximum values, neither main-
tained primary cultures, nor induced prolifera-
tion of HIMEC in secondary cultures.
Proliferation was only seen after addition of
serum, reflecting the need for a hitherto
unidentified growth factor.

Agents that increase cellular cAMP, or
analogues of cAMP, are potent growth stimu-
lators in human dermal microvascular
endothelial cells.45 50 This information
prompted us to investigate the effect of cAMP
analogues on the growth rate of HIMEC. It is
believed that db-cAMP dissociates intracellu-
larly into mb-cAMP and n-butyric acid; both
these cAMP analogues induced dose depen-
dent cell proliferation. In agreement with
Davison et al,50 we furthermore found that
HUVEC proliferation was not influenced by
exogenous cAMP (our unpublished findings).
Interestingly, exogenous cAMP almost
abolished the growth promoting effect of
ECGS with heparin on HIMEC. ECGS is a
widely used crude preparation of aFGF, a
mitogen for HUVEC whose potency is greatly
enhanced by the presence of heparin.5' Our
data might reflect a role for cAMP as a second
messenger in the proliferative effect of aFGF
on intestinal microvascular endothelial cells
but could also suggest that stimulation by
exogenous cAMP induces a maximum growth
rate in these cells.
The availability of a reproducible and com-

paratively simple method to establish normal
HIMEC longterm cultures should permit
further studies on the function of intestinal
endothelial cells and their putative role in
physiological and pathological events in the
human gut. It has become increasingly
apparent that these cells play a central part
both in the normal mucosal immune system as
well as in local inflammatory processes, but the
detailed mechanisms remain elusive.
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