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This investigation forms part of a study on the suitability of human omentum mesothelial 
cells (HOMES) as an alternative to endothelial cells (EC) for seeding vascular grafts. Isolated 
HOMES were grown in primary culture and characterized by their morphology (light 
microscopy and scanning electron microscopy (SEMI), as well as by fluorescence-activated 
cell sorting (FACS) and immunocytochemistry. The latter two methods showed cells which 
were positive for smooth muscle-type actin and cytokeratin, but negative for factor VIII- 
related antigen. HOMES were grown to confluence on glass with or without a fibronectin 
coating. Controlled shear stress was applied for up to 30 min using a plate and cone 
rheometer at 20 dynes/cm*. These dynamic culture conditions led to loss of only occasional 
ceils. The most marked alterations seen on SEM were some cell elongation, marked raising 
of the nucleus and loss of luminal cytoplasmic microvilli. Time-lapse video microscopy 
revealed that shear stress also increased the spreading capacity of some cells. Similar 
experiments with venous endothelial cells gave a shearing off of a confluent monolayer. 
This investigation shows the marked shear-stress resistance of HOMES, a pre-requisite for 
their use to seed vascular prostheses. 

1. Introduction 
Despite the major advances in understanding the 
complex pathobiology of atherosclerosis, the treat- 
ment of severe cases remains the replacement of 
severely diseased arterial segments by vascular pros- 
theses. A further advance in treatment regimens is to 
use the patient’s own endothelial cells (EC) to seed on 
to the luminal surface of the prosthesis to provide 
a more hemocompatible surface [1,2]. As a result of 
the poor growth substratum of the synthetic materials 
used, numerous attempts have been made to improve 
the adhesion of EC to the synthetic lumen. The types 
of modification procedure, as well as the problems 
associated with them have been reviewed by Kirkpat- 
rick et al. [3]. A critical study of the use of EC 
pre-seeding techniques shows that, although the 
methodology is successful in several animal models, 
such as in the dog and even the baboon [4-61, the 
long-term patency of such prostheses in humans is 
disappointing [7]. 

Such seeding techniques usually require EC isola- 
tion from a medium-sized vein, such as the saphenous 
vein in the leg. However, some surgeons are reluctant 
to sacrifice such veins, in case they are needed for 
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coronary bypass surgery at a later date. This has led to 
a search for other sources of EC or other suitable cell 
types for seeding, Human fat tissue from the abdom- 
inal cavity (omentum) offers a source of microvascular 
EC, although one of the principal publications on this 
methodology describes a method which does not yield 
a pure population of EC [S], but a mixture of endo- 
thelial and mesothelial cells. The mesothelial nature of 
these cultured cells has been clearly shown by various 
groups using immunocytochemical markers, as well as 
ultrastructural characteristics [!L14]. 

We have been interested in the feasibility of using 
mesothelial cells, instead of EC, for seeding of vascular 
prostheses. This is regarded as biologically tenable, as 
both cell types derive from a primitive mesenchymal 
stem cell. This paper presents a method for isolation 
and characterization of human omentum mesothelial 
cells (HOMES) and describes their reaction under 
shear stress conditions when grown on a synthetic 
substrate. This forms part of a project to test the 
hypothesis that mesothelial cells can adopt an endo- 
thelial phenotype when subjected to optimal flow con- 
ditions. The presentation shows that under the experi- 
mental rheological conditions tested (plate and cone 
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rheometer) confluent monolayers of HOMES, but not 
human umbilical vein endothelial cells (HUVEC) used 
as control, are essentially preserved. 

2. Materials and methods 
2.1. Isolation of HOMES 
Human omental adipose tissue was obtained at ab- 
dominal surgery and transported in sterile balanced 
salt solution to the laboratory. Within 3 h of removal 
of the tissue, approximately 20 g of tissue were shaken 
under sterile conditions for 5 min with 30 ml of 0.05% 
trypsin (Trypsin, Type III salt-free, Sigma, Germany). 
The supernatant was then removed and added to 
60 ml of Ham’s F-12,Iscove’s medium (HIM) (Gibco, 
Germany 50: 50 v/v), containing 20% fetal calf serum 
(FCS, Gibco). This solution was centrifuged for 10 min 
at 173 g and the pellet resuspended in 5 ml of phos- 
phate-buffered saline (PBS-Dulbecco’s, Gibco), con- 
taining 1% bovine serum albumin (BSA, Sigma) and 
layered over 45% Percoll (Pharmacia, Sweden). Fol- 
lowing centrifugation for 10 min at 500 g, the 
HOMES layer was removed and washed three times 
with PBS/BSA. The cells were then seeded at a density 
of 3 x lo5 cells/ml in HIM + 20% FCS into 75 cm2 
culture flasks. Incubation took place at 37 “C in a hu- 
midified atmosphere of 5% CO2 in air. 

2.2. Characterization of HOMES 
The cells isolated as described above were character- 
ized by light microscopy, immunocytochemistry, flu- 
orescence-activated cell sorting (FACS) and scanning 
electron microscopy (SEM). All studies were per- 
formed on the primary culture. 

Cells grown on sterile glass coverslips were fixed for 
7 min in methanol at - 20 “C and stained with hae- 
matoxylin and eosin. Immunofluorescence was per- 
formed on cultures also fixed for 7 min in absolute 
methanol at - 20 “C. 

Flow cytometric analysis was carried out with the 
assistance of a FACScan (Becton-Dickinson, Moun- 
tain View, CA). The cells were fixed for 1 h in 4% 
(vol/vol) paraformaldehyde at 4 “C and permeabilized 
with 0.1% (vol/vol) triton-X 100 in PBS. Sub- 
sequently, cells were incubated for 45 min with a 
primary antibody, anti-cytokeratin (AEl/AE3, Boeh- 
ringer, Mannheim, Germany) or anti-actin (Progen 
Biotechnik GmbH, Germany) or anti-factor VIII 
(Dako Diagnostika GmbH, Hamburg, Germany). 
This initial treatment was followed by incubation with 
a FITC-labelled anti-mouse F(ab’)z antibody (Boeh- 
ringer). Fluorescence was measured using 
a 5 15-530 nm band filter. 

2.4. Shear stress in vitro 
Shear stress was studied using a modification of the 
plate and cone rheometer system, described by Franke 
et al. [16]. This is shown schematically in Fig. 1. The 
rheometer chamber is fixed between the light source 
and objective lens of a conventional light microscope 
(Leitz Fluovert FS), with both cone and plate made of 
glass to permit continuous microscopic observation 
and video recording using transmitted light. The 
cone-plate configuration involves an angle of less than 
3 degrees and is fitted with a cone drive which allows 
constant rotational velocities from very low rotations 
(10) up to 2400 rpm. The entire rheometer is enclosed 
in a plexiglass climatic box to enable constant temper- 
ature (37 “C) and defined atmospheric conditions (5% 
COZ in air) to be achieved (Fig. 2). 
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Figure I Schematic diagram to illustrate the configuration of the 
plate and cone rheometer system. 

2.3. HUVEC Cultures 
As control population, human umbilical vein endothe- 
lial cells (HUVEC) were taken. Their isolation and 
characterization have been described in detail pre- 
viously [15]. HUVEC were prepared for shear stress 
in an identical fashion to that for HOMES (see below). 
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Figure 2 Actual experimental setup of the plate and cone rheometer 
to illustrate the integration into an inverted microscope system 
as well as a climatic box. 
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Figure 3 Schematic diagram to show sample preparation for SEM. 
The outer circle represents the cell-seeded glass plate from the shear 
experiments. The inner circle represents the laser-cut disc for SEM 
examination. The asymmetrical positioning enables evaluation of 
both peripherally (A) and centrally (B) placed cell regions. 

For the shear stress experiments HOMES were 
seeded at a density of lo6 cells/ well on to sterile 
circular glass slides (32 mm diameter, Firma Faust, 
Aachen), placed in 6-multiwell tissue culture plates 
(35 mm diameter, Becton Dickinson GmbH, Ger- 
many). The growth medium was HIM + 20% FCS. 
Some cultures were prepared on fibronectin-coated 
(FN) glass by exposing the glass surface overnight to 
an aqueous solution of FN (5 ug/ml, Sigma) in PBS. 
After confluence was reached, the monolayers were 
thoroughly washed in serum-free medium and finally 
covered by 370 ul of serum-free HIM after transferal 
to the chamber of the rheometer. HOMES mono- 
layers were subjected to shear stress of 2 Pa, which is 
equivalent to that in the human femoral artery in vivo. 
This was applied suddenly and for periods of up to 
30 min. 

Time-lapse video microscopy was conducted on 
some cultures for the entire 30 min period. Samples for 
SEM were taken at three time periods; 5, 15 and 
30 min. Cultures were fixed in 2.5% cacodylate-buf- 
fered (0.1 mol/l) glutaraldehyde (pH 7.5) at room tem- 
perature, dehydrated in an ascending ethanol series 
and air dried. The 32 mm HOMES-seeded glass 
substratum was then cut with a CO2 laser to give 
a circular disc of 12 mm diameter. The location of this 
smaller disc is shown in Fig. 3. This cutting procedure 
was started 5 mm from the peripheral edge of the large 
glass disc and resulted in a smaller disc containing 
both peripheral (A) and central (B) regions of the 
original sheared monolayer. 

3. Results and discussion 
3.1. Characterization of HOMES 
The isolated cells from the omental fat tissue grew 
readily to form confluent monolayers consisting of 
polygonal shaped cells. Using FACS it could be 
shown that the cells did not express factor VIII RA 
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(Fig. 4b), giving a fluorescence one height trace similar 
to the negative control (Fig. 4a), which had no pri- 
mary antibody, but just the fluorescein-coupled sec- 
ond antibody. By comparison, both smooth muscle 
actin and a cytokeratin, the latter recognizing both 
epithelial and mesothelial cells, gave definite specific 
peaks (Fig. 4c and d). 

The reactions described by FACS analysis were 
confirmed by direct morphological study using im- 
munocytochemistry. Fig. 5a shows a marked 
immunofluorescent signal for cytokeratin. Whereas 
differences in staining intensity were seen from cell to 
cell, no cells were seen which were negative for 
cytokeratin. This underlines the purity of the cultures. 
It should be stressed that endothelial cells, whether 
from the omentum microvasculature or from the hu- 
man umbilical vein are negative for this cytokeratin. 
Further characterization was possible by SEM, which 
revealed cells of approximately 30-50 urn diameter. 
Fig. 5b demonstrates the characteristic cobblestone 
morphology of HOMES, a feature which is, however, 
shared by endothelial cells. Nevertheless, SEM also 
revealed characteristics not shown by EC, namely the 
presence of numerous microvilli on the surface of 
HOMES (Fig. 5~). A further finding was the occa- 
sional presence of multinucleated giant cells (Fig. 5d), 
indicative of the macrophage-related behaviour of this 
cell type. 

From the literature it is evident that mesothelial cell 
cultures are often part of a mixed culture as a result of 
attempts to cultivate microvascular endothelial cells 
from omental fat tissue [9,12,13]. Latron et al. [13] 
used monoclonal antibodies to show that in their 
cultures 10% of cells were EC and approximately 60% 
MES. Our HOMES characterization indicates that 
we have more than 95% purity, as shown by 
cytokeratin staining. 

Fig. 6 illustrates the SEM appearance of the peri- 
pheral edge of the 12 mm diameter laser-cut disc and 
shows that this procedure causes no artificial retrac- 
tion of the cells, but merely a brighter SEM appear- 
ance of the cells. This latter change was confined to 
a rim at the disc periphery of approximately 
90&100 urn. 

Shear stress, applied suddenly at 20 dynes/cm’ did 
not lead to shearing off of the HOMES monolayer 
during the 30 min period of study. Time-lapse video 
microscopy showed that only occasional cells were 
sheared off the substratum. No differences were evi- 
dent between fibronectin coating and the non-coated 
glass surface. Morphological changes were, however, 
seen on SEM at the various time periods studied, as 
well as between peripheral and central regions of the 
sheared monolayer. In general, central regions, that is, 
those around the centre of the cone, presented the 
most marked structural alterations. Fig. 7a shows that 
after 5 min of shear stress cells were still polygonal and 
for the most part flat. At the same time, central regions 
of the monolayer contained mesothelial cells with par- 
tially raised nuclei and some peripheral cytoplasmic 
retraction (Fig. 7b). Morphological changes became 
more marked with time, so that after 15 min of shear 
stress, cellular elongation became apparent, especially 
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Figure 4 FACS analysis of the isolated mesothelial cells (HOMES) to differentiate them from endothelial cells. (a) Control scan, (b) factor 
VIII related antigen; (c) actin; (d) cytokeratin. Graphs show counts distribution against fluorescence one height signal in a logarithmicmode. 
Factor VIII RA gives a curve similar to the control with no peak to the right, indicating no specific fluorescence. Actin and cytokeratin both 
yield a single peak to the right, indicating a specific fluorescence signal. 

in peripheral regions (Fig. 7~). Fig. 7d illustrates a ty- 
pical central region after the maximum shear stress 
time of 30 min. As well as marked nuclear elevation 
and cytoplasmic retraction, HOMES gave evidence of 
loss of microvilli. 

As expected in primary culture systems, some biolo- 
gical variation was apparent in the time course of 
morphological changes. Thus, in some HOMES cul- 
tures cell elongation and cytoplasmic retraction 
was observed even after 5 min of shear stress (Fig. 8a 
and b). More marked morphological changes were 
observed at 15 min, with clearly observed cell elonga- 
tion (Fig. 8c and d). A high power view, such as in 
Fig. 8d, shows that these elongated cells possess very 
long cytoplasmic extensions, linking up adjacent cells 
and extending over the underlying layer of flattened 
mesothelial cells. 

A very interesting phenomenon was observed on 
time-lapse video microscopy. By following a group of 
cells over several minutes it was seen that certain 
mesothelial cells actually increased their spreading 
capacity, so that these cells had a larger surface area 
under shear stress. Eskin et al. [14] reported a similar 
phenomenon for EC derived from the bovine aorta. 
Using a mock circulatory loop, giving maximum shear 
stress of 6.3 dynes/cm2 for turbulent flow and 
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4.6 dynes/cm2 for laminar flow, they described cell size 
increase under these conditions. 

The control cell population, HUVEC, demon- 
strated a markedly different behaviour of that of 
HOMES. Confluent HUVEC cultures were sheared 
off the substratum (glass + / - FN) just like a carpet, 
that is, in one layer. Only occasional foci could be seen 
which remained on the substratum. Fig. 9a shows one 
such focus with well spread flattened endothelial cells. 
In other cases, cell elongation with cytoplasmic retrac- 
tion was evident (Fig. 9bj. Of further interest is the 
finding that subcon@ent cultures of HUVEC were 
much more shear-resistant than confluent monolayers 
of HUVEC. We conclude from this that the strength 
of cell-cell contacts between endothelial cells in the 
confluent state are higher than the strength of 
cell-substratum contact. It is as yet unclear, which 
component of the latter is responsible, as cell-substra- 
tum adhesion has two levels, namely the adhesive 
bonds between the cells and the underlying glycopro- 
tein matrix and those between the glycoprotein matrix 
and the artificial substratum (in this case glass). 

Many research groups have used dynamic systems 
to investigate the effects of shear stress on EC struc- 
ture and function. Laminar shear stress of 
5-10 dynes/cm2 can cause a time-dependent change in 



Figure 5 Immunocytochemical and scanning electron microscopical (SEM) characterization of HOMES. (a) Intensive positive immuno- 
fluorescent staining of HOMES cytoplasm for cytokeratin; (b) SEM of HOMES, showing typical polygonal cell morphology; (c) SEM of 
HOMES to show microvillous processes on the surface of the cells; (d) Multinucleated giant cell, providing evidence of the macrophage 
characteristics of the HOMES. 

Figure 6 SEM of the laser-cut edge of the HOMES-seeded glass 
disc. 

cell shape, with the EC becoming spindle-shaped and 
orientated parallel to the direction of flow [18]. 
Laminar shear stress of as low as 2 dynes/cm’ for 3 h 
leads to the development of marked cytoskeletal actin 
filament bundles [16]. Microfilament, but not micro- 
tubule organization has been shown to be essential to 
adhesion [19]. Other studies indicate that shear stress 
applied to EC cultures leads to increased DNA 
synthesis [20], increased production of prostacyclin 
[21], increased mRNA levels of t-PA [22] and 

platelet-derived growth factor (PDGF; [23]), as well 
as down-regulation of proteoglycan [24] and 
fibronectin synthesis [25]. 

In addition to these basic studies on shear stress and 
EC behaviour there are also more applied investiga- 
tions, involving flow systems on EC-seeded vascular 
graft materials. Schneider and colleagues [26] per- 
formed experiments on ePTFE and Dacron grafts of 
4 mm diameter, coated with bovine dermal collagen 
type I before seeding with HUVEC. They described 
the formation of confluent monolayers after 2 h of 
incubation in an in vitro perfusion system using a flow 
rate of 15 ml/min. At higher flow rates there was loss 
of adherent cells. Thus, at 200 ml/min retention of 
EC was 83% and 76% on Dacron and ePTFE, respec- 
tively. Greisler et al. [27] used 4 mm polyester elas- 
tomer (Hytrel@) prostheses, pre-treated with fibronec- 
tin and seeded with canine EC. They described rela- 
tively minor losses of EC under perfusion conditions, 
especially during the first 15 min. Even under perfu- 
sion pressure of 200/100 mm Hg, mean flow of 
19.5 ml/min and a resulting shear rate of 520/s, 90% 
EC adherence was observed after 2 h of shear. Similar 
conclusions about the beneficial effects of fibronectin 
pre-coating of Hytrel and ePTFE for the strength of 
EC attachment were drawn by Kesler et al. [28]. 

By comparison, Kadletz et al. [29] described almost 
complete loss of seeded EC after 24 h of shear stress of 
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Figure 7 SEM appearance of shear stress-treated HOMES cultures after various times and in different topographical locations within the 
rheometer. (a) 5 min shear stress at periphery. Cells polygonal and generally flat. (b) 5 min shear stress at central region, Raised nuclei and 
partial cytoplasmic retraction. (c) 15 min shear stress at periphery. Raised nuclei and elongation of cells. (d) 30 min shear stress at central 
region. Nuclei markedly raised, retraction of cytoplasm and loss of microvilli. 

Figure 8 As in Fig. 7, but with evidence of earlier onset of shear stress-associated morphological changes. (a) 5 min shear stress. Cell 
elongation is apparent. (b) As in (a), however, withclearly raised nuclei, cytoplasmic retraction and cell elongation. (c) 15 min shear stress, 
resulting in a greater degree of cell elongation. (d) As in (c), illustrating the extent of cytoplasmic retraction. 
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Figure 9 SEM appearance of confluent HUVEC cultures subjected 
to shear stress of 30 min duration. (a) One of very few cell-covered 
areas, still showing spread cells. (b) As in (a), however, with evidence 
of cytoplasmic retraction. 

fibronectin-coated ePTFE prostheses. Better results 
have been obtained by using combinations of pre- 
coatings. Zilla et al. [30] seeded human adult 
saphenous vein EC (HASVEC) on to PTFE grafts 
coated with fibrin glue alone or collagen I followed by 
fibrin glue. In shear stress experiments performed in 
a mock circulatory loop for 24 h or 48 h they found 
that fewer cells were detached from the grafts coated 
with the combination of fibrin glue and collagen type 
I than those with fibrin glue alone. Sentissi et al. [31] 
described the efficacy of a combined coating of ePTFE 
using collagen and fibronectin. After seeding with bo- 
vine aorta EC and culture for 2 weeks, the grafts were 
exposed to low (25 ml/min) and high (200 ml/min) 
flow rates for 1 h. Only minimal loss of EC was ob- 
served. 

Vohra and colleagues [32] have attempted to simu- 
late more closely the setting in the operating room by 
performing flow experiments on grafts as early as 
90 min after seeding. In a first series of experiments, 
they compared the efficacy of preclot and fibronectin 
coatings of ePTFE prostheses using flow rates of 
up to 300 ml/min ( = 2.6 dynes/cm’). After 2 h at 
this highest flow rate, HASVEC retention was of 
the order of 60% for both coatings, although at lower 
flow rates, the preclot coating gave better retention 
than the fibronectin surface. A similar experimental 
setup was used to investigate HASVEC retention on 
ePTFE and gelatine-impregnated Dacron (Gelseal@) 
[33]. The latter gave retention values of approxim- 

ately 66% after 2 h exposure to a flow rate of 
300 ml/min. 

Miyata et al. [34] have addressed an important 
issue in this complex field of EC adhesion under shear 
stress conditions, namely the need to optimize the 
initial cell density and the time interval after seeding 
before shear stress is applied. Using fibronectin-coated 
ePTFE grafts seeded with HASVEC and subjected to 
an irz vitro pulsatile flow circuit (90 min), giving 
a maximal shear stress of 7.4 dynes/cm’ (of the order 
of that found in the femoropopliteal arterial system), 
they investigated post-seeding time intervals of 90 min 
up to 7 days. Controls were identically treated grafts 
not exposed to flow. A very interesting finding derived 
from the experiments using a high initial seeding den- 
sity (lo5 cells/cm’). A post-seeding interval of 90 min 
gave, as expected, poor cell retention (46%). The re- 
tention values at 1, 3 and 7 days were 92%, 72% and 
42%, respectively, clearly showing that prolonged in- 
cubation after high density seeding appears to be 
detrimental to the success of the seeding method. This 
elegant series of experiments underlines the import- 
ance of using controlled in vitro conditions to optimize 
the seeding protocol for a particular cell type as well as 
the chosen graft material and its coating. This prin- 
ciple applies not only to seeding of EC, but also of 
HOMES. 

The possible use of HOMES as an alternative to EC 
for vascular graft pre-seeding depends not only on the 
shear-stress resistance of the cell monolayer, but also 
on the adoption of desirable elements of the endothe- 
lial phenotype. From a theoretical point of view this 
involves an up-regulation of anti-thrombogenic func- 
tions and a concomitant down-regulation of pro- 
thrombogenic activities. Concerning the production of 
antithrombogenic substances, van Hinsbergh et al. 
[l l] described the ability of HOMES to produce large 
amounts of t-PA (tissue-type plasminogen activator). 
Using the same cell type, Takahashi et al. [lo] re- 
ported that HOMES did not produce t-PA in vitro, 
but rather the urokinase-type PA (u-PA), which was 
demonstrated as antigen, but without detectable activ- 
ity. This lack of activity was interpreted in the context 
of the production by HOMES of active plasminogen 
activator inhibitor (PAI-1). In addition, Takahashi 
et al. showed that HOMES can take up acetylated low 
density lipoprotein (AC-LDL) and also produce an- 
giotensin converting enzyme (ACE), two important 
functions of EC. In their mixed cultures of 10% EC 
and 60% MES, Latron et al. [13] demonstrated that 
the mixed cultures produced 50-fold more t-PA than 
HUVEC, although both cultures gave similar produc- 
tion of PAI-1. This indirectly suggests that MES pro- 
duce very large amounts of t-PA. 

Chung-Welch et al. [35] did comparative studies on 
bovine pulmonary microvascular EC and pericardial 
MES and described close similarities between the two 
cell types concerning uptake of AC-LDL and produc- 
tion of ACE and factor VIII related antigen. In a de- 
tailed investigation of arachidonic acid metabolism in 
bovine pericardial MES, Satoh and Prescott [36] re- 
ported a marked production of prostacyclin in 
response to both physiological and pathological 
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stimuli, including histamine, thrombin and calcium 
ionophore. 

It can be concluded from these studies on static 
culture systems that MES do possess phenotypic 
properties of the EC. As early as 1984, attempts were 
made by Clarke et al. [37] to seed MES on to vascular 
prostheses. This was performed on Dacron grafts, 
subsequently implanted into dogs for 1 month. Later 
studies in the same in vivo model indicated that MES- 
seeded grafts produced prostacyclin in amounts which 
increased with implantation time [38]. Further evidence 
for the ability of MES to maintain fibrinolytic activity 
in vivo has been provided by Louagie et al. [39] using 
mesothelial patches as a venous substitute in dogs. 

It is evident that much more research into the regu- 
latory mechanisms of flow on the pro-and an- 
ticoagulatory activity of mesothelial cells is required 
before a clinical application could be considered. 
However, our investigations indicate that this cell type 
shows marked shear resistance, a pre-requisite for any 
future in vivo application. 
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