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Abstract

Endothelial cells (EC) have important physiological functions, and they may also have a role in pathology.
To better understand their role in health and disease, we must know very well their phenotype. Previous studies
have identified and characterized EC mainly by immunohistochemistry, but there are also some studies using flow
cytometry (FCM) after exposing these cells to enzymatic digestion, either to isolate and/ or to detach them from
the vessel wall. However, it is well known that enzymatic treatment can cause deleterious effects on cell surface
receptors, then influencing the antibody-antigen reaction. We describe a simple and cheap mechanical method to
isolate EC from human vessels, avoiding alterations in the expression of cell surface receptors caused by the use
of enzymes, and we tested it using FCM. With this method we were able to obtain fresh EC that were identified by
FCM as a well-defined cluster of CD45-CD146*9"CD31*rist cells. This approach can be used in the future to isolate
EC for further immunophenotypic characterization and for ex-vivo functional studies, as well as to test the effect of

different stimuli, including pharmacological drugs.
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Introduction

Endothelial cells (EC) have multiple functions, including transport
of nutrients and solutes, maintenance of the vascular tone, resistance
to thrombosis, activation and inactivation of vasoactive hormones,
angiogenesis, and innate and adaptive immunity [1-4]. It is also
recognized that they are involved in several diseases, either as primary
physiopathology determinants or as victims of collateral damage [5].
Nonetheless, there are many questions to answer concerning the EC
characteristics, as well as their potential contribution to various disease
states. Difficulties in characterizing the EC appear mainly because they
are difficult to obtain due to their localization, as they are disposed as
a monolayer covering the inner surface of the vessel walls. Thus, most
of the actual knowledge about the EC was obtained by histology and
immunohistochemistry studies on segments of veins or performing
cultures of EC extracted from the blood vessels using enzymatic
methods [6-13]. It is well known that both techniques are time
consuming and have disadvantages, sometimes masking cell receptor
expression. Even though immunohistochemistry gives morphological
interpretation, it does not allow the quantification and analysis of
multiple phenotypic markers as flow cytometry (FCM) does [14].
Moreover, immunohistochemistry has various factors that influence
the quality of the staining, contributing to the presence of false positive
or false negative results. This occurs mainly because of tissue fixation,
which can change the chemical properties of cell constituents and

alter the three-dimensional protein conformation by cross-linking,
interfering with epitope accessibility and/or generating non-specific
staining [15-18]. In what regards to the method of isolation, several
authors have reported the injurious effects of the enzymes in cell surface
proteins and other cell structures, thereby modifying cell phenotype
[9,14,19-25]. In view of these observations, mechanical cell isolation
has the advantage of preserving cell surface receptors.

Flow cytometry is a fast and versatile technique that allows the
detailed phenotypic characterization of the cells, allowing the study of cell
maturation, activation and apoptosis related markers in simultaneously,
as well as functional studies [26]. The identification and characterization
of EC by FCM must be carried out carefully, concerning not only the
method used to isolate the EC, but also the monoclonal antibodies
(mAbs) used, since until now there are not EC specific markers. In our
experience, among the several molecules expressed, the CD45, CD146
and CD31 offer one of the best combinations to guaranty a proper
identification of the EC [27]. The Leukocyte Common Antigen (LCA,
CD45) is present on most leukocytes, whereas it is not expressed on the
EC. The Platelet Endothelial Cell Adhesion Molecule-1 (PECAM-1, or
EndoCAM, CD31) is a 130-140 KD type I transmembrane glycoprotein
that acts as an adhesion molecule involved in homotypic or heterotypic
cell-to-cell interactions and trans-endothelial migration of leukocytes;
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it is expressed in EC, granulocytes, monocytes, lymphocyte subsets
and platelets [28,29]. Melanoma Cell Adhesion Molecule (MCAM or
Mel-CAM, CD146), is also a cell adhesion molecule that is primarily
expressed at the intercellular junctions of the EC, vascular pericytes
and smooth muscle cells, although being also present on activated
memory T-cells, as well as on a small fraction of B- and NK-cells;
recent evidence indicates that CD146 is involved in various biological
processes, including mesenchymal stem cell differentiation, signaling
transduction, cell migration, angiogenesis and immune response, and
acts as a co-receptor for Vascular Endothelial Growth Factor Receptor
type 2 (VEGFR-2, CD309) [30-33].

In this paper, we describe an easy and cheap mechanical method
to isolate EC from human vessels. This method was used to isolate
human saphenous vein endothelial cells (HSVEC) in order to identify
and characterize them by FCM, using anti-CD45, anti-CD146 and
anti-CD31 mAbs and a wash-stain-lyse-no-fix-no-wash procedure.
With this staining, we assure the exclusion of other cells that often
contaminate the EC suspension and may induce false positive results,
such as leukocytes and perivascular cells [34-39]. Although non-
enzymatic methods have been used for more than 3 decades to isolate
EC [9,12,40-42], to the best of our knowledge multi-parametric FCM
was never used to characterize the immunophenotype of mechanically
isolated fresh EC.

Material and Methods
Study approval

The study was approved by the hospital ethics committee and
administration board. All patients were informed and gave their written
consent.

Vascular samples

The segments of human saphenous veins were obtained from
10 patients undergoing surgery for varicose veins, recruited at the
Department of Angiology and Vascular Surgery, Hospital de Santo
Anténio, Centro Hospitalar do Porto, Porto, Portugal. A vein segment
with 1.5 to 4.0 cm of length was removed from each patient during
surgery, put into a recipient with saline solution (0.9% NaCl) and
transported to the laboratory within 1 to 3 hours.

Cell disaggregation

As soon as the vein segments arrived to the laboratory, they were
immediately transferred into a recipient with phosphate buffered saline
(PBS, pH 7.2) containing 2% (weight/volume) bovine serum albumin
(BSA) (PBS-2%BSA). After 15 minutes, the vein segment was placed
inside a Petri disk over a styrofoam square covered with laboratory
film (Parafilm®, Bemis Flexible Packaging, Neenah, Wisconsin, USA),
to ensure the presence of a hydrophobic surface, in order to avoid
PBS-2%BSA to spread from the vein surface. One of the extremities
of the vein segment was fixed to the styrofoam with needles, and the
vein segment was covered with a few drops of PBS-2%BSA with the
help of a Pasteur pipette to prevent cell dehydration. After removing
the connective tissue of the vessel wall with the help of a scissor and a
forceps, a longitudinal cut was made along the vein segment with the
scissor, and the vascular surface lumen was exposed upwards. The open
vein was then fixed with needles to the styrofoam and more drops of
PBS-2%BSA were added to the luminal surface. Afterwards, the EC
were mechanically removed from the vessel wall by gently squeezing in
continuous movement, with two serrated forceps, without perforating
the vascular surface. Next, the cells were suspended in PBS-2%BSA,

aspirated with a Pasteur pipette and transferred into a 15 ml conical
polypropylene tube. The vessel lumen was immediately covered with
more drops of PBS-2%BSA and the process was repeated several times
to recover the maximum of EC. The cell suspension was left to rest 5 to
15 minutes inside the tube, in order to allow the gravitational deposit
of tissue fragments and clumps, then transferred into another 15 ml
conical polypropylene tube and centrifuged at 300 xg for 5 minutes at
room temperature. After centrifugation, the supernatant was removed
and 2 ml of PBS-2%BSA were added to the pellet, where cells were
gently suspended by several up and down movements with a Pasteur
pipette, until cell aggregates disappear. Finally, the cell suspension was
transferred into a 12x75 polypropylene tube and washed once again
(300 xg for 5 minutes). After removing the supernatant and adding 500
uL of PBS-2%BSA, the cells were used for immunophenotyping.

Cell immunophenotyping

Cell immunophenotyping was performed using direct
immunofluorescence staining and a lyse-no-fix-no-wash method.
Briefly, 100 pl of cell suspension containing 0.5 to 1x10° cells were
transferred into a polystyrene FACS® tube 12x75 (Becton Dickinson
Biosciences, BDB, catalog no. 352052) and incubated for 15 minutes
at the room temperature, with the appropriate volume of anti-CD146
(Melanoma Cell Adhesion Molecule, MCAM) (clone P1H12, BD
Pharmingen), anti-CD45 (Leukocyte Common Antigen, LCA) (clone
2D1, BDB) and anti-CD31 (Platelet endothelial cell adhesion molecule,
PECAM) (clone WM59, BDB) mouse anti-human mAbs conjugated
with phycoerythrin (PE), peridinin-chlorophyll protein (PerCP) and
violet 450 (V450), respectively. Unstained cells were used as controls.
Once finished the incubation period, the erythrocytes were destroyed
by adding 500 uL of Quicklysis™ solution (Cytognos, Salamanca,
Spain, catalog no. CYT-QL-1), a fixative-free lysing reagent, which was
allowed to act for 10 minutes, before sample acquisition.

To assure that CD45CD146*etCD31*"ig events were EC,
additional staining was made with anti-CD146 (clone P1H12, BD
Pharmingen), anti-CD31 (clone WM59, BDB), conjugated with PerCP-
Cy5.5 and V450, respectively, and other mAbs known to be expressed by
these cells: anti-CD309 (Vascular Endothelial Growth Factor Receptor
2, VEGFR-2) (clone 89106, R&D systems), anti-CD105 (Endoglin)
(clone 2H6F11, Immunostep) and anti-CD144 (Vascular Endothelial
Cadherin, VE-cadherin) (clone 55-7H1, BD Pharmingen), conjugated
with APC, PE and FITC, respectively. Since our intention was only to
confirm the expression of these additional markers on the isolated EC,
and only few leukocytes (CD45* events) were present we didn’t use
anti-CD45 in this step, identifying the EC as being the events that were
simultaneously CD146*ihCD31 *right,

Flow cytometry acquisition and data analysis

Samples were acquired within the first two hours of finishing the
sample preparation, in a FACSCanto II flow cytometer (BDB), equipped
with blue argon (488 nm), red (633 nm) and violet (405 nm) lasers,
using the FACS Diva software (BDB). The instrument performance was
monitored daily using the Cytometer Setup and tracking beads™ (BDB,
San Jose, CA, USA, catalog no. 642412). Median number of 4.055 EC
events were acquired per sample, ranging from 1.704 to 12.061 events.
Data analysis was made with the Infinicyt™ software (Cytognos,
Salamanca, Spain). Endothelial cells were defined as being CD45,
CD146"risht and CD31*brisht,
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Statistical analysis

Data are expressed as median, minimum and maximum values
of the mean fluorescence intensity (MFI) obtained for the expression
of the different markers on the isolated EC and residual lymphocytes
from 10 patients, calculated using the Microsoft Office Excel 2007.
Comparative statistics was performed with the Mann-Whitney U non-
parametric test, using SOFA Statistics, version 1.4.5 (Paton-Simpson
and Associates Ltd, Auckland, New Zealand). P values<0.05 were
considered to be associated with statistical significance.

Results and Discussion

Here we present an easy and cheap mechanical method to isolate
EC from the vessel wall and we tested it by FCM, using a combination
of three markers, two of them expressed by EC (CD146/MCAM
and CD31/PECAM-1) and one that is not (CD45/LCA). With this
combination of mAbs we guaranteed the identification of a well-
defined EC population by their typical CD45 CD146*rigit{CD3] +bright
staining and we were able to exclude most of the cell populations
that could be misinterpreted as EC, such as CD45**CD146*
lymphocyte subsets, perivascular cells, including pericytes, that
are known to be CD45°CD146*CD31", and vascular smooth muscle
cells, which are CD45°CD146"°*CD31" [34-39]. In a supplementary
step, EC identification was reinforced with additional staining with
anti-CD309 (VEGFR-2), anti-CD105 (Endoglin) and anti-CD144
(VE-cadherin).

Endothelial cells had a higher side scatter (SSC) and similar forward
scatter (FSC) than the residual lymphocytes present in the sample, which
means that they have equivalent size but are more complex cells (Table
1 and Figure la). As expected, EC did not express the pan-leukocyte
molecule, CD45 (LCA), and they stained brightly and homogeneously
for the CD146 (MCAM) and CD31 cell surface molecules (Table 1
and Figure la). The median percentage of EC found in the 10 samples
analyzed was 9.6%, ranging from 8.0% to 27.8% of total events, whereas
leukocytes (CD45+ events) accounted for only a median percentage of
0.4%, ranging from 0.1% to 3.4%. Endothelial cell phenotype was quite
similar in all samples studied, with low variation in FSC, SSC and the
mean fluorescence intensity (MFI) of all the markers analyzed (Tablel
and Figure la). In addition, the CD309 (VEGFR-2), CD105 (Endoglin)

and CD144 (VE-cadherin) molecules were strongly expressed, assuring
the correct identification of EC (Figure 1b).

One of the advantages of this method is to avoid the use of
procedures and substances that can induce alterations on cell receptors
expression, as have already been seen with the use of digestion enzymes,
such as collagenase and proteinase K, which are known to degrade
connective tissues [9,25,40,43,44]. This method has the additional
advantage of allowing, if desired, to explore, by FCM, the expression of
activation-related, procoagulant and angiogenic molecules on freshly
isolated EC, as well as to use EC for cell cultures, functional studies or
drug testing.

Tisato et al., who isolated EC from HSVEC by combining enzymatic
and mechanical methods with collagenase and blade scraping, used the
same triad of mAbs to identify EC, among others; of note that in Tisato’s
study, EC expressed heterogeneously CD45 and had low intensity of
CD31 expression, probably due to enzymatic induced artifacts [45].

In our analysis, the relatively low percentage of EC within the total
events acquired, probably results from the fact these cells are displayed
in monolayer, their isolation being accompanied by perivascular cells; in
fact, it is well known that isolation by mechanical methods have inferior
cellular yield than other methods [46]. Maybe this is the reason why of
the previously published work there is few using mechanical isolation of
EC, when compared to the number of studies using enzymatic methods
[8,9,11,47-50]. Nevertheless of the few work published using non-
enzymatic methods to isolate and detach EC in cell culture, described
no phenotype alteration or morphology change of EC over time,
obtained numerous culture passaging, in comparison with enzymatic
methods [9,12,41,42]. The degree of cell purity obtained by our method
is enough for a proper characterization of the immunophenotype of the
fresh isolated EC using multiparametric FCM; however, if a high purity
is needed, these cells can be further purified using magnetic or FCM
based sorting.

We are convicted that the procedure described herein can be useful
to characterize the different phenotype spectrum that freshly isolated
EC from large vessels can acquire in various pathological conditions,
concerning the expression of activation-related, procoagulant,

FSC-A SSC-A CD31 (V450) CD45 (PerCP) CD146 (PE)
MFI 31304 30969 3069 478 191
Neaati rol (27640 — 39165) (23577 — 41964) (1433 - 5577) (284 — 789) (103 —319)
egative controls
9 oV 65 358 551 353
(61 —74) (90 — 125) (272 - 641) (332 - 684) (254 — 606)
MEI 52296 10618 595 19664 160
Lymphocyt (40618 - 62202) (9573 — 14052) (449 — 888) (15583 — 24714) (89 — 935)
mphocytes
ymp y 36 129 27 319
(28 - 39) (18 —25) (82 — 299) (22 - 36) (123 — 586)
MEI 42407 52692 64425 1726 13062
Endothelial cells (36974 — 54995) (38183 — 58665) (30714 — 87822) (1224 — 1996) (8154 — 22679)
I
oV 44 51 63 85
(35 - 50) (36 —47) (41 -64) (55 - 89) (65 — 90)
P (Endothelial cells MFI 0.013 <0.001 <0.001 <0.001 <0.001
versus Lymphocytes) cv 0.001 <0.001 <0.001 <0.001 <0.001

Abbreviations: MFI, mean fluorescence intensity; CV, coefficient of variation of the mean fluorescence intensity; FSC-A, forward scatter-area; SSC-A, side scatter-area;

V450, violet 450; PerCP, peridinin-chlorophyll protein; PE, phycoerythrin.

Scales: FSC-A, linear scale; SSC-A, exponential low scale; CD45 (PerPC), CD31 (V450), and CD146 (PE), logical scale

Results are presented as median (minimum — maximum) values of the MFI and CV, expressed as arbitrary units of fluorescence intensity.

P values < 0.05 were considered to be associated with statistical significance (Mann-Whitney U test)

Table 1: Forward and side scatter values and median fluorescence intensity of CD45, CD31 and CD146 expression on endothelial cells extracted mechanically from the
saphenous veins of 10 patients submitted to surgery for varicose veins, as compared with that observed on residual lymphocytes present in the samples.
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Figure 1: Representative dot plots illustrating the expression of cell surface receptors on endothelial cells (EC).
(a): Expression of CD45, CD146 and CD31 on EC (red dots), lymphocytes (blue dots) and other cells and debris (gray dots) in cell samples obtained from the
saphenous veins of three different patients submitted to surgery for varicose veins (HSVEC1, HSVEC2 and HSVEC3). Note that EC are CD45 negative and do express
brightly the CD146 and CD31 surface receptors.
(b): Expression of CD105 (Endoglin), CD144 (VE-Cadherin) and CD309 (VEGFR-2) surface receptors on EC obtained from the saphenous veins of a patient
submitted to surgery for varicose veins (HSVEC4). Endothelial cells (red dots) were identified by expression of CD146+bright CD31+bright, and they show bright and
homogeneous CD105, CD144 and CD309 expression.

apoptotic and/or angiogenic and anti-angiogenic molecules, avoiding
the artifacts induced by enzymatic methods and/or cell culture. In the
long term, it may contribute not only for a better characterization of
the EC by FCM, but also to use them in other studies, in order to better
understand their connection with the environment around and their
contribution to various physiological and pathological states, as well as
to develop new medications.
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