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Summary

Accurately detecting circulating endothelial cells (CECs) is important since their enumeration has
been proposed as a biomarker to measure injury to the vascular endothelium. However, there is no
single methodology for determining CECs in blood, making comparison across studies difficult.
Many methods for detecting CECs rely on characteristic cell surface markers and cell viability
indicators, but lack secondary validation. Here, a CEC population in healthy adult human subjects
was identified by flow cytometry as CD45~, CD349IM that is comparable to a previously described
CD45-, CD31Prght population. In addition, nuclear staining with 7-aminoactinomycin D (7-AAD)
was employed as a standard technique to exclude dead cells. Unexpectedly, the CD45~, CD344im,
7-AAD™ CECs lacked surface detectable CD146, a commonly used marker of CECs. Furthermore,
light microscopy revealed this cell population to be composed primarily of large cells without a
clearly defined nucleus. Nevertheless, immunostains still demonstrated the presence of the lectin
Ulex europaeus and van Willebrand factor. Ultramicro analytical immunochemistry assays for the
endothelial cell proteins CD31, CD34, CD62E, CD105, CD141, CD144 and vVWF indicated these
cells possess an endothelial phenotype. However, only a small amount of RNA, which was mostly
degraded, could be isolated from these cells. Thus the majority of CECs in healthy individuals as
defined by CD45-, CD34%M and 7-AAD~ have shed their CD146 surface marker and are
senescent cells without an identifiable nucleus and lacking RNA of sufficient quantity and quality
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for transcriptomal analysis. This study highlights the importance of secondary validation of CEC
identification.
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Introduction

The existence of circulating endothelial cells (CECs) was described over 30 years ago (1-3).
Although CECs are an extremely rare population in healthy blood, accurately detecting and
validating them by immunophenotyping may be important as a marker of vascular injury (4—
6) in a variety of disease states including cancer, sickle cell anaemia, diabetes, and
myocardial infarction (7-11). In addition, isolation and genomic assessment of CECs by
microarray analysis has been proposed as a way to assess vascular function in patients with
systemic sclerosis (12). More recently, levels of CECs have been used to monitor the
effectiveness of chemotherapeutic agents (13-15).

Many different methods for the isolation of CECs from human blood have been reported
(16). Isolation and identification of CECs has been complicated by the rarity of the
population and the varying phenotypes, such as anuclear carcasses (1, 2), fragments (17) or
multi-nucleated conglomerates (8). A variety of strategies have been described to capture
CECs including gradient separation based on cell density (18), immunobeads directed at cell
surface markers such as CD146 (19) and flow cytometry using multiple markers to
negatively select leukocytes and positively identify endothelial cells (20). Many studies of
CECs have focused on the detection of these cells using combinations of criteria including
size, cellular complexity, cell surface markers and the presence of DNA (17, 21). Although
some studies use viability markers such as 7-aminoactinomycin D (7-AAD), it is not clear if
any of the CECs are functionally intact cells. To date, there is no consensus for a definition
of a CEC or a technical method by which they may be reliably assessed (22). Existing
methods of separation based on differential centrifugation and Ficoll gradient may not
isolate the entire population of CECs present in the blood. Immunomagnetic bead capture of
cells expressing CD146, a tight junction glycoprotein, may be compromised by the shedding
of this surface feature from detached endothelial cells (23) and the presence of CD146 on a
subset of circulating lymphocytes (24). Uniformly missing from published studies is the
detection and validation of endothelial-specific proteins by methods other than
immunostaining. In addition, isolated CECs have not been definitively shown to contain an
intact nucleus and transcriptome, hallmarks of viable, fully functional cells.

To further clarify the aforementioned issues, lysed whole blood from healthy adult
volunteers was used to collect cells by flow cytometry and high speed cell sorting. The sort
gate was based on the absence of the surface marker CD45 to exclude leukocytes and on the
presence of the glycoprotein cell adhesion factor CD34 to include endothelial cells. CD34 is
found only on endothelial and progenitor cells. Endothelial cells are CD349iM while
progenitor cells are CD34PM9t (25). Prior studies used a comparable population that also
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included CD31Pright (26). However, the use of CD31P"i9Mt could also capture large platelets
(27). Earlier studies could not demonstrate any CD146 expression on the CD45~, CD31bright
and CD344im population (28). However, since CD146 has been used frequently as a marker
for CEC in the published literature, the cell preparations were also tested for the presence of
CD146. Finally, the novel technique of ultramicro analytical immunochemistry was used to
provide evidence supporting the endothelial phenotype of the cells by interrogating the
isolated cells for multiple endothelial markers. RNA analysis was performed to determine
the feasibility of analysing expression profiles. The primary objectives of this study were to
verify a rigorous and reliable method for CEC identification and isolation in healthy adults
and to clarify the viability of these cells by assessing the integrity of their nucleus and RNA.

Materials and methods

Materials

For details, please refer to the Suppl. data (available online at www.thrombosis-online.com).

Study participants and blood sampling

The study protocol (03-H-0015) was approved by the institutional review board of the
NHLBI at the NIH. Informed consent was obtained from all study participants. For the pilot
study (n=4; mean age 45, range 41 to 49 years) each healthy donor had one 12 ml blood
draw with the first 6 ml discarded to avoid contaminating the sample with endothelial cells
from the venipuncture. For CD 146" T cells, human umbilical vein endothelial cells
(HUVEC) and putative CEC sorting each healthy donor (n=4; mean age 43, range 28 to 49
years) had three 50 ml blood draws with the first 10 ml discarded.

Immunostaining of whole blood

A pilot study was done on four healthy donors. One hundred pl of
ethylenediaminetetraacetic acid (EDTA) anticoagulated whole blood was blocked with
normal mouse 1gG at 4°C for 10 minutes (min) and stained with the following antibodies:
CD31 FITC, CD146 PE, CD45 V450 and CD34 APC according to manufacturer’s
instructions. Cells were lysed with BD FACS lyse™ and washed once. Data was acquired
with Diva software on a FACS Aria™ (BD Biosciences, Plscataway, NJ, USA). A target of
50,000 mononuclear cell events was saved on each sample.

Blood samples for sorting putative CECs, CD14G™ T cells and HUVECs

Forty ml of blood from each of the study participants was placed into Vacutainer® tubes
containing EDTA for processing of lysed whole blood for sorting putative CECs. An
additional two sets of 40 ml of blood from each of the study participants was placed into
Vacutainer® tubes containing sodium citrate. Both sets were used to isolate mononuclear
cells. One of the mononuclear cell preparations was used to isolate CD146* T cells from
each donor. To the other set, HUVEC were added for subsequent retrieval by fluorescence-
activated cell sorting (FACS). Blood was processed immediately after collection.
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Mononuclear cell preparations

Mononuclear cells were isolated using a two-step approach. Citrate anticoagulated blood
was first mixed with equal volumes of 3% dextran (M.W 200,000-300,000) and the
erythrocytes were allowed to sediment for 40 min at a 30° angle. The red cell free
supernatant was then layered over an equal volume of Histopaque-1077 and centrifuged at
1200 RPM at 15°C for 30 min with no brake.

Endothelial cell culture

HUVECs were cultured in EBMr medium supplemented with the EGM-2 bullet kit in
Nunc™ tissue culture flasks according to manufacturer’s instructions and used at passages 3
or 4. For sorting HUVECS, trypsinised cultured HUVECs were added to mononuclear cell
preparations.

Sample processing for cell sorting

Mononuclear cells with added HUVECs as well as mononuclear cells alone were blocked
with normal mouse 1gG for 10 min at 4°C. These preparations were stained according to the
manufacturer’s instructions using the following antibodies: CD45 Pacific Blue, CD3 FITC,
CD14 PE, CD19 APC-Cy7 and CD146 Alexa 647. Negative fluorescence was set using
unstained cells.

For CEC sorts, 40 ml of EDTA anticoagulated whole blood was processed according to
previously described methods (26). Details are available in the online supplement. Samples
were blocked with normal mouse 1gG for 10 min at 4°C and stained with CD45 V450, CD34
APC, CD146 PE. Tubes were incubated in the dark at 4°C for 25 min followed by 5 min at
room temperature. RBCs were lysed with Ammonium-Chloride-Potassium lysis buffer.
Samples were checked at 3 min. If lysis was not complete samples were incubated for an
additional 2 min. Samples were centrifuged for 5 min at 250 g with the brake on. Tubes were
washed once with Hank’s balanced salt solution without calcium or magnesium (HBSS-)
containing 1 mM EDTA. Cell pellets were resuspended in HBSS (=) with 2% (v/v) heat
inactivated foetal calf serum (FCS) and 2 mM EDTA.

FACS cell sorting

Cell suspensions were filtered with 50 mm filters. 7-AAD was added prior to sorting. Cell
sorting was performed using the FACS Aria™ with Diva software at 4°C using a 100 micron
nozzle at 20 psi. CD146" T-cells were sorted from mononuclear cell preparations using the
following criteria; CD45", CD3*, CD14~, CD19™, CD146*. HUVECs also sorted from
mononuclear cell preparations were CD45~, CD3~, CD14~, CD19-, CD146". The
population of putative CECs were sorted from lysed whole blood using the following
criteria; CD45~, CD344%M and then classified by the presence or absence of CD146 by
applying a sequential gating strategy.

Cells for ultramicro analytical immunochemistry were collected in 25 pl phosphate-buffered
saline (PBS) and frozen on dry ice immediately after collection. Cells for Cytospin™ slides
were collected in 100 p1 HBSS (=) with 20% heat inactivated FCS. Cells for RNA isolation
and analysis were collected in RLT™ buffer with B-mercaptoethanol, taking care not to
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exceed a 1:10 dilution of RLT™ buffer in any sample to preserve the integrity of the RNA in
the captured cells.

Sorted HUVECSs were studied in parallel with putative CECs by light and
immunofluorescent microscopy and by RNA analysis. Sorted CD146* T cells, sorted
HUVECs and putative CECs also underwent membrane protein analysis by ultramicro
analytical immunochemistry.

Bright field and immunofluorescent microscopy

Cytospin™ slides were prepared and were either stained with the Diff-Quick™ staining kit
for light microscopic analysis or fixed with formaldehyde and immunostained with TRITC-
labelled Ulex europaeus (UEA-1), FITC conjugated von Willebrand factor (VWF) and
counterstained with 300 nM 4”,6-diamidino-2-phenylindole (DAPI). Staining protocols are
available in the Suppl. data (available online at www.thrombosis-online.com).

Light and fluorescence microscopy were performed using an inverted Nikon Eclipse E-800
microscope with conventional filter packs (Nikon Instruments). The microscope was
connected to a Nikon DXM1200F digital camera to document bright field and fluorescence
microscopic images. Images were captured using Nikon ACT software.

Ultramicro analytical immunochemistry

FACS sorted samples of putative CECs (n=4), HUVECs (n=4) and CD146" T cells (n=4)
underwent prptein analysis by a single investigator (TP) blinded to sample group. Micro-
recycling immunoaffinity chromatography was performed using a chip-based modification
of a previously described technique (29). Details of the sample processing and analysis are
available in the Suppl. data (available online at www.thrombosis-online.com).

RNA isolation and analysis

Total RNA purified from FACS sorted samples of putative CECs (n=4), HUVECs (n=4) and
CD146™ T cells (n=4) was quantified using a Nanodrop ND-1000 and evaluated for RNA
integrity using RNA Nano Chips. Assay details are available in the Suppl. data (available
online at www.thrombosis-online.com).

PCR of FACS sorted cells

Statistics

Two multiplex PCR assays were developed. One consisted of CD45, GAPDH and CD144
while the second was used to detect CD105, vVWF and CD31. Primer-BLAST was used to
select gene specific primers (30). Complete details for primer sequences, PCR conditions
and quantitation can be found in the Suppl. data (available online at www.thrombosis-
online.com).

The flow data files were analysed with FCS Express4 (DeNovo Software). Data are shown
as mean + standard error of the mean (SEM). The R statistical program (31) was used for
analysis. All tests were performed on data averaged from four separate donors. The results
were analysed by performing two tailed paired t-tests with p < 0.05 indicating significant
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difference. Protein values that were below the level of detection (<0.2 fg/pg recovered
protein) were assigned a value of 0.2 for the paired t-test calculations.

CD45™ populations of CD31 bright and CD34 dim cells

The initial data obtained from the FACS Aria™ pilot study confirmed a prior observation
(26) that within the mononuclear cell gate (Figure 1A) there exists a unique population of
CD45-, CD31Pright cells (Figure 1B). Backgating this distinct CD45~, CD31Pr19Mt population
confirmed it identified a population that was also CD45~, CD344im (Figure 1C). To
determine the location of the CD45~, CD349IM population a fluorescence minus one control
for APC with an overly of the unstained control was used (Figure 1D).

Expression of CD146 on the surface of co45-, CD349IM cells

Since CD146 has been extensively used as a marker for CECs, the cell preparations were
tested for the presence of CD146. In the pilot study CD146 expression (Figure 1E) was seen
in 0.78 £ 0.13% (n=4) of the mononuclear cells based on the quadrant markers set by the
FMO PE control for CD146 and CD45 V450 (Figure 1F). However, no CD146 expression
was detected on the CD457, CD34dim cells (Figure 1G), based on the quadrant markers set
by the FMO PE control for CD146 and CD34 APC (Figure 1H).

Based on these results, a modification of a published gating strategy (26) was devised to
isolate putative CECs for further study (Figure 2). The mononuclear cell gate (Figure 2A)
was combined with a 7-AAD negative (implies viability) gate (Figure 2B) to create a singlet
gate (Figure 2C). The plot shown in Figure 2D was derived from this singlet gate. Using this
strategy, the nuclei of nonviable cells should stain with 7-AAD and be eliminated from the
collection. CD31 was not included in the sort tubes because CD45~, CD314IM cells were
confirmed to be largely inclusive of the CD45~, CD34P"9ht population. In addition, there
was also the possibility that the CD31Pr9ht population, unlike the CD344IM population,
might be contaminated with large platelets (32, 33). The CD45~, CD344im 7-AAD-
population was gated and used for the sort plot (Figure 2E). Gates were set to separately
collect the CD45~, CD344im 7-AAD~, CD146~ population (red rectangle) and the CD45™,
CD34dim 7.AAD™, CD146" population (green rectangle). For the CD45~, CD344im, 7.
AAD™ population, the average number of CD146~ events was 30,300 + 6,600. However,
using this gating strategy that included 7-AAD viability staining no CD146" putative CEC
events were available for collection. Since 7-AAD™ events were initially presumed to be
viable cells, validation studies were continued on the CD45-, CD34%M CD146~, 7-AAD™
cells (putative CECs). Subsequent histologic examination of these cells (see below) found
that 7-AAD™ events also captured cellular remnants since 7-AAD was unable to stain cells
with disintegrating or absent nuclei.

Light micrographs of FACS sorted CECs

Cytospins of sorted cells based on the CD45~, CD34%M CD146~, 7-AAD™
immunophenotype were prepared. While some of these putative CECs appeared to have a
nucleus, the majority of these cells displayed various degrees of nuclear dissolution (Figure
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3A). Intact, normal appearing nuclei were rare. In one of the four healthy volunteers, whose
sorted cells were rigorously evaluated by light microscopy, CD45~, CD344m CD146~, 7-
AAD" cells with any discernible nuclei were <20% of the total number evaluated.
Considerable cytoplasmic vacuolisation was common. In contrast, Diff-Quick™ stains of
Cytospin™ preparations of HUVECs made prior to their addition to a peripheral blood
mononuclear cell preparation (Figure 3B) as well as after their addition and retrieval by
FACS sorting (Figure 3C) revealed well-defined nuclear morphology with less cytoplasmic
vacuolisation. Sorted HUVECs (Figure 3C) showed increased vacuolisation when compared
to cells that were freshly harvested from culture (Figure 3B). However, the cytoplasm of
both the freshly harvested (Figure 3B) and the sorted HUVECs (Figure 3C) appeared to be
denser than the putative CECs (Figure 3A). Sorted HUVECS and putative CECs appeared to
be similar in size.

Fluorescent staining for UEA-1, VWF and DAPI

To further evaluate the phenotype and morphologic integrity of the sorted CD45~, CD34dim,
CD146, 7-AAD™ cells, Cytospin™ preparations were stained with anti-UEA-1, an antibody
that specifically identifies UEA-1 bound to vascular endothelium (Figure 4A) and anti-vWF
to label vVWF normally found in the Weibel-Palade bodies of endothelial cells(Figure 4B).
The nuclear stain DAPI was used to further assess for the presence or absence of a cell
nucleus (Figure 4C). The UEA-1 stained cells (Figure 4A) displayed varying degrees of
VWE staining (Figure 4B) suggesting endothelial phenotype. However, < 20% of cells
evaluated showed nuclear DAPI staining (Figure 4C) suggesting most of the cells were
anuclear. In addition at 100x (Figure 4D-E), most of the UEA-1 and VWF staining was
concentrated in the centre of the cell. These observations could be consistent with senescent
endothelial cells in various stages of disintegration. A typical Diff-Quick™ stain of these
cells is shown for comparison (Figure 4F).

Validation of endothelial cell phenotype by ultramicro analytical immunochemistry

To validate the identity of the sorted CD45~, CD344iM CD146~, 7-AAD™ cells as
endothelial cells, additional cells from each of the four CD45~, CD349M CD146~, 7-AAD"~
FACS sorts were evaluated by ultramicro analytical immunochemistry. This technique can
detect proteins not only on the extracellular surface but also on the inner cytoplasmic surface
of the cell membrane that could not be detected by surface staining and flow cytometry.
CD146™ T cells and spiked HUVECs recovered from their four respective peripheral blood
mononuclear cell preparations were similarly analysed and served as controls for T cell and
endothelial cell markers, respectively.

The expression of seven endothelial cell markers on putative CECs, HUVEC, and CD146™ T
lymphocytes was evaluated (Figure 5A). Putative CECs had protein levels of CD34, a
marker found on endothelial cells and stem cells, that were similar to the CD34 levels found
in HUVECs (13.03 + 0.89 vs 22.30 + 1.34 fg/pg recovered protein, p=0.05). The amount of
CD141, an integral membrane protein expressed on the surface of endothelial cells, platelets,
monocytes and neutrophils, was not statistically different in putative CECs compared to
HUVECs (127.58 + 5.17 vs 141.75 + 4.45 fg/pg recovered protein, p>0.05). CD105
(endoglin) found on endothelial cells and stem cells, and CD144 (VE-cadherin) that is found
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only on endothelial cells, were also present in comparable amounts in putative CECs when
compared to HUVECs (CD105: 24.15 + 1.96 vs 32.68 + 1.83 fg/pg recovered protein,
p>0.05; CD144: 190.50 £ 5.34 vs 193.40 + 4.98 fg/pg recovered protein, p>0.05). The
following endothelial markers were also expressed in putative CECs but to a lesser extent
than in HUVECs: CD31 (24.43 £ 1.63 vs 55.73 + 1.92 fg/pg recovered protein, p<0.05), a
marker expressed on endothelial cells and platelets; CD62E (94.93 + 4.84 vs 276.5 £ 9.45
fg/pg recovered protein, p<0.05) a protein expressed after cytokine activation of endothelial
cells; and vVWF (185.3 + 14.77 vs 313.08 + 5.12 fg/pg recovered protein, p<0.05) found in
the Weibel-Palade bodies of endothelial cells and a-granules of platelets. In the FACS sorted
CD146* T cell population all seven endothelial protein markers were below the limit of
detection.

Only the CD146™ T cells were positive for the pan-leukocyte marker CD45; the T cell
markers CD3 and CD5; and the T cell, B cell and monocyte marker CD122 (Figure 5B). The
detection of CD41 and CD61 protein indicated a small amount of platelet contamination that
could also be seen on the Diff-Quick™ stained cells. It is notable that while the analysed
CD45-, CD344im CD146~, 7-AAD™ cells were selected based on their lack of CD146
surface staining, the amount of CD146 protein determined by ultramicro analytical
immunochemistry is similar for these cells and HUVECs (80.95 + 3.22 vs 87.93 £ 2.21
fg/pg recovered protein, p>0.05) suggesting that CD146 was still present in the CD457,
CD3449im CD146™, 7-AAD" cells but not accessible to flow cytometry as a surface feature.
The amount of CD146 protein measured in the CD146" T cell preparations is 10-fold lower,
but its presence is consistent with prior observations of CD146 expression on T cells (24).

Additional markers besides those illustrated in Figure 5 were also evaluated. Membrane
proteins isolated from CD45~, CD344im CD146~, 7-AAD™ cells, HUVECs and CD146* T
cells were all below the limit of detection for the B cell markers CD19 and CD20; the B cell,
neutrophil and NK cell marker IgG Fe receptor; the neutrophil, eosinophil and monocyte
marker CD15; the monocyte marker CD14; and the plasma cell marker CD138. The level of
the hematopoietic and endothelial progenitor cell marker CD133 was also below the level of
detection in the CD45~, CD344im CD146~, 7-AAD" cell membrane preparations.

Evaluation of RNA from FACS sorted cells

Calculation of the RNA Integrity Number (RIN) allows for the determination of the state of
the entire RNA sample including the presence or absence of degradation products that is
independent of sample concentration. A RIN number of 10 is indicative of RNA that is
100% intact while a RIN number of 2 or less indicates the RNA is totally degraded (34).
Total RNA isolated from 30,000 FACS sorted events with the CEC phenotype CD457,
CD349im CD146", 7-AAD™ (Figure 6A) revealed only a small amount of RNA that was
mostly degraded (RIN 1.95 + 1.9). Total RNA from 20,000 sorted HUVEC events (Figure
6B) showed good preservation (RIN 6.75 + 0.41).

Since all of the HUVEC and CD45~, CD349m CD146~, 7-AAD~ samples were positive for
endothelial cell protein markers by ultramicro analytical immunochemistry (Figure 5A), the
samples were tested by RT-PCR for the presence of endothelial cell specific RNA (Figure
6C). The housekeeping gene GAPDH was present in all of the HUVEC samples (HUVECs
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174.4 +19.8 ng/10 pl PCR reaction) and most of the CD45~, CD344M CD146~, 7-AAD™
samples (47.0 £ 12.7 ng/10 pl PCR reaction). However, only the RNA from sorted HUVECS
showed CD31, CD105, and CD144 mRNA expression (Figure 6C). HUVEC samples
showed a high content of mMRNA for vVWF while only two of the CD45~, CD344m CD146-,
7-AAD™ samples had a small amount of detectable vVWF mRNA (Figure 6C).

Discussion

Many of the current methodologies for CEC enumeration and isolation lack appropriate
validation. This study modified and validated a previously described flow cytometry
technique that identified CECs as CD45~, CD31Pr19"t and CD349IM population (26).
Backgating analysis confirmed that the CD45~, CD31P"9"t population co-identified with the
CD45", CD344im population (26). The sort gate CD45~, CD349IM was used to decrease the
possibility of including CD31P119Mt Jarge platelets (33). None of the CD45~, CD34dim 7-
AAD™ events showed CD146 surface expression. An earlier study was similarly unable to
demonstrate any CD146 expression on CD45~, CD31Pright cD34dim ce|ls (28). These
results call into question prior studies comparing CEC counts in normal and disease states
that relied exclusively on identification of CECs with CD146 (11, 18, 21).

Although none of the CD45~, CD34dim 7-AAD" cells collected were positive for CD 146
surface expression, ultramicro analytical immunochemistry found the CD146 membrane
bound protein content was similar in both HUVECs and sorted CECs. CD146 is an adhesion
molecule that is normally found in the tight junctions between endothelial cells forming
monolayers in the wall of the blood vessels (35). Studies have indicated that a large portion
of CD 146 is intracellular and the ectodomain of this receptor can be shed from the surface
of cells (23, 36, 37). In this study the absence of CD146 expression on the surface of cells by
flow cytometry, but its presence by ultramicro analytical immunochemistry, which evaluates
both the intra- and extracellular membrane surfaces, further supports the shedding of CD146
protein from the surface of endothelial cells that enter the circulation. Therefore, exclusive
reliance on CD146 to identify CECs would capture only a small fraction of the actual
population and could potentially be contaminated with substantial numbers of CD146*
lymphocytes (24). It is possible that the presence of CD146 surface expression may identify
an even rarer population of newly shed endothelial cells that could contain intact nuclei.

Flow cytometry is a powerful tool for rapidly evaluating large numbers of events, but
strategies used for identifying CECs have varied. The gating strategy used here is similar to
prior studies (25, 26, 38) in that the initial gating strategy was based on CD45~, CD31*. Two
of the other studies also showed a low level of CD34 expression (26, 38). Only one of these
studies used viability staining and morphologic validation (38) and similarly found the
majority of the events to be cellular remnants, but on the level of 1-5 pm microparticles. In
contrast to these prior strategies the current study was able to isolate putative CECs without
the use of KDR (25) or CD133 (25, 26, 38) or CD14 (38). Our study further simplifies their
approaches by confirming there is a unique CD34 dim population distinct from the CD45*
mononuclear cells.
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CEC studies by flow cytometry are complicated by the fact that many common cell markers
used to identify endothelial cells are variably expressed by multiple cell populations (39,
40). One such population is the circulating progenitor cells which are described by the
phenotype CD45%M CD31*, CD34bright CD133* (26). A subset of this population, the
endothelial progenitor cells must be distinguished from CECs, but their phenotype by flow
cytometry is also controversial (40). Their suggested phenotype CD457/dim CD31* CD34",
KDR*, CD133* shares markers being used to identify CECs (25, 40). Thus, this study used
ultramicro analytical immunochemistry, which analyses membrane bound proteins, to assess
multiple markers including the level of the hematopoietic and endothelial progenitor cell
marker CD133 which was found to be below the level of detection in the CD45~, CD34dim,
CD146~, 7-AAD™ population. In addition, the endothelial markers CD34, CD105, CD141,
CD144 and CD146 were similarly expressed on HUVECs and the CD45~, CD34dim,
CD146~, 7-AAD™ population. The amount of VWF found in the CD45~, CD349m CD146™,
7-AAD" cells was almost half of the amount found in the HUVECs. These results are in
agreement with an /n vitro study linking VWF secretion and apoptosis in cultured HUVECs
(41). CD 62E showed the lowest correlation between HUVECs and CD45~, CD34dim,
CD146, 7-AAD™ cells. However, CD62E is transiently expressed in cytokine-activated
endothelium, so a loss of this protein might be expected in shed senescent vascular
endothelium. As expected, leukocyte and nonendothelial cell markers CD45, CD3, CD5,
CD122, CD19, CD20, CD14, CD138 and IgGFc receptor were all below the limit of
detection in the CD45~, CD344im CD146~, 7-AAD"~ population. Taken together, these
results suggest these putative CECs (CD45~, CD344im CD146~, 7-AAD") are consistent
with an endothelial phenotype.

The morphology of CD45~, CD3449M CD146~ CECs was remarkably consistent in size with
the HUVEC control. However, the pattern of UEA-1 and VWF staining of the CECs was not
typical of viable endothelial cells. UEA-1 is a lectin stain that is routinely used to validate
endothelial cells in the CD146 immunobead assay. It is normally found on the cell
membrane. In endothelial cells, vVWF factor is normally found in Weibel-Palade bodies in the
cytoplasm. In the CECs characterised here, it appears that the distribution of UEA-1 lectin
and vVWF was concentrated in the nuclear area. These observations support the idea that
most CECs in healthy individuals are senescent remnants or apoptotic cells which may result
from program cell death triggered by the detachment of these anchorage-dependent cells
from the surrounding extracellular matrix, a process known as anoikis (42).

It is also possible the observed degradation is an artefact of the technique. However, it is
important to note the sorts were done using a 100 micron nozzle at 20 psi compared to a 70
micron nozzle at 70 psi that has been routinely used in FACS collections. The larger nozzle
and lower pressure make mechanical cell damage less likely. In addition, the spiked
HUVECs were retrieved intact after undergoing the same FACS sorting conditions. The
large nozzle and low pressure may also have been instrumental in preserving cell
morphology, thereby permitting for the first time the reproducible ability to obtain bright
field images of CECs.

Many published studies employ a nuclear stain to ensure only nucleated cells are counted as
CECs (17). Viability staining with 7-AAD requires leaky plasma membranes to detect dead
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cells by positive nuclear staining (43). DAPI staining of the CD45~, CD344im CD146™, 7-
AAD™ CEC population indicates that only a small fraction have intact nuclei. The majority
are anucleated cells that will not be tagged by 7-AAD for exclusion. Electron micrographic
studies of apoptotic HUVEC cells in culture showing dissolution of the nuclear compartment
are consistent with this observation (44). Thus CEC identification algorithms using 7-AAD
alone overestimate viability, since anuclear cells will be counted as viable.

RNA from the CD45~, CD344im CD146-, 7-AAD~ CEC population was degraded, and RT-
PCR analysis for the genes tested was unable to show any significant amount of endothelial
cell specific mRNA expression. In contrast the RNA quality assessment assays and RT-PCR
data from the sorted HUVEC cells showed that their RNA remained intact and expressed
endothelial transcripts. These findings rule out degradation related to sample processing and
flow sorting techniques. Based on these observations, we conclude that the majority of CECs
in healthy adults contain mostly degraded RNA.

The results support the following identification scheme for CECs. CD45~, CD344M should
be used to enumerate the total number of CECs in circulation. CD31Pright packgating may be
used to confirm the CD45~, CD344M CEC gate. Of this total, the vast majority-are CD146~
cells and those with a positive nuclear stain are likely early apoptotic CECs, and the
remaining cells lacking distinct nuclei are late apoptotic CECs. Our study also indicates that
these CD146 extracellular surface negative CECs lack RNA suitable for transcript analysis
by such techniques as microarray and quantitative RT-PCR. For the first time, additional
validation is provided towards the identity of CD45~, CD31Pright cp34dim CcD146-, 7-
AAD™ circulating cell population utilising ultramicro analytical immunochemistry showing
that these events have multiple detectable endothelial cell proteins (CD31 CD34, CD62E,
CD105, VWF, CD141, CD144 and CD146). Overall our results provide insights into the fate
of normally shed endothelium and serve as a basis for evaluating numerous studies using
CECs as a biomarker in health and disease.
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Refer to Web version on PubMed Central for supplementary material.
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What is known about this topic?

. Endothelial cells shed from the blood vessel walls comprise a very rare
population in peripheral blood circulation.

. Multiple poorly validated schemes exist for the identification of
circulating endothelial cells (CECs) in human blood.

. CECs have been proposed as a marker to assess vascular injury.
What does this paper add?

. In a putative CD45~, CD344im [CD31Pright] 7-.AAD~ CEC population
we were unable to detect CD146 surface expression, a marker that has
been widely used to quantify CECs.

. Ultramicro analytical immunochemistry was used to validate the
endothelial phenotype of CD45-, (D344im CD146", 7-AAD™ cells in
healthy adults.

. FACS sorted cells isolated from whole blood with the phenotype

CD45-, CD344im CD146-, 7-AAD" still express CD146 protein when
examined as isolated membranes confirming the shedding of CD146
extracellular domain.

. The paper demonstrates that the majority of 7-AAD~ CECs in healthy
adults are nonviable cells whose RNA is not suitable for transcript
analysis illustrating the pitfall of relying on 7-AAD as a viability
marker.
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Figure 1. Four-colour flow cytometry evaluation of circulating endothelial cells (CECs) and
CD146 expression

A) Representative panel showing analysis gate used to exclude neutrophils, platelets, RBCs,
and debris. B) Distinct CD31 bright population outside of the CD45 positive mononuclear
cell population. C) CD31 bright identifies a distinct CD34 dim population. D) Overlay of the
unstained control cell population (green) in the fluorescence minus one (FMO) APC control
for CD34 APC vs CD45 V450. E) Mononuclear cell gate evaluated for CD146 staining
shows a small percentage of CD45 positive, CD146 positive events. F) Overlay of the
unstained control cell population (green) in the FMO PE control for CD146 PE vs CD45
V450. G) CEC gate evaluated for CD146 staining shows no CD146 staining. H) Overlay of
the unstained control cell population (green) in the FMO PE control for CD146 PE vs CD34
APC.
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Figure 2. Gating strategy for sorting circulating endothelial cells (CECs)
The mononuclear cell gate (A) and the viability gate (B) were combined to give a singlet

gate (C). All subsequent plots were derived from the singlegate. D) Determination of the
CD45 negative, CD34 dim CEC population used in the sort gates. E) Events inside the red
rectangle were collected as CD146 negative CECs while those inside the green rectangle
were collected as CD146 positive CECs.
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Figure 3. Diff-Quick™ images of Cytospin™ cell preparations (100x)

A) Cells from CD45 negative, CD34 dim, CD146 negative sort. A size marker is shown with
a platelet for comparison. B) Unsorted human umbilical vein endothelial cells freshly
isolated from culture. C) Human umbilical vein endothelial cells spiked into mononuclear
cell preparation and recovered by fluorescence-activated cell sorting.
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Figure 4. Fluorescent cell staining
A) Ulex Europeus Agglutinin-1 (UEA-1) stain; B) Von Willebrand factor (VWF) stain; C)

4’ 6-Diamidino-2-Phenylindole, Di lactate (DAPI) staining of a representative field at 20x;
D) UEA at 100x%; E) vVWF stain at 100x; F) Light micrograph of a typical CD45 negative,
CD34 dim, CD146 negative cell at 100x.
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Figure 5. Protein analysis of fluorescence-activated sorted cells by ultramicro analytical
immunochemistry

A) Seven endothelial cell markers were assayed on membrane proteins isolated from
circulating endothelial cells (CECs), human umbilical vein endothelial cells (HUVECSs) and
CD146 positive T cells. All seven endothelial cell markers were below the level of detection
(<0.2 fg/pg recovered protein) on the CD146 positive T cells. B) Four leukocyte markers,
two platelet markers and CD146 (expressed on both T cells and endothelial cells), were
assayed on membrane proteins isolated from CE Cs, HUVECs and CD146 positive T cells.
The leukocyte markers CD45, CD3, CD5 and CD122 were below the level of detection for
the assay (<0.2 fg/pg recovered protein) in both CECs and HUVECs. vWF=Von Willebrand
factor.
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Figure 6. Analysis of the RNA integrity and RT-PCR
A) An electrophoretic trace of a representative sample of tRNA isolated from 30,000

circulating endothelial cells (CECs) collected by fluorescence-activated cell sorting. B) An
electrophoretic trace of total RNA isolated from 20,000 human umbilical vein endothelial
cells (HUVECS) recovered by fluorescence-activated cell sorting. C) Only the HUVECs
were positive for all four endothelial cell mRNAs. A small amount of Von Willebrand factor
(VWF) message was found in two of the CEC RNA preparations tested. For each sample, 10
ul from a 25 pl PCR reaction was evaluated.
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