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Background: Circulating endothelial cells (CECs) and their subpopulations could be potential
novel biomarkers for various malignancies. However, reliable enumerable methods are warranted
to further improve their clinical utility. This study aimed to optimize a flow cytometric method
(FCM) assay for CECs and subpopulations in peripheral blood for patients with solid cancers.
Patients and methods: An FCM assay was used to detect and identify CECs. A panel of 60
blood samples, including 44 metastatic cancer patients and 16 healthy controls, were used in
this study. Some key issues of CEC enumeration, including sample material and anticoagulant
selection, optimal titration of antibodies, lysis/wash procedures of blood sample preparation,
conditions of sample storage, sufficient cell events to enhance the signal, fluorescence-minus-one
controls instead of isotype controls to reduce background noise, optimal selection of cell surface
markers, and evaluating the reproducibility of our method, were integrated and investigated.
Wilcoxon and Mann—Whitney U tests were used to determine statistically significant differences.
Results: In this validation study, we refined a five-color FCM method to detect CECs and their
subpopulations in peripheral blood of patients with solid tumors. Several key technical issues
regarding preanalytical elements, FCM data acquisition, and analysis were addressed. Further-
more, we clinically validated the utility of our method. The baseline levels of mature CECs,
endothelial progenitor cells, and activated CECs were higher in cancer patients than healthy
subjects (P<0.01). However, there was no significant difference in resting CEC levels between
healthy subjects and cancer patients (P=0.193).

Conclusion: We integrated and comprehensively addressed significant technical issues found
in previously published assays and validated the reproducibility and sensitivity of our proposed
method. Future work is required to explore the potential of our optimized method in clinical
oncologic applications.
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Background

Angiogenesis plays a crucial role in the development of various solid tumors,' and anti-
angiogenic therapy is a novel modality of cancer treatment.>> However, not all treated
patients benefit from anticancer drug therapy, which suggests the necessity of reliable
biomarkers to predict patient response to therapeutic agents and to estimate prognosis.®’
Theoretically, a biomarker from peripheral blood would be advantageous in routine
clinical practice. In fact, previous studies have indicated that circulating endothelial
cells (CECs) and their subpopulations may serve as potential cancer biomarkers.”8
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CECs are a rare cell population in peripheral blood with
endothelial characteristics. Based on biological status, several
CEC subpopulations may be detected in peripheral blood.
These CEC subpopulations include mature CECs (mCECs),
resting and activated CECs (rCECs and aCECs, respectively),
and endothelial progenitor cells (EPCs).” CECs contribute to
angiogenesis, and increased CEC levels have been reported in
patients with various malignancies. Kraan et al reviewed the
potential clinical applications of CECs in cancer treatment.®
For some malignancies, baseline CEC levels served as
biomarkers, and changes in their levels during treatment
accurately predicted patient outcome to antiangiogenic-based
therapy. The prognostic values of CECs and their subpopula-
tions in antiangiogenic therapy for prostate, colorectal, and
lung cancer patients have also been recently summarized.'%'2
These results implicated the enumeration of CECs and their
subpopulations as means to estimate prognosis and predict
patient response and benefit from antitumor treatments.
However, the role of CECs remains controversial due to
inconsistent reporting among different clinical studies in the
past few decades. For example, several studies have reported a
correlation between baseline CEC levels and progression-free
survival (PFS) in non-small cell lung cancer patients. Kawai-
shi et al indicated that patients who had a higher baseline CEC
count showed longer PFS," while Ilie et al suggested that
high baseline CEC count significantly correlated with shorter
PFS.' On the other hand, some researchers demonstrated
no significant correlation between baseline CEC levels and
PFS.'5'7 These conflicting reports may be attributed to the
lack of uniformity of the subjects studied, including blood
sample size, patient treatment, and disease stage. Also, most
importantly, there is little consensus on the immunophenotype
and detection of CECs and their subpopulations. Thus, it is
imperative to establish a promising and reliable method for
CEC detection and identification.

In clinical studies, multiparametric flow cytometry has
often been widely used for the enumeration of CECs and
their subpopulations, alongside the concurrent determination
of multiple stemness and endothelial markers. However, it
requires rigorous operation to maximize signal-to-noise ratio.
A plethora of published assays failed to comprehensively
address key technical issues regarding each individual aspect
of these methods and the excluded potential factors that may
reduce objective signal and enhance background noise. For
example, Hristov et al employed a lysis/no-wash procedure
to measure CECs, as it may have prevented potential cell
loss or activation during washing/centrifugation. However,
this inevitably increased the risk of blocking the fluid system

of the flow cytometer. Therefore, a comparison between a
lysis/no-wash and a lysis/wash procedure is necessary to
assess both negative and positive effects.!® Lanuti et al used
50 uL whole blood to detect CECs; however, for rare events,
this volume was not sufficient to record 1x10° total events to
ensure statistical analysis. Thus, it is essential to validate the
optimal volume of blood sample to be used for analysis."
The diverse application of various combinations of surface
markers, sampling, staining, lysis/wash, storage protocols, or
gating strategies among different groups has produced hetero-
geneous outcomes.'*2! Herein, we integrated and investigated
the key issues of each step of CEC enumeration, including
preanalytical factors, flow cytometric method (FCM) data
acquisition, and analysis, and we also attempted to establish a
feasible and reliable FCM protocol for enumeration of CECs
and their subpopulations in human peripheral blood.

Patients and methods

Subjects

The ethical committee of Shenzhen People Hospital approved
this study, and all patients provided written informed consent
prior to the study. Peripheral blood samples (2-5 mL) were
obtained from healthy individuals (n=16, age=29-73 years,
median age=45 years) and patients with different types of
solid tumors (n=44, age=31-81 years, median age=51 years),
including 16 patients with breast cancer, 12 with colorectal
cancer, 6 with lung cancer, and 10 with other cancers from
August 2016 to June 2017. Healthy individuals were not
subjected to any medication or treatment and received nor-
mal physical examinations at the hospital. Metastatic cancer
patients had previously undergone chemotherapy, but did
not receive anti-vascular endothelial growth factor therapy.

Blood sampling and storage

Peripheral blood (2 mL) was sampled in a 5 mL standard
vacutainer tube containing EDTA, heparin, or acid citrate
dextrose (ACD), according to different experimental require-
ments. The first 2 mL of blood drawn was discarded to prevent
the negative impact of venipuncture on CECs. Blood samples
were processed immediately after sampling or stored at 4°C
for various time points, as described below.

Antibodies for flow cytometry

Monoclonal antibodies (MoAbs) labeled with fluorochromes
were purchased from different companies (Table 1). MoAbs
with the most fluorescent and strongest binding fluorochromes
were selected to maximize signal-to-noise ratio. Conjugated
fluorochromes included peridinin chlorophyll A protein,
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Table | Antibody panel used for flow cytometric analysis of
CECs and their subpopulations

Antibody- Clone Vendors (catalog number)
fluorochrome

I1gG|-PerCP MOPC-21 BD Biosciences (559425)
I1gGI-APC-Cy7 MOPC-21 BioLegend (400127)
IgGI-PE 259D/C7 BD Biosciences (560082)
IgGI-APC IS5-21F5 Miltenyi Biotec (130092214)
IgGI-FITC H4B4 BD Biosciences (560946)
IgGI-PE-Cy7 MOPC-21 BiolLegend (400125)
CD34-PerCP 8GI2 BD Biosciences (340430)
CDA45-APC-Cy7 2DI BiolLegend (368516)
CD106-PE 51-10C9 BD Biosciences (555647)
CDI33-APC ACI33 Miltenyi Biotec (130090826)
CDI146-FITC PIHI12 BD Biosciences (560846)
KDR-PE-Cy7 7D4-6 BioLegend (35991 1)

Abbreviations: APC, allophycocyanin; CECs, circulating endothelial cells; FITC,
fluorescein isothiocyanate; KDR, kinase insert domain receptor; PE, phycoerythrin;
PerCP, peridinin chlorophyll A protein.

phycoerythrin (PE), fluorescein isothiocyanate (FITC),
allophycocyanin (APC), allophycocyanin—Cy7 (APC-Cy7),
and phycoerythrin—Cy7 (PE—Cy7). Peridinin chlorophyll A
protein-conjugated anti-CD34, PE-conjugated anti-CD106,
and FITC-conjugated anti-CD146, along with their 1gG1
isotypes, were purchased from BD Biosciences (San Jose,
CA, USA). APC-conjugated anti-CD133 and its IgG1 isotype
were purchased from Miltenyi Biotec (Bisley, UK). APC—
Cy7-conjugated anti-CD45, PE-Cy7-conjugated anti-kinase
insert domain receptor (KDR), and their IgG1 isotypes were
purchased from BioLegend (San Jose, CA, USA). To increase
the signal and reduce background noise, Fc receptors were
used to minimize nonspecific staining by antibody binding,
and erythrocytes were depleted using a commercially available
reagent (lysing solution, BD Biosciences). For all staining
and washing steps, cells were kept in PBS supplemented with
0.5% bovine serum albumin and 2 mM EDTA.

Immunostaining and flow cytometric
analysis

Peripheral blood samples were distributed into 5 mL polypro-
pylene tubes (BD Biosciences) and centrifuged at 500x g for
10 min at 4°C. The upper plasma phase was removed with
a 1 mL pipette. Subsequently, Fc receptor-blocking reagent
was added at a final concentration of 1 pg/mL. Samples were
then incubated with a panel of MoAbs for 30 min at room
temperature in the dark, and same conditions were applied
to samples stained with the appropriate isotype control anti-
bodies and fluorescence-minus-one (FMO) controls. For the
lysis/wash step, stained samples were subjected to red blood

cell (RBC) lysis in 5 mL lysis solution (BD Biosciences) and
incubated for 8 min at room temperature. Samples were then
washed twice with 5 mL cold PBS. Alternatively, for the lysis/
no-wash step, cell pellets after centrifugation were directly
resuspended without washing in 1 mL PBS for immediate
flow cytometric analysis. An FACS Canto II (BD Biosciences)
analyzer and BD FACSDiva analysis software were used to
enumerate and analyze CECs and subpopulations.

Statistical analysis

Statistical analyses were performed using SPSS (Version 20.0;
IBM Corporation, Armonk, NY, USA), Prism™ (GraphPad
Software, Inc., La Jolla, CA, USA), and MedCalc for Win-
dows (Version 17.8; MedCalc, Ostend, Belgium) software.
Most of the analyzed data were not normally distributed;
hence, the Wilcoxon test was used to determine statistical
significance of differences between different anticoagu-
lants, lysis/wash versus lysis/no-wash procedures of blood
sample preparation, the stability of fresh versus stored blood
samples, and the number and variability of CECs and their
subpopulations between different sample volumes and CEC
markers. Regression analysis and Bland—Altman plots were
used for reproducibility tests. The Mann—Whitney U test was
employed to validate statistical significance of differences
in the number of CECs and their subpopulations between
peripheral blood samples collected from cancer patients
and healthy controls. All statistical tests were two-sided, and
P<0.05 was considered statistically significant. Results are
expressed as mean + SD, unless otherwise specified.

Results

In human studies, the quantification of CECs and their sub-
populations by multiparametric flow cytometry has focused
on a combination of multiple antigens targeting both stemness
and endothelial phenotypes. Rare-event analysis has been
subjected to background noise, which may lead to false posi-
tives. Consequently, signal enhancement and noise reduction
are critical. Hence, several preanalytical elements, FCM data
acquisition, and analysis steps must be carefully considered if
one aims to establish a reliable and reproducible enumeration
method. In this study, we addressed the most critical issues
relevant to each individual step, as shown in Figure 1.

Preanalysis

Sample material and anticoagulant selection

CECs have been measured from whole blood and peripheral
blood mononuclear cells (PBMCs) using density gradient
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Blood sampling

Preanalysis
Immunostaining
RBC lysis and wash
Acquisition
Storing
Flow cytometry
Analysis

Data analysis

-Sample material
-Anticoagulant choice

-Antibody titration

-Lysis/wash and lysis/no-
wash procedures

-Fresh and stored samples

-Blood volume tests
-Negative controls
-Proper markers selection

-Gating strategies
-Reproducibility tests
-Clinical validation

Figure | Overview of the quantification of CECs and their subpopulations by flow cytometry.
Notes: Left part (brown): three stages of CEC enumeration. Middle part (blue): the main steps taken for flow cytometry. Right part (cyan): critical issues relevant to each

individual step of the method.
Abbreviations: CECs, circulating endothelial cells; RBC, red blood cell.

centrifugation, or from antibody-positive, such as CD146+,
cells using magnetically labeled beads prior to flow cytom-
etry. Discrepancies between these approaches have been
reported; more specifically, whole blood samples have been
reported to yield the highest CEC counts due to cell loss
observed in the other approaches.?> Moreover, the speed
(>1x10° events collected per minute) of current multipara-
metric flow cytometers enables viability and efficiency of
using whole blood as the sample material. Thus, we chose
to use whole blood in our optimized method.

We discarded the first 2 mL of sampled blood to prevent
contamination by endothelial cells obtained during venipunc-
ture. Blood from the same cancer patient was collected in
tubes containing one of three anticoagulants, EDTA, heparin,
or ACD. However, few reports have characterized the effects
of these anticoagulants on CEC enumeration. Therefore, in
this study, we obtained three replicates of each anticoagulant
on blood samples from three patients, totaling 27 samples,
to investigate their differences. As shown in Figure 2, the
percentages of mononuclear cells (MNCs) were similar
among the three anticoagulants (P>0.05), indicating CEC
enumeration was acceptable with any anticoagulant. We
selected to use blood collection tubes containing EDTA to
maintain consistency with EDTA already present in the RBC
lysis buffer described later.
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Figure 2 Comparison of the effects of three anticoagulants on the enumeration
of CECs.

Note: Wilcoxon test was used to analyze data.

Abbreviations: ACD, acid citrate dextrose; CECs, circulating endothelial cells;
MNCs, mononuclear cells.

Titration of antibodies

Although the operating manual of each antibody recom-
mended an optimal concentration, we still validated their
dose dependence by serial titration prior to them being used
for detection of CECs and their subpopulations. Three rep-
licates of blood samples from three cancer patients, totaling
27 samples, were obtained to investigate their differences.
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As shown in Figure 3, where the X-axis denotes serial
titration of recommended concentrations of each antibody
and the Y-axis denotes the percentage of antibody-positive
cells in MNC:s, signals varied between different antibodies.
Some markers, such as CD34 and CD106, were typically
dose dependent and reached saturation at a high dosage.
The signals obtained from CD133 and KDR, also known
as vascular endothelial growth factor receptor 2, produced
multiple peaks at different high antibody dosages. CD45
and CD146 signals followed a parabolic-shaped curve and
reached saturation at the recommended antibody concentra-
tion. These results illustrated that the optimal concentration
of each antibody was not, in fact, always in accordance with
the vendor’s recommendation, thus highlighting the neces-
sity of validation prior to usage.

CD34-PerCP

Lysis/wash versus lysis/no-wash

procedures of blood sample preparation
The depletion of erythrocytes was essential to ensure accu-
rate data acquisition in rare-event analysis. Moreover, some
researchers have advocated a lysis/no-wash protocol in place
of a lysis/wash step to reduce sample manipulation and
improve cell yield. Contrastingly, washing led to systematic
cell loss, while no washing decreased the signal-to-noise
ratio; therefore, both required investigation.

We investigated the profile of MNCs using different pro-
cedures. We obtained three replicates of each procedure on
blood samples from six cancer patients, totaling 36 samples.
In samples subjected to the lysis/no-wash step, lymphocyte
and monocyte populations were still detected on the Forward
Scatter-A (FSC-A) versus Side Scatter-A plot (Figure 4B).

CD106-PE CD133-APC
0.08 0.08 0.15
0.06 0.06
o 0.10
2 g g
=004 Z0.04 =
£ £ £
X X ES
0.05
0.02 0.02
0.00 0.00 0.00
00 05 10 15 20 25 00 05 10 15 20 25 00 05 10 15 20 25
Dilution Dilution Dilution
CD146-FITC CD45-APC-Cy7 KDR-PE-Cy7
0.30 100 0.08
0.25 % 0.06
£ 020 £ £ 0.04
X X 9% X
0.15 0.02
92
0.10 90 0.00
00 05 10 15 20 25 0 1 2 3 4 5 0 1 2 3 4 5
Dilution Dilution Dilution

Figure 3 Titration of each individual antibody.

Notes: The color dots (red, pink, green, purple, yellow, and orange) represent each individual antibody’s recommended concentration by the vendors. One hundred
microliters of blood samples was stained using 20 pL of each of the following antibodies without dilution: CD34-PerCP (50 pg/mL), CD106-PE (25 ug/mL), CD133-APC (50
pg/mL), CD146-FITC (25 pg/mL), CD45-APC-Cy7 (100 pg/mL), and KDR-PE-Cy7 (400 ug/mL).

Abbreviations: APC, allophycocyanin; FITC, fluorescein isothiocyanate; KDR, kinase insert domain receptor; MNC, mononuclear cell; PE, phycoerythrin; PerCP, peridinin

chlorophyll A protein.
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Figure 4 Lysis/no-wash versus lysis/wash procedures of blood sample preparation.

SSC-A SSC-A

Notes: (A) Scatter plot of samples treated with lysis/wash procedure. (B) Scatter plot of samples treated with lysis/no-wash procedure. (C) The abundance of CD 133+
cells in MNCs treated with lysis/wash procedure. (D) The abundance of CD 133+ cells in MNCs treated with lysis/no-wash procedure. (E) The abundance of CD 146+ cells
in MNCs treated with lysis/wash procedure. (F) The abundance of CD 146+ cells in MNCs treated with lysis/no-wash procedure. Data were analyzed by Wilcoxon signed-

rank test.

Abbreviations: APC, allophycocyanin; FITC, fluorescein isothiocyanate; FSC-A, Forward Scatter; MNCs, mononuclear cells; SSC-A, Side Scatter.

However, they were not as equally distributed as the profile
of samples treated with the lysis/wash step (Figure 4A).
The percentages of lymphocyte and monocyte subpopu-
lations in the FSC-A versus Side Scatter-A also slightly
decreased (14.27%+8.18% versus 16.41%%9.66%, P=0.28;
7.11%+2.17% versus 8.48%+2.02%, P=0.06). However,
the abundance of CD133+ cells, representative of stem cell
markers (0.10%%0.08% versus 0.17%+0.16%, P=0.11), and
CD146+ cells, representative of endothelial-specific markers
(0.18%:0.10% versus 0.22%0.10%, P=0.054), enumerated
by both methods were similar (Figure 4). Additionally, it was
noted that the blood samples prepared by the lysis/no-wash
approach frequently blocked the fluid system in the flow
cytometer, thus increasing the time required to acquire a
given number of events.

Stability of fresh versus stored blood
samples

In clinical practice, blood samples have always been col-
lected from patients at various time points during the day,
and it has been difficult to immediately examine such blood

after sampling. Therefore, we investigated the effect and
stability of stored blood samples from cancer patients on the
enumeration of CECs. In this study, the number of CECs
and their subpopulations in fresh blood samples obtained
from nine patients was measured after storing for 0, 24,
and 48 h at 4°C. As shown in Figure S1, the percentage
of lymphocytes remained equal at all time points, while
the percentage of monocytes significantly decreased at 24
and 48 h. Furthermore, the number of each CEC subset
decreased dramatically after storage for 24 and 48 h (Figure
5; Figure S2). For example, the number of mCECs in fresh
blood samples at 0 h was 30.3326.46 cells/mL, but it sig-
nificantly decreased to 16.44+5.96 cells/mL (P=0.009) and
10.00£3.00 cells/mL (P=0.001) after storage for 24 and 48
h, respectively. Similar results were observed for the number
of EPCs, aCECs, and rCECs in stored blood samples. These
results reveal the shortcoming of CEC enumeration in the
clinic due to short-term storage of blood samples, supporting
the necessity to further analyze previously reported buffer
systems that stabilized CEC viability and numbers in stored
blood samples.?
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Figure 5 Stability analysis of CECs and their subpopulations in fresh and stored blood samples.
Note: The numbers of CECs and their subpopulations were quantified and analyzed after storage for 0, 24, and 48 h.
Abbreviations: aCECs, activated CECs; CECs, circulating endothelial cells; EPC, endothelial progenitor cells; mCECs, mature CECs; rCECs, resting CECs.

FCM data acquisition

For rare-event analysis, it was critical to optimize the
signal-to-noise ratio, because the signal decreased with
decreasing cell events acquired and false positives arose
from autofluorescence or nonspecific binding of antibodies.
Cytometer photomultiplier tube voltages and fluorescence
compensation were adjusted accordingly for subsequent
analysis.

Signal enhancement and acquisition of sufficient cell
events

Acquiring adequate cell events was required for the detec-
tion of rare events. Low volumes of whole blood, such as

0.1 or 0.2 mL, that were routinely used to analyze com-
mon cells including circulating CD4+ T-helper cells, were
not recommended. At least 1x10°-2x10° cell events were
obtained to ensure statistical analysis of CECs. The tradi-
tional immunomagnetic separation method used at least 1
mL of whole blood to quantify CECs.??* In this study, we
compared the number and variability of CECs and their
subpopulations between different volumes of whole blood
from cancer patients. As shown in Table 2, a total of 1.0x10°
cell events were achieved using both 1.0 and 0.5 mL blood
sample volumes. When normalized, the number of total cell
events, CECs, and their subpopulations had no significant
differences (P>0.05). Therefore, 0.5 mL whole blood was
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sufficient to measure CECs and their subpopulations, given
sufficient cell events. However, it was noted that the vari-
ability (An%) of CECs and their subpopulations between
0.5 and 1.0 mL whole blood was somewhat high.

FMO versus isotype controls as negative controls
Reduction of background noise has been demonstrated to
mitigate false positives. Optimal controls for background
subtraction were required for detection of fluorescent-asso-
ciated rare events due to noise created by autofluorescence
and nonspecific binding of antibodies to cells. In this study,
we compared the utilization of FMO controls, which consist
of all antibodies in a panel minus the one being measured,
to isotype controls. The effect of using each type of control
on the measured event frequency was examined by FCM
analysis of MNCs. For example, in Figure 6, the negative
threshold of the isotype controls was higher than FMO
controls on each single channel, possibly due to nonspecific
binding and/or fluorescent contamination. When tandem
fluorophores, such as PE-Cy7, were employed, isotype con-
trols showed relatively higher background noise (Figure 6).
Thus, gating with FMO controls decreased the frequency
of false positives.

Selection of the appropriate number of cell surface
markers

Increasing the complexity of combined antigens used has
provided more precise enumeration of CECs and their sub-
populations in the past, but this complexity has also lowered
reproducibility, thus limiting the utility of CECs in clinical
practice. For example, to detect mCEC:s, at least one positive
endothelial cell marker and one negative progenitor marker
would need to be selected. CD34 and CD133 are the most
common progenitor cell markers, while CD31, CD146,
and KDR are the most common endothelial cell markers in
humans. Theoretically, the more endothelial and progenitor
cell markers used in combination, the more accurate the
identification of mCECs would be. However, this study
demonstrated that this is not necessarily the case. Our results
indicated that the detection threshold was inevitably low, and
the variability was substantially increased after selection of
an additional marker (Figure 7A). In this study, 15 cancer
patients were recruited to evaluate the detection threshold of
each combination of antigens. As the expression of CD146
is higher than KDR on mature cells, CD133—/KDR+ cells
were rarer than CD133—/CD146+ cells in this cohort (P<0.01;
Figure 7B). More importantly, the intersection of these two

Table 2 Comparison of the numbers and variabilities of CECs and their subpopulations between different volumes of whole blood

CEC subpopulations I mL (n=20) 0.5 mLx2 (n=20) An% (0.5 mLx2 versus | mL) P-value
Total cells (x10%mL) 2.33+0.61 2.71£1.11 16.27+21.69% 0.337
mCECs 38.05+23.08 42.75+15.58 12.35+32.48% 0.113
EPCs 20.50+11.10 23.20+13.18 13.17£18.71% 0.533
aCECs 25.70+12.38 33.70+14.28 31.13£15.35% 0.070
rCECs 12.35+15.08 9.05+9.36 —26.72£7.97% 0.385

Notes: Data are presented as mean + SD. *P<0.05; An= (2*the number of 0.5 mL blood sample — the number of 1.0 mL blood sample)/the number of | mL blood

sample*|00%. Data were analyzed by the Wilcoxon test.

Abbreviations: aCECs, activated CECs; CECs, circulating endothelial cells; EPC, endothelial progenitor cells; mCECs, mature CECs; rCECs, resting CECs.
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Figure 7 Putative antigenic phenotype of mCECs.

Notes: (A) A wide range of markers, including CD34+, CD133—, CD 146+, and KDR+, are used to define the phenotype of mCECs. (B) The overlaps between different
markers represent the detection threshold of each antigenic combination. *P<0.05; **P<0.01. Wilcoxon test was used to analyze data.
Abbreviations: CECs, circulating endothelial cells; KDR, kinase insert domain receptor; mCECs, mature CECs.

combinations, CD133—/CD146+/KDR+, presented a restric-
tive mCEC phenotype that was rarely observed in circula-
tion and considered identifiable. As a result, the CD133—/
CD146+ antigen combination was concluded as the optimal
putative antigenic phenotype of mCECs, consistent with
previous reports.

FCM analysis

After resolving key technical issues as previously described,
we finally established an optimized multiparametric FCM
to detect CECs and their subpopulations. Furthermore, key
issues regarding the reproducibility and clinical validation of
the method were addressed to ensure robust data collection
and analysis.

Gating strategies for the measurement of CECs and
their subpopulations

Fresh whole blood samples (1 mL) were collected in tubes
containing EDTA and immediately stained with the optimized
combination of antigens. The lysis/wash step was performed to
remove the RBCs and increase the signal-to-noise ratio. Gat-
ing with FMO controls, instead of isotype controls, decreased
the frequency of false positives. mCECs were defined as
CD34+/CD45—/CD13—-/CD146+; EPCs were identified as
CD34+/CD45—/CD146+/CD133+; rCECs were identified as
CD34+/CD45-/CD146+/CD106—; and aCECs were deter-
mined as CD344/CD45—/CD146+/CD106+. Inflammatory
cytokines such as interleukin-1 or tumor necrosis factor-o
induce endothelial cells surface expression of CD106, also
known as VCAM-1, which plays a vital role in a wide range
of pathological processes involving tumor invasion and metas-
tasis.”> CECs and their subpopulations were identified using
successive gates, as shown in Figure 8. After the adjustment

of cytometer photomultiplier tube voltages and fluorescence
compensation, an initial step, which gated for large cells
and clumps of cells that produced strong autofluorescence,
was based on doublet gating via FSC-A/Forward Scatter-H
(FSC-H) plot (Figure 8A). The MNCs gate excluded debris,
dead cells, platelets, and granulocytes (Figure 8B). Next, a
gate was applied on CD45— events to exclude hematopoietic
cells (Figure 8C). FMO controls were set as negative controls
to determine background fluorescence (Figure 8D). CD34+
cells were gated for further analysis (Figure 8E). CD133-
APC/CD146-FITC plots were applied for the enumeration of
mCECs and EPCs (Figure 8E), and CD106-PE/CD146-FITC
plots were applied to enumerate aCECs and rCECs (Figure 8F).

Reproducibility tests of the method

To evaluate the reproducibility of our optimized method,
we examined the variability of CEC counts obtained from
two duplicate test tubes of the same sample. In this study,
14 cancer patients were enrolled and the absolute number of
CECs and their subpopulations was measured. As shown in
Figure 9, regression analysis indicated that there was a strong
association between two duplicate test tubes (P<0.0001,
R>>0.900), among each CEC subset. Figure 10 illustrates
the corresponding Bland—Altman plots. There were no
significant differences between the CEC counts of the two
duplicate test tubes.

Clinical validation: comparing CEC enumeration in
cancer patients versus healthy controls

Next, we compared the number of CECs and their subpopu-
lations between cancer patients and healthy individuals to
validate the clinical utility of our method. In this study, 44
cancer patients and 16 healthy individuals were recruited.
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Figure 8 Gating strategies for analysis of CECs and their subpopulations.

CD146-FITC

CD146-FITC

Notes: (A) Singlet gate used to get rid of large cells and clumps of cells. (B) MNCs gate used to exclude debris, dead cells, platelets, and granulocytes. (C) Gate used to
exclude hematopoietic cells coexpressing CD45 antigen. (D) FMO controls were set as negative controls. (E) Gate made to depict CD34+ cells. (F) CD34+ cells were
stained with CD133 and CD 146 to define EPC and mCEC, respectively. (G) aCEC and rCEC were further defined by the addition of CD106.
Abbreviations: aCECs, activated CECs; APC, allophycocyanin; CECs, circulating endothelial cells; EPCs, endothelial progenitor cells; FITC, fluorescein isothiocyanate; FMO,
fluorescence-minus-one; FSC-A, Forward Scatter; mCECs, mature CECs; MNCs, mononuclear cells; rCECs, resting CEC; SSC-A, Side Scatter.

As shown in Table 3, significantly higher baseline levels of
CECs and their subpopulations were measured in cancer
patients, compared to healthy subjects. In detail, mCECs were
24.5018.28 cells/mL in healthy subjects and 48.95+38.00
cells/mL in cancer patients (P=0.001); EPCs were 10.25+8.32
cells/mL in healthy subjects and 21.30£14.50 cells/mL in
cancer patients (P=0.009); and aCECs were 15.7517.08 cells/
mL in healthy subjects and 30.59+17.80 cells/mL in cancer
patients (P=0.001). There was no significant difference in
rCEC levels between healthy subjects and cancer patients
(8.75+7.11 versus 18.36127.66 cell/mL, P=0.193).

Moreover, we preliminarily compared the variations
between these different cancer types. The numbers of EPC
in breast cancer and others were significantly different
compared to healthy controls, whereas the total number of
CECs in colorectal and lung cancer patients was similar to
controls (Figure S3). Similar results were observed for mCEC
and aCEC. Otherwise, there was no significant difference in
rCEC levels between healthy subjects and different cancer
types. Furthermore, we investigated the differences at dif-
ferent stages of cancer. As shown in Figure S4, the numbers
of EPC, mCEC, and aCEC were significantly increased in
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patients with metastatic cancers compared to healthy controls.
The numbers of mCEC and aCEC were also significantly
increased in non-metastatic cancers compared with healthy
controls. However, there was no difference between meta-
static and non-metastatic cancers.

Discussion

In this study, we optimized a five-color FCM method to mea-
sure CECs and their subpopulations in peripheral blood of
patients with solid tumors by addressing several key technical
issues. We investigated and integrated resolutions to preana-
lytical issues, including sample material and anticoagulant
selection, titration of antibodies, comparison of lysis/no-wash
versus lysis/wash procedures during blood sample preparation,

and the stability of fresh and stored blood samples. Regarding
FCM data acquisition, we focused on signal enhancement and
background noise reduction. Acquiring sufficient cell events
increased the signal measured, and gating with FMO controls
as negative controls, in place of isotype controls, reduced
background noise. Moreover, the utilization of an optimal
number of cell surface markers improved the identification
and quantification of CECs and their subpopulations. Finally,
issues concerning FCM analysis were addressed by evaluating
the reproducibility of our method.

Firstly, we selected whole blood instead of PBMCs
or antibody-labeled cells as sample material for further
analysis. The isolation of PBMCs by density gradient cen-
trifugation led to significant cell loss.?® During enrichment
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Table 3 Comparison of the numbers of CECs and their
subpopulations in cancer patients and healthy controls

Subpopulations Patients Healthy controls P-value
(n=44) (n=16)

mCECs 48.95+38.00 24.50+8.28 0.001™

EPCs 21.30£14.50 10.25+8.32 0.009"

aCECs 30.59+17.80 15.75+7.08 0.001™

rCECs 18.361+27.66 8.7517.11 0.193

Notes: Data are presented as mean = SD. *P<0.01. Data were analyzed by the
Mann—-Whitney test.

Abbreviations: aCECs, activated CECs; CECs, circulating endothelial cells; EPC,
endothelial progenitor cells; mCECs, mature CECs; rCECs, resting CECs.

of antibody-labeled cells, such as CD34+ cells, via magneti-
cally labeled beads, cells with weaker signal were lost. Fur-
thermore, the high performance of current multiparametric
flow cytometers enabled higher practicality and efficiency
in using whole blood as the sample material.??> Different
anticoagulants have been used in the sample preparation
of various previous studies;?”?® however, it was unknown
whether the selection of anticoagulant affected enumera-
tion of CECs. Nicholson and Green observed that between
samples collected in EDTA-, ACD-, and heparin-containing
tubes, lymphocyte immunophenotyping results were not
significantly different, aside from a small difference due to

EDTA at 48 h.* Jamsa et al indicated that ACD and hepa-
rin affected flow cytometric analysis of leukocyte surface
antigens similarly.*® Therefore, previous evidence supported
that there was no significant difference between using these
three anticoagulants. Furthermore, the percentage of MNCs
was similar among the three anticoagulants, indicating the
enumeration of CECs was accurate regardless of the antico-
agulant. We selected EDTA as the anticoagulant to be used
in our analyses to remain consistent with EDTA presence in
the RBC lysis buffer, as recommended by the manufacturer.

Due to the heterogeneity of CECs and their subpopula-
tions, immunostaining of multiple cell surface markers was
required for accurate CEC enumeration.® Although the ven-
dors of the antibodies recommended working concentrations
of each antibody, we validated the concentrations through
titration experiments prior to use. Despite previous studies,?
this study indicated that the immunostaining efficiency of
each antibody was highly variable, as shown in Figure 3,
and the optimal concentrations did not necessarily coincide
with the manufacturer’s recommendations. Dose titration
tests before FCM analysis were, therefore, necessary and
would be beneficial for establishing a reasonable strategy
prior to analysis.
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Some researchers previously advocated that a lysis/no-
wash procedure was required when absolute cell counts,
such as CD34+ hematopoietic stem cells, were measured.’!
However, in rare-event analysis, the elimination of RBCs
is necessary to enhance signal detection of targeted cells.
Usually, there are two ways to exclude RBCs: centrifugation
methods such as using Cell Preparation Tube (BD) to remove
the RBC population and direct lysis of RBCs using lysing
solutions. CPT can decrease the complexity of steps for MNC
cell separation, thereby minimizing variability from sample
processing. For rare-event analysis, improving the cell yield
is required and one-step centrifugation method may help
to achieve this goal. In addition, the washing step reduces
nonspecific fluorescence, which is advantageous despite the
potential for cell loss due to additional sample manipulation.
We compared the lysis/no-wash and lysis/wash procedures in
blood sample preparation and observed that there was no sig-
nificant negative effect of the washing step, whereas the lysis/
no-wash step resulted in blockage of the flow cytometer fluid.

Fresh blood samples provide the most optimal condi-
tions for CEC enumeration, but we investigated the effect
and stability of stored samples due to their abundance in
clinical practice. Studies have demonstrated that storage
time of samples influenced the intensity of fluorescence of
surface markers.?”* In this study, we validated this observa-
tion, showing that CEC subset counts decreased significantly
after short-term storage at 24 and 48 h. To overcome this
limitation, stabilizer reagents, such as TransFix (Cytomark,
Buckingham, UK), may be utilized in the collection of blood
samples to prolong stability and storage time.?

Maximizing the signal-to-noise ratio, while reducing
false positives, is essential for accurate CEC enumeration. An
adequate number of cell events are required for the detection
of rare events. Some studies previously used low volumes
of whole blood, such as 0.1 or 0.2 mL, to analyze CECs,
which actually increased the coefficient of variation of CEC
counts.**** QOur results reported that at least 0.5 mL whole
blood was sufficient to efficiently measure CECs. Optimal
negative controls were necessary to assess background
noise in rare-event analysis. Fluorochrome-matched isotype
controls did not accurately measure nonspecific antibody
binding, and it was previously reported that the same cell
populations were stained, at varying levels, by different
isotype controls.’> Alternatively, we demonstrated that FMO
controls were more beneficial in delineating the threshold for
antibody positivity. Gating with FMO controls decreased the
frequency of false positives and was necessary to accurately
identify positive cells in fully stained samples, following

multicolor flow cytometry. In theory, the more endothelial
and stemness markers used to detect cells, the more precise
the identification of CECs and their subpopulations. In real-
ity, our results showed that the addition of markers, such
as KDR, significantly decreased the number of cell events,
leading to a high standard error of the mean.** Moreover,
studies demonstrated that increased complexity of the com-
bined antigens did not necessarily improve the detection
performance in daily clinical practice, despite being more
specific.* Fadini et al advised that “simplified” biomarkers
were more clinically feasible.?’

Altogether, we established a five-color FCM to detect
CECs and their subpopulations. To evaluate the reliability
of our method, we tested its reproducibility by comparing
duplicates of samples from 14 cancer patients. There was
a strong association between the duplicates of each subset
(P<0.0001, R>>0.900). Next, we clinically validated the
utility of our method. As shown in Table 3, significantly
higher baseline levels of CECs and their subpopulations,
except rCECs, were measured in cancer patients compared to
healthy subjects. Median mCEC values in cancer patients and
healthy subjects were 48.95+38.00 and 24.50+8.28 cells/mL,
respectively, which were consistent with the values reported
by other groups.**3® Further, we examined the levels of CEC
subpopulations in the different sample groups and observed
that aCECs and EPCs, but not rCECs, were significantly
increased in cancer patients compared to healthy individu-
als. We also investigated differences in different types and
stages of cancer and found that levels of CECs and their
subpopulations were significantly different between various
types and stages of cancer. However, it was noted that, due
to the limitation in the number of each type and stage of can-
cer patients recruited, we did not certainly address whether
levels of CECs and their subpopulations significantly varied
between different types and stages of cancer. Mancuso et al*!
and Jacques et al?® provided evidences that levels of CECs
and their subpopulations were significantly different among
them, but more investigation is required. Therefore, these
results demonstrated the clinical application of our method.

There are several limitations and issues that we did not
discuss in the current study. First, whether FCM analysis of
CECs would benefit from the use of a cell viability stain,
such as 7-aminoactinomycin D, remains a question. The
addition of a cell viability dye may facilitate the exclusion of
unlysed erythrocytes, platelets, aggregates, and endothelial
microparticles from the analysis and, to some extent, resolve
the discrepancies of CEC enumeration between different FCM
methods. However, an FCM staining strategy that includes a
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cell viability dye will only consider viable CECs, which may
lead to an underestimation of CEC levels, although it should
be noted that researchers such as Wong et al demonstrated that
the levels of CECs did not significantly differ when analyzed
with or without the addition of 7-aminoactinomycin D.3%%
Second, most published FCM assays, including this study,
utilized common progenitor and endothelial markers, such
as CD34, CD133, and CD146, to identify CECs and their
subpopulations, with only a few novel markers being inves-
tigated. Mancuso et al identified a subpopulation of CECs
that expressed CD109, which was implicated as a potential
prognostic factor for glioblastoma patients.*! More impor-
tantly, many tumor endothelial markers have been identified
through genomic studies that distinguished antigens enriched
in tumors from nonmalignant endothelia, thereby making it
possible to identify CEC subpopulations that more closely
reflect the pathological state of angiogenesis.*>** For example,
Kraan et al identified a tumor-associated endothelial marker,
CD276, by comparing the antigen expression of normal and
tumor tissue-derived endothelial cells, and CD276+ CECs
were significantly higher in patients with advanced cancers.*
Mehran et al observed that circulating TEM+ endothelial cells
may serve as more specific markers for cancer prognosis and
tumor response than standard CECs.* In addition, Jin et al
revealed that 28 proteins were upregulated in tumor-derived
endothelial cells through comparative proteomics analysis, of
which transgelin-2 was implicated as a potential biomarker
for tumor angiogenesis.* These observations extended our
knowledge and understanding of generalized CECs and must
be explored further. Finally, in this study, only patients with
solid tumors were recruited and hematologic malignancies
such as leukemia were not included. Wierzbowska et al**
and Zahran et al®* observed that the levels of CECs and
their subpopulations were higher in acute myeloid leukemia
and correlate with disease status and response to treatment.
Rigolin et al*” and Gora-Tybor et al* found that higher levels
of CECs were identified in patients with chronic lymphocytic
leukemia compared to controls. Godoy et al** concluded
that the number of CECs was increased in chronic myeloid
leukemia. All of these researches also used FCM methods to
measure CECs and their subpopulations; however, whether
our method could be applied to hematologic malignancies
such as leukemia remains to be investigated and validated.

Conclusion

There is significant interest and progress in the development
of CECs and their subpopulations as potential diagnostic
biomarkers; however, the lack of a well-standardized defini-
tion and measurement of CECs limits their clinical utility.

Our study integrated comprehensive resolutions to critical
technical issues that previously published assays failed to
address in FCM analysis of CECs. We demonstrated that our
results would be instrumental in the optimal enumeration
and characterization of CECs in solid tumors. Our findings
provide a clinically feasible and robust method for FCM
analysis of CECs and their subpopulations and contribute to
the potential application of this method in clinical oncology.
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Figure S1 Comparison of the percentages of lymphocytes and monocytes at 0, 24, and 48 h.
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Figure S2 Stability analysis of CECs and their subpopulations after storage for 0, 24, and 48 h. Wilcoxon test was used to analyze data.
Abbreviations: aCECs, activated CECs; CECs, circulating endothelial cells; EPC, endothelial progenitor cells; mCECs, mature CECs; rCECs, resting CECs.
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Figure S3 Comparison of the variations of CECs and their subpopulations between different cancer types.
Abbreviations: aCECs, activated CECs; CECs, circulating endothelial cells; EPC, endothelial progenitor cells; mCECs, mature CECs; rCECs, resting CECs.
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Figure S4 Comparison of the differences in CECs and their subpopulations at different stages of cancer.
Abbreviations: aCECs, activated CECs; CECs, circulating endothelial cells; EPC, endothelial progenitor cells; mCECs, mature CECs; rCECs, resting CECs.
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