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Abstract
Endothelial dysfunction has been implicated in atherosclerosis, ischemic heart disease, and stroke. Endothelial progenitor cells
(EPCs), found in the bone marrow and peripheral blood as rare cell population, demonstrated a high proliferation and differen-
tiation capacity. Understanding how such diseases influence the quantity and functionality of EPCs is essential for the develop-
ment of novel therapies. This study aims to investigate the factors that affect the quantity and functionality of circulating EPCs in
stroke patients and healthy controls. Blood samples were collected once from healthy donors (n = 30) and up to 3 times (within
7 days (baseline), 3 and 12 months post-stroke) from stroke patients (n = 207). EPC subpopulations were isolated with flow
cytometry for characterization. The Matrigel tubular formation assay was performed as a measure of functionality. An increased
amount of circulating EPCs was observed in stroke patients over 45 years when compared to age-matched healthy individuals.
EPCs showed a rising trend in stroke patients over the 12-month post-stroke period, reaching statistical significance at 12 months
post-stroke. Isolated CD34+KDR+ cells from stroke patients showed impairment in tubular formation capability when compared
to cells from healthy donors. The quantity and vasculogenic function of circulating EPCs in peripheral blood have been
effectively evaluated in stroke patients and healthy control donors in this study. Age and stroke are found to be 2 influencing
factors on the angiogenic capacity. It is suggested that the increase in EPC number is triggered by the recovery response following
ischemic stroke.

Keywords Endothelial progenitor cells . Ischemic stroke . Matrigel assay . Tubular formation . Flow cytometry . Vasculogenic
function

Introduction

Ischemic stroke (IS) is one of the vascular diseases that are
being studied with strong interest. IS, also termed as cerebral

infarction, is defined as local blood supply obstruction leading
to cerebral anoxia, ischemic necrosis and subsequent apopto-
tic cell death accompanied by the loss of neurological func-
tions [1]. Most IS are triggered by atherosclerosis, which is
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caused by endothelial dysfunction (EDF) affecting the inner
layer of vessels [2–4]. The causative factor and/or promoting
mechanism of atherosclerosis is the effective reduction of ni-
tric oxide (NO) availability, and it requires an early therapeu-
tic intervention for the recovery of EDF. EDF therapy includes
1) the use of pharmacological drugs, such as beta blockers,
calcium channel blockers, erythropoietin, renin-angiotensin
inhibitors [5, 6] and/or 2) a non-pharmacological therapy ap-
proach in the form of lifestyle changes such as aerobic exer-
cise and healthy diet [7]. IS has been shown to have a higher
prevalence and mortality in Asian countries when compared
with the rest of the world with unclear reasons [8–10]. Thus
the interest to identify a biomarker and potential therapy is
high [11]. It was proposed that endothelial progenitor cells
(EPCs) play a major role in the revascularization of the ische-
mic cerebral tissue and participate in the repair [9].

EPCs are a small population of circulating cells with the
potential for vascular damage repair, and they have been iden-
tified in bone marrow and peripheral blood [12]. The rare cell
population (0.01–0.001% in peripheral blood) showed various
functions and properties of vascular endothelial cells and ad-
ditionally, demonstrated high proliferation and differentiation
capability [12–14]. Furthermore, the EPCs express various
cell surface markers similar to those expressed by vascular
endothelial cells. Various combinations of surface markers
have been used to characterize different populations of
EPCs, and studies have shown different cell subpopulations
with distinct characteristics and functionality [15–17]. One of
the characteristic cell marker combination for EPCs in bone
marrow, circulating blood and spleen was defined as
CD34+CD133+KDR+ cell population [18–20]. Besides the
characterization of EPCs in healthy individuals, there has been
an interest to investigate the characteristics of EPCs in patients
with different diseases [21–24]. Few studies have examined
the correlation of the health status to the quantity of EPCs and
their functionality [25, 26]. To date, only one study could
show a prognostic potential of EPCs, and overall, the prog-
nostic significance of EPCs is still not fully understood [27].

Moreover, EPCs have been documented as a potential can-
didate for regenerative medicine and potential biomarker for
vascular diseases including stroke [28, 29]. Hence, character-
ization of EPCs in healthy and diseased individuals is needed
to investigate the correlations between demographical back-
ground and various risk factors.

In this study, it is hypothesized that the quantity and the
functionality of circulating EPCs in peripheral blood varies
with age and health status. This study aims to characterize
the EPCs based on their developmental stage as early and late
EPCs in healthy individuals and stroke patients aged 20–
87 years. Additionally, the influence of demographic param-
eters (age, sex and ethnicity) and selected risk factors on the
amount of circulating EPCs will be investigated. Functionality
of EPCs of healthy individuals and stroke patients will be

compared in term of vasculogeneity with an in vitro
Matrigel tubular formation assay.

Material and Methods

Study Population

The study was conducted in accordance with the guidelines on
good clinical practice and with the ethical standards for human
experimentation established by the Declaration of Helsinki.
The study protocol was reviewed and approved by the
Institutional Review Board, National Healthcare Group,
Singapore (IRB #2011/01750). The study enrolled 237 sub-
jects with the collection of demographic information between
October 2011 and October 2015. All subjects gave written
consent before being included in the study. Healthy donors
were included in the study with the following criteria: no
history of previous stroke and/or vascular disease while stroke
patients were included in the study with recent history of a
stroke and/or transient ischemic attack (TIA) with or without a
determined etiology. Blood samples were collected only once
from healthy donors, while stroke donors had samples collect-
ed at up to 3 time points. The first time point (baseline, BL)
was defined as a time point within 7 days post stroke and the
start of the study, followed by 3 months (M3) and 12 months
(M12) time points after the onset of stroke and/or transient
ischemic attack (TIA). Time points for sample collection were
scheduled and performed with the routine clinical visits for
post-stroke management standardized by the National
University Hospital. During the study, only the practitioners
involved in collecting the samples had the bio-data and the
sample identity. The researchers who processed the blood
samples, performed the flow cytometry and subsequent anal-
ysis were blinded from sample identity.

Blood Collection and Processing

Samples were collected as venous blood in heparin-coated
vials in a volume of 10 mL and 20 mL from stroke patients
and healthy donors, respectively. The first 5 mL was not used
for EPC isolation. The blood samples were processed as pre-
viously described [30]. Briefly, the samples were carefully
layered over Ficoll paque (GE Life Sciences) prior to centri-
fugation. The mononuclear cell fraction was aspirated and
mixed with Roswell Park Memorial Institute medium
(RPMI, Gibco) followed by another centrifugation step. The
cell pellet was stored in a solution composed of fetal bovine
serum (FBS, HyClone, GE Healthcare Life Sciences) and
10% dimethyl sulfoxide (DMSO) in −80 °C freezer for
slow-freezing and then stored in the vapor phase of liquid
nitrogen tank before analysis.
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Flow Cytometric Evaluation of Endothelial Progenitor
Cell Markers

All experiments were performed with the approval of the
Institutional Biosafety Committee, National University of
Singapore (NUS). For evaluation of endothelial progenitor
cell markers – CD34, CD133 and KDR, the cell pellet was
thawed and resuspended in 1000 μL solution containing 1X
PBS (pH 7.2), 0.5% bovine serum albumin (BSA, Santa Cruz
Biotechnology), and 2 mM EDTA (flow buffer). The cell
suspension was divided equally into tubes to contain 100 μL
of suspension in each tube and processed with a lysis buffer
(10 μL/tube, RBC Lysis buffer, Miltenyi Biotec) and non-
specific Fc receptor-mediated antibody binding blocker
(10 μL/tube, FcR blocking reagent, Miltenyi Biotec) prior to
fluorescent labeling. Cells were incubated for 10 min, washed
with flow buffer, centrifuged and resuspended in flow buffer
so that each tube contained 100 μL of cell suspension. Cell
suspension was labeled with fluorescently conjugated anti-
bodies (Miltenyi Biotec): for triple staining with 10 μL
each of following antibodies: CD34- FITC, CD133-PE,
and KDR-APC. Fluorescence minus one (FMO) controls
(10 μL/tube) were prepared as a mixture of two fluoro-
chromes except the one being measured. IgG2a-FITC,
IgG1-PE and IgG1-APC (10 μL/tube, Miltenyi Biotec)
were used as isotype secondary controls. After incubation
for 10 min, cells were washed with flow buffer, centri-
fuged and fixed with 0.8% PFA according to the sup-
plier’s protocol. Flow cytometry was performed with the
BD (Becton-Dickinson) LSR For tessaTM Flow
Cytometry analyser. An assessment of 1 × 106 events per
sample was considered to be sufficient for statistical anal-
ysis. Data was analyzed with FlowJo™ (FlowJo 10.0.7v2)
using the 1% gating method against FMO and isotype
controls. The results were presented as a comparison of
single-, double- and triple-marker expression.

Evaluation of EPC Functionality with Matrigel Tubular
Formation Assay In Vitro

To assess the vascular repair function of EPCs, a Matrigel
tubular formation assay in vitro was performed in samples
collected from healthy donors (n = 8) at one time point and
stroke patients (n = 10) at BL and/or M3 time point. All
subjects were randomly selected. The EPCs comprise of
two subpopulations that have distinct and different func-
tionality [16], and hence the angiogenic CD34+KDR+ cell
subpopulation, also termed as late EPCs, was selected for
the functional evaluation. However, due to low quantity of
EPCs in peripheral blood and the inability to form tube
structures by itself in the Matrigel, a co-culture of EPCs
with human umbilical vein endothelial cells (HUVECs)
was performed.

HUVECs Cell Culture

Human umbilical vein endothelial cells (HUVECs, Lonza,
passage 4) were expanded for approximately 3–4 days in en-
dothelial growth media (EGM-2MV, Lonza), according to
supplier’s protocol at 5000 cells/cm2 seeding density. The
cells were maintained in an incubator at 37 °C with stable
5% CO2, and the medium was changed every other day. To
obtain the cells from culture, HUVECs were trypsinized and
harvested according to manufacturer’s instructions.

Fluorescence Activated Cell Sorting of CD34+KDR+

Cell Population

Blood samples were collected from healthy donors (n = 8)
once whereby from stroke patients (n = 10) at BL and/or M3
time point. The samples were processed as described above.
For the evaluation of EPC functionality in theMatrigel tubular
formation assay, mononuclear cells from the peripheral blood
were stained in a similar process as described in flow cytom-
etry preparation without the fixation step. Fluorescence acti-
vated cell sorting (FACS) of live cells was performed with
FACSAria II (Becton-Dickinson). The CD34+KDR+ cell pop-
ulation was collected in endothelial basal medium (EBM-2,
Lonza) supplemented with 3% FBS (EBM-F).

Matrigel Tubular Formation Assay In Vitro

The tubular formation capability was evaluated by conducting
a Matrigel tubular formation assay in vitro. Matrigel (BD
Matrigel™ Basement Membrane Matrix, BD Biosciences,
10 μL per well) was placed in a 15 well μ- slide (μ-slide
Angiogenesis, Ibidi) and incubated for one hour at 37 °C.
The HUVECs and CD34+KDR+ cells were cultured in three
types ofmedia (Table 1): (1) EGM-2MV; (2) endothelial basal
medium (EBM)with reduced 3%FBS and supplementedwith
10 ng/ml vascular endothelial growth factor (VEGF, Gibco)
(EBM-FV) and (3) EBM with reduced 3% FBS (EBM-F). To
evaluate the influence of CD34+KDR+ cell population on the
tubular formation capability of HUVECs, cells were cultured
in following groups: (1) HUVECs only in EGM-2MV; (2)
HUVECs only in EBM-FV; (3) HUVECs only in EBM-F as
positive controls; and (4) HUVECs and CD34+KDR+ cell
population co-culture in a ratio 2:1 in EBM-F. Cells were
seeded in a density of 3000 cells per well. Cells were cultured
for 20 h and stained with calcein AM (Life Technologies) as
previously described [31] (Table 1).

Imaging and Evaluation

The μ-slides were imaged with epifluorescence microscope
(Leica DMi8) equipped with Q-imaging camera and Q
Capture Pro software. During the imaging process, all
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acquisition parameters were maintained the same. The images
were taken at 10x magnification processed with Metamorph
Microscopy Automation and Image Analysis Software (v7.8,
Molecular Devices).

Data and Statistical Analysis

The patient samples and flow cytometry analyses were per-
formed as blinded analyses. The collection of the blood sam-
ples and demographical data were performed separately from
the sample and data analyses. Researchers performed the flow
cytometry analyses were blinded from the demographical data
until all sample collection and analyses had been completed.
Statistical analysis was performed using a one-way and two-
way ANOVA test with Tukey’s post-hoc test using Prism
(GraphPad). The principal component analysis (PCA) was
performed using JMP statistical software. All values were
presented as mean values ± standard deviation. Statistical tests
were considered significant when p ≤ 0.05 (noted as one as-
terisk), p ≤ 0.01 (noted as two asterisks), p ≤ 0.001 (noted as
three asterisks) and p ≤ 0.0001 (noted as four asterisks).

Results

Study Population and Safety

Blood samples of 237 subjects (30 healthy donors, 207 stroke
patients) were collected with standard demographical data and
the following risk factors for stroke patients were considered
for evaluation (Table 2): (1) atrial fibrillation, (2) ischemic
heart disease, (3) hypertension, (4) diabetes mellitus, (5) hy-
perlipidemia, (6) previous stroke and/or TIA, (7) smoking,
current or within 6-months prior stroke or TIA and (8) body
mass index (BMI) for overweight and obesity calculation
(Table 2).

To evaluate the amount of circulating EPCs post stroke, the
amount of EPCs at three time points were quantified: baseline
(BL; defined as a time point within 7 days post stroke and the

start of the study), followed by 3 months (M3) and 12 months
(M12) time points after the onset of stroke and/or transient
ischemic attack (TIA).

Due to the variance in attendance by subjects for dif-
ferent time point of sample collection, samples were col-
lected at the following time point combinations: (1) sin-
gle time point – BL, M3 or M12 (n = 53); (2) two time
points – BL and M3 (n = 57), M3 and M12 (n = 43), BL
and M12 (n = 6); (3) three time points (n = 48).

Characterization of Endothelial Progenitor Cell
Markers

Quantification of the circulating EPCs in the peripheral blood
was performed by the evaluation of the characteristic combi-
nation of the EPC cell markers – CD34, CD133 and KDR as

Table 2 Demographic data of healthy donors and stroke patients.
Standard demographic data and risk factors indicated

Demographics and risk factors

Variable Healthy donors Stroke patients

Subjects 30 207

Age (mean, SD) 51 ± 17 58.7 ± 10.3

Sex (% male) 50 69.1

Ethnic groups (%)

Chinese
Malay
Indian
Others

64.3
7.1
10.7
17.9

68.6
19.3
8.2
3.9

Risk factors (%)

Atrial fibrillation
Ischemic heart disease
Hypertension
Diabetes mellitus
Hyperlipidemia
Previous stroke and/or TIA
Smoking, current or within 6 months
BMI for overweight/ obesity

0
0
25
10.7
21.4
0
14.3
0

5.8
6.8
59.4
38.2
80.7
60.4
34.8
48.8

Table 1 Medium compositions.
Medium compositions and labels
utilized in the co-culture assay

Medium compositions and labels

Medium
label

Medium compositions

EGM-2MV Endothelial basal medium (EBM-2) supplemented with 5% fetal bovine serum and the proprie-
tary undisclosed quantities of vascular endothelial growth factor (VEGF), hydrocortisone,
gentamicin, amphotericin-B, ascorbic acid, human epidermal growth factor (hEGF), human
fibroblastic growth factor (hFGF-B) and Insulin-like growth factor 1 (R3-IGF-1)

EBM-FV Endothelial basal medium (EBM-2) supplemented with 3% fetal bovine serum and 10 ng/ml
VEGF

EBM-F Endothelial basal medium (EBM-2) supplemented with 3% fetal bovine serum
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CD34+CD133+KDR+ cell population (Fig. 1a). Additionally,
further analysis of two cell subpopulations, based on develop-
mental stages [12–17], CD34+CD133+ cells (termed as early
EPCs, Fig. 1b) and CD34+KDR+ cells (termed as late EPCs,
Fig. 1c) was performed. PCA analysis was also performed
separately on stroke patients’ EPCs and healthy donors’
EPCs. The EPC cell population subsets in healthy donors’
subsets were positively correlated with each other but no as-
sociation with age was recognized (Supplementary Fig. 1A).
In the stroke patients, the EPC cell population subsets within
each time point were positively correlated with each other, but
the population subsets at BL and M12 time points were found
to be negatively correlated (Supplementary Fig. 1B).

All subjects were grouped based on their age.
Defining age cut-off is challenging but based on previous
studies, commonly defined “young adults” are individ-
uals bellow 45 or 49 years [32, 33]. Therefore, healthy
subjects were grouped into groups of below 45 years old
(<45, n = 12) and above or equal to 45 years of age (≥45,
n = 18). The stroke patients group encompassed subjects
of an age range 36 to 86 years (n = 207). Overall, the
following trends were observed: The healthy donors be-
low 45 years of age, showed the lowest EPC population
represented by CD34+CD133+KDR+, and early EPC and
late EPC subpopulations represented by CD34+CD133+

and CD34+KDR+, respectively. The group of healthy do-
nors above or equal to 45 years of age showed similar
population level of the screened cell populations as the
stroke patients at baseline time point (BL). Stroke pa-
tients at month 12 (M12) evaluation time point showed
the highest amount of circulating CD34+CD133+KDR+

cell population, early EPCs and late EPCs subpopula-
tions, and they were also significantly higher when com-
pared to other stroke patient time points and healthy
donor groups. Notably, the larger value distribution was
observed in stroke patients regardless of the cell popula-
tion and subpopulations, as well as regardless of the
evaluation time points.

Sex Influence Comparison

Upon PCA analysis of healthy donors’ EPC population
subsets, the sex variable was not correlated with the
EPC population subsets (Supplementary Fig. 2a).
However, in the stroke patients, the male sex was found
to be weakly correlated with M12 EPC subsets, while
the female sex was found to be weakly correlated with
BL EPC subsets (Supplementary Fig. 2B). The sex in-
fluence of healthy donors and stroke patients was also
evaluated on the yield of CD34+CD133+KDR+ cell pop-
ulation (Fig. 2a), early EPCs (CD34+CD133+, Fig. 2b)
and late EPCs (CD34+KDR+, Fig. 2c) subpopulations.
No significant differences between sex groups were ob-
served. However, both the male and female subjects
showed the highest amount of CD34+CD133+KDR+ cell
population, early EPCs and late EPCs subpopulations at
the M12 evaluation time point. Specifically, both male
and female stroke patients showed a significant higher
early EPCs (CD34+CD133+) population at M12 com-
pared to other time points (p < 0.001); male patients
showed a significant higher CD34+CD133+KDR+ cell
population and EPCs (CD34+KDR+) population at M12
compared to other time points (p < 0.01).

Age Subgroup Influence Comparison

The PCA analysis showed that the EPC cell population
subsets do not have strong correlation with age at stroke
onset. A weak negative correlation of age at stroke onset
and EPC population subsets at M12 was observed, al-
though the contribution of age at stroke incident is low
(3.5% in principal component 1 and 0.01% in principal
component 2, Supplementary Fig. 3A). However, within
certain age groups, differences were observed between
timepoints (Fig. 3a, b, c). Healthy donors and stroke pa-
tients were evaluated on the influence of age subgroups
ranging from 20 to 90 years with a 10 years step on the
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Fig. 1 Comparison of endothelial progenitor cell (EPC) marker expres-
sion quantified by flow cytometry. Comparison of cell populations rep-
resented by (a) CD34+133+KDR+, and subpopulations represented by (b)
CD34+133+ and (c) CD34+KDR+ between healthy donors grouped by

age and stroke patients grouped by evaluation time points: baseline (BL),
month 3-time point (M3) and month 12 time point (M12). Data represent
mean ± SD, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001

956 Stem Cell Rev and Rep  (2021) 17:952–967



amount of CD34+CD133+KDR+ cell population (Fig. 3a,
Supplementary Fig. 3B), early EPCs (CD34+CD133+, Fig.
3b, Supplementary Fig. 3C) and late EPCs (CD34+KDR+,
Fig. 3c, Supplementary Fig. 3D) subpopulations.

Significant differences were observed within 50–59, 60–69
and 70–79 year old age groups. The M12 evaluation time
point, stroke patients showed the highest amount of
CD34+CD133+KDR+ cell population, early EPCs and late
EPCs subpopulations (Fig. 3a, b, c). Interestingly, some
of the CD34+CD133+KDR+ cell populations, early EPCs
(CD34+CD133+) and late EPCs (CD34+KDR+) subpopula-
tions in healthy control and in the different time points among
stroke patients appeared to display the standard Gaussian dis-
tribution curves with age (Supplementary Fig. 3B, C and D).

Ethnic Group Influence Comparison

According to the PCA analysis, the contribution of the
ethnic group variable was small, showing no significant
correlation with any specific EPC subpopulations
(Supplementary Fig. 4 A-E). Healthy donors and stroke
patients were evaluated on the influence of ethnic groups
on the amount of CD34+CD133+KDR+ cell population
(Fig. 4a and Supplementary Fig. 5A), early EPCs
(CD34+CD133+, Fig. 4b and Supplementary Fig. 5B)
and late EPCs (CD34+KDR+, Fig. 4c and Supplementary
Fig. 5C) subpopulations. No significant differences were
observed between the cell populations from patients of the
different ethnic groups.

Fig. 3 Comparison of endothelial progenitor cell markers quantified by
f low cytometry and grouped by age. Comparison of (a )
CD34+CD133+KDR+ cell population, (b) early EPCs (CD34+CD133+

cell subpopulation) and (c) late EPCs (CD34+KDR+ cell subpopulation)
between healthy donors and stroke patients. Comparison of baseline

(BL), month-3 time-point (M3) and month-12 time-point (M12) in age
subgroups. Significant differences were observed within 50–59, 60–69
and 70–79 age groups. Data represent mean ± SD, * p ≤ 0.05, ** p ≤ 0.01,
*** p ≤ 0.001, **** p ≤ 0.0001
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Fig. 2 Comparison of endothelial progenitor cell markers quantified by
f low cytometry and grouped by sex. Compar ison of (a )
CD34+CD133+KDR+ cell population, and subpopulations represented
by (b) early EPCs (CD34+CD133+ cell subpopulation) and (c) late
EPCs (CD34+KDR+ cell subpopulation) between healthy donors

grouped by age and sex and stroke patients grouped by sex and
evaluation time points: baseline (BL), month-3 time-point (M3) and
month-12 time-point (M12). Data represent mean ± SD, * p ≤ 0.05,
** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001
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Risk Factors and Influence Comparison

PCA analysis of risk factors was evaluated. Parallel clusters ob-
served in (Fig. 5a) could be due to the negative correlation be-
tween BMI and smoking history of the patients (Supplementary
Fig. 6A). The patients with the same or similar BMI with or
without smoking history clustered closely each other (Fig. 5a).
Clusters with lower BMI are located in the lower half of the plot;
while those with higher BMI clustered in the upper half of the
plot, regardless of smoking history. Interestingly, while the cor-
relations of the various risk factors were analyzed
(Supplementary Fig. 6A), the two vectors of the following pairs
of risk factors: BMI and hyperlipidemia, diabetes mellitus and
hypertension, previous stroke and/or TIA and ischemic heart
diseases are very close and, hence, they are positively correlated.
In addition, upon observing the contribution of each variation in
the PCA, diabetesmellitus (37%) and previous stroke and/or TIA
(22%) are the two most important contributing variables for

principal component 1; while BMI (39%) and current or recent
smoking within 6 months (32%) are the two most important
contributing variables for principal component 2. Among all risk
factors, atrial fibrillation is the least contributing variable for both
principal components 1 (0.06%) and 2 (0.02%) (Supplementary
Fig. 6B). In the PCA analyses of the risk factors with the EPC
subpopulations at different time points (Fig. 5b), diabetes
mellitus was weakly correlated with M12 EPC populations,
BMI was weakly correlated with BL EPC populations and hy-
perlipidemia was weakly correlated with M3 EPC population,
while previous stroke and/or TIA was negatively correlated with
BLEPC populations, and ischemic heart diseases was negatively
correlated with M12 EPC populations. Principal component
analysis of each risk factor and EPC subpopulations at different
time points were provided in Supplementary Fig. 7A-H.

EPC subpopulations in stroke patients were also analyzed
for the influence of each of the risk factors: diabetes mellitus
(Fig. 6a-c), overweight (25 < BMI < 30) and obesity (30 <

Fig. 4 Comparison of endothelial progenitor cell marker expression
quantified by flow cytometry and grouped by ethnic groups.
Comparison of (a) CD34+CD133+KDR+ cell population, (b) early
EPCs (CD34+CD133+ cell subpopulation) and (c) late EPCs

(CD34+KDR+ cell subpopulation) between healthy donors and stroke
patients. Comparison of baseline (BL), month-3 time-point (M3) and
month-12 time-point (M12) in ethnic groups. Data represent mean ±
SD, * p ≤ 0.05

ba

Fig. 5 Principal component analysis and comparison of endothelial
progenitor cell marker expression. a) Score plot, and b) loading plot for
the risk factors and EPC population subsets with comparison to
CD34+CD133+KDR+ population, early EPCs (CD34+CD133+) and late

EPCs (CD34+KDR+) subpopulations between baseline (BL), month 3
time point (M3) and month 12 time point (M12) in stroke patients to risk
factors
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BMI) (Fig. 6d-f), previous stroke and/or TIA (Fig. 6g-i), pre-
vious ischemic heart disease (Fig. 6j-l), hyperlipidemia (Fig.
6m-o), current or recent smoking within 6 months
(Supplementary Fig. 8A-C), hypertension (Supplementary
Fig. 8D-F), and atrial fibrillation (Supplementary Fig. 8G-I)
on the amount of CD34+CD133+KDR+ cell population, early
EPCs (CD34+CD133+), and late EPCs (CD34+KDR+) sub-
populations. PCA analyses showed a correlation between is-
chemic heart disease with M12 EPC, while the early EPCs
(CD34+CD133+) population in the group without ischemic
heart disease was significantly higher than the group with
ischemic heart disease at M12 (Supplementary Fig. 7G and
Fig. 6K). However, for other correlations observed from PCA
such as: the correlation of BMI with EPC populations at BL
(Supplementary Fig. 7B), the negative correlation of previous
stroke with EPC populations at BL (Supplementary Fig. 7C),
and the correlation of diabetes mellitus with M12 EPC, no
significant differences were observed in the EPC subpopula-
tions measured by flow cytometry between the presence and
absence of those risk factors.

Although both ischemic stroke and TIA patients were re-
cruited in the study, TIA patients only accounted for a

minority in the stroke group (24 out of 207 patients), and both
patient groups were diagnosed and managed in a similar man-
ner [34]. Moreover, the amount of EPCs, early and late EPCs
did not show any statistically significant difference between
ischemic stroke and TIA patients (Supplementary Fig. 8 J-L).

Overall, the amount of CD34+CD133+KDR+ cell popula-
t ion, early EPCs (CD34+CD133+) and late EPCs
(CD34+KDR+) subpopulations were significantly higher in
the M12 evaluation time points than BL and M3 time points,
regardless of the presence (positive for risk factor) or absence
(negative for risk factor) of screened vascular risk factors.
Furthermore, neither the presence or absence of risk factors
showed a significant influence on the amount of
CD34+CD133+KDR+ cell population, early EPCs and late
EPCs subpopulations.

Time Points Evaluation in Stroke Patients

The amount of EPCs at three time points BL, M3 and M12
were quantified. Due to the variance in attendance by subjects
for different time point of sample collection, only 48 patients
(n = 48) were collected at all three time points. Four trends
were observed when the amount of CD34+CD133+KDR+ cell
population of stroke patients attending all three time-points
evaluation (n = 48) were compared (Fig. 7, Supplementary
Fig. 9):

1 Continuous increase of CD34+CD133+KDR+ cell popula-
tion (Trend 1, n = 21, Fig. 7a) between time points (BL <
M3 <M12).

2 Decrease of CD34+CD133+KDR+ cell population (Trend
2, n = 9, Fig. 7b) at M3 time point and increase at M12
time point (BL >M3 <M12).

�Fig. 6 Comparison of endothelial progenitor cell marker expression.
Comparison of CD34+CD133+KDR+ population, early EPCs
(CD34+CD133+) and late EPCs (CD34+KDR+) subpopulations between
baseline (BL), month 3 time point (M3) and month 12 time point (M12)
in stroke patients for following risk factors: a-c diabetes mellitus, d-f
overweight (25 < BMI < 30) and obesity (30 < BMI), (G-I) previous
stroke and/or TIA, (J-L) previous ischemic heart disease and (M-O) hy-
perlipidemia. Green color represents the presence of risk factor. Red color
represents the absence of the risk factor. The circle, triangle and square
represent the three evaluation time points – BL, M3 and M12. Data
represent mean ± SD, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤
0.0001
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Fig. 7 Comparison of cell marker expression trends among the three time
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among three time points: baseline (BL), month 3 time point (M3) and
month 12 time point (M12) demonstrating four different value trends. a
Continuous increase of values along time points (BL <M3 <M12), b
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(BL >M3<M12), c increase of values M3 time point and decrease at
M12 time point (BL <M3 > M12) and d continuous decrease of values
along time points (BL >M3 >M12)
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3 Increase of CD34+CD133+KDR+ cell population (Trend
3, n = 17, Fig. 7c) at M3 time point and decrease at M12
time point (BL <M3 > M12).

4 Continuous decrease of CD34+CD133+KDR+ cell popu-
lation (Trend 4, n = 1, Fig. 7d), early EPCs and late EPCs
subpopulations between time points (BL >M3 >M12).

Trend 1 (n = 21) correlated with male sex (21/21), the absence
of atrial fibrillation (21/21) and the absence of ischemic heart
disease (21/21). Trend 2 (n = 9) correlated with the absence of
atrial fibrillation (8/9, the absence of ischemic heart disease
(9/9) and the presence of a previous stroke and/or TIA (9/9).
Trend 3 (n = 17) correlated with the absence of atrial fibrilla-
tion (16/17), the presence of a stroke and/or TIA (17/17) and
the presence of hyperlipidemia (16/17). No observation could
be made in the trend 4 group since it consists of only one
subject.

The HUVEC-EPC Co-Culture in Matrigel In Vitro
Evaluation

To evaluate functionality of EPCs, a Matrigel tubular forma-
tion assay in vitro with human umbilical vascular endothelial
cells (HUVECs) and late EPCs represented by the
CD34+KDR+ cell subpopulation was performed. The
CD34+KDR+ cell subpopulation was isolated from the mono-
nuclear fraction of peripheral blood from healthy donors and
stroke patients from paired baseline (BL) and month 3 (M3)
evaluation time points (Supplementary Table 1). The tube-like
structures were evaluated for several parameters that indicate
vasculogenic properties. The HUVECs and HUVEC-late
EPCs co-culture demonstrated variety of tube-like structures
when stained with calcein AM (Fig. 8a-b). The tube-like struc-
tures were quantified via Metamorph software for various pa-
rameters and the related paired tubular formation assay and
EPC expression data from the stroke patients were analyzed
(Fig. 8c-f).

Overall, HUVECs cultured in the EGM-2MV, which was
the positive control of the tube formation assay, demonstrated
significantly higher performance of tube-like structure forma-
tion when compared with all other groups. The other positive
controls, the HUVECs that were cultured in EBM-FV (basal
endothelial medium enriched with 3% FBS and 10 ng/ml
VEGF), or only in EBM-F (basal endothelial medium
enriched with 3% FBS) also demonstrated a capability of
tube-like structures and tube network formation.

The HUVECs – CD34+KDR+ co-culture showed follow-
ing interesting trends. The CD34+KDR+ cells from healthy
donor below and above or equal to 45 years of age groups in
the co-culture with HUVECs demonstrated tube-like structure
formation comparable with HUVECs in EBM-FV and EBM-
F media. Furthermore, the tubular formation performance in
Matrigel of healthy donor CD34+KDR+ cells of both age

groups was significantly higher than the tubular formation
performance of stroke patient CD34+KDR+ cells. It was also
observed that healthy donor above or equal to 45 years of age
group demonstrated a larger variation of the tube-like structure
formation when compared to healthy donor below 45 years
of age CD34+KDR+ cells group.

When examining the EPCs from stroke patients, the
HUVECs – CD34+KDR+ co-culture of stroke patients of BL
and M3 evaluation time points demonstrated the lowest tube-
like structure formation capability when compared to all other
quantified groups. Paired data of EPC from the same set of
stroke patients (n = 8) with EPC analysis at different time
points (BL and M3) were also compared. The tube-
formation analysis of the paired data shows mixed trends
though the late EPC subpopulation expressions were signifi-
cantly increased in those patients from BL to M3 (Fig. 8g).

The ten stroke patients whose samples analyzed for tubular
formation assay are associated with hyperlipidemia (7/10),
hypertension (4/10), diabetes mellitus (1/10) and atrial fibril-
lation (1/10). All ten patients have history of taking statins (10/
10). Interestingly, the hyperlipidemia was weakly negatively
correlated with the tubular formation parameters at M3
timepoint, BMI was weakly correlated with tubular formation
parameters at M3 in principal component analysis
(Supplementary Fig. 10).

Discussion

The discovery of EPCs and their capability to participate in the
reparation process of vascular damage has led to efforts to
characterize EPCs and their functional properties [12–14]. It
has been postulated that EPCs have unique properties with
respect to their migration, proliferation and differentiation
[35], and that the process of aging may lead to deterioration
of progenitor cell functions, termed progenitor exhaustion [36,
37]. Moreover, it has been recently shown that viral factors
such as the severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) could pose a crucial threat in causing EDF
and subsequently in cardiovascular diseases (CVDs) [38].
Therefore, it comes without a surprise that a substantial effort
was put into the assessment of EPCs as a potential biomarker
and therapeutic agent. In this study, the influence of age, sex,
ethnicity, morbidity and various CVD risk factors on the
amount of circulating EPCs was investigated. Additionally,
the CD34+CD133+KDR+ cell population was analyzed for
its developmental stage subpopulations - CD34+CD133+ cells
(termed as early EPCs) and CD34+KDR+ cells (termed as late
EPCs), which have been demonstrated to exhibit specific
properties varying in their functionality [15–17]. The results
showed that there is an increase of EPCs in individuals older
than 45 years regardless of health status. Stroke patients
showed significantly higher amounts of EPCs at 12 months
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Fig. 8 Comparison of tube-like structures formed by human umbilical
vein endothelial cells (HUVECs) and co-culture of HUVECs-late EPCs
in a Matrigel assay. Comparison of tube-like structures of calcein AM
stained images (i) and Metamorph processed images (ii) for (a) HUVECs
only, cultured in EGM-2MV, EBM-FV and EBM-F; b HUVECs and the
late EPCs (CD34+KDR+) from healthy donors cultured in EBM-F,
HUVECs and the late EPCs from stroke patients at BL andM3 evaluation
time points. Bar =500 μm, magnification (10X) . Quantification of tubu-
lar formation in HUVECs (HUVECs only) cultured in EGM-2MV (cir-
cle), EBM-FV (square) and EBM-F (triangle); co-culture of HUVECs

and late EPCs (CD34+KDR+) from healthy donors <45 and ≥ 45 years
of age cultured in EBM-F and co-culture of HUVECs and CD34+KDR+

cell population from stroke patients at BL and M3 evaluation time points
cultured in EBM-F. c total tube length in mm, d total tube area in mm2, e
total count of branching points and f total count of nodes. Among the
tubular formation data, 8 pairs of samples were obtained from respective
stroke patients at both time points BL andM3. gComparison of total tube
length, total tube area and total branching point trends between BL and
M3 and, CD34+KDR+ expression of respective stroke patients. Data rep-
resent mean ± SD, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001
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post stroke and/or TIA. Most importantly, the capability of
EPCs from healthy donors and stroke patients to influence
the HUVEC tube-formation inMatrigel in vitro were different
mainly dependent on the donor’s health status. Although
higher level of circulating EPCs were observed in stroke pa-
tients, the isolated CD34+KDR+ EPC subpopulation, which
are responsible for vasculogenesis and angiogenesis, showed
an impaired tubular formation capability when compared to
healthy donors. Such findings suggested a crucial inability of
EPCs to participate in successful functional recovery in stroke
patients.

The influence of aging on the quality and quantity of EPCs
is still controversial. In a group of individuals aged 43–
80 years, age-dependent depression of circulating EPCs,
which could not be explained by differences in atherosclerotic
risk factors or cardiac function, was demonstrated [39].
However, other studies suggested that age does not influence
the decline of EPCs [37, 40]. For instance, Heiss et al. found
that the amount of circulat ing CD34+KDR+ and
CD133+KDR+ cell subpopulations in peripheral blood did
not differ between old (61 ± 2 years) and young (25 ± 1 years)
healthy individuals. Instead, the group demonstrated that the
migration and proliferation of EPCs were significantly lower
in older individuals and thus concluded that age influences the
quality rather than the quantity of EPCs [37]. This was sup-
ported by another study which concluded that aging leads to
impairment of EPC functions and altering the migration of
EPCs [41].

The quantity of EPCs in stroke patients varied at different
time-point post stroke. A previous study performed by Martí-
Fàbregas et al. showed that the EPCs, characterized as
CD34+CD133+KDR+ cell population, peaked at 1 week after
stroke onset and declined in the following 12 weeks [42]. The
current study observed a significant increase of EPCs at
3 months and 12 months when compared to the first evalua-
tion performed within 7 days post stroke (baseline; BL) in
stroke patients. The quantities of different EPC subpopula-
tions (CD34+CD133+ and CD34+KDR+), which are defined
by the differences in developmental stage and functionality,
were significantly increased in the third month (M3) post
stroke and peaked at 12 month (M12). The EPC level at
M12 was also significantly higher than EPCs in healthy indi-
viduals. These findings suggested that a vascular injury such
as a cerebral ischemia elevates EPC recruitment to peripheral
blood and result in significantly increased EPC amounts in
stroke patients.

Similar to the age-related influence on EPCs, sex-related
studies seem to contradict each other. A sex-related difference
in the amount of circulating EPCs was found in a study of
women and men aged 40 to 58 years [43]. Another study,
however, failed to find any age-related difference in the pe-
ripheral blood EPCs of men and women aged 45 to 65 years
[44]. Our present evaluation of healthy individuals and stroke

patients aged 20–87 years did not demonstrate any sex-related
difference in the amount of circulating EPCs. Although the
PCA screening of our data demonstrated a slightly positive
correlation with M12 EPC subsets in males, and a slightly
negative correlation in females, the correlations are not statis-
tically insignificant (p > 0.05). A further investigation with a
larger sample size will be necessary before any final conclu-
sions on the correlation with sex could be drawn. In addition,
the present observations appear to be the first to indicate that
quantity or quality of EPCs are not influenced by ethnicity. As
such, there are no previous data for comparison.

Moreover, EPC dysfunction may be affected by a number
of cardiovascular risk factors and other diseases such as pul-
monary diseases [45], including smoking and obesity.
According to PCA screening analysis for risk factors, diabetes
mellitus and previous stroke or TIA were the highest contrib-
uting variables for the principal component 1, BMI and
smoking (current or within 6 months before study) were the
highest for principal component 2, and atrial fibrillation
was the lowest contributor for both components. From the
PCA screening analysis, several risk factors were observed
to have potential correlations with the EPC levels. For in-
stance, BMI was correlated with EPC populations at BL
(Supplementary Fig. 3B), diabetes mellitus was correlated
withM12 EPC, while ischemic heart diseases were negatively
correlated with M12 EPC. Among all the potential correla-
tions, our data show that the early EPC (CD34+CD133+) pop-
ulation in the group without ischemic heart disease was sig-
nificantly higher (p < 0.05) than the group with ischemic heart
disease at M12 (Fig. 6k). Interestingly, but not surprisingly,
when comparing the correlation of risk factors with each other
utilizing PCA (Supplementary Fig. 6B), BMI was coupled
with hyperlipidemia and diabetes mellitus with hypertension,
while previous stroke and/or TIA and ischemic heart disease
were positively correlated to each other.

Several studies have also explored the influence of CVD
risk factors on EPCs. For example, it was demonstrated that
diabetes mellitus [46], smoking [45], hypertension [47] and
atherosclerosis [48] showed no effect on the quantity of EPCs.
However, samples from patients treated with statins showed a
correlation between quantity and/or functionality of EPCs
with hyperlipidemia, hypertension, diabetes mellitus and atrial
fibrillation [5, 49]. The present results, which also demonstrat-
ed a lack of significant difference in the quantity of EPCs in
relation to the presence or absence of screened vascular risk
factors, are consistent with the previous findings. However, it
has to be noted that the presence of a single risk factor is rare,
and hence a more complex evaluation of multiple risk factors
and their combinations in an individual will be necessary. The
complexity of multiple risk factors, the influences and inter-
actions among the multiple risk factors, combining with the
small group of subjects recruited in the current study were the
major limitations to perform an evaluation of multiple risk
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factors. Therefore, multiple factor analysis of EPC quantities,
EPC functional performance with CVD risk factors was not
pursued.

To evaluate the functionality of the EPC subpopulation
(late EPCs - CD34+KDR+ cell subpopulation) responsible
for vasculogenesis a standard an in vitro Matrigel tubular for-
mation assay was performed. The Matrigel assay has been
shown as an efficient indicator for assessment of EPCs func-
tionality [50]. Moreover, the Matrigel assay parameters were
shown to be indicators for various vasculogenic processes,
such as the potential for vasculogenesis (total count of tubes
and loops), responsiveness to angiogenic factors (number of
branch points) and cytokine production (tube length, tube
thickness) [51]. Previous studies have shown variability in
EPC functionality and their capability to form [52, 53] or
not to form tubes and capillaries and therefore require
supporting cells [55]. Our experimental design required a fast
identification and isolation of circulating EPCs. Therefore, in
this study, we referred the subpopulation of EPCs exhibiting
surface markers CD34+ and KDR+ as “late EPCs” according
to the literature [12, 13]. The CD34+/KDR+ population could
be easily identified and isolated by a flow cytometry proce-
dure. On the other hand, outgrowth EPCs are identified as
mononuclear cells cultured in a flask exhibiting cobblestone-
like morphology and multiple surface markers; several studies
suggested the late outgrowth EPCs are more proliferative than
early-outgrowth EPCs [52–54]. Moreover, it was demonstrat-
ed that late out-growth EPCs are better at forming capillary-
like tubes [52, 53]. Late EPCs as termed previously by char-
acterization based mainly on surface markers [12–17] have
shown lower capillary-like tubes forming capability in previ-
ous studies [55]. In our pilot study, we examined the function-
ality of EPCs, early and late EPCs, all of which demonstrated
low proliferative capability and a poor performance in
capillary-like tube formation when cultured by themselves. It
is important to note that majority of the studies vary in the
EPC definition, isolation, characterization and the amount of
cells used for Matrigel tubular formation assay [52, 53, 55].
We hypothesized that the functionality of EPCs will be influ-
enced by the age and/or health status of the subjects and thus
with the results observed in our pilot study, we performed a
co-culture of HUVECs with late EPCs characterized by flow
cytometry as CD34+KDR+cell population. The results of the
Matrigel assay demonstrated the significantly decreased abil-
ity of stroke patients’ EPCs to form tube-like structures. Our
findings are supported by another study demonstrating a sim-
ilar impairment of EPCs from patients with chronic renal fail-
ure and their inability to form tube-like structures in co-culture
with HUVECs in a Matrigel assay [25]. The current study
demonstrated an active participation of EPCs in tube-like
structure formations in the co-culture with HUVECs, and the
current findings are in agreement with previous studies that
observed an active involvement of EPCs in vasculogenesis

[15–17, 25]. The full extent of tube formation mechanism,
potential paracrine effect and the overall decreased function-
ality of stroke patients EPCs were not further investigated and
thus represent the limitation of the functional assay in this
study. Nevertheless, it is speculated that the decreased func-
tionality of EPCs could be due to mechanisms similar to those
previously proposed by other studies [41, 45, 56]; the poten-
tial cause of the decreased functionality are: 1) alternation in
EPC DNA, 2) alternation in EPC migration capability, 3) al-
ternation in EPC recruitment to damaged ischemic tissues and/
or 4) decreased or absent paracrine and autocrine function. An
important aspect of EPC functionality is their paracrine action.
Stem cells have been shown to be capable of releasing of
soluble biofactors (SBF) that have immunomodulatory, anti-
inflammatory, tissue protective and regenerative effects [57],
and the paracrine function of EPCs plays a crucial role in
the post-stroke phase [58, 59]. The decreased capability, or
even inability, of secreting SBF would dramatically affect
EPC performance and thus resulted in decreased or absent
angiogenesis and vascular repair. The vascular injury in stroke
and associated diseases such as hyperlipidemia could elevate
EPC recruitment to peripheral blood, resulting in increased
EPC quantities; however, the vascular dysfunction presented
in stroke patients could also impair or reduce vasculogenic or
angiogenic capacity of the EPCs as demonstrated by the cur-
rent study. In addition, all patients whose samples were in-
cluded in the Matrigel tubular assay had a history of statins
therapy, which is a parameter that was previously discussed as
a factor augmenting the quantities and/or functionality of
EPCs [49]. The characteristics of EPCs in stroke patients have
the potential to predict the outcome of stroke and/or other
vascular events as it was demonstrated by studies focusing
on EPC subpopulations and their correlation with vascular
diseases [60–63]. A study with a focus on circulating
CD133+CD34+ EPCs demonstrated correlations between the
quantity of EPCs and outcome of acute ischemic stroke [62].
Furthermore, several other studies showed a potential for
EPCs to be of value as biomarker for the prediction of stroke
outcome [60, 61, 64]. EPCs also showed potentials in various
applications, including cell therapy [1, 65] or even as a autol-
ogous EPC transplantation therapy in patients with acute is-
c h em i c s t r o k e [ 6 6 ] . T h e r a r e o c c u r r e n c e o f
CD34+CD133+KDR+ EPCs in peripheral blood (0.01–
0.001%) [12–14] and the age-related depression of EPC func-
tionality [37, 40, 41] highlights the importance of other cell
sources that would mimic the vasculogenic properties of
EPCs. Consistent with the hypothesis of the current study,
we found that the quantity of circulating EPCs in peripheral
blood varied with age and varied between healthy donors and
stroke patients. Moreover, the functionality of EPCs was
showed to be significantly influenced by health status, and
decreased functionality could lead to a crucial impairment in
vascular regeneration.
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Conclusions

This study reported a systematic qualitative and quantitative
characterization of EPCs from stroke patients at three different
evaluation time-points, and healthy donors of different ages.
The quantity of EPCs from stroke patients at 3 months and
12 months after stroke was significantly higher than the quan-
tity of EPCs recorded within 7 days post-stroke. The EPC level
peaked at 12 months post-stroke, which was significantly
higher than all other groups including the healthy donors. The
early and late EPC subpopulations were significantly increased
at M3. The increase in amount of EPCs suggested that the
recovery response of ischemic stroke triggers the increase of
EPCs in the peripheral blood. However, the mechanisms of the
increase in EPC level are unclear and yet to be investigated.

The functionality of EPCs, as measured by their tube-
formation capability in in vitro Matrigel assay, showed that
EPCs from stroke patients formed less tubes than EPCs from
healthy donors. The results indicate that the functionality of
EPCs in stroke patients could be impaired by the ischemic
stroke or related vascular dysfunctions.

This study demonstrated the influence of stroke on the fluc-
tuations of the quantity of EPCs over time and the deteriorated
functionality of EPCs post-stroke. However, further verification
will be necessary in studies with larger population size.
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