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Abstract

Vascular endothelium damage is a significant pathophysiological component
of cardiovascular and neurodegenerative diseases. Circulating putative
endothelial progenitor cells (CPEPCs) and circulating Endothelial Cells (CECs)
have high potential as diagnostic and prognostic clinical indicators. Changes
in peripheral blood levels of both cell types are associated with detrimental
vascular events. Currently, CPEPCs are considered cells of vascular repair,
while CECs represent vascular damage. Regrettably, there is confusion
regarding characterizations of these two cell types. The review covers definitions
and fundamental biologies of CPEPCs and CECs. Importantly, methods to
isolate CPEPC subsets, and subset roles and origins are discussed. Means
of identifying CECs, their biological significance, and the troubling phenotypic
overlap with CPEPCs are also discussed. The review also focuses on the role
of CPEPCs and CECs as hiomarkers in cardiovascular and neurodegenerative
diseases. However, contradictory data on these cell types signifies the necessity
of standardized methods for applying CPEPCs and CECs as clinical biomarkers.
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Abbreviations

ACLDL: Acetylated Low Density Lipoprotein; ACS: Acute
Coronary Syndrome; AD: Alzheimer’s Disease; AF: Atrial Fibrillation;
ALS: Amyotrophic Lateral Sclerosis; AMI: Acute Myocardial
Infarction; AS: Atherothrombotic Stroke; BBB/BSCB: Blood-Brain
Barrier/Blood Spinal Cord Barrier; CAC: Circulating Angiogenic
Cell; CAD: Coronary Artery Disease; CEC: Circulating Endothelial
Cell; CFU-EC: Colony Forming Unit-Endothelial Cell; CFU-EPC:
Colony Forming Unit- Endothelial Progenitor Cell; CFU-Hill: Colony
Forming Unit-Hill; CNS: Central Nervous System; COMT: Catechol-
O-Methyltransferase; CPEPC: Circulating Putative Endothelial
Progenitor Cell; CRP: C-Reactive Protein; CVD: Cardio Vascular
Disease; EC: Endothelial Cell; ECFC: Endothelial Colony Forming
Cell; EOC: Endothelial Outgrowth Cell; EPC: Endothelial Progenitor
Cell; FACS: Fluorescence Activated Cell Sortings HAEC: Human
Aortic Endothelial Cell; HSC: Hematopoietic Stem Cell; HUVEC:
Human Umbilical Vein Endothelial Cell; IFN-y: Interferon-y; IS:
Ischemic Stroke; KDR: Kinase Insert Domain Receptor; MACE:
Major Cardiovascular Endpoints; MN: Motor Neuron; NSTEMI:
Non-ST-Elevation Myocardial Infarction; NVE: New Vascular Event;
PBMC: Peripheral Blood Mononuclear Cell; PD: Parkinson’s Disease;
PFC: Polychromatic Flow Cytometry; RF: Cardiovascular Risk Factor;
STEMI: ST-Elevation Myocardial Infarction; TNF: Tumor Necrosis
Factor; UA: Unstable Angina; UEA-1: Ulexeuropaeus agglutinin I;
VEGEF: Vascular Endothelial Growth Factor; VEGFR2: Vascular
Endothelail Growth Factor Receptor 2; VWF: Von Willebrand Factor

Introduction

Vascular endothelial cell dysfunction is associated with various
disorders such as cardiovascular disease, ischemic stroke, and
neurodegenerative diseases [1-3]. Determination of biomarkers for
endothelial cell dysfunction is necessary not only for their diagnostic
and/or prognostic value, but also to gain insight into the vascular
pathology associated with these disorders. Two potential systemic
biomarkers of alterations to the vascular endothelium are Circulating
Endothelial Cells (CECs) and Circulating Putative Endothelial
Progenitor Cells (CPEPCs), which reflect endothelial damage and
vascular repair processes, respectively [4-6].

Asahara et al [7]. Showed that CPEPCs isolated from human
peripheral blood are capable of differentiating into Endothelial
Cells (ECs) in vitro. Further in vivo experiments demonstrated that
bone marrow-derived Endothelial Progenitor Cells (EPCs) enter the
systemic circulation, mobilize to injured vessels and contribute to new
blood vessel formation [8]. Thus, CPEPC levels may be indicative of
the body’s potential for vascular endothelial repair [1]. When damage
occurs to the vasculature, the endothelium is compromised, resulting
in detached ECs that enter the blood stream and become CECs [6].
Although specific cellular markers have been established for the
identification of CECs and EPCs, distinguishing between the two cell
types is still difficult due to overlapping marker expression [9].

CECs and CPEPCs may be important biomarkers of endothelium
status in cardiovascular disease and neurodegenerative disorders. As
biomarkers of endothelial damage, elevated CECs are indicative of
recentacute myocardial infarction or acute ischemic stroke [10,11].
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Similarly, CPEPCs are elevated in the blood of patients with acute
myocardial infarction or ischemic stroke [12,13]. Uniquely, CPEPCs
are presumed to mobilize from the bone marrow in response to
vascular injury and are important for regeneration and repair of
blood vessels [13]. Both CECs and CPEPCs serve as predictors of
disease outcome in ischemic vascular disease [10,14-16].

CECs and CPEPCs are also potential biomarkers of endothelial
damage or repair in neurodegenerative disorders such as
Amyotrophic Lateral Sclerosis (ALS), Alzheimer’s Disease (AD), and
Parkinson’s Disease (PD) [17-21]. These diseases can be classified
as neurovascular disorders due to disruption of the blood-brain/
spinal cord barriers [22-24], and therefore identification of associated
vascular endothelial biomarkers may become important for diagnosis
and prognosis.

In this review, current evidence for CECs and CPEPCs as
potential biomarkers of vascular endothelial damage and repair
in cardiovascular and neurovascular/neurodegenerative disease is
discussed. The first part of the review highlights the fundamental
biology of ECs, CPEPCs, and CECs. The second part discusses the
current literature on CECs and EPCs as vascular biomarkers of
damage and repair in cardiovascular disease, stroke, ALS, AD, and
PD.

Circulating Putative Endothelial Progenitor
Cells (CPEPCs)

Discovery of the CPEPC

In 1997, Asaharaet al. [7] isolated CPEPCs (i.e., angioblasts)
from adult human Peripheral Blood Mononuclear Cells (PBMCs) via
magnetic bead selection using cell surface markers CD34, a human
hematopoietic stem cell antigen [25], and Flk-1 (also called KDR or
VEGFR?2), a receptor for vascular endothelial growth factor [26,27].
The study results [7] suggested that CD34+ and Flkl+ PBMCs
differentiate into ECs in vitro, and contribute to new blood vessel
formation in animal models of hindlimb ischemia in vivo. This seminal
study [7] led to a paradigm shift in vascular biology with regard to
the mechanisms by which new blood vessels might be formed in the
adult. As noted by Asahara et al. in a later study [28], it was originally
thought that new blood vessels formed in the adult exclusively by
a process called “angiogenesis”, which also occurs in the embryo.
However, after the discovery of CPEPCs that differentiate into ECs
and integrate into the vasculature [7], a second mechanism of new
blood vessel formation, similar to embryonic “vasculogenesis,” was
recognized in the adult. As reviewed by Risau [29], vasculogenesis
occurs in the embryo when “the early vascular plexus forms from
mesoderm by differentiation of angioblasts (vascular endothelial
cells that have not yet formed a lumen), which subsequently generate
primitive blood vessels”. The author noted that angiogenesis occurs
“after the primary vascular plexus is formed” when “more endothelial
cells are generated, which can form new capillaries by sprouting or
by splitting from their vessel of origin”. To account for the evidence
that bone marrow-derived CPEPCs might mobilize to and integrate
into sites of new blood vessel formation where they differentiate into
ECs, Asahara and his colleagues [7,8] utilize the term “postnatal
vasculogenesis.” However, this term seems controversial, likely since
vasculogenesis traditionally refers to a specific embryological process
requiring the formation of blood islands from the mesoderm, a

formation which does not occur in adults [30-32].

Three Culture-Derived CPEPC Subsets

After Asahara et al. [7] discovery of CPEPCs, new cellular
subsets were identified via specific culture assays. Some of these cell
populations were mistakenly termed “endothelial progenitor cells”
or “EPCs”.
each corresponding to one unique “EPC”-related subtype? The three
subtypes include Circulating Angiogenic Cells (CACs), Colony
Forming Unit-Hill (CFU-Hill) cells, and Endothelial Colony Forming
Cells (ECFCs). In this review, the term CPEPC includes these three
culture-derived cell groups. The term CPEPC also applies to EPCs,
which might be isolated by flow cytometry.

Discussed below are three common culture methods

A reported culture method establishes a cell population referred
to as Circulating Angiogenic Cells (CACs) [33-35]. Vasa et al. [36]
plated PBMCs at low density on fibronectin and gelatin coated dishes
containing endothelial growth factors and fetal calf serum in media.
Non-adherent cells were removed after 4 days in culture, while the
adherent cells that displayed acetylated Low Density Lipoprotein
(acLDL) uptake and Ulexeuropaeus Agglutinin 1 (UEA-1) lectin
binding were interpreted as EPCs according to criteria originally
used by Asaharaet al. [7]. However, later studies showed that this cell
population cannot be considered true EPCs for two reasons. First,
Prokopi et al. [37] discovered that this method for isolating putative
EPCs is unreliable due to platelet protein contamination. Platelets
degrade into micro particles, which might interact with the isolated
mononuclear cell population and confer endothelial characteristics
[37] thus creating “false positive” [33] cells. Secondly, monocytes
may contaminate this putative EPC population. Monocytes isolated
through attachment to fibronectin-coated dishes [38] might also
express endothelial cell surface proteins when cultured with VEGF
[39]. The term CACs eems to be an appropriate name for this CPEPC
subset because it is a group of circulating hematopoietic cells that
contribute to angiogenic blood vessel formation via secretion of
growth factors [40].

Another in vitro method is a colony forming assay that generates
colony forming unit-Hill (CFU-Hill) [41] cells, otherwise known as
CFU-EC or CFU-EPC [33-35]. PBMCs are pre-plated on fibronectin-
coated dishes for 48 hours and the adherent cells removed to
eliminate mature CECs from the culture. The non-adherent cells
are then re-plated, and 7 days later the CFU-Hill cells emerge as
colonies consisting of thin flat cells surrounding a central cluster of
rounded cells [41]. Like CACs, CFU-Hill cells stain positive for lectin
and acLDL [41], but also contain hematopoietic cells (e.g., myeloid
progenitor cells, monocytes, and T lymphocytes [42,43]). Therefore,
CFU-Hill cells are also likely not true EPCs.

Additionally, the colony forming assay likely identifies a
population of true EPCs, termed Endothelial Colony Forming Cells
(ECFCs), otherwise known as Endothelial Outgrowth Cells (EOCs)
[28,33-35]. ECFCs are produced by culturing adult peripheral blood
cells in type 1 collagen-coated wells. Between 5-22 days of culture,
ECFC colonies appear as monolayers of cobblestone-looking cells with
individual cells displaying a hierarchy of clonal proliferative potential
from low to high [44,45]. According to multiple reviews [33-35,46].
ECFECs are the only subset that follows the criteria for a true EPC:
1) ECFCs exhibitclonal proliferative potential and differentiation
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dedicated only to the endothelial lineage [44,45]; 2) ECFCs form
lumenized capillary-like structures (i.e., undergo tubulogenesis) in
vitro [45,47,48]; 3) ECFCs integrate into host vasculature and form
stable de novo human blood vessels in vivo[45,49].

Flow cytometry assay

As noted in multiple reviews [1,33,50], flow cytometry via
Fluorescence Activated Cell Sorting (FACS) of human peripheral
blood cells is a common but flawed technique for defining CPEPCs.
The human putative EPC phenotype became defined as the cell surface
expressions of CD34, AC133, and VEGFR2 [7,51]. However, Case et
al. [52] eventually discovered that these markers are also expressed
by hematopoietic progenitor cells with no vessel forming capacity,
and therefore do not identify a true EPC population. Most flow
cytometry-based biomarker studies identify CPEPCs using at least
one marker of stemness (CD34 or CD133 [25,53]) and one marker of
endothelial differentiation (typically Flkl, KDR or VEGFR2 [26,27]).
However, the use of VEGFR?2 is problematic because this endothelial
marker is also expressed by hematopoietic stem cells [54,55].

Although no specific antigenic signature exists yet for the true
EPC, Mund et al. [56] isolated ECFCs from human umbilical cord
blood via Polychromatic Flow Cytometry (PFC) that sorted for
C D34+, CDI146+,CD31+, CD105+, CD45-, and CD133- cells.
However, these authors also isolated CECs using the same markers.
These studies highlight the troubling phenotypic overlap between
hematopoietic CFU-Hill and CACs, immature ECFCs, and mature
CECs. Hirschi et al. [34]. Reviewed in detail current cell surface
antigen phenotypes of CFU-Hill, CACs, and ECFCs.

Lineage and tissue sources of CACs, CFU-Hill, and ECFCs

There is a close association of Hematopoietic Stem Cells (HSCs)
and EPCs (i.e. angioblasts) in the embryonic blood islands that form
the yolk sac capillary network [30]. Although controversial, the
close spatial relationship and sharing of certain antigenic markers,
such as Flk-1 [57], suggest the hemangioblast is a common cell
precursor for HSCs and EPCs [58]. As reviewed by Risau [29], the
embryonic hemangioblast gives rise to two separate lineages: one
seeded by the HSC for subsequent hematopoiesis, and the other by
the EPC for vasculogenesis. However, this may be a simplification
as evidence exists for hemogenic endothelium [59] where HSCs are
generated from special ECs at a specific developmental time point.
Nevertheless, with regard to the adult condition, a true EPC should
only differentiate into an EC involved in re-establishing vascularity.

It has been shown via gene expression analysis that CACs and
CFU-Hill cells are closely related to hematopoietic cells, such as T
lymphocytes and monocytes, and they are likely unrelated to ECs
[60,61]. As stated in reviews [33,34], although CACs and CFU-Hill
cells contribute to angiogenesis via paracrine signaling [40,62], these
cells might not be true EPCs with properties to differentiate into ECs
and incorporate into the vasculature [62,63]. As hematopoietic cells,
CFU-Hill cells and CAC:s originate in the bone marrow and mobilize
into the blood [64]. In contrast, the tissue origin of ECFCs is uncertain
[35,50,65]. As previously discussed, the specific marker expression
for ECFCs and CECs is identical [56]. Since CECs represent mature
endothelial cells originating from the vessel wall [66], it is possible
that ECFCs are vessel wall-derived rather than released from the
bone marrow. An in vitro study [67] showed that a hierarchy of

ECFCs exists in cultures of Human Umbilical Vein Endothelial Cells
(HUVECs) and Human Aortic Endothelial Cells (HAECS). Although
this observation is suggestive in regards of a vessel wall origin for
ECECs, it does not rule out bone marrow as a potential ECFC source.

Endothelial Cells

The vascular endothelium is comprised of ECs that form the
inner lining of all blood vessels from arteries to capillaries to veins
[68]. Throughout the vascular circulatory system, this endothelial
barrier regulates the selective transport of nutrients between tissues
and the systemic compartment [3]. Specific to the Central Nervous
System (CNS) endothelium, the Blood-Brain/Blood Spinal Cord
Barrier (BBB/BSCB) is essential for the maintenance of constant
cerebral homeostasis [69]. ECs in the CNS capillaries overlap by
tight junctions, which anchor two adjacent cells and prevent various
molecules from passing between the cells [70]. ECs of the BBB/BSCB
are also characterized by the presence of specific membrane transport
systems, and the absence of fenestrae [71], which are transcellular
pores useful for increased filtration or transendothelial transport
[72]. Interestingly, non-fenestrated endothelium is also found in
the heart [72]. In addition to their function as a barrier between
the blood and the tissues, ECs contribute to vascular homeostasis
through regulation of vascular tone, coagulation, solute permeability,
leukocyte trafficking, and vessel growth [73].

Circulating Endothelial Cells (CECs)
Identification of circulating endothelial cells

Circulating Endothelial Cells (CECs) are typically acquired
from blood samples using the immunomagnetic bead isolation
technique combined with fluorescence microscopy [56,74,75] or
flow cytometry [56,76,77]. Similarly to EPCs, there is uncertainty
regarding the precise antigenic profile of CECs [1,78]. Schmidt et al.
[78] have defined CECs as positive for CD34, CD146, CD31, CD105,
UEA-1 lectin, and von Willebrand Factor (VWF), and negative for
CD45 and CD133 expressions in various marker combinations. The
most common marker used to isolate CECs is CD146 [1,78,79], a
mediator of endothelial cell-to-cell cohesion [80] and a participant in
endothelial cell signalin [81].

Due to overlap in cell surface protein expressions, it is challenging
to distinguish CECs from EPC subsets. As mentioned above, Mund
et al. [56] used Polychromatic Flow Cytometry (PFC) to isolate
CD34+/CD146+/CD31+/CD105+/CD45-/CD133-  cells  from
human umbilical cord blood, which surprisingly contained ECFCs
with high proliferative potential and CECs with limited or no
clonogenic potential. Additionally, the stem cell marker CD133 [82]
has commonly been used to discriminate between mature CD133-
CECs and immature CD133+ EPCs [77], but may fail to discriminate
between CECs and ECFCs as implied by Mund et al. [56].
Furthermore, a previous study confirmed the presence of putative
EPCs in a population of CD146+ cord blood cells which eliminated
CECs by an adhesion step [83].

Two other characteristics that distinguish EPCs from CECs are
colony forming ability and cell size. As reviewed [84], CECs are not
able to form cell colonies with high proliferative potential [66]. Cell
size is another important characteristic that distinguishes CECs from
EPCs [1]. CECs range from 10-50 um [74,85] in diameter, while EPCs
are less than 15um as reviewed [86].
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Significance of CECs

CECs, as mature ECs, might be detectable in the blood after
vascular damage potentially due to their detachment from the
endothelium. To determine if CECs originate from blood vessel walls
or the bone marrow, Lin et al. [66] performed fluorescence in situ
hybridization analysis of blood samples from bone marrow transplant
recipients who had received gender-mismatched transplants.
After 5-20 months, 95% of CECs in the recipient peripheral blood
exhibited the recipient genotype, indicating that CECs were not
originating from the donor bone marrow. This suggests that CECs
are primarily derived from blood vessels [66]. There are multiple
mechanisms by which ECs possibly detach from the vascular wall
and release into the circulated blood as CECs. Mechanical disruption,
such as percutaneous coronary intervention, is one mechanism
[74]. Vascular inflammation can also cause CEC detachment. In
Wegener’s granulomatosis, a disorder characterized by blood vessel
inflammation, Ballieux et al. [87] showed that release of protease 3 by
polymorphonuclear leukocyte degranulation caused EC detachment.
Furthermore, Ruegg et al. [88] provide evidence that inflammatory
cytokines such as Tumor Necrosis Factor (TNF) and y-interferon
(IFN-y) impede the activation of a specific integrin receptor,
resulting in decreased EC adhesion and increased EC detachment
and apoptosis. Reactive oxygen species are another factor that may
contribute to endothelial dysfunction and CEC detachment [89].

Some reviews [6,78] also implicate necrosis and apoptosis as
contributors to EC detachment and CEC appearance. However, more
evidence is needed to clarify these cellular processes. A study [90]
on ANCA-associated small-vessel vasculitis showed that CD146+
CECs stained positively forannexin and propidium iodide, markers
of necrosis, but were negative for the TUNEL. This indicates necrotic
rather than an apoptotic phenotype for these CECs. Furthermore, in
acute myocardial infarction, only 10% of CECs showed DNA signs of
apoptosis [11]. Thus necrosis may be a more significant contributor to
CEC release than apoptosis. Nevertheless, necrotic [90] and apoptotic
[91] CECs have pro-coagulant properties that may contribute to
thrombosis and cardiovascular or neurovascular events.

CPEPCs and CECs as Vascular Disease
Biomarkers

Cardiovascular disease

Coronary Artery Disease (CAD) is a chronic condition that occurs
due to atherosclerotic plaque accumulation and inflammation in the
coronary arteries resulting in decreased blood flow to the heart [92].
Vasa et al. [93] isolated CACs and CD34+/KDR+ CPEPCs, and found
that both cell populations were decreased in the peripheral blood of
CAD patients compared to healthy controls. Wang et al. [94] showed
that theCD133+/KDR+ cell level was lowest in stable CAD patients
with multiple vessel disease versus those with single vessel disease
or normal coronary arteries, suggesting that the level of CPEPCs is a
measure of coronary stenosis severity. Paradoxically, Guven et al. [95]
reported a trend toward higher numbers of CACs in patients with
“significant CAD” defined as greater than or equal to 70% diameter
vessel stenosis. In contrast to EPC biomarker studies, CD146+ CEC
levels are approximately the same in stable CAD patients and healthy
controls, and therefore stable CAD subjects are often grouped as a
“disease control” for comparison to Acute Coronary Syndrome
(ACS) groups [11,14,96].

When an atherosclerotic plaque ruptures, a thrombotic clot can
cause an Acute Coronary Syndrome (ACS), such as Unstable Angina
(UA), Non-ST-Elevation Myocardial Infarction (NSTEMI), or the
more severe ST-Elevation Myocardial Infarction (STEMI) [97-99].
Shintani et al. [100] demonstrated that cultured CPEPC colonies,
similar to CFU-Hill, were significantly increased in the peripheral
blood of patients 7 days after Acute Myocardial Infarction (AMI)
compared to day 1 post-AMI. The results suggest that CPEPCs
mobilize into the peripheral blood after an acute ischemic event [100].
Supporting the concept of injury-induced EPC mobilization, Massa et
al. [12] showed via flow cytometry that circulating CD34+/VEGFR2+
and CD34+/CD133+/VEGFR2+ CPEPCs are increased in AMI
patients upon admission, relative to controls, with residual changes to
EPC levels detectable up to 2 months [12]. In ACS, DAPI+/CD146+/
VWEF+/CD45- CECs [101] and CD146+/UEA-1+ CECs 10-50 pm
in diameter [96,102] were increased compared to controls, with the
highest levels found in STEMI followed by NSTEMI followed by UA.

With regard to prognostic value, Werner et al. [16] studied 519
CAD patients and found that low baseline levels of circulating CD34+/
KDR+CPEPCs correlated with an increased incidence of death from
cardiovascular causes. Additionally, Werner et al. [16] demonstrated a
significant association between increased levels of CFU-Hill cells and
decreased risk of first major cardiovascular events (e.g. myocardial
infarction, revascularization, and hospitalization). Regarding CEC
prognostic value, Lee et al. [14] demonstrated that elevated CD146+
CEC:s collected from the blood 48 hours post-ACS were the strongest
predictor of Major Cardiovascular Endpoints (MACE) upon 30-day
and 1-year follow-ups compared to IL-6 and vWE. Cardiovascular
death and non-fatal MI are the main components of MACE [14].

As reviewed by Fadini et al. [50], ECFCs are not efficiently
obtained from patients with CVD. Menevuau et al. [103] showed that
ECFCs were detectable in only 45.5% of patients within 12 hours of
the first AMI, and that ECFC detection was limited to a few days post-
AMI. Mund et al. [56] also found that ECFCs were barely detectable,
if at all, by polychromatic flow cytometry in the peripheral blood of
normal adults.

Stroke

Similarly to AMI, acute ischemic strokes are caused by vascular
clots due to atherosclerotic large-vessel thrombosis, but can also
be triggered by cardiovascular emboli, cerebral small vessel disease
(lacunar infarcts), or other pathophysiological mechanisms [104-
106]. Yip et al. [107] performed a 150-patient study analyzing CD34+/
KDR+ CPEPCs in acute Ischemic Stroke (IS) patients. Similarly to
the AMI a study, the level of CPEPCs was significantly higher in the
blood from IS patients at acute phase versus at-risk control subjects,
which suggests that EPCs are also mobilized in response to IS. Yip
et al. [107] also demonstrated that a low level of CPEPCs 48 hours
post-stroke was predictive for severe neurological impairment, while
an increased level of CPEPCs at the acute phase of IS predicted
an absence of 90-day combined major adverse clinical outcomes.
Similarly, Sobrino et al. [15] showed that non-lacunar IS patients
with good outcomes showed a higher CFU-Hill increment during
day 7 and month 3 post-stroke compared to the poor outcome group.
Cuadrado-Godia et al. [108] analyzed AMI and Atherothrombotic
Stroke (AS) patients and showed that very low levels of CD34+/
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KDR+/CD133+/CD45- CPEPCs correlated with a higher risk of a
New Vascular Event (NVE), such as stroke or ACS, occurring during
the first 6 months.

Regarding CECs, Nadar et al. [10] demonstrated that CD146+
CECs were increased in acute IS patients compared to healthy and
hypertensive control subjects. Interestingly, Freestone et al. [109]
discovered that CD146+ CECs were unchanged in chronic stable
Atrial Fibrillation (AF) patients compared to healthy controls, but
that patients with an acute (non-hemorrhagic) stroke complicated
by AF did show increased CECs. This supports the pattern of CECs
being unchanged in chronic conditions (e.g., stable CAD, stable AF,
and chronic hypertension) and then elevating around acute vascular
events (e.g., AMI and IS). However, the prognostic power of CECs
in stroke and even ACS is questionable. Cuadrado-Godia et al. [108]
found that CD146+/CD31+/CD45- CECs from AS and AMI patients
were not predictive of a 6-month follow-up NVE in contrast to EPCs
(see above).

Rationale for using CPEPC and CEC as
Potential Biomarkers in Vascular Disease

Generally, low levels of CPEPCs occur in patients with chronic
cardiovascular disease, such as CAD, and such levels are also
predictive of cardiovascular and neurovascular events. As discussed
by Wang et al. [94], it is possible that CPEPCs are reduced in CAD
due to deficits in their production, mobilization, and half-life, or
might be continually exhausted by chronic endothelial damage. In
addition, CPEPCs may undergo increased apoptosis in CAD. For
instance, Wang et al. [94], found that CPEPC levels decreased as
C-Reactive Protein (CRP) increased in CAD patients, while Verma
et al. [110] hawed that CRP increases CPEPC apoptosis in vitro.
Assuming the prognostic CPEPCs [16] mentioned above have pro-
angiogenic properties [40], low levels of these cells should indicate
a reduced capacity for new blood vessel formation and repair, likely
increasing vulnerability to harmful vascular events.

In contrast with chronic CAD, acute events such as AMI and
IS, are characterized by a marked increase in CPEPCs. Masa et al.
[12] suggest that a severe ischemic even tresulting in major tissue
damage (rather than chronic milder ischemia) is required to mobilize
CPEPCs for vascular repair. Cytokines such as VEGF are released in
response to this insult [12,100] and may be responsible for CPEPC
mobilization from the bone marrow [111]. A rise in CPEPC numbers
may be a compensatory response to ischemia in order to induce
blood vessel formation [8], reduce ischemic tissue damage [112], and
improve tissue function [113]. Importantly, Fadini [50] notes that
CPEPCs may decline as chronic atherosclerotic blood vessel stenos
is worsens [94,114-116], until a major acute clotting/ischemic event
causes their mobilization from the tissues and subsequent increased
CPEPCs [12,100,107]. It is evident that atherosclerosis is a unifying
pathophysiological component of vascular disease.

In chronic conditions, such as stable CAD, CEC levels remain
unchanged, but are increased in association with acute vascular events.
It is possible that a population of necrotic/apoptotic CECs actually
contributes to the onset of acute ischemic events such as AMI and
IS due to CECs’ pro-coagulant characteristics, and this contribution
may account for the association between elevated CECs and future

adverse cardiovascular events [14]. Conversely, CECs may not actas a
biological trigger, but only serve as biomarkers of endothelial damage.
Acute events in AMI and IS are likely more damaging to the vascular
endothelium than preceding chronic conditions such as CAD, which
may explain CECs elevation only in the presence of acute vascular
episodes, and not chronic endothelial dysfunction [10,109].

CPEPCs and CECs as Potential Biomarkers
for Neurodegenerative Diseases

Amyotrophic Lateral Sclerosis (ALS)

ALS is characterized by Motor Neuron (MN) degeneration in the
brain and spinal cord, which eventually leads to paralysis and death
[117]. The Blood-Brain Barrier/Blood Spinal Cord Barrier (BBB/
BSCB) is altered in ALS, mainly due to EC damage that precedes
neuroinflammation and MN degeneration [118-120]. This disease
has been recognized as a neurovascular disorder [23,118,119,121].
In light of this known neurovascular damage, Garbuzova-Davis
et al. [17] characterized CD146+ CECs from peripheral blood of
ALS patients and found that CECs surprisingly decreased during
disease progression in comparison to healthy controls. The multiple
endothelial layers in the brainstem and spinal cord capillaries of
ALS patients and mice modeling ALS [23,118] suggest that CECs
are not desquamating into the blood as a result of endothelial
detachment by BBB/BSCB disruption, but rather due to an impaired
endothelialization process [17]. Additionally, it is possible that CD146
is not specific enough for CECs [56,83], and that CPEPC levels are
possibly affected, likely due to impaired mobilization from the bone
marrow [17,41].

Alzheimer ’s Disease (AD)

AD is a form of dementia characterized pathologically by
amyloid plaques, neurofibrillary tangles, vascular damage from
plaque deposition, and neuronal cell death [122]. Neurovascular
mechanisms and BBB dysfunction contribute to AD pathogenesis
[22,123]. For instance, Wu et al. [124] showed that endothelial
MEOX2, a homeobox gene that regulates vascular differentiation,
is down regulated in AD, resulting in decreased brain angiogenesis,
reduced capillary density and cerebral blood flow, and BBB
disruption. Similarly to the cardiovascular diseases mentioned above,
atherosclerosis is strongly associated with AD [125,126].

Lee et al. [20]. Found that “CFU-EPCs” (similar to CFU-Hill
cells, but confusingly labeled as a “CAC” subtypeby the authors) were
decreased in AD patients compared to cardiovascular Risk Factor
(RF) controls with no neurological issues. Furthermore, decreasing
cognitive function and increasing dementia in AD patients correlated
with decreasing levels of CFU-EPCs [20]. Further studies by Lee et al.
[19] on the same cell type showed that high concentrations of amyloid
B,.,, reduced “CAC” counts in culture, and that CACs from AD
patients had decreased migratory capacity and increased senescence
compared to RF controls. These are possible explanations for why
CFU-EPC is decreased in AD. Interestingly, flow cytometry analysis
of CD34+/KDR+ and CD133+ cell counts showed no changes in
AD patients versus controls [20], which highlight the importance of
using in vitro methods when analyzing “EPC” subsets as circulating
biomarkers.
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Parkinson’s Disease (PD)

PD is a movement disorder characterized by a reduction in
nigrostriatal dopaminergic activity [127]. Like ALS and AD, BBB
disruption has been identified in PD [24]. Different EPC subsets have
been studied with conflicting results. Lee et al. [18] examined CD34+/
KDR+ CPEPCs and demonstrated a decreased level of these cells
in PD patients receiving chronic levodopa treatment compared to
levodopa/COMT inhibitor-treated patients and healthy controls. The
authors concluded that CD34+/KDR+ CPEPCs in levodopa-treated
patients were reduced in response to increased endothelial damage
[18], possibly resulting from hyperhomocysteinemia [128] brought
about by Catechol-O-Methyltransferase (COMT) metabolism of
levodopa [129]. In contrast, Pezzoli et al. [21] showed an increase
in CD34+/KDR+/CD45+CPEPCs in levodopa-treated patients and
non-treated PD patients versus healthy controls. In the non-treated
PD patients, the authors suggest that low dopamine levels are coupled
to high CPEPC levels because dopamine modulates EPC mobilization
and negatively correlates with CPEPC levels as found in rodents
[130]. However, it is not clear why the CPEPCs are increased in the
levodopa-treated patients in this study. These studies reiterate the
weakness of flow cytometry in EPC biology, and show how analyses
of a single marker (CD45) can produce paradoxical results.

Conclusion

Circulating Putative Endothelial Progenitor Cells (CPEPCs)
consist of three main subsets: CACs, CFU-Hill cells, and ECFCs.
Both CACs and CFU-Hill cells are hematopoietic cells that contribute
to angiogenic blood vessel formation via peregrine secretions.
ECFCs are probably the true EPC which is capable of proliferation
and differentiation into ECs and incorporation into blood vessels.
All three cell subsets are possible sources of endothelial repair. In
contrast, CECs are representative of endothelial vascular damage and
may even trigger acute vascular events due to their pro-coagulant
activity.

CACs, CFU-Hill,and CECs all have strong potential as biomarkers
for the prevalence and prognosis of vascular and neurodegenerative/
neurovascular diseases. However, the literature is inundated with
conflicting results. Improved methods for identifying these cell types
are crucial for obtaining consistent data across studies [1,50,78].
Flow cytometry or immunobead capture is likely insufficient for
identifying CPEPC subsets or discriminating between CPEPCs and
CECs. The phenotypic overlap between these two cell groups could
have particularly negative consequences for the field considering that
CPEPCs represent vascular repair and CECs reflect vascular damage.
For instance, a study that isolates CECs using only CD146 may
actually be isolating ECFCs [56], leading to questionable results. It is
thus imperative that flow cytometry/immunobead capture be paired
with previously defined in vitro methods. Discriminating between
CPEPCs and CECs requires consideration of both cell size and ability
to form colonies with proliferative potential. Importantly, the ECFC
subset is special in that it may represent the true EPC population, but
the ECFC may not be clinically practical as a circulating biomarker.

Future studies are needed to standardize methods characterizing
CPEPCs and CECs before these potential clinical biomarkers will be
truly useful for diagnosis and prognosis of various cardiovascular and
neurodegenerative disorders.
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