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Abstract

Ischemic vascular disease is a major cause of mortality and morbidity worldwide, and

regeneration of blood vessels in perfusion-deficient tissues is a worthwhile therapeu-

tic goal. The idea of delivering endothelial stem/progenitor cells to repair damaged

vasculature, reperfuse hypoxic tissue, prevent cell death, and consequently diminish

tissue inflammation and fibrosis has a strong scientific basis and clinical value. Vari-

ous labs have proposed endothelial stem/progenitor cell candidates. This has created

confusion, as there are profound differences between these cell definitions based on

isolation methodology, characterization, and reparative biology. Here, a stricter defi-

nition based on stem cell biology principles is proposed. Although preclinical studies

have often been promising, results from clinical trials have been highly contradictory

and served to highlight multiple challenges associated with disappointing therapeutic

benefit. This article reviews recent accomplishments in the field and discusses cur-

rent difficulties when developing endothelial stem cell therapies. Emerging evidence

that disputes the classic view of the bone marrow as the source for these cells and

supports the vascular wall as the niche for these tissue-resident endothelial stem cells

is considered. In addition, novel markers to identify endothelial stem cells, including

CD157, EPCR, and CD31low VEGFR2low IL33+ Sox9+, are described.
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Significance statement

The present study provides a scientific update on recent advances in endothelial stem cell defi-

nition, location, and markers. Current challenges for an effective translation of cellular therapies

for vascular repair and regeneration are discussed, and potential strategies to overcome these

challenges are proposed. The importance of a molecular marker profile combined with func-

tional assays when defining endothelial stem/progenitor cells is highlighted.
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1 | DEFINING ENDOTHELIAL STEM CELLS

Development studies in mice have established the origin of blood ves-

sel formation to occur with the appearance of angioblast precursors

derived from early mesoderm, which leads to the formation of the

primitive vascular network within the extraembryonic yolk sac at

E6.5.1 These angioblasts that form blood islands also migrate to colo-

nize embryonic tissues. During subsequent vasculogenesis, extensive

remodeling of the primitive vasculature leads to formation of a func-

tional vascular network consisting of specialized arterial, venous, lym-

phatic, and hemogenic endothelial cell subtypes. Colonization of the

bone marrow occurs later by hematopoietic stem cells arising from

the hemogenic endothelium at E16.5.2 The close physical, temporal,

and spatial association between hematopoietic and endothelial cells

during embryonic development has given rise to theories such as

the existence of a common bipotent progenitor known as the

hemangioblast. While the existence of the hemangioblast is still

debated,3 this relationship between endothelial and hematopoietic

cells is also shown in the hemogenic endothelium, which has been

defined as a specialized endothelial cell population that gives rise to

hematopoietic cells. The shared expression of markers, such as CD34

and VEGFR-2 (in human); or sca1 and flk-1 (in mouse), in cells with

capacity for hematopoietic and endothelial differentiation led to the

proposal for an adult hemangioblast circulating in peripheral blood.4

These cells have been studied as putative circulating endothelial pro-

genitor cells (EPCs) with vasoreparative properties. While in preclinical

models, transplantation of these EPCs promoted angiogenesis in

ischemic tissues,5 follow on clinical trials have not shown similar effi-

cacy.6 There is significant controversy defining EPCs, as the term has

been broadly used to describe cells that are non-endothelial in nature,

such as hematopoietic stem cells (HSCs) and myeloid angiogenic cells

(MACs).7 Furthermore, studies have demonstrated that blood mono-

cytic cells can acquire endothelial markers in culture by uptake of

platelet extracellular vesicles.8

Following basic stem cell biology principles, endothelial stem cells

must exhibit capacities for self-renewal and lineage differentiation

into organ-specific specialized endothelial cells. Evidence has con-

firmed a higher cell turnover rate in adult cardiac tissue for endothelial

cells (>15% per year), when compared with mesenchymal cells (<4%

per year) or cardiomyocytes (<1% per year).9 Similarly, multi-isotope

imaging mass spectroscopy and electron microscopy has revealed sig-

nificant endothelial cell turnover in brain, liver, and pancreas, with

blood vessels being described as mosaics structures consisting of

young and aged cells.10 Furthermore, in the adult bone marrow, a

small population of Apelin expressing endothelial cells is critical for

vascular regeneration after irradiation.11 All these data suggest that

endothelial homeostasis and maintenance is preserved by a self-

renewing subpopulation of cells with stem/progenitor properties.

During development, initially homogeneous embryonic endothelial

precursors acquire distinct identities to support organ relevant func-

tion. This endothelial cell heterogeneity in different tissues and organs

have been described at the transcriptome and translatome level.12,13

In addition, endothelial cells can adopt tissue-specific characteristics

during organ development and regeneration.14 This endothelial spe-

cialization according to organ microenvironment underscores the plas-

ticity of some endothelial cells, which also suggests the existence of

an endothelial stem cell. Hematopoietic stem cells are the quintessen-

tial example for a precise stem cell definition, not only by molecular

markers but with robust evidence for lineage differentiation and self-

renewal that goes beyond the lifespan of the HSC donor.15 This scien-

tific stringency is currently missing when defining endothelial stem

cells. Therefore, we propose that an endothelial molecular identity

coupled with self-renewal and differentiation capacity into various

endothelial cell phenotypes should be essential requirements to

define endothelial stem cells. While the terms endothelial stem and

progenitor are currently used interchangeably, future studies are

needed to formulate models for endothelial differentiation hierarchy

and distinguish stem from progenitor cells. Until evidence for precise

molecular identities is established, we hypothesize that endothelial

stem cells must retain the capacity to differentiate into arterial,

venous, lymphatic, and capillary endothelial cells as required. This can

be demonstrated by their molecular plasticity and adoption of organ

specific endothelial characteristics, akin to induced pluripotent-

derived endothelial cells.14 Endothelial progenitors, on the other hand,

are expected to be committed to targeted differentiation into organ

specialized endothelium, suggesting that an endothelial progenitor cell

niche exists within highly vascularized organs.

Endothelial colony-forming cells (ECFCs) are a subtype of endo-

thelial progenitor with remarkable clonogenic potential and postnatal

vascularization ability in vivo.16 ECFCs are consistently isolated from

human cord blood and there is an established consensus for their defi-

nition.17 ECFCs have been shown to significantly contribute to vascu-

lar regeneration of ischemic tissues such as heart, brain, retina, and

limbs18; and they are on a translational pathway toward a cell ther-

apy.19 A systematic review of controlled preclinical animal studies

using human ECFCs concluded that while the potential clinical appli-

cation for ECFCs is evolving rapidly, the wider implementation of

already established standardized ECFC characterization will enable

more rapid and effective transition to clinical trials.20

2 | LOCATION OF ENDOTHELIAL
PROGENITORS

EPCs were originally thought to reside in the bone marrow21; how-

ever, recent studies in patients with sex-mismatched bone marrow

transplantations have shown that these endothelial vasoreparative

cells do not originate from bone marrow.22 ECFCs isolated from

venous wall and peripheral blood of male patients, who had previously

received bone marrow transplants from female donors, displayed a XY

genotype, which negates bone marrow as the ECFC source. In agree-

ment with the idea for a vascular niche, ECFCs have been isolated

from human saphenous vein.23 Evaluation of transcriptomic and pro-

teomic profiles in human peripheral blood-derived ECFCs suggested

that they represent an intermediate endothelial cell population

between human coronary artery endothelial cells and human umbilical
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vein endothelial cells.24 While these studies suggests that ECFCs

reside within macrovessels, these progenitors have also been isolated

from microvessels of human placenta.25 Interestingly, microvascular

ECFCs show greater vessel forming capacity than macrovascular

ECFCs in a Matrigel graft implant model. Furthermore, there is evi-

dence that ECFCs are also resident in white adipose tissue (WAT).

ECFCs isolated from WAT stromal vascular fraction displayed compa-

rable angiogenic properties to umbilical cord and peripheral blood-

derived ECFCs.26 Although evidence suggests ECFCs arise from a vas-

cular niche, their origin and specific location as vascular wall resident

endothelial cells in vivo remains to be proven.

Murine models of vascular injury have enabled further under-

standing of the functional significance for vasoreparative cells within

local vascular niches. Endothelial regeneration of pulmonary vascula-

ture in an endotoxin-induced lung injury model have suggested that

tissue resident endothelial progenitors contribute to vascular repair of

pulmonary capillary vessels which did not originate from bone mar-

row.27 Similarly, a study using an aortic injury model showed that

regeneration of mouse aorta is executed by endothelial cells from the

border regions of the vascular lesion.28 Endothelial cells flanking

the lesion enter mitosis and local endothelial cell proliferation

through transient amplifying cell populations is responsible for

vascular wound closure without the significant contribution of

bone marrow-derived progenitors. Further lineage tracing experi-

ments have revealed an endothelial hierarchy with three subsets:

endovascular progenitors (EVP, CD31low VEGFR2�/low), transient

amplifying (TA, CD31intVEGFR2�/low), and definitive differentiated

(D, CD31highVEGFR2high) cells (Figure 1). This study demonstrated

that EVPs, but not TA or D cells, exhibited intrinsic stem/progenitor

cell properties, including in vivo self-renewal potential.29 Unbiased

single-cell RNA sequencing from mouse aortas confirmed this

endothelial hierarchy, and identified Sox9, Il33, and PDGFRA as

molecular markers for EVP, while CD31 and Sox18 identified differen-

tiated cells.30 Similarly, highly proliferative and vasoreparative

CD157+CD200+ cells were found in large adult murine vessels, which

were also identified as tissue resident endothelial stem cells.31 Inter-

estingly, EVPs highly expressed Pdgfra, a mesenchymal gene which

indicates their potential to differentiate into endothelial and mesen-

chymal cell types. In agreement with this theory, genetic lineage trac-

ing studies and single cell RNA sequencing in the murine model of

hindlimb ischemia has shown that a subset of fibroblasts can acquire

endothelial genes.32 The emergence of CD144+ cells within FSP

(fibroblast-specific protein)-1+ fibroblasts in ischemic limbs was medi-

ated by Toll-like receptor-3 and nuclear factor κB. On the contrary, in

the mouse model of myocardial ischemia, lineage tracing experiments

pointed that pre-existing endothelial cells and not fibroblasts, were

responsible for the observed neovascularization.33 These studies high-

light the importance of fibroblasts in promoting vascularization, and

further investigations are warranted to confirm the existence of

a bipotent mesenchymal stem cell or fibroblast with capacity for

mesenchymal to endothelial transition.

An unambiguous molecular definition of endothelial stem cells

phenotype and status is lacking. However, based on current evidence,

it can be considered that these stem cells lie dormant in healthy tis-

sues, but with the capacity to rapidly respond by proliferating, differ-

entiating into endothelium and thereby contributing to vascular

homeostasis and repair. Whether they engage with repair by directly

differentiating into endothelium or evoke a more complex pathway

involving transient amplifying cells is unknown. Clearly further

research is needed since the process of vascular repair is complex and

expected to involve not only endothelial stem/progenitor cells but

also differentiated endothelial cells, mural cells, immune cells, and

platelets.

3 | CLINICAL TRANSLATION CHALLENGES
FOR ENDOTHELIAL STEM/
PROGENITOR CELLS

Since the early 90s, there has been considerable interest in endothe-

lial stem/progenitor cells as a potential cell therapy for ischemic dis-

eases. Unfortunately, meta-analysis of clinical trials for ischemic heart

disease34 and critical limb ischemia,6 have indicated that while such

cell therapies are safe, they have limited therapeutic efficacy. Among

the factors contributing to these disappointing results are (a) Lack

F IGURE 1 Molecular identities reported for endogenous
endothelial stem/progenitor cells. Diagram to depict endovascular
progenitor cell types that reside within the vasculature and have
vasoreparative properties reported in mouse tissues. Cell types shown
in upper box. Cell surface markers shown in lower box. D cell,
definitive differentiated; EVP, endovascular progenitor; TA, transit
amplifying. Figure created in BioRender.com
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of accurate definitions for cell therapy products; (b) Absence of stan-

dardization on cell dosage or delivery route; (c) Patient target popula-

tion with severe disease; (d) Poor cell survival and engraftment after

delivery into hypoxic scarred tissue; and (e) Undefined mechanism of

action. In summary, the rapid move of endothelial progenitor cell ther-

apies from the labs into the clinics, without having well-defined cells

with a proven mechanism of action has negatively impacted the

results. We propose some strategies to dispel these challenges

(Table 1). Moreover, advances in stem cell characterization at single-

cell resolution alongside emergence of novel biomaterials will improve

delivery of cell therapies using endothelial stem cells. A detailed

understanding of distinct type of vasoregenerative cells has transla-

tional applications, by providing a scientific rationale to base clinical

trial design and maximize therapeutic efficacy. Cumulative evidence

has demonstrated that circulating CD34+VEGFR2+ cells, MACs, and

ECFCs, all contribute to reparative angiogenesis by different mecha-

nisms of action. Choosing the most appropriate cell type will depend

on disease type. For example, if ischemic tissue retains endogenous

vasoreparative capacity, MACs will provide the pro-angiogenic sup-

port needed to enhance endothelial regeneration; however, if endo-

thelial repair is significantly impaired such as in diabetic

vasculopathies, then an allogeneic approach using ECFCs will facilitate

effective de novo therapeutic angiogenesis.

It is important to highlight that original findings demonstrating

endothelial regeneration relied on mouse models. Similarly, endoge-

nous vasoreparative cells have been described in various mouse

organs. We have evaluated the scientific literature and performed a

search in Pubmed using the query “endothelial progenitor” or “endo-
thelial precursor” or “endothelial stem cell” or “endothelial colony-
forming cell” or “colony-forming unit endothelial cell.” We further

excluded review papers and finally identified 6437 non-review articles

published from 2000 to 2020. Within the same time frame of

20 years, we identified ~300 original research articles on ECFCs

(Figure 2A). For each paper, we mined the metadata and collected the

taxon id for the biological sample reported. As a result, we determined

that 54% of original research papers on endothelial stem/progenitor

cells are associated with human cells, 23% with murine cells and 23%

with other organisms (Figure 2B). A similar trend was found for ECFC

papers; ~60% associated with human cells and ~20% with mouse

cells. These data showed that majority of studies relate to human

cells; however, it is important to highlight that these investigations

mostly used cells isolated in culture or quantified by flow cytometry.

The studies in mouse models, on the other hand, have mostly focused

on of endogenous endothelial stem cells and the characterization of

potential molecular markers for such progenitors. In addition, differ-

ences between human and mouse endothelial progenitors have not

been established. While there are similarities with some markers,

TABLE 1 Analysis of challenges and potential solutions to address

difficulties when developing endothelial cell therapies

Challenges for effective
translation of endothelial

stem/progenitor cell therapies Proposed solutions

1. Unclear definitions for

identity and purity of cells

Detailed release criteria based on

cell surface immunophenotype

and potency assays

2. Lack of standardization for

cell dosage and delivery

routes

Preclinical dose scalation and

delivery route studies, to identify

most effective strategy

3. Patient target population

with severe disease

Phase II efficacy trials may require

a patient population with a wider

range of disease severity than

Phase I safety trials

4. Poor cell survival and

engraftment

New approaches that modulate

the microenvironment and/or

cells to increase resilience to

hypoxia

5. Undefined mechanism of

action

Preclinical data that defines

mechanism of action at the

molecular level is established

F IGURE 2 PubMed search for original research articles
investigating endothelial stem/progenitor cells. A, Bar plot for the
frequency of publications in endothelial stem/progenitor cells or
ECFCs from 2000 to 2020. B, Bar plot with taxonomy distribution for
papers identified. C, UpSet plot to depict frequently used molecular
markers or combinations in studies for endothelial stem/progenitor
cells
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phenotype, and functions, there is no data for a direct comparison

among them; and we cannot assume these cell populations to be

equivalent. Therefore, the human or mouse origin needs to be care-

fully considered when evaluating the literature, and more importantly,

when using these data to support clinical trials.

4 | MARKERS FOR ENDOTHELIAL
PROGENITORS

Based on the original research articles published on “endothelial pro-
genitors” collected from the last 20 years, we queried for molecular

markers used to define cell identity. Among the most frequently used

markers were CD34, VEGFR2, CD31, CD146, and CD144. CD34

alone appeared as the top cell marker in 584 out of 2119 papers. The

second most common identity used was the combination of CD34

and VEGFR-2, in 566 out of 2119 papers (Figure 2C). Enumeration of

circulating endothelial progenitors in human blood is frequently

assessed by flow cytometry for CD34 and VEGFR-2 expression in

mononucleated cells. This immunophenotypic definition for putative

EPCs circulating in human peripheral blood has been often used for

clinical studies, and these circulating CD34+VEGFR-2+ cells are con-

sidered a measure of the endogenous reparative capacity of the car-

diovascular system.35 A recent investigation on endothelial progenitor

enumeration in blood from patients with COVID-19 or undergoing

bioprosthetic total artificial heart implantation, has employed mass

cytometry and imaging flow cytometry to demonstrate that circulating

CD19�CD34+ cells are negative for VEGFR-2. Furthermore, VEGFR-

2 was only expressed in CD19+ B-cells and CD14+ monocytes. Imag-

ing cytometry showed that events which were CD19�CD34+VEGFR-

2+ represent cellular particles, fragments, or debris.36 These results

have underscored the need to redefine circulating endothelial progen-

itors, in line with technological advances, such as mass cytometry,

which increases accuracy for molecular definition of cells.

Alongside flow cytometry-based enumeration of putative endothelial

progenitors as CD34+VEGFR-2+, cell culture-based isolation of ECFCs is

another well-accepted way to study human endothelial progenitors. We

summarize and discuss molecular markers that have been associated with

resident endothelial stem/progenitors (Figure 1 and Supporting Informa-

tion Table S1).

Additional markers, CD146 and CD144 have been suggested as sub-

stitutes for VEGFR-2, or as additional markers to further refine the popu-

lation.37 In addition, c-Kit expression was associated with higher CD34

and VEGFR-2 levels. CD34+c-Kit+ have been proposed to be at the ori-

gin of endothelial recovery after total artificial heart transplantation.36

Added to this, c-Kit expression has also been reported in quiescent endo-

thelial stem cells residing in the vascular wall in mouse lung vasculature,

expressing lin�CD31+CD105+Sca1+CD117(c-kit)+.38 These cells

showed in vitro colony forming capacity, and their regenerative potential

was demonstrated by a single cell forming new blood vessels in vivo that

connected with host circulation. Unfortunately, correlation between

cytometry and cell culture isolation methods of endothelial progenitors

has been difficult. Indeed, cultures of FACS-sorted CD34+VEGFR2+ cells

do not yield a comparable progenitor population to ECFCs generated by

cell culture of unsorted PBMCs.37 Moreover, no correlation has been

reported between the number of these circulating CD34+VEGFR2+ cells

and the number of ECFCs obtained in cell culture.39 However, it has

been suggested that it is the viable c-Kit expressing cells in FACS-sorted

CD34+VEGFR-2+ population that are the precursors to ECFCs in cul-

ture. Similarly, ECFCs were prospectively identified and isolated by

expression of CD146 and lack of CD45 or CD133.40

Investigators have shown CD133 expression to be a marker of

tissue-resident endothelial progenitors in mouse lung.41 However,

expression of CD133 as a marker of human derived ECFCs is contro-

versial, and the ability of CD133+ cells to give rise to cells of endothe-

lial lineage is highly debated.42,43 Recently, Rossi et al sought to clear

confusion around expression of CD133 in ECFCs, showing that

human cord-blood ECFCs do not express CD133 on their cell surface,

but rather they express intracellular CD133; this is in direct contrast

to mature ECs. Furthermore, silencing of CD133 causes a significant

reduction in vasculogenic potential in a model of hindlimb ischae-

mia.44 This work has highlighted the potential for isolation of ECFCs

by intracellular CD133 expression, and to further distinguish them

from mature vascular ECs, of which their immunophenotype and

tubulogenic capacity are highly similar24; although the exact mecha-

nism of action for CD133 in ECFCs to enhance their vasculogenic

potential remains unknown. In line with this, stem cells from infantile

hemangiomas (Hem-SC) isolated as CD133+ cells, are a mesenchymal

population capable of differentiating into endothelial cells.45

VEGFR-2 co-receptor, NRP1, has been identified as a marker of

an endothelial precursor, since its expression precedes that of CD31

and CD34 in mouse embryonic studies.46 Following on from this, a

protocol was developed to generate ECFC-like cells from induced plu-

ripotent stem cells that were directly comparable to cord-blood

derived ECFCs in vasculogenic potential. During the differentiation

process, cells were sorted based upon NRP1+CD31+ expression, and

when expanded demonstrated high clonal proliferative potential

and in vivo vessel formation that inosculated with host vasculature in

the hindlimb ischemia model and oxygen induced retinopathy

model.47 As such, iPS-derived ECFCs could represent a robust and

patient-specific source of ECFCs for cell therapy trials. Alternative

approaches for rapid, consistent, and highly efficient differentiation of

iPSCs into endothelial cells include the timely activation of transcrip-

tion factor ETV2.48,49 However, more research into safety and mem-

ory of host susceptibility to disease is important to make this cell

therapy a reality.

The glycoprotein von Willebrand factor (VWF) is frequently used

as an endothelial cell marker and its expression increases during iPS to

endothelial cell differentiation. In addition, VWF regulates blood vessel

formation.50 VWF knockdown in ECFCs led to increased proliferation,

migration, and in vitro angiogenesis.51 The considerable heterogeneity

in VWF expression in mature endothelial cells and ECFCs suggests pop-

ulation heterogeneity and VWF expression dynamics between progeni-

tors and differentiated cells remains to be elucidated.

IPS-derived endothelial cells can be differentiated by various

methods, including embryoid body formation or cell culture with/
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without feeder layers. Studies have shown that differentiation toward

an endothelial lineage is dependent on certain pathways (eg, WNT,

TGFβ, BMP, and VEGF signaling) or differential cues from the micro-

environment.52 Since IPSCs are pluripotent cells, in vitro models for

endothelial cell differentiation and use of new technologies, such as

scRNAseq, will enable the characterization of cell intermediates

between iPS cells, endothelial stem cells and differentiated endothelial

cells, at the transcriptional level. This would not only improve

efficiency of differentiation protocols, but also aid understanding of

vascular development.

There are some recent reports characterizing new markers to

identify endothelial vasoreparative cells in the mouse. CD157 has

been identified as a marker for tissue-resident vascular endothelial

stem cells in numerous mouse organs. CD157+ cells are enriched in

the liver endothelial side population, and importantly, a single

CD157+CD200+ endothelial cell was capable of repairing damaged

liver vasculature by differentiating into progeny within large and small

vessels. Similarly, transplantation of CD157+CD200+ endothelial cells

engrafted into mouse vasculature and corrected the bleeding pheno-

type in hemophilia A mice.31 Murine vascular endothelial stem cells

(CD45�CD31+CD157+) demonstrated enhanced endothelial tubule

network formation, and exhibited clonal endothelial colony forming

capacity vs the CD157� population.53 In this protocol, ECFCs were

supported using an OP9 stromal cell coculture approach as previously

described.54 Although these results are akin to human ECFCs, their

existence in humans has not yet been proven.31 Nevertheless, CD157

has recently been used to identify ECFCs with highly proliferative

potential, generated following differentiation from human pluripotent

stem cells (hPSCs). CD157 expression was significantly higher in

hPSCs-derived ECFCs (46%) compared with mature human saphenous

vein endothelial cells (2%); however, functional readouts of this

CD157+ high proliferative potential (HPP)-ECFC population in

humans is warranted.55

Endothelial protein C receptor (EPCR) is a glycoprotein with

anti-thrombotic and cytoprotective roles. EPCR expressing endothelial

cells have also been suggested as vascular endothelial stem cells.

EPCR+ endothelial cells showed in vitro clonogenicity by serial pas-

sage for at least 10 passages in more than 3 months. Long-term line-

age tracing demonstrated that EPCR+ cells contribute to endothelial

cell expansion during development of mammary vasculature, at

10 months post activation of the GFP label. Furthermore, EPCR+ cells

were shown to have differentiation capacity into pericytes and

exhibited endothelial-to-mesenchymal transition (EndMT) molecular

signatures which included upregulation of Zeb1, Zeb2, Foxc2, and

Vimentin. EndMT is defined as a phenotypic switch where endothelial

cells lose their endothelial characteristics and acquire mesenchymal

traits. It has been suggested that some level of EndMT is required to

initiate angiogenesis by endothelial sprouting. Genetic ablation of

EPCR+ cells severely delayed vascular development in mouse retinas,

and EPCR+ cells delivered into the mouse hindlimb ischemia model

improved blood flow with effective engraftment.56 However, in vitro

studies using mature human endothelial cells (HRECs, HAECs,

HUVECs) also show high cell surface expression of EPCR.57

Potentially, EPCR+ vascular endothelial stem cells are mouse-specific,

or expression of EPCR in human ECs has become enriched during

in vitro cell culture compared with in situ. In addition, studies have

shown that expression of EPCR marks long-term hematopoietic stem

cells within mouse bone marrow58 and human cord blood59; there-

fore, it is important to include an endothelial specific marker to ensure

definitive expression of EPCR in endothelial cells.

Endogenous endothelial stem cells in the mouse aorta have been

defined as CD31low VEGFR2�/low, which give rise to transit amplifying

CD31intVEGFR-2�/low and definitive differentiated CD31highVEGFR-

2high cells (Figure 1). These endothelial stem cells were also character-

ized by the expression of IL33 and Sox9.29 Furthermore,

CD31lowVEGFR-2�IL33+Sox9+ endothelial stem cells in the aorta

exhibited high expression of Pdgfrα, which suggested the existence of

a bipotent meso-endothelial progenitor. This was confirmed in human

placenta.60 When expression of CD157 and EPCR (PROCR) were

assessed in the scRNAseq data from tissue resident endothelial stem

cells in the mouse aorta, these markers could not distinguish endothe-

lial cell subsets.30 This suggests that endothelial stem cell characteris-

tics may be organ specific. Interestingly, scRNA-seq and lineage

tracing experiments have also revealed a transcriptional hierarchy in

resident endothelial cells from the mouse heart.61 When a myocardial

infarction model was investigated, a subset of resident endothelial

cells expressing Plvap was associated with neovasculogenesis. Plvap is

a protein responsible for vascular fenestrae and caveolae diaphragms,

which modulates vascular permeability; however, its association with

neovasculogenesis in ischemic hearts suggests that high Plvap expres-

sion may also denote a resident endogenous vasoreparative cell

population. Plvap expression was also found increased in ischemic

human hearts.

Characterization of side population cells in the mouse lung identi-

fied CD45�CD31+VEGFR-2� cells as progenitors capable of differen-

tiating into smooth muscle cells and endothelial cells.62 In vitro

studies determined that CD45�CD31+VEGFR-2� cells differentiate

into CD45�CD31+VEGFR-2+ cells which give rise to endothelial cells;

suggesting VEGFR-2 expression as a sign of late endothelial progeni-

tor commitment. The side population is characterized by their ability

to efflux fluorescent dyes via ATP-binding transporters such as

ABCG2; and a recent study on lung resident ABCG2+ cells has identi-

fied them as mesenchymal vascular progenitors with capacity to

modulate adaptive repair angiogenesis in the lung.63

5 | CONCLUSION

Stem cell biology is being transformed thanks to technological

advances such as single cell RNA sequencing, mass cytometry, imag-

ing cytometry, and cell-fate mapping microscopy. Use of these tech-

nologies has revealed shortcomings and inaccuracies in previous

approaches to define and locate endothelial progenitors. Here, we

emphasized that the endothelial phenotype, coupled with self-renewal

and differentiation capacities, must be essential features to define an

endothelial stem cell. We also highlight that bone marrow can no
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longer be accepted as the sole source for isolation of endothelial

stem/progenitor cells, as there is evidence to support a vascular niche.

Careful attention should be drawn to research using mouse vs human

cells, as some results may not be easily replicated. For example, while

isolation of human ECFCs is optimized, most labs find the isolation of

mouse ECFCs challenging. Lastly, various surface markers such as

CD157 or EPCR have been proposed to identify tissue-resident endo-

thelial stem cells, but more research is warranted to establish overlap

and relationships among these markers. The absence of a robust and

exhaustive marker to clearly identify endothelial progenitors alongside

the inherent species-species variation and the impact of the disease

on the cellular properties, highlights the need to define these cells

using a profile of combination of markers, rather than a single marker,

coupled with appropriate functional assays to establish an operational

definition of the endothelial cell differentiation hierarchy.
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