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A B S T R A C T

During embryonic stages, vascular endothelial cells (ECs) originate from the mesoderm, at specific extraembry-
onic and embryonic regions, through a process called vasculogenesis. In the adult, EC renewal/replacement
mostly depend on local resident ECs or endothelial progenitor cells (EPCs). Nevertheless, contribution from
circulating ECs/EPCs was also reported. In addition, cells lacking from EC/EPC markers with in vitro extended
plasticity were shown to originate endothelial-like cells (ELCs). Most of these cells consist of mesenchymal
stromal progenitors, which would eventually get mobilized from the bone marrow after injury. Based on that,
current knowledge on different mouse and human bone marrow stromal cell (BM-SC) subpopulations, able to
contribute with mesenchymal stromal/stem cells (MSCs), is herein reviewed. Such analyses underline an unex-
pected heterogeneity among sinusoidal LepRþ stromal/CAR cells. For instance, in a recent report a subgroup of
LepRþ stromal/CAR progenitors, which express GLAST and is traced in Wnt1Cre;R26RTom mice, was found to
contribute with ELCs in vivo. These GLAST þ Wnt1þ BM-SCs were shown to get mobilized to the peripheral blood
and to contribute with liver regeneration. Other sources of ELCs, such as adipose, neural and dental pulp tissues,
were also published. Finally, mechanisms likely involved in the enhanced cellular plasticity properties of bone
marrow/adipose tissue stromal cells, able to originate ELCs, are assessed. In the future, strategies to analyze the in
vivo expression profile of stromal cells, with MSC properties, in combination with screening of active genomic
regions at the single cell-level, during early postnatal development and/or after injury, will likely help under-
standing properties of these ELC sources.
1. Introduction

Blood vascular endothelial cells (ECs) are squamous epithelial cells
covering the inner surface of blood vessels (Cines et al., 1998). They most
frequently constitute a continuous layer, which allows the transcellular
transport of molecules. These cells can also have fenestrations or pores,
more or less dynamic. EC fenestrations allow for greater molecular
interchange in between the circulating blood and the underlying con-
nective tissue. In some capillaries, the endothelial layer can be
completely devoid of fenestrations, for example in the brain parenchyma,
while in other tissues, such as the endocrine glands, it has very abundant
fenestrations. Within the epithelium, ECs synthesize its basal lamina, a
structure that in exceptional cases may present discontinuities. For
example, the epithelium of hepatic capillaries (called liver sinusoids)
shows many open spaces, completely devoid of cellular components and
basal lamina. In addition, in the bone marrow capillaries/sinusoids some
transitory pores are formed by megakaryocytes that reach the vessel
lumen, or by other bone marrow cells, opening their way to the blood
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circulation.
Several ECs origins have been reported. Their embryonic sources will

first be discussed. Next, the current knowledge about their origins in the
adult will be reviewed: they are most often derived from local endothelial
progenitor cells (EPCs), which present a hierarchical relationship with
each other. Distant EC sources, including adult circulating ECs/EPCs
(CECs) and other progenitors, play a minor role in endothelial cell
turnover/endothelial layer repair in vivo. The bone marrow is a source of
CECs and it was shown that this tissue contains stromal progenitors with
properties of extended plasticity and the ability to get mobilized and
originate endothelial like cells (ELCs). In this article, different mouse and
human bone marrow stromal cell (BM-SC) subpopulations, capable of
contributing mesenchymal stromal/stem cells (MSCs) in vitro are
reviewed. In this regard, the evidences of an in vivo origin of ELCs in a
subpopulation of GLAST þ Wnt1þ BM-SCs are evaluated. ELCs were also
obtained from adipose, neural and dental pulp tissues. Finally, some
mechanisms probably involved in the acquisition/maintenance of
enhanced plasticity in adult stromal cells are also analyzed.
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2. Embryonic origin of ECs

Vascular and hematopoietic cells emerge and develop together within
the primitive yolk sac in vertebrates, as seen in human, mouse, chicken,
and zebrafish (Cines et al., 1998; Dyer et al., 2001; Oberlin et al., 2002;
Risau and Flamme, 1995; Lenard et al., 2015; Palis et al., 1995; Gomez
Perdiguero et al., 2015; McGrath et al., 2015; Ueno andWeissman, 2006;
Dzierzak and Bigas, 2018). In avian embryos, some EPCs (named
angioblasts) differentiate from the Ets1þ fibronectinþ Flk-1/VEGFR2þ

cells of the splanchnopleuric mesoderm and are the first vascular cells to
be generated (Risau and Flamme, 1995). They form clusters, with a core
made up by hematopoietic progenitors (HPCs), known as blood islands.
All through vasculogenesis (de novo origin of vessels), angioblasts and
differentiating ECs continue to express fibronectin and Flk-1. In addition,
they begin to express Cdh5/VE-cadherin, Flt-1/VEGFR1 and Tie2/Tek,
and share some markers with hematopoietic cells, including CD31 and
Ets1. In different mouse strains and in fish, fibronectin was shown to be
necessary for adequate early vascular formation (Astrof and Hynes,
2009).

In the mouse, vasculogenesis begins in the anterior yolk sac. In this
region, diverse mesodermal cells, derived from the most posterior levels
of the primitive streak, give rise to clusters of prospective endothelial and
hematopoietic cells (Dyer et al., 2001; McGrath et al., 2015; Ueno and
Weissman, 2006; Lawson et al., 1991). The first yolk sac blood
islands/clusters are observed on embryonic day 7.5/8.0 (E7.5/8.0) (Haar
and Ackerman, 1971). A more modern blood islands model for vascu-
logenesis suggests that a complete band of erythroid progenitors is
located within the visceral yolk sac, in the vicinity of scattered endo-
thelial cells (Ferkowicz and Yoder, 2005). In mouse, the first angioblast
and endothelial marker is Flk-1 (Palis et al., 1995; Huber et al., 2004).
Shortly thereafter, during vascular morphogenesis/maturation, ECs ex-
press other markers such as CD31, CD34, Flt-1 and later on Tie2 (Drake
and Fleming, 2000). In birds and mouse, the initial stimulus for angio-
blast formation is originated in the endoderm (Risau and Flamme, 1995;
Palis et al., 1995). In mice, Indian hedgehog (Ihh) is considered a rele-
vant endoderm-derived morphogen that induces vasculogenesis, and it
was shown to upregulate CD31, CD34, Flk-1 and vWF (von Willebrand
factor) expression in the mesoderm of the primitive yolk sac (Dyer et al.,
2001).

Soon after, first intraembryonic vasculogenesis occurs at the stage 1-
somite. These angioblasts originate in the mesoderm and few of them are
associated with HPCs in paraortic splachnopleura. Both types of angio-
blasts (in contact or not with HPCs; named as primordial and hemogenic,
respectively) migrate and fuse with each other and form a primary
vascular plexus, in a process called vascular anastomosis (Lenard et al.,
2015). Through quail/chick in vivo cross-transplantation experiments,
Pardanaud et al. (1996) showed two independent origins of trunk
endothelial lineages: splanchnopleural mesoderm and paraxial meso-
derm (somites). Splanchnopleural mesoderm gives rise to the vessels
found in the floor of the aorta (where hematopoietic clusters are located
in bird embryos), as well as the entire vasculature of visceral organs,
through a process of vasculogenesis. On the other hand, the paraxial
mesoderm originates the intersomitic arteries, the cardinal vein, and the
endothelium of the neural tube, the body wall, the kidney and the roof
and sides of the aorta. Thus, vessels located farther from the paraxial
mesoderm originate through a process known as angiogenesis (sprouting
from previously arose vessels). To analyze sources of ECs in the mouse,
mouse/quail crossover transplantation experiments were performed.
Mouse somite orthotopic grafts migrate and vascularized the neural tube,
limbs and mesonephros of quail embryos (Ambler et al., 2001). In other
experiments, mouse limb buds or visceral rudiments were
cross-transplanted into the coelomic cavity of host quail (Pudliszewski
and Pardanaud, 2005). These studies were able to demonstrate that the
processes of vasculogenesis and angiogenesis in mouse are similar to
those previously described in birds. In this regard, a difference found
between mouse and birds is that hematopoietic clusters form in mice not
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only at ventral but also in the dorsal part of the aorta (Taoudi and
Medvinsky, 2007).

In mouse, at E9.0 (7-to-10 somites stages), the primitive vascular
network of the visceral yolk sac connects with its embryonic counterpart
(Palis et al., 1995). In the adult, only a very small fraction of the original
components of the vessel plexus is maintained: most of them regress
before blood begins to circulate, due to the absence of survival signals
(Cines et al., 1998; Lenard et al., 2015; Franco et al., 2015). The pruning
and regression of vessels has been well analyzed in mouse (Franco et al.,
2015), rat (Hughes and Chang-Ling, 2000) and zebrafish (Lenard et al.,
2015) vasculature. It could thus be shown that the initial regression of
the vessels depends mainly on mobilization and re-organization of
endothelial cells, rather than on their apoptosis (Franco et al., 2015;
Hughes and Chang-Ling, 2000). Therefore, different origins and
tissue-specific morphogenetic signals could explain the heterogeneity of
ECs.

After much controversy in this regard, current evidence suggest that
primitive ECs and erythroid-myeloid cells do originate from different
progenitors derived from the posterior primitive streak (E7.5), which
differentiate in close association (McGrath et al., 2015; Ueno and Weiss-
man, 2006; Palis et al., 1999). Therefore, there is little in vivo evidence for
the existence of hemangioblasts, as defined by Murray in 1932 (Lacaud
and Kouskoff, 2017). By this term he referred to some cells originating
fromprimitivemesoderm capable of giving rise to all the cells of the blood
islands. New evidence based on scRNA-seq studies in mice confirms a
hemogenic EC origin of the first HSCs, during the embryonic interme-
diate stages (Baron et al., 2018), which confirms the previous literature
obtained from birds, fish, mice and humans (Oberlin et al., 2002; Risau
and Flamme, 1995; Azevedo Portilho and Pelajo-Machado, 2018; Boisset
et al., 2010; de Bruijn et al., 2000; Chen et al., 2011; Medvinsky and
Dzierzak, 1996; Ivanovs et al., 2011; Bertrand et al., 2010). Furthermore,
as in vivo mouse genetic lineage tracing shows, definitive hematopoiesis
that occur within the aortic-gonado-mesonephros (AGM) region is
dependent on ECs (Zovein et al., 2008; Zhou et al., 2016a); consistently,
HSCs originate from themesodermas long as the latter retain the potential
to differentiate into ECs (Zovein et al., 2008).While embryonic primordial
endothelial cells are known to be CD31þ CD41� CD45� CD117/c-Kit-

Flk-1þ and lack side population (SP) properties, hemogenic endothelial
cells are c-Kitþ CD31þ CD41þ/� CD45� Flk-1þ and have SP properties
(Marcelo et al., 2013). In the E11 aorta, hemogenic endothelial cells
differentiate into pre-HSCs, which continue to express several endothelial
markers (CD31, CD105, Cdh5, Tie1 and vWF) and are CD201/Procrþ

(Baron et al., 2018). Recent evidence suggests that hemogenic ECs might
eventually persist into adulthood, at least in the bone marrow of chickens
(Yvernogeau et al., 2019).

3. Adult endothelial progenitor cells and circulating endothelial
cells

Many reports have clearly shown that ECs/EPCs circulate through the
peripheral blood. For example, George et al. (1991) detected CECs, by
flow-cytometry, in a human vascular injury model. In parallel, other in-
vestigators found a minimal detectable amount of ECs of 0.06 � 0,057
cells/mL in whole blood of patients subjected to catheterization (Sbarbati
et al., 1991). Asahara et al. (1999) showed contribution of bone marrow
ECs/EPCs with ECs that were localized at distant tissues. In this study, the
authors injected bone marrow mononuclear cells, obtained from mice
that constitutively express β-galactosidase under the transcriptional
regulation of Flk-1 or Tie-2, through the tail vein of immunodeficient
mice. Four weeks later, they subjected the transplanted mice to models of
endometrial-remodeling, tumor implantation, wound healing, and hin-
dlimb and myocardial ischemia. Some of the β-galactosidase positive
cells were found embedded in the blood vessel walls of the affected
tissues.

To investigate a possible bone marrow origin of adult CECs in
humans, Lin et al. (2000) analyzed blood samples from 4 bone marrow
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transplant adult recipients who had received gender-mismatch trans-
plants. They were able to expand ECs from blood samples in a culture
medium supporting microvascular endothelial growth (endothelial
growth medium; EGM). Interestingly, 5% of CECs originated from the
donor; however, this subpopulation had much higher expansion
(outgrowth) capacity over time in vitro. This evidence would suggest that
circulating adult angioblasts are located in the bone marrow. The authors
also concluded that most of CECs (95%) derived from the vessel walls
and/or the persistent recipient bone marrow cells. However, recent ar-
ticles contrasted these results using similar experimental strategies.
These new studies, on the contrary, suggest that EPCs, with in vitro
outgrowth capacity, would originate mainly from cells present in the host
vessel walls and would not derive from the transplanted bone marrow
(Fujisawa et al., 2019; Tura et al., 2013).

In the field, two main types of human circulating EPCs were
traditionally described: early and late EPCs, distinguished by their time
of appearance in cultures (Asahara et al., 1997; Hur et al., 2004; Yoon
et al., 2005). Such cultures were obtained by seeding blood mononuclear
cell samples in plastic coated with fibronectin, collagen-1 o gelatin and
after incubation in EGM conditions. While early EPCs have limited
expandability in vitro, late EPCs can be long-term expanded. The late
EPCs were called outgrowth endothelial cells (OECs), due to their
properties as endothelial colony-forming cells (ECFCs). OECs differ from
Fig. 1. Summary Figure. BONE MARROW: different subpopulations of mouse adu
contribute with MSCs. IN VITRO: Some of these cells acquire extended plasticity/p
eventually acquiring an ELC differentiation capability. Other reports, showing data
neural and dental pulp tissues can be alternative sources of ELCs. AORTA: most of th
circulating ECs (blue), GLASTþ Wnt1þ BM-SCs (GLASTþ Wnt1þ BM-SCs; red), mostly
ECs/ELCs. LIVER: GLASTþ Wnt1þ BM-SCs were seen to be recruited to this organ and
in vivo. Within the bone marrow and on in vitro conditions, hypoxia would favor an in
some metabolic features, which might be involved in the maintenance of extended d
also enhance cell fusion events facilitating the appearance of heterokaryons of myelom
features which can originate a subpopulation of the cells which were formerly name
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early EPCs in that they have increased telomerase activity and an
increased ability to incorporate into an endothelial cells monolayer and
to form capillary tubes (Hur et al., 2004; Yoon et al., 2005). Hurr et al.
(Hur et al., 2004) found that OECs express much higher levels of Cdh5,
Flk-1, KDR and MMP2 than early EPCs. Furthermore, by microarray
analysis, Medina et al. (2010) showed that early EPCs have an expression
profile very similar to monocytes, while OECs correspond more to that of
endothelial cells. Furthermore, it was reported that some EPCs show
characteristic functions of monocytes, such as antigen presentation and
T-cell-co-stimulatory activities (Raemer et al., 2009). Early EPCs were
found to include a subpopulation of CD14þ monocyte-derived cells,
whereas OECs were almost completely devoid of CD14þ cells (Yoon
et al., 2005). The phenotype of early EPCs could eventually result from
cell fusion. In fact, the fusion of myelomonocytic and/or macrophages
with other cell types is a well-known mechanism in tissue homeostasis
and/or regeneration (Willenbring et al., 2004; Camargo et al., 2003,
2004). Alternatively, some endothelial markers contained in platelet
vesicles can be transferred to monocytes in vitro (Prokopi et al., 2009).
Therefore, the fusion of ECs or EC/EPC/platelet cytoplasm transfer
with/to monocytes/macrophages, in vitro and/or within the bone
marrow microenvironment, could partially explain hematopoietic-like
properties in some ECs/EPCs (Fig. 1). Consistent with the expected
occurrence of these types of events, in a scRNA-seq study focused on the
lt bone marrow stromal cells, which have their counterparts in humans, can
luripotent-like properties when incubated in certain environmental conditions,
from experiments mainly performed in vitro, also suggest that adipose, cardiac,
e newly generated adult ECs originate from tissue resident ECs/EPCs; however,
originated from the bone marrow, could to a minor extent also contribute with
to contribute with hepatocyte-like cells (HLCs) and endothelial-like cells (ELCs),
crease in microvesicles interchange and cell fusion events among cells as well as
evelopmental plasticity properties in some cell types. In addition, hypoxia could
onocytes fused with ECs/EPCs, or the fusion of platelets with myelomonocytes,
d as early EPCs.
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stromal fraction of the bone marrow in vivo, Baryawno et al. (2019)
removed a small cluster of cells that co-express hematopoietic and stro-
mal markers from the dataset, considering them as possible cell doublets.

In the adult, many recent reports suggest that adult ECs originate
primarily from resident vascular ECs/EPCs rather than from CECs
(Fig. 1). For example, by combining adult mice lineage tracing strategies
and clonal analyses in a fingertip regeneration model, Rinkevich et al.
(2011) observed that, after injury, angiogenesis depends on resident
Cdh5þ cells, with no significant contribution of other progenitors and/or
circulating cells. The discovery of new markers expressed in ECs sub-
populations made it possible to establish a hierarchical relationship be-
tween these cells. By mouse genetic lineage-tracing and clonal in vitro
experiments, Fang et al. (2012) found long-term ECFC properties only in
mouse c-Kit þ CD31þ CD105þ Sca-1þ ECs. In vivo, such cellular fraction
formed functional vessels, which were perfused by blood, within
implanted Matrigel plugs. These c-Kitþ cells were localized in mouse
capillaries, arteries and veins, as well as in human tumor vessels. By
immunohistochemistry, it was observed by them that mouse c-Kitþ ECs
constituted 18 � 12% of the liver and 2 � 1% of the kidney CD31þ ECs,
and were also found in lung and subcutaneous vessels. In another study,
by applying single cell RNA-sequencing (scRNA-seq) techniques and
mouse in vivo genetic tracing approaches, Deng et al. (2020) were
recently able to demonstrate that c-Kitþ vascular progenitor cells
contribute to endothelial repair in the aorta, without a significant
contribution from the bone marrow. The authors report that such resi-
dent c-Kitþ EPCs would be located in the adventitia or, more rarely,
within the intimal layer of the vessel, and that their contribution with
new ECs increases in the setting of severe vessel injury. Furthermore,
their results also suggest that other subpopulations of vascular EPCs and
c-Kit- ECs would also participate in both aorta angiogenesis and intimal
endothelial layer regeneration, in a transplant arteriosclerosis model.
Differentiation of c-Kitþ vascular progenitors in ECs was found to require
metabolic reprogramming, involving glycolysis and tricarboxylic acid
(TCA) cycles (Deng et al., 2020). Consistent with the evidence shown in
the previous article, Zengin et al. (2006) described an enrichment of EPCs
in deep regions of the human internal thoracic artery wall: in between the
muscle (tunica media) and the adventitia vessel layers.

In cases of non-severe lesions and/or under physiological conditions,
it was shown that EC turn-over in different mouse tissues depends on
local subpopulations of c-Kit- ECs/EPCs (Kusumbe et al., 2014; Yu et al.,
2016; Naito et al., 2016; Wakabayashi et al., 2018), further increasing
ECs heterogeneity. Thus, Yu et al. (2016) found that c-Kit- Protein C
receptorþ Sca-1þ ECs would constitute the main cell population involved
in angiogenesis of the mammary gland in vivo. These cells are clonogenic
in vitro, and it was shown that they originate ECs and pericytes in vivo and
in vitro. Furthermore, the authors also found that this fraction of c-Kit- ECs
also contribute with ECs and pericytes in the skin. They are also involved
in the development of retinal blood vasculature development and in
vascular repair after ischemic injury to the hindlimbs. Consistently,
freshly isolated c-Kit- Protein C receptorþ Sca1þ ECs expressed higher
levels of markers of angiogenesis, vascular development, and
endothelial-to-mesenchymal transition than Protein C receptor� ECs.

According to Naito et al. (2016), the lungs of mice contain a small
fraction of resident CD31þ CD45� ECs with a SP phenotype and in vitro
ECFCs properties. These SP ECs (E-SP) cells are c-Kit- CD34þ CD44�

Cdh5þ Ephrin B2low Flk-1þ Glycam1- Hey1low Hey2low Sca1þ. By in vivo
lineage tracing, lung E-SP cells were found not to be derived from the
bone marrow. By flow cytometry of fresh samples, it was shown that
these cells contribute with lung tumor angiogenesis, since the percentage
of E-SP cells increased in this context, from 0.67% (control) to 2.81 and
7.02%, depending on the tumor model. More recently, Wakabayashi
et al. (2018) analyzed the signature of mouse liver E-SP cells and found
enrichment for CD157/Bst1 and CD200/OX2 transcripts, while CD157-

C200- ECs almost completely lacked a SP phenotype. The CD157þ C200þ

ECs represented 3.9% � 0.7% of the total liver ECs traced with Cdh5.
CD157þ ECs are located in the intimal layer of large blood vessels and
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were also found in other tissues, including the brain, heart, limb muscles,
lungs, retina and skin. However, CD157þ ECs were not found in the
capillaries of the heart, liver, and lungs. Bymouse genetic lineage tracing,
a hematopoietic or bone marrow origin of the CD157þ C200þ ECs was
excluded. In addition, these cells were found to play the major role in
liver angiogenesis, both in a vascular injury model and in the context of
physiological turnover. In such contexts, CD157þ ECs integrated into
hepatic capillaries and exhibited morphological and functional proper-
ties identical to sinusoidal cells. Moreover, in single cell transplantation
experiments, CD157þ C200þ ECs showed self-renewal capacity and in-
tegrated into the wall of small and large vessels after liver injury.
Furthermore, when transplanted into mice previously subjected to hin-
dlimb ischemia, these cells were recruited into blood vessels and
contributed both ECs and αSMAþ pericytes. Finally, after being grafted
into a mouse model of hemophilia A, CD157þ C200þ ECs were integrated
into the wall of hepatic vessels and rescued both the plasma FVIII activity
and the haemophilic bleeding phenotypes.

4. ¿Are there pluripotent-like cells contributing with endothelial
cells in the adult?

As mentioned above, microvascular renewal/remodeling over time
and/or after injury appears to be highly dependent on tissue resident
ECs/EPCs. Therefore, it is likely that CECs derived from distant tissues
play a minor role in such processes. Interestingly, it was also shown that
some progenitor cells, lacking an EC/EPC phenotype, obtained from
different tissues but mainly from bone marrow, have the potential to
contribute ELCs (Table 1). In most cases, these cells, with extended
plasticity (capacity of cells committed to specific lineages to change their
fate when exposed to a different microenvironment), were obtained from
MSCs cultures under specific in vitro conditions. However, their identities
in vivo remain largely unknown. Interestingly, extended plasticity prop-
erties of some types of adult stromal cells, from the bone marrow or other
tissues, were confirmed by different groups, since, for example, their
ability to differentiate into hepatocyte-like cells (HLCs) was demon-
strated, in vitro (Fiore et al., 2015; Li et al., 2018; Bao et al., 2016; Piryaei
et al., 2011) and in vivo (Sierra et al., 2020). Such HLCs do not appear to
play a significant role in liver repair; however, these hepatogenic pro-
genitors could be applied in the future in tissue replacement strategies.

In 2002, Jiang et al. (2002) published that mouse bone marrow cells
could acquire some properties in common with pluripotent cells
(expression of Oct4 and the ability to differentiate into cells of all germ
layers) in vitro, which they termed multipotent adult progenitor cells
(MAPCs). However, these cells are negative for Sox2, Nanog and other
pluripotent-like markers (Ulloa-Montoya et al., 2007). In addition, the
authors suggested that after injection into early blastocysts, individual
MAPCs would contribute most somatic cell types (Jiang et al., 2002);
however, such experiments/results were not replicated by other groups.
Therefore, it would be more correct to state that these cells in vitrowould
have a wide plasticity rather than they could be pluripotent. In fact,
several recent scRNA-seq studies found no clear evidence of any plurip-
otent cells within the bone marrow in the adult (Baryawno et al., 2019;
Baccin et al., 2020; Tikhonova et al., 2019). In their protocol, bone
marrow mononuclear cells were expanded through various in vitro pas-
sages as MSCs, at low densities, on surfaces coated with extracellular
matrix, and incubated in culture medium supplemented with growth
factors, including EGF and PDGF-BB. Regarding the differentiation po-
tential of MAPCs in ELCs, when human AC133þ CD34� Cdh5- Flk-1þ

MAPCs were cultured with VEGF, they acquired a phenotype of CD34þ

Cdh5þ Flk-1þ Tekþ Tieþ vWFþ ELCs (Reyes et al., 2002). Under these
conditions, these cells formed capillary-network structures and to uptook
DiI-Ac-LDL in vitro, characteristic properties of ECs. Furthermore, MAPCs
were able to contribute ECs during tumor and wound healing angio-
genesis in vivo. In another study, it was demonstrated that incubation of
mouse MAPCs with VEGF on a fibronectin-coated surface induced their
differentiation into Cdh5þ eNOSþ Flk-1þ vWFþ ELCs, with the



Table 1
Pluripotent-like cells as sources of ELCs. Underline phrases denote protocols or tissues used in which ELCs were obtained.

References Name
of cells

Protocol Tissue sources In vitro differentiation into ELCs In vivo differentiation
into ELCs

(Jiang et al., 2002; Reyes et al., 2002;
Ulloa-Montoya et al., 2007; Xu et al.,
2008; Mahapatra et al., 2010; Ryu
et al., 2013; Zhang et al., 2020)

MAPCs Cells expanded as MSCs for
long-term at low density on
extracellular matrix in EGF
and PDGF-BB � low O2

-Adult human,
mouse, ovine, rat
and swine bone
marrow
-Swine peripheral
blood

Acquisition of EC markers, capacity
to uptake Dil-Ac-LDL and capillary
network formation, when incubated
in angiogenic conditions

Contribution with ELCs
when pre-treated in vitro
under angiogenic
conditions

(D'Ippolito et al., 2004; Rahnemai-Azar
et al. (2011); Grau-Monge et al.
(2017))

MIAMI Cells expanded as MSCs at low
density on fibronectin at low
O2 with 2% FBS

-Adult human bone
marrow

Acquisition of EC markers and
capillary network formation, when
incubated in angiogenic conditions

Contribution with ELCs,
even without requirement
of in vitro pre-treatment

(Kucia et al. (2006); Guerin et al., 2015;
Guerin et al. (2017))

VSELs In vivo isolated CD45�

CD133þ lin- Sca1þ cells
-Adult human and
mouse bone
marrow
-Adult mouse
uterus
-Human cord blood

More evidences are required More evidences are
required

(Kuroda et al. (2010); Gimeno et al.,
2017; Uchida et al. (2017);
Hosoyama et al. (2018); Tanaka et al.,
2018; Yamada et al., 2018; Sun et al.,
2020)

Muse -MSCs cultures subjected to
stress conditions
-In vivo isolated SSEA-3þ
human cells
-SSEA-3þ FACS-sorted cells
from MSCs cultures

-Adult human and
rat bone marrow
-Adult human
adipose tissue

Acquisition of EC markers and
capillary network formation, when
incubated in angiogenic conditions

Contribution with ELCs
even without requirement
of in vitro pre-treatment
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acquisition of a cobblestone EC-like morphology and the ability to uptake
Dil-Ac-LDL (Xu et al., 2008). However, when naïve human MAPCs were
transplanted into a mouse model of limb ischemia, these cells did not
differentiate into ELCs (Ryu et al., 2013). Recently, Zhang et al. (2020)
incubated mouse MAPCs with the synthetic apolipoprotein A-I mimetic
peptide 5F, together with VEGF, and reported an increase in the
expression levels of EC markers, as well as an increase in the formation of
vascular tubes and their properties of DiI-Ac-LDL uptake. Finally,
Mahapatra et al. (2010) incubated rat MAPCs in the presence or absence
of 59-aza-29-deoxycytidine (aza-dC; a specific DNA methyltransferase)
and trichostatin A (TSA; a histone deacetylase inhibitor) with or without
VEGF. Consistent with the main role of epigenetic changes in the
acquisition of an endothelial-like phenotype by MAPCs in vitro, the in-
hibition of DNMT and HDAC increased the expression levels of endo-
thelial cell markers, in the presence or absence of VEGF, and improved
their vascular network formation capacity.

In 2004, D'Ippolito et al. (D'Ippolito et al., 2004) cultured bone
marrow cells, obtained from vertebral bodies (T1-L5) of cadaveric male
and female donors, on fibronectin and under low oxygen tension, for 14
days. Subsequently, small colonies of adherent cells were expanded in
similar conditions at low density, with the addition of 2% fetal bovine
serum. With this protocol, the authors were able to obtain cells (termed
MIAMI cells; which stands for marrow-isolated adult multilineage
inducible cells) that express BMPR1B (bone morphogenetic protein re-
ceptor type 1B), CD29 (β1-integrin), CD63 (a member of the tetraspanin
superfamily), CD81 (another tetraspanin, also expressed in hepatocytes
and lymphocytes), CD122 (interleukin-2 receptor subunit beta), CD164
(a sialomucin, frequently expressed in CD34þ cells), cMet (a hepatocyte
growth factor receptor) and NTRK3 (neurotrophic receptor tyrosine ki-
nase 3), and were negative for c-Kit, CD34, CD36, CD45 and HLADR.
MIAMI cells were also positive for some pluripotency markers and were
able to originate cells from of all germ layers. Rahnemai-Azar et al.
(2011) differentiated MIAMI cells into CD31þ KDRþ vWF þ ELCs in vitro,
which formed vascular network structures in culture. Furthermore, when
naïve MIAMI cells were injected intramuscularly into a mouse model of
hindlimb ischemia, a fraction of them acquired an ELC phenotype.
Grau-Monge et al. (2017) grafted MIAMI cells, embedded in a 3D
structure of gelatin B nanofibers, into a mouse model of hindlimb
ischemia, which resulted in better recovery, caused by reduced infiltra-
tion of intermuscular adipose tissue and by regeneration of muscle fibers.

In 2006, Kucia et al. (2006) reported, in mice, the possible existence
of a subpopulation of bone marrow cells which were named as very small
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embryonic like stem cells (VSELs). They consisted of a homogenous
population of CD45� CD133þ lin� Sca-1þ cells, which expressed certain
levels of embryonic stem cell markers, such as SSEA-1, Oct-4 and Nanog,
and showed telomerase activity (Kucia et al., 2006; Ratajczak et al.,
2013). These cells could also be differentiated into cells of the various
germ layers in vitro. Later, these VSELs were found in the peripheral
blood, with an increase in this compartment under stress conditions
(Kucia et al., 2008). Guerin et al. (2017) injected intramuscularly a
combination of sorted human CD45� CD133þ lin� VSELs, previously
obtained from patients with critical limb ischemia and incubated with
EGM, and EPCs, in a mouse hindlimb ischemia model, resulting in a
better recovery. The same research group also showed that, under
angiogenic conditions in vitro, such VSELs acquire a fibroblastic appear-
ance and a cytokine production pattern similar to OECs (Guerin et al.,
2015). When human VSELs were embedded in Matrigel and then grafted
into a mouse model of hindlimb ischemia, some ECs were stained with an
antibody against human CD31 (Guerin et al., 2015). Based on that, the
authors suggested that VSELs could contribute to ELCs in vivo. However,
new evidences must be provided to conclude that VSELs could be
differentiated into ECs. Furthermore, some publications even questioned
the existence of these VSELs as pluripotent/stem cells (Danova-Alt et al.,
2012; Szade et al., 2013; Miyanishi et al., 2013). For example, Miyanishi
et al. (2013), using FACS, fractionated mouse bone marrow cell pop-
ulations according to their expression or not of CD45, lin and Sca-1. The
percentage of diploid CD45-/int Lin� SCA-1þ cells, measured by Syto16
staining, was found to be low (approximately 10%). These authors found
few very small cells among VSELs candidates. They also did not find that
the candidate cells for VSELs expressed Oct4 or behaved like pluripotent
cells. In response, Ratajczak and collaborators argued that the strategy
used in these articles to isolate VSELs was inappropriate and different
from that employed by them (Suszynska et al., 2014; Ratajczak et al.,
2014), and they emphasized that more than 20 independent research
groups were able to isolate VSELs and differentiate them into cells cor-
responding to lineages of different embryonic layers (Ratajczak et al.,
2019). Many scientists in the stem cells field remain unconvinced with
current data regarding VSELs (Nicholls, 2013; Abbott, 2013). Until now,
it has not been possible to obtain 3D structures from expanded cultures of
VSELs or the growth of teratomas in immunocompromised mice from
these cells, which could eventually confirm a pluripotent state.

In 2010, Kuroda et al. (2010) found that stress conditions in vitro
would be capable of transforming MSCs from adult human bone marrow
into cells with some pluripotent-like properties, which they termedMuse
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cells (for multilineage differentiating stress enduring cells). These cells
lack expression of c-Kit, CD31, CD34 and vWF. In freshly isolated sam-
ples, they were found to express SSEA-3 and CD105 (Kuroda et al., 2010),
and they were reported to circulate in low numbers through peripheral
blood (Tanaka et al., 2018). After an acute human myocardial infarction,
the frequency of mobilized bone marrow Muse cells was found to be
increased (Tanaka et al., 2018), due to chemoattractant signals, including
S1P (Yamada et al., 2018). Muse cells were also isolated from human
adipose tissue (Gimeno et al., 2017) and rat BM-MSCs cultures (Sun et al.,
2020). In rats, Muse cells were found to co-express SSEA-3 and SSEA-1.
Uchida et al. (2017) labeled human bone marrow MSCs with GFP,
using lentiviral vectors, and obtained GFPþ SSEA-3þ Muse cells from
these cell cultures by FACS. These Muse cells were injected systemically
into Balb/c mice, which had previously undergone adriamycin-mediated
nephropathy, and it was found that the transplanted Muse cells
contributed primarily to renal glomeruli ELCs. In this tissue, humanMuse
cells were identified by GFP expression, fluorescence in situ hybridiza-
tion (FISH) and labeling with an antibody against the human Golgi
complex. Their results also suggest that cell fusion with mouse ECs would
not be the main mechanism involved. Hosoyama et al. (2018) used a
similar approach to obtain GFPþ SSEA-3þ Muse cells and established a
mouse aortic aneurysmmodel. Three days after surgery, the area affected
by the aortic aneurysm was dissected and explants were established from
this tissue ex vivo. Immediately afterwards, 10,000 Muse cells were
loaded onto the luminal surface of the samples. After 1–3 weeks, the
cocultures were fixed and subsequently analyzed by multiphoton laser
microscopy. Several images were obtained every 20 μm from the luminal
side to the outer side of the explant. Subsequently, the tissue was
embedded in OCT and sagittally sectioned and immunostained. After 7
days ex vivo, CD31þ CD34þ GFPþ cells were observed in the luminal
surface. And a week later, α-SMAþ GFPþ vascular smooth muscle cells
were found in the tunica media, which expressed Calponin in the third
week. In other animals, three doses of Muse cells (20,000 cells/time, at 0,
7 days and 2 weeks) were applied systemically to mice treated with aortic
aneurysm. After 8 weeks, aortic dilation was significantly reduced in
mice treated with Muse cells compared to different controls. When the
tissue was analyzed, around 20 CD31þ GFPþ cells/mm2 were seen, while
this number was much lower whenMSCs or SSEA-3- non-Muse cells were
transplanted instead. Furthermore, also many α-SMAþ GFPþ cells were
observed at deeper layers of the aorta.

The above data suggest that certain bone marrow cells (but also cells
that reside in other tissues) could have the ability to differentiate into
ELCs, most likely when cultured under angiogenic conditions. However,
a possible contamination of ECs/EPCs in cultures cannot be ruled out. In
fact, the culture medium conditions used in these studies for cell
reprogramming could downregulate specific EC markers, such as CD34
(Hellwig et al., 1997). Therefore, it is required that all CD31þ Cdh5þ

resident ECs be excluded before establishing initial cultures, to avoid any
possible EC/EPC contribution. Although the in vivo contribution of
non-resident cells with ECs in different tissues remains a rare event, these
sources could eventually be useful for tissue replacement strategies or
other therapeutic applications.

5. Bone marrow stromal cells subpopulations

In 1971, Luria et al. (1971) showed evidence in guinea pig that a low
number of progenitor stromal cells circulate through the peripheral blood
under physiological conditions. Based on the data analyzed in the pre-
vious section and taking into account that the bone marrow would be the
main source of circulating stromal cells with increased plasticity (Sierra
et al., 2020; Hong et al., 2009) it is worth reviewing the recent knowl-
edge on the relevant BM stromal subpopulations.

Bone marrow stromal cells (BM-SCs) include adventitial or reticular
cells, most commonly found in proximity/contact with vessels, which are
likely the major source of mobilized peripheral blood stromal cells and
MSCs cultures (Sierra et al., 2020). Therefore, it is expected that some of
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these cells show extended plasticity and that they may eventually
differentiate into ELCs. These stromal cells are heterogeneous and
frequently play a fundamental role in the niches of the HSCs and/or in-
fluence their differentiation towards different lineages. Several recent
publications addressed the composition of these stromal subpopulations
in mice (Table 2; Fig. 1). Zhao et al. (2019) described a subgroup of
mouse BM-SCs that express Cdh2/N-cadherin, preferentially located at
endosteal regions, which would have the ability to maintain HSCs that
are capable of surviving chemotherapy; whereas the majority of BM-SCs
in arteriolar or sinusoidal-enriched areas (described below), would in-
fluence HSCs that are sensitive to chemotherapy. Originally, two main
subpopulations of mouse bone marrow stromal/reticular cells were
described: most of them are found around the sinusoids, while a smaller
fraction forms a sheet of cells around arterioles (Sierra et al., 2020; Asada
et al., 2017; Kunisaki et al., 2013). Both perisinusoidal and periarter-
iolar stromal cells produce and release different factors that, in com-
bination, are necessary for the maintenance of HSC (Asada et al., 2017;
Baccin et al., 2020). Perisinusoidal stromal cells express Cxcl12 (called
CAR cells, for Cxcl12 abundant reticular cells), LepR, and low GFP levels
in NestinGFP mice (Nestindim), and lack the expression of α-SMA and
Myh11 (Asada et al., 2017; Kunisaki et al., 2013). The periarteriolar
stromal cells are, on the other hand, α-SMAþ LepR�/low Myh11þ and
Nestinbright (Asada et al., 2017; Kunisaki et al., 2013; Baryawno et al.,
2019). Both cell types are traced in NG2Cre;R26RTom and SCFGFP mice,
although NG2/Cspg4 expression levels are much higher in periarteriolar
stromal cells (Asada et al., 2017).

By scRNA-seq analyses, different research groups recently discov-
ered great heterogeneity among bone marrow stromal populations
(Baryawno et al., 2019; Baccin et al., 2020; Tikhonova et al., 2019). After
analyzing 25933 cells, Baryawno et al. (2019) were able to characterize
gene signatures from 17 distinct subpopulations of bone marrow stromal
cell in 6–8 week-old C57BL/6 males. As working material, they used
pooled samples that included both bone marrow and bone compart-
ments. Among the stromal cells capable of contributing MSCs, they were
able to identify: 1) LepR stromal cells (which they named as LepR MSCs
and probably overlap with CAR cells); 2) two subsets of fibroblasts,
displaying MSC markers, and 3) pericytes (expressing α-SMA and prob-
ably overlapping with periarteriolar stromal cells). As the authors were
unable to locate the different subpopulations within the tissue, fibro-
blasts with MSC-like characteristics could eventually reside outside the
bone marrow.

Baryawno et al. (2019) were able to distinguish at least 4 different
clusters of LepR stromal cells, with variations between them in the
expression levels of several markers including Cxcl12, LepR and Grem1.
Among them, a subgroup (#4) expressed higher levels of osteolineage
genes (for instance, Alpl, Mmp13, osterix/Sp7 and Wif1). However, such
heterogeneity could be even greater, since some LepR cells registered
high levels of expression of CD44, Eng, Il6, Jag1, Ng2 and/or Nt5e. LepR
stromal cells were found to express significant levels of Pdgfra (a marker
absent in pericytes), cadherin 11 and N-cadherin. Regarding these spe-
cific markers, Pdgfra is associated with the delamination of neural crest
cells (Soldatov et al., 2019), while cadherin 11 and N-cadherin play
important roles in the migration of the same embryonic population
(Blaue et al., 2018; Xu et al., 2001). Interestingly, it has recently been
shown that PDGFRα activation by cadherin-11 signaling promotes
fibroblast proliferation (Madarampalli et al., 2019). Strikingly, LepR
stromal cells expressed most of the examined transcriptional regulatory
factors described for neural crest cells (88% vs. 64%; cluster 1 -LepR
stromal cells-vs. cluster 12 -including all pericytes-). Such genes were
associated with different functions of the neural crest: induction and/or
delamination (Dlx5low, Dlx6low, Heyl, Irx5, Klf6high, Junb, Maf, Mafblow

and Zeb2high); specific markers (Id3, Id4, Junhigh and Six1high); ectome-
senchymal markers (Foxc1high, Meis3high, Prrx1, Runx2 and Sox4); dif-
ferentiation and repression of Snai1 (Snai2high), or of derivatives (Egr1,
FoxS1 and Runx1high) (Baryawno et al., 2019; Soldatov et al., 2019; Kee
and Bronner-Fraser, 2001; Li et al., 2019; Balakrishnan et al., 2016;



Table 2
Expression profiles of different BM-SCs. Gene signatures, obtained by RNAseq, scRNAseq or microarray studies, regarding human or mouse cell subpopulations which
would likely contribute in vitro with MSCs cultures, are shown. In between all reported genes, those that were analyzed in common in different publications or were
considered most relevant for characterizing each phenotype, were selected to be herein included.
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Marmigere et al., 2006; Shirai et al., 2019; Heglind et al., 2005). These
properties could suggest that some LepR MSCs have the ability to pro-
liferate and mobilize into the peripheral blood, in response to systemic
signals, an issue that has not yet been addressed. Finally, LepR stromal
cells also expressed Hif-1α, which plays an important role in hypoxic
conditions (Baryawno et al., 2019).

Wolock et al. (2019) analyzed 2847 BM-SCs using scRNA-seq. Long
bone samples were collected from 8 to 16-week-old C57Bl/6 mice which
were subsequently treated with collagenase-dispase. The fraction of
CD45� Ter119- CD31� cells were sorted out, and from the dataset those
corresponding to putative doublets and contaminating hematopoietic
and endothelial cells were removed. Seven clusters could be identified,
including MSCs (the most abundant fraction), preadipocytes,
pro-osteoblasts and pro-chondrocytes. Using SPRING the authors were
able to show a continuum of cell states distributed in twomajor branches,
suggesting a steady-state differentiation process. Both branches were
bridged by MSCs, a cluster enriched in the expression of Adipoq, Cb1n1,
Cxcl12, FoxC1, Kitl, Klf15, LepR, Lpl, Nt5e, Pparg, Prrx1, Runx1, Runx2
and Snai2. Such markers are more highly expressed in non-osteogenic
biased LepR cells (Table 2). It is worth noting that Velocity analyses of
transcriptional trajectories identified MSCs as the strongest source of
other stromal cell types.

Also by scRNA-seq, Tikhonova et al. (2019) analyzed 6617 cells,
which they collected from different mouse Cre lines (Cdh5, LepR and
Col1a1), of either sex, which were intraperitoneally injected with
tamoxifen 1–3 months earlier. With such studies, their objective was to
analyze differences in the expression profile between bone marrow
vascular endothelial cells, LepR stromal cells and osteolineage cells,
respectively. The samples were obtained by bone marrow flushing,
without applying enzymatic procedures. Among the LepR cells, they
were able to distinguish 3 different groups: one adipogenic-primed and
two osteogenic-primed (Table 2). Most HSC niche factors were found
upregulated within adipogenic-primed LepR cells, which most often
occupy a perisinusoidal territory (Baccin et al., 2020). Only
osteogenic-primed LepR expressed Runx2, and could partially overlap
with cells described by Yang et al. (2017) as sitting at the top of the bone
marrow stem cell hierarchy. The authors included data on the expression
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levels of the main genes that characterize each of three cellular sub-
populations in each mouse analyzed. With these data we were able to
calculate the mean optic density and standard deviation values for each
gene. With regard to specific endothelial cell markers, excluding Vcam1
(a known LepR marker), the expression profile of LepR cells showed
greater heterogeneity compared to Col1a1 cells (standard deviation
values: 0.41 vs. 0.32; cells traced with LepR vs. cells traced with Col1a1;
p ¼ 0.033; t-student). These results suggest a greater heterogeneity than
expected and/or an especial epigenetic state, in subpopulations of
LepR-traced cells.

More recently, Baccin et al. (2020) analyzed bone marrow cells from
8- to 12-week-old C56Bl/6J females. During sample collection, they first
obtained a cellular suspension directly after crushing femurs, tibiae, hips
and ribs: which was classified as corresponding to the bone marrow
fraction. Subsequently, they enzymatically treated bone fragments and
thus obtained a second fraction, classified as bone-associated cells. In
addition to scRNA-seq, they also performed spatially resolved tran-
scriptomics (by laser microdissection of specific areas of the bone
marrow and subsequent RNAseq of the different areas) of each of the two
previously described fractions. They analyzed 7497 cells, including he-
matopoietic cells. In addition, in order to analyze sparsely represented
stromal subpopulations, CD45þ and/or CD71þ populations were
excluded in some of the comparisons. Interestingly, they were able to
separate two CAR populations (Alpl� Cxcl12þ adipo-CAR, and Alplþ

Cxcl12þ osteo-CAR) that probably overlap with adipogenic-primed and
osteogenic-primed LepR clusters described by Tikhonova et al. (2019),
respectively. In this study, adipo-CAR cells were preferentially located in
areas with greater abundance of sinusoids, while osteo-CAR cells were
found mainly in arteriolar and non-vascular niches. Furthermore, a new
population of Ng2þ MSCs was described. These cells were Lepr� Nestinþ

and were located mainly at endosteal areas. They had an osteogenic-like
phenotype and were characterized by high levels of expression of
CD61/Itgb3 and CD200. By means of pseudo-time gene expression
analysis using RNA-Velocity, Ng2þ MSCs occupied the top of the devel-
opmental hierarchy of bone marrow stromal cell, being able to originate
osteoblasts, adipo-CAR cells, osteo-CAR cells, chondrocytes and some
fibroblasts. Moreover, their data suggest high heterogeneity in
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adipo-CAR and Ng2þ MSCs clusters, which would require further ana-
lyses with a higher number of sorted CD45� CD71� Lin� VCAM-1þ cells.
New studies could help elucidate which cells have the greatest devel-
opmental potential, as current data differ between studies (Baccin et al.,
2020; Wolock et al., 2019). Finally, they described subpopulations of
endosteal and arteriolar fibroblast Cd34þ Cd44þ Cd90/Thy1þ Pdgfraþ

Sca1þ cells, which could partially overlap with MSC-like fibroblast cells
described by Baryawno et al. (2019), as previously discussed (Table 2;
Fig. 1). And some of these arteriolar fibroblasts probably correspond to
periarteriolar stromal cells (Asada et al., 2017).

Less is known about the stromal subpopulations of human bone
marrow (Tables 2–4). ScRNA-seq analysis of these stromal cells has not
yet been performed. Boiret et al. (2005) obtained bone marrow samples
Table 3
Characterization of the phenotype of bone marrow stromal subpopulations according to
the expression levels of commonly analyzed genes. Data were obtained from refer-
ences shown in Table 2. Only those genes characterizing each cell type that were
reported in two or more articles are considered.

Bone marrow
stromal
subpopulations

Markers distributed according to their expression levels

High Intermediate Low No/Negative

Human CD56þ

CD146-
Bglap,
Col1a1,
Sfrp4,
Spp1,
Wif1

Cdh11, Fzd8,
Ng2, Pdgfra

Alpl,
Col1a2,
Cxcl12,
Gja1,
Runx2,
Sp7

Acta2,
Angpt1, Il7,
Jag1, Lepr,
Lpl, Mcam,
Nes, Vegfa

Human CD56�

CD146-
Cxcl12 Angpt1, Bglap,

Cdh11, Pdgfra,
Sfrp4, Wif1

Alpl,
Col1a1,
Col1a2,
Fzd8,
Gja1, Il7,
Lepr

Acta2, Jag1,
Lpl, Mcam,
Nes, Ng2,
Runx2, Sp7,
Spp1, Vegfa

Human CD56�

CD146þ
Angpt1,
Mcam

Cdh11, Cxcl12,
Lpl, Ng2

Alpl, Jag1,
Lepr, Nes,
Vegfa

Acta2, Bglap,
Col1a1,
Col1a2, Fzd8,
Gja1, Il7,
Pdgfra,
Runx2, Sfrp4,
Sp7, Spp1,
Wif1

Mouse bone
marrow Cdh2-
traced

Cdh2, Col1a1,
Cxcl12, Grem1,
Kitl, Lepr, Pdgfra,
Pdgfrb

Col1a2,
Nes,
Runx2,
Sp7,
Vcam1

Bglap, Mcam,
Ng2, Spp1

Mouse endosteal
Cdh2-traced

Bglap Cdh2, Col1a1,
Cxcl12, Kitl,
Lepr, Ng2,
Pdgfra, Pdgfrb

Col1a2,
Grem1,
Mcam,
Runx2,
Sp7, Spp1,
Vcam1

Mouse LepR
adipogenic-
primed (adipo-
CAR)

Adipoq,
Cxcl12,
Foxc1,
Kitl,
Vcam1

Angpt1, Cdh2,
Cdh11, Gja1,
Grem1, Il7, Lepr,
Lpl, Pdgfra,
Pdgfrb, Sfrp4,
Vegfa

Alpl,
Col1a2,
Des, Fzd8,
Jag1

Acta2, Bglap,
Col1a1,
Mcam,
Mef2c,
Mmp13, Nes,
Ng2, Runx2,
Sp7, Spp1,
Wif1

Mouse LepR
osteogenic-
primed (osteo-
CAR)

Alpl,
Bglap,
Col1a1

Cdh2, Cdh11,
Grem1, Kitl,
Lepr, Mef2c,
Mmp13, Pdgfra,
Pdgfrb, Runx2,
Sp7, Vegfa, Wif1

Col1a2,
Cxcl12,
Des, Fzd8,
Jag1, Spp1

Acta2, Lpl,
Mcam, Nes,
Ng2, Sfrp4,
Vcam1

Mouse
periarteriolar/
pericytes

Acta2,
Des

Cdh2, Jag1, Lpl,
Mcam, Ng2,
Pdgfrb

Cdh11,
Cxcl12,
Il7, Kitl,
Nes

Adipoq, Alpl,
Bglap, Foxc1,
Gja1, Grem1,
Lepr, Mef2c,
Pdgfra,
Runx2, Sfrp4,
Spp1, Vcam1
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from the cancellous femur head of 40 individuals (66 � 2 years) that
were subsequently mechanically dissociated. These cells were cultured
for 1–3 days and, subsequently the CD45� CD14� cell fraction was ob-
tained and replated. These cells showed CFU-Fs properties. All sorted
cells were CD73þ (Nt-5e) andmost of them, CD49a/Itga1þ. In the mouse,
both markers were expressed mainly in some adipogenic LepR stromal
cells and in some bone marrow stromal cells tracked in Nestin-Cre mice
(Baryawno et al., 2019; Zhao et al., 2019; Baccin et al., 2020). Matsuoka
et al. (2015) immunomagnetically separated CD45� lin� bone marrow
mononuclear cells into different fractions according to their expression of
CD271 (p75NTR, TNFRSF16) and/or SSEA3. All the fractions contained
CFU-Fs, with highest numbers in the CD271þ fractions and a very rare
incidence in the CD271- fractions. Other groups consistently reported
that CD271- bone marrow mononuclear cells lack significant CFU-Fs
properties (Jones et al., 2002; Quirici et al., 2002; Tormin et al., 2011;
Mabuchi et al., 2013). MSCs obtained from CD271þ SSEAþ cells showed
an osteogenic-biased expression profile, and lacked adipogenic differ-
entiation capacity (Matsuoka et al., 2015). Such properties could reflect
the cellular phenotype in vivo, different from that of mouse
adipo-CAR/LepR-adipogenic-primed stromal cells. Mabuchi et al. (2013)
crushed bone fragments from the femoral head and collected bone
marrow cells separately, before and after enzymatic treatment of bone
pieces. They found 10-fold higher CFU-F numbers in the endo-
steal-associated stromal cell fractions when compared to
non-endosteal-associated stromal cells. Among markers expressed in
both fractions, CD90/Thy1þ and CD271þwere the twomost expressed in
bone-associated cells. When CD90þ cells were assayed for CFU-Fs in
limiting dilution assays, the highest clonogenic properties of endosteal
cells were obtained within the CD271þ fraction. Other CD90þ fractions
analyzed (CD73, CD105, CD106/VCAM-1, MSCA-1 or STRO-1) also
rendered CFU-Fs. A subpopulation of CD90þ CD271þ cells, with higher
VCAM-1 expression, showed higher proliferation and migratory rates
than the others. It is worth noting that in the mouse, VCAM-1 gene is
more expressed in adipo-CAR compared to osteo-CAR cells (Tikhonova
et al., 2019) (Table 2).

In mice, CD56/NCAM þ stromal cells were found enriched in
endosteal regions (Zhao et al., 2019). Battula et al. (2009) isolated
human bone marrow fractions using antibodies against CD56/NCAM,
CD271 and MSCA-1. They reported that a subpopulation of CD56þ

CD271þ was found to be enriched in CFU-Fs compared to those CD56�

CD271þ. Among CD56þ cells, the authors also found a higher number of
clonogenic cells in the MSCA-1þ fraction, compared to those MSCA-1-. In
a recent paper, Ilas et al. (Ilas et al. (2020) obtained samples from pa-
tients with a femoral neck fracture and collected trabecular bone from
the femoral head. After enzymatic dissociation, different subsets of
CD45� CD271þ cells were isolated by fluorescence-activated cell sorting
(Table 2). They compared the expression pattern of these subpopulations
by microarray and qPCR analysis. They found that CD56þ expressed
higher levels of mRNA from osteogenic-related genes (Alpl, Bambi,
Bglap, Bmpr1a, Cdh11, Chad, Fgfr1, Fgfr3, Fzd7, Fzd8, Nog, Omd,
Pdgfra, Runx2, Sfrp4, Sp7, Spp1, Tnfrsf11b, Twist1 and Wif1) than
CD146þ cells (see also Table 3). In contrast, CD146þ cells were enriched
in adipogenic-associated genes (Fabp4, Gata2, Pparg). CD56� CD146-

showed an intermediate phenotype, with a greater general similarity to
CD56þ cells, with the exception of some hematopoietic niche factors such
as Angpt1 or Cxcl12, which were upregulated. As expected, CD56þ

CD271þ were found to be closely associated with the endosteum, while
some CD56� CD271þ were located in deeper areas of the bone paren-
chyma, consistent with other publications (Tormin et al., 2011; Sacchetti
et al., 2007).

In iliac bone marrow aspirates, Sacchetti et al. (2007) only found
clonogenic properties among CD146/Mcamþ cells, which consisted of
adventitial reticular cells, surrounding sinusoids. More recently,
Tormin et al. (2011) found enrichment for CFU-Fs within two fractions of
iliac bone marrow aspirates: CD45� CD146þ CD271þ lin� and CD45�

CD146-/low CD271þ lin�. CD146þ CD271þ cells were found surrounding



Table 4
Characterization of different human bone marrow stromal subpopulations. Data from studies in which specific fractions of bone marrow mononuclear cells were
selected as initial samples for establishing MSC cultures are herein analyzed, in a temporal-frame order.

References Sample Sorted cell
population

CFU-F In vivo markers Observations

Jones et al.,
2002

Bone marrow aspirates CD45low D7-FIB 100x increased when
compared to bone marrow
mononuclear cells (100x)

CD10+, CD13+, CD34-, CD90+,
CD105+, CD133-, CD271+, HLA-
DR+, c-Kit- (most of cells), STRO-1+

Multilineage differentiation in MSCs

Quirici et
al., 2002

Bone marrow aspirates CD271+
(90%)
CD271-

1 every 370 cells (61x)
None

CD34+ (44%), CD90/Thy1+ (6,3%),
CD133+ (49%)

Cells with long processes were found in
contact with sinus endothelial cells and
with many hematopoietic cells. MSCs
obtained from this fraction show full
differentiation capacity, with higher
adipogenic capacity than CD45-
glycophorin A- BM-derived MSCs

Boiret et al.,
2005

Bone marrow aspirates CD45- CD14- Yes CD73/NT-5e+, CD49a/ITGA1+
(most of cells)

Markers expressed in mouse LepR+
and Nestin + bone marrow stromal
cells

Sacchetti et
al., 2007

Enzymatically treated bones CD45-
CD146+

1/38 cells (830x) ALP+, CD31-, CD34-, CD45+ (2%),
CD105+

Clonogenic cells were only obtained
from CD146+ cells, that were only
found near vessels at non-endosteal
bone marrow regions

Battula et
al., 2009

Femoral shafts of patients
undergoing total hip
replacement

CD56+
CD271bright
CD56-
CD271bright

1/13 cells (180x)
1/42 cells (60x)

Non determined Multilineage differentiation in MSCs
Multilineage differentiation in MSCs

Tormin et
al., 2011

Iliac bone marrow aspirates CD45-
CD146+
CD271+ lin-
CD45- CD146-/
low CD271+
lin-
CD271-

1/50 cells (400x)
1/24 (833x)
None

In the two fractions, cells were mostly
positive for ALPL, CD90, CD105,
CEBPA, GD2, LPIN1, Nanog, Oct4,
PDGFRB, SSEA4 and STRO-1, and
around 30% of them were SOX2+

CD271+ CD146+ cells consisted of
reticular cells surrounding capillaries
and larger vessels, whereas CD271+
CD146- cells were mainly localized at
endosteal trabecular bone areas

Mabuchi et
al., 2013

Crushed femur head bone
fragments and collected bone
marrow cells before and after
enzymatically treating bone
pieces

CD90+
CD271+
CD271-

Higher clonogenic
properties than CD90+

cells coexpressing CD73,
CD105, MSCA-1, STRO-1
or VCAM-1
None

CD49a, CD49d/ITGA4, CD73,
CD140b/PDGFRB, CD146/MCAM,
STRO-1, VCAM-1 and MSCA-1/TNAP

Highest clonogenic properties were
found within endosteal- associated
bone marrow stromal cells

Pinho et al.,
2013

Fetal bones (13–20 weeks of
gestation)

CD51+

PDGFRα+
CD51+
PDGFRα-
CD51-
PDGFRα+

1/16 cells
1/50 cells
1/100 cells

ANGPT1+, CD146+, CXCL12+,
Nestin+, OPN+, SCF+, VCAM1+,
VE-Cadherin-

Multilineage differentiation in MSCs

Matsuoka et
al., 2015

Bone marrow aspirates CD45- lin-
CD271+
SSEA3+
CD45- lin-
CD271+
SSEA3+
CD45- lin-
CD271- SSEA3-
CD45- lin-
CD271-
SSEA3+

1 every 6 cells
1/264 cells
1/13766 cells
1/84231 cells

Non-determined MSCs obtained from this fraction
lacked from adipogenic differentiation
capacity: they are likely osteogenic
progenitors
Multilineage differentiation in MSCs
Multilineage differentiation in MSCs
Multilineage differentiation in MSCs

Muniz et al.,
2015

Bone marrow aspirates CD13high
CD45-
CD105+

Yes CD10+ (89%), CD11b-, CD34-, CD73+

(moderate), CD90+ (heterogeneous
levels), CD105low, CD117-,
CD146low, CD271, HLA-DRlow
(91%), MSCA-1, SSEA-4low, STRO-1
(heterogeneous levels)

CD90 expression levels were reduced in
BM reactive cells. Multilineage
differentiation in MSCs

Herrmann
et al.,
2019

Bone marrow aspirates CD34- CD45-
CD146+
CD146+
NG2+
CD34- CD45-
CD73+

Yes
Yes
Yes

Non determined Multilineage differentiation in MSCs
Multilineage differentiation in MSCs
Multilineage differentiation in MSCs
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sinusoids and larger vessels, while those CD146- CD271þ were located
mainly in areas of endosteal trabecular bone.

Pinho et al. (2013) identified CD51/Itgavþ PDGFR-αþ fetal BM-SCs in
endosteal areas or near α-SMA þ perivascular cells, the latter probably
equivalent to mouse NestinGFP þ perivascular cells. This cell subpopula-
tion contributed to a large fraction of Nestin þ cells and expressed higher
125
levels of CXCL12 and VCAM-1 compared to CD146þ cells. They were
enriched in CFU-Fs and could also be cultured as floating spheres. CD51þ

PDGFR-αþ cells were also found in adult bone marrow samples, albeit in
very small numbers.

Muniz et al. (2015) reported a subpopulation of CD13high CD45�

CD105þ BM-SCs, with CFU-F properties. More recently, Hermann et al.
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(Herrmann et al., 2019) found differences in the incidence of different
stromal cell subpopulations (CD34� CD45� CD73þ, located in endosteal
and perivascular and stromal sites; CD34� CD45� CD146þ, perivascular
progenitor cells, and CD146þ NG2þ, pericytes) according to their origin
(femur head, iliac crest or vertebral body) and they were able to derive
MSCs from all these fractions. Functional and scRNA-seq studies, using
different subpopulations of human stromal cells, are required to better
understand the heterogeneity of this compartment and to compare it with
its counterparts in mice.

In summary, current knowledge suggests a greater abundance of
osteogenic stromal progenitor cells in the adult human bone marrow
compared to the mouse. However, the non-endosteal fraction is probably
the major source of hematopoietic niche factors and contains predomi-
nantly adipogenic cells in both species. From previous data, we can
conclude a great heterogeneity between BM-SCs with CFU-F properties,
including endosteal osteogenic-biased progenitor populations, peri-
sinusoidal CAR cells and pericytes/Nestinþ perivascular cells, sub-
populations that are largely concordant with some differences between
species.

6. GLAST þ Wnt1þ BM-SCs, a source of endothelial cells

Recently, a subpopulation of perisinusoidal and periarteriolar BM-SCs
was found to express CD44, desminlow, fibronectin, GLAST (Glutamate-
Aspartate Transporter) and vimentin (Sierra et al., 2020). Both types of
stromal cells included a small subset (representing nearby 10% of
GLASTþ cells) which was traced inWnt1Cre;R26RTommice, although they
did not originate in the neural crest. In GLASTCreERT2;R26RTom and
Wnt1Cre;R26RTom mice, tomatoþ (Tomþ) perisinusoidal cells exhibited
multiple long processes in contact with neighbouring cells, as previously
described in humans (Quirici et al., 2002). Furthermore, the BM-SCs
traced with Wnt1 were not associated with the endosteum with the
exception of few periarteriolar cells. These findings were not inconsistent
with previously published data on the expression pattern of GLAST in
mouse BM-SCs (Baccin et al., 2020). Moreover, GLASTþ Wnt1þ BM-SCs
were shown to have CFU-F properties and to contribute with 10–15%
of the total colonies formed (Fig. 1). Besides, Tomþ colonies were
exclusively made up of traced cells.

Under physiological conditions, GLASTþ Wnt1þ BM-SCs were found
circulating through peripheral blood, at a very low frequency (Sierra
et al., 2020). In different liver injury models, GLASTþ Wnt1þ BM-SCs
were mobilized to peripheral blood and recruited in the liver, where
they contributed ELCs and HLCs. In both bone marrow and peripheral
blood mononuclear fractions, GLASTþ Wnt1þ BM-SCs were negative for
HSCs, hematopoietic cells and EPCs markers, such as c-Kit, CD11b, CD31,
CD45 and Sca-1. Therefore, these and other evidences (Asahara et al.,
1999) suggest that, at least in adult mice, some ELCs could originate in
vivo by vasculogenesis and not only by angiogenesis after injury.

When healthy and fibrotic livers from NestinCre;R26RTom mice were
analyzed, no ECs or HLCs expressing Tom were observed (Sierra et al.,
2020). Taking into account that only periarteriolar and not perisinusoidal
stromal cells express Nestin at sufficient levels (Baryawno et al., 2019),
these results would exclude periarteriolar stromal cells as an origin of
GLASTþ Wnt1þ BM-SCs recruited in the liver. Thus, these stromal cells
most likely correspond to a rare subpopulation of LepR cells located in
sinusoid-enriched areas of the bone marrow, where adipo-CAR cells
predominate. Previously, Wnt1 was previously shown to be activated in a
subpopulation of bone marrow cells after myocardial injury, and this
feature was found to induce both proliferation of bone marrow mono-
nuclear cells with CFU-GM properties and their invasive behavior to-
wards Cxcl12/SDF1 (Assmus et al., 2012). Unfortunately, the authors did
not address the behavior of the BM stromal compartment in this context.

Activation of the Wnt1 promoter could eventually be a hallmark of a
small fraction of GLASTþ stromal progenitors, which could gain in the
ability to sense and respond to signals released by injured tissues, moving
into the bloodstream and then toward the source of those signals. To our
126
knowledge, this is the first in vivo report showing a contribution of BM-
SCs with ELCs in any distant tissue without involving bone marrow EPCs.

7. Mechanisms involved in enhanced plasticity/pluripotency
acquisition of progenitor cells

Other tissues were reported to contain progenitor cells, which do not
express EPC markers, with the ability to generate ELCs. These include
adipose (Miranville et al., 2004; Planat-Benard et al., 2004; Navarro
et al., 2015), neural (Oishi et al., 2004; Wurmser et al., 2004; Ii et al.,
2009) and dental (Gronthos et al., 2000; d'Aquino et al., 2007; March-
ionni et al., 2009; Aksel and Huang, 2017; Cordeiro et al., 2008; Sakai
et al., 2010; Zou et al., 2017; Zou et al., 2019; Sasaki et al., 2020; Iohara
et al., 2008) tissues.

The data discussed above suggest that some adult progenitor cells in
different tissues would show extended plasticity, and the ability to ac-
quire morphological and functional characteristics of ELCs. Furthermore,
some of these progenitors, such as GLASTþ Wnt1þ BM-SCs, circulate in
low amounts through peripheral blood under physiological conditions
and appear to contribute cells from different embryonic layers; this does
not necessary mean they are pluripotent. Another study showed that
circulating mouse CD11b� CD29þ CD90þ CD106þ BM-SCs originate cells
the corneal epithelium during the regeneration of this tissue (Hong et al.,
2009). It remains to be elucidated whether or not this population over-
laps with GLASTþ Wnt1þ BM-SCs. Cells that move into the bloodstream
are likely to respond to a gradient of signals derived from dam-
aged/stressed tissues and are recruited into them to facilitate healing
and/or regeneration. It is intriguing how some cell types appear to
maintain such increased developmental plasticity in adulthood and what
is its significance, since their contribution to cells in distant tissues ap-
pears very limited. These mechanisms involve epigenetic processes, and
could include cell fusion and/or microvesicles interchange, and hypoxic
and/or stress conditions at niche microenvironment.

Cell fusion first results in heterokaryons. In some cases, hetero-
karyons can enter the cell cycle and, in that case, their two nuclei would
fuse (synkaryon). Hybrids originate through this process, a feature first
described using cell lines (Barski et al., 1960). The transition from a
heterokaryon to a synkaryon was associated with aneuploidy/genomic
instability during subsequent cell divisions (Dornen et al., 2020). Aneu-
ploidy was also described in human MSCs already in passage 3 (Kim
et al., 2015), with the occurrence of cellular senescence (Bernardo et al.,
2007). It remains to be elucidated whether or not hybrids exist in MSCs
cultures, and to what extent such phenomena could be relevant in the
genomic instability of MSCs. Cell fusion has been involved in cell
reprogramming and regenerative mechanisms (Lluis and Cosma, 2010;
Acquistapace et al., 2011). By coculturing adult mouse cardiomyocytes
with human adipose MSCs, Acquistapace et al. (2011) showed reprog-
ramming of cardiomyocytes to a progenitor-like state, caused by their
transient fusion with MSCs. In this case, cells were shown to exchange
mitochondria and small organelles. Furthermore, heterokaryons were
observed ex vivo when human MSCs were cocultured with airway
epithelial cells, resulting in the maintenance of the epithelial phenotype
(Spees et al., 2003). In this study, a significant fraction of the fused cells
contained a single nucleus and evidence of cell hybrids was also
described. In vivo fusion events of MSCs/BM-SCs with host tissue cells
could be relevant in the context of tissue inflammation, an issue that for
the moment has only been demonstrated in vitro (Dornen et al., 2020;
Kemp et al., 2011). With regard specifically to ECs/EPCs, their fusion
with other cell types, such as cardiomyocytes or hepatocytes, was
described: it was shown that these events promote the proliferation of
these latter cell types, both in vitro and in vivo (Matsuura et al., 2004; Pu
et al., 2020). In addition, EPCs were observed to exchange membrane
and organelles through transient 50–800 μm intercellular nanotubular
processes with cardiomyocytes (Koyanagi et al., 2005).

Alternatively, cell reprogramming can take place through micro-
vesicles, which contain mRNA and proteins (Zhou et al., 2016b),
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released by cells. These events can be especially relevant in vitro and
would be expected when incubating cells in culture medium supple-
mented with pro-proliferative growth factors and/or on surfaces coated
with extracellular matrix proteins (Yan et al., 2020), as is the case of
MAPCs and MIAMI cells. With regard to ECs, they were shown to express
tetraspanin CD9 (Franz et al., 2016), a protein involved in cell fusion
(Brukman et al., 2019), and in exosomes delivery, adhesion and fusion
(Reyes et al., 2018; Boker et al., 2018). In a recent publication, Yan et al.
(2020) reported that platelets, as well as microvesicles released by them,
can induce proliferation of EPCs in a rat model of carotid artery intimal
injury in vivo, through TGF-β1 signaling. In this publication, TGF-β1
levels within extracellular microvesicles were found to be increased
when platelets were pre-incubated in collagen, and such a condition
resulted in a significant improvement in the proliferation of EPCs.
Therefore, cell fusion, microvesicles exchange and the formation of
transient intercellular nanotube connections are known mechanisms that
influence ECs, probably through epigenetic changes (Camussi et al.,
2011). Furthermore, high concentrations of extracellular molecules
within the bone marrow or under in vitro conditions could enhance the
properties of increased plasticity, without resulting in cellular trans-
differentiation (Bedada et al., 2006).

Among other environmental conditions, hypoxia is usually necessary
for stem cells quiescence and characterizes their niches (Huang et al.,
2018) (Fig. 1). Furthermore, hypoxia was shown to induce the expression
of pluripotency markers in some adult stem cells (Werle et al., 2019;
Sugimoto et al., 2018; Prasad et al., 2017; Heneidi et al., 2013). It is well
known that glycolysis predominates in pluripotent stem cells (Nishimura
et al., 2019). This metabolic feature is required for the self-renewal and
pluripotency of stem cells and might explain their preference for regions
with low oxygen tension. Moreover, a shift towards the acquisition of
glycolytic metabolism was observed during somatic cell reprogramming
into induced pluripotent stem cells (Nishimura et al., 2019). Interest-
ingly, despite the large abundance of small vessels, much lower pO2
(~10 mmHg) were reported in deep perisinusoidal areas of mouse bone
marrow compared to compact bone endosteal and periarteriolar regions
(~22–23 mmHg) (Spencer et al., 2014). In this study, Nestinþ BM-SCs
were found around large-diameter vessels and/or located closer to the
endosteum (at<20 μm from it), in areas with relative higher levels of pO2
(>20 mmHg) in comparison with those populated by of Nestin� stromal
cells (<20 mmHg). It is worth mentioning that the GLASTþ Wnt1þ

BM-SCs that contribute with ECs and HLCs are Nestin�/low, and would be
located in hypoxic bone marrow areas. Hypoxia has recently been shown
to induce exosome production in vivo and in vitro (Zhang et al., 2017; Kim
et al., 2018), a feature linked to epigenetic mechanisms (Choudhry and
Harris, 2018).

Stress was also related to somatic and stem cells reprogramming
(Kuroda et al., 2010; Parfejevs et al., 2018). Currently some intracellular
mechanisms involved in the cellular response to stress are better known:
they include the regulation of nucleolar function and translational
reprogramming with the participation of long non-coding RNAs and
epigenetic changes, to adapt to such conditions (Verheyden et al., 2018).
Endoplasmic reticulum stress was associated to stemness and pluripo-
tency (Kratochvilova et al., 2016), a feature that is also caused by hypoxia
(Heneidi et al., 2013). It is well known that stem cells show greater
tolerance to stress, especially after hypoxic preconditioning, and that
they can survive better when placed in acutely injured areas (Kuroda
et al., 2010; Heneidi et al., 2013).

8. Conclusions and future perspectives

Herein, evidences on different origins of ECs, mainly in adults, were
discussed and are summarized in Fig. 1. The current literature suggests
that, un adults, CEs of large vessels originate more frequently from
vascular resident progenitors, of the intima and also of an area between
the tunica media and adventitia, in the context of a physiological con-
ditions/mild injuries versus severe injuries, respectively. Some recently
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discovered EC markers are helping to establish a developmental hierar-
chy between different subpopulations of EPCs in various tissues.
Furthermore, circulating peripheral blood EPCs/ECs, GLASTþ Wnt1þ

BM-SCs and/or possibly other progenitors, derived mainly from bone
marrow, could contribute to a lesser extent with ECs in vivo.

The bone marrow is characterized by extensive areas of low pO2, a
condition that likely affects the expression profile and properties
(including plasticity, proliferation and migratory capacities) of different
stromal progenitor subpopulations. In this review, mouse and human
BM-SCs capable of contributing to MSCs cultures were described,
including different types of CAR cells, periarteriolar stromal cells and
fibroblasts. Even though numerous scRNA-seq studies were conducted to
characterize subpopulations of mouse BM-SCs, the heterogeneity be-
tween perisinusoidal CAR cells is greater than expected, so new single
cell expression profile analyses but focused on this specific subpopulation
are required. Likewise, it would be expected that the functional proper-
ties of these different subgroups differ greatly. In fact, during liver
fibrogenesis and regeneration, GLASTþ Wnt1þ BM-SCs, a small subpop-
ulation of perisinusoidal cells, could contribute to ELCs and HLCs. Under
specific culture conditions, such as coating of surfaces with extracellular
matrix proteins, the supplementation of the culture medium with mito-
genic growth factors and/or hypoxia/stress, various cell types with some
common characteristics with pluripotent cells were obtained from bone
marrow mononuclear cell/MSCs cultures, including MAPCs, MIAMI and
Muse cells. These, and perhaps other cell types as well, could also
differentiate into ELCs, a topic that requires further investigation to
exclude EPCs contamination from initial cultures. There are also reports
of a differentiation into ELCs of cells lacking an EPC/EC phenotype from
adipose, neural and dental pulp tissue, with possible implications in
future tissue engineering/replacement strategies. In the bone marrow
and bloodstream, GLASTþ Wnt1þ BM-SCs lacked EPC/EC markers.
Therefore, these cells with the potential to originate ELCs could be
considered functional angioblasts. It remains to be addressed whether or
not GLASTþ Wnt1þ BM-SCs can originate, in vitro, MAPCs or other pre-
viously reported cells with increased plasticity. These in vitro conditions
could affect differently the expression profile of diverse stromal pro-
genitor subpopulations, through reprogramming; therefore, in that case
some established markers for different pluripotent-like cells in vitro could
be absent in vivo in the cells that originate them. Two main sources of
adult circulating EPCs have traditionally been considered: early EPCs and
late EPCs. The fact that early EPCs show an expression profile similar to
that of myelomonocytes could argue against any differentiation of he-
matopoietic cells into EPCs; instead, they can result from the fusion of
cells or microvesicles. Furthermore, the hypothesis of the existence of
hemangioblasts remains controversial. On the other hand, late EPCs have
a typical endothelial-like profile. It should be noted that, until recently,
these bonemarrow-derived late EPCs were considered the main source of
ECs in adults; this hypothesis was rejected by new data from different
independent groups. Bone marrow sinusoidal areas, where CAR cells are
found, are characterized by a hypoxic microenvironment that would
probably influence such stromal progenitors epigenetically. This influ-
ence could explain the high heterogeneity observed in CAR cells and
could eventually result in their enhanced plasticity, as well as in their
ability to proliferate, mobilize and recruit in injured tissues. Among other
mechanisms, hypoxia could increase exchange of microvesicles between
cells. It remains to be addressed whether GLASTþ Wnt1þ BM-SCs can
have more extensive active genomic regions compared to other BM-SCs;
indeed, elevated levels of specific markers characterizing different sub-
populations of the bone marrow stroma were observed in groups of CAR
cells (Baryawno et al., 2019). New tools are now available to analyze, in
individual cells, their mRNA expression profiles (scRNA-seq) as well as
their active genomic regions (such as scATAC-seq; an assay based on
transposase-accessible chromatin sequencing) (Stuart et al., 2019). These
combined approaches may be helpful to identify different bone marrow
CAR stromal cells subpopulations and changes in their expression pattern
and chromatin modifications throughout early postnatal development
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and also after injury. Furthermore, they would help to discover mecha-
nisms involved during acquisition of pluripotent-like properties by MSCs
in vitro. In this sense, a new technique called LARRY (for lineage and RNA
recovery) was recently published: it is based on a modification of the
standard clonal labeling through lentiviral delivery of inherited DNA
barcodes, which allows barcode detection using scRNA-seq (Weinreb
et al., 2020). LARRY could help distinguish the lineage of very different
progenitor cell types in parallel and over time. By all these means, we
hope to be able to better understand in the next future the mechanisms
involved in the origin of ECs/ELCs from such numerous and diverse
sources in the adult and specifically in the context of different disease
models in which they could be involved.
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Glossary

BM: bone marrow
BMEC: bone marrow endothelial cell
CAR: Cxcl12-abundant reticular
CD: cluster of differentiation
CECs: circulating endothelial or endothelial progenitor cells
CFU-Fs: colony forming units-fibroblasts
Cre: CRE (causes recombination) recombinase
CreER/CreERT2/CreERTM: CRE recombinase fused to a mutant form of the human estrogen

receptor ligand binding domain
Cxcl12/SDF1: chemokine (C-X-C motif) ligand 12/stromal cell-derived factor 1
E: embryonic day
E-SP: endothelial side population
EC: endothelial cell
ECFCs: endothelial colony forming cells
EGF: epidermal growth factor
EGM: endothelial growth medium
EPC: endothelial progenitor cell
FISH: Fluorescence in situ hybridization
GFP: green-fluorescent protein
GLAST: glutamate-aspartate transporter
GLASTþ Wnt1þ BM-SCs: bone marrow GLASTþ Wnt1-traced stromal cells
HLC: hepatocyte-like cell
hMASCs: human multipotent adult stem cells
HSCs: hematopoietic stem cells
LARRY: lineage and RNA recovery
LepR: leptin receptor
MAPCs: multipotent adult progenitor cells
mMASCs: mouse multipotent adult stem cells
MIAMI: marrow-isolated adult multilineage inducible
MSCs: mesenchymal stem/stromal cells
Muse: multilineage differentiating stress enduring cells
NG2: neuron-glial antigen 2/encoded by CSPG4 gene
P: postnatal day
PDGFR: platelet-derived growth factor receptor
R26R: Rosa 26 reporter strain
S1P: sphingosine-1-phosphate
scATAC-seq: single cell assay for transposition of accessible chromatin-sequencing
Sca-1: stem cells antigen-1/Ly6a
SCF: stem cell factor/Kit ligand
scRNA-seq: single cell RNA-sequencing
SMA: smooth muscle-actin
SP: side population
SSEA: stage specific embryonic antigen-1
SVF: stromal vascular fraction
Tom: tdTomato
VSELs: very small embryonic like stem cells
vWF: von Willebrand factor
Wnt1: wingless-type MMTV integration site family, member 1
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