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During development, blood vessels are usually formed 
through 2 processes: vasculogenesis and angiogenesis. 

Vasculogenesis refers to the creation of the primary vascular 
network, as observed during embryonic development, where 
the blood vessels are formed de novo from progenitor cells 
(angioblasts).1 Angiogenesis consists of the sprouting of new 
blood vessels from the preexisting vascular networks and can 
occur at any time throughout an organism’s life. Vascular plas-
ticity, either through vasculogenesis or angiogenesis, contrib-
utes to both vascular repair and vascular disease development.2 
Accumulating studies have revealed that both vasculogenesis 
and angiogenesis require vascular progenitor cell homing or 
recruitment, proliferation, and differentiation into endothelial 
cells (ECs) and smooth muscle cells (SMCs), among other cell 
types.3 These vascular stem/progenitor cells play a key role in 
the formation of all types of vessels during development.

In adults, the arterial wall comprises 3 layers: tunica inti-
ma, which is the innermost layer consisting of a monolayer of 
ECs surrounded by a basal lamina and delimited by the inter-
nal elastic lamina; tunica media, the middle layer, which com-
prises predominantly SMCs supported by extracellular matrix 
proteins (elastic and collagen fibers); the adventitia, which is 
the external layer of the blood vessel containing a variety of 

cell types, including fibroblasts, macrophages, adipocytes, 
and pericytes. During the development of vascular diseases, it 
is believed that EC dysfunction/death induced by risk factors, 
for example, smoking and diabetes mellitus, could be an ini-
tiator that is followed by infiltration of inflammatory cells and 
deposition of oxidized lipids.4,5 In this process, some SMCs in 
the media can dedifferentiate and migrate into the intima to-
gether with inflammatory cells to form neointima.6 If the pro-
cess occurs repeatedly, severe lesions can be developed, which 
could block the lumen of the vessels. Interestingly, recent 
studies indicate the presence of stem/progenitor cells in all 3 
layers of the vessel wall7,8 (Table 1). Furthermore, these cells 
are shown to actively participate in endothelial repair/regen-
eration and in the formation of neointimal lesions, in response 
to injury.43,44 Therefore, the present article reviews the current 
state of research mainly focusing on the role of stem/progeni-
tor cells in vessel formation during the embryonic stage and 
adult vascular remodeling during disease development, with 
emphasis on (1) the different origins and development of vas-
cular progenitors during angiogenesis/vasculogenesis, (2) the 
mechanisms of stem cell differentiation into vascular lineages, 
and (3) the role of stem/progenitor cells in the pathogenesis of 
vascular diseases, including arteriosclerosis.
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Abstract: Vascular, resident stem cells are present in all 3 layers of the vessel wall; they play a role in vascular 
formation under physiological conditions and in remodeling in pathological situations. Throughout development 
and adult early life, resident stem cells participate in vessel formation through vasculogenesis and angiogenesis. In 
adults, the vascular stem cells are mostly quiescent in their niches but can be activated in response to injury and 
participate in endothelial repair and smooth muscle cell accumulation to form neointima. However, delineation 
of the characteristics and of the migration and differentiation behaviors of these stem cells is an area of ongoing 
investigation. A set of genetic mouse models for cell lineage tracing has been developed to specifically address 
the nature of these cells and both migration and differentiation processes during physiological angiogenesis and 
in vascular diseases. This review summarizes the current knowledge on resident stem cells, which has become 
more defined and refined in vascular biology research, thus contributing to the development of new potential 
therapeutic strategies to promote endothelial regeneration and ameliorate vascular disease development.    (Circ 
Res. 2018;122:1608-1624. DOI: 10.1161/CIRCRESAHA.118.313058.)
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Vascular Stem Cells in Development
Blood vessels arise from endothelial progenitors that share 
a common origin with hematopoietic precursors.2 These 
progenitors coalesce to form a primitive vascular labyrinth 
containing blood cells, and this primitive endothelial plexus 
progressively expands into a highly organized vascular net-
work by means of vessel sprouting, pruning, and remodel-
ing.45 In addition to supplying the developing organs with 
metabolic substances, blood vessels also provide a source of 
developmental signals during organogenesis and (later on in 
life) in tissue repair and regeneration.46 Vasculogenesis refers 
to the de novo formation of primitive vascular plexus from 
mesodermal progenitors, such as angioblasts.3 The term an-
gioblast was first proposed a century ago by Sabin,47 who it in 
reference to a group of progenitor cells that form new blood 
vessels (outermost cells) and red blood cells (within the lu-
men or central cells). Conventional vasculogenesis is usually 
restricted to de novo blood vessel formation during embryonic 
development.48 After vasculogenesis at the initial stage, fur-
ther blood vessels are generated through angiogenesis, which 
refers to the generation of a new blood vessel through sprout-
ing or splitting of preexisting vessels, which is followed sub-
sequently by pruning and remodeling into a functional adult 
circulatory system.45

Multipotent Vascular Stem Cells: Mesoangioblasts
Mesoangioblasts are multipotent progenitors of mesodermal 
tissues that contribute to both vascular and extravascular me-
sodermal lineages in development and are marked by high ex-
pression of VEGFR2/Flk1 (vascular endothelial growth factor 
receptor/fetal liver kinases).49 The mesoangioblasts originate 
from the dorsal aorta and differentiate into most mesodermal 
tissues.50 By quail-chick engraftment experiments, Minasi et al50 
showed that aortic cells differentiate into vascular cells and also 
into other mesodermal lineages, such as blood, cartilage, bone, 
smooth, skeletal, and cardiac muscle. These vessel-associated 
stem cells, the mesoangioblasts, participate in postembryonic 
development of the mesoderm, representing an important origin 
of vascular stem cells.50 Interestingly, some ECs isolated from 
embryonic vessels can differentiate into beating cardiomyo-
cytes and express cardiac markers both in vivo and in vitro.51 
An elegant in vivo study using replication-defective retroviral 
infection showed that myogenic cells and ECs are derived from 
a common somatic precursor that resides in the paraxial me-
soderm.52 In addition to ECs, SMCs of the dorsal aorta share 
a common clonal origin with skeletal muscle during develop-
ment.53 By comparison, coronary artery SMCs share a common 
origin with cardiomyocytes, both of which are derived from 

Nkx2-5+ progenitors54 that originate from cardiac mesoderm. 
Another study using Flk1 lineage tracing showed that Flk1+ 
cells are progenitors for muscle lineages and hematopoietic 
and vascular ECs.55 It remains to be determined whether single 
Flk1+ progenitors give rise to both muscle and vascular lineages 
for clonal analysis would be crucial. These above-mentioned 
pioneering studies documented that mesoangioblasts constitute 
a subset of vascular stem/progenitor cells during development 
(Figure 1). Furthermore, transplantation of mesangioblast-like, 
vessel-associated stem cells corrected the dystrophic phenotype 
of a dystrophic mice model, morphologically and functionally. 
Part of the therapeutic effect was because of the widespread 
distribution of the transplanted mesoangioblasts throughout the 
capillary network.56 Hence, identification of mesoangioblasts 
not only uncovers an unexpected source of progenitors for skel-
etal or cardiac muscle and a variety of other mesoderm-derived 
tissues but also establishes a lineage relationship between pre-
cursors of vascular and extravascular mesodermal tissues dur-
ing development. The new insights have important implications 
for the study of stem cell biology and regenerative medicine.57

Bipotent Vascular Stem Cells: Hemangioblasts
In early embryonic development, hematopoiesis and vascu-
logenesis are coupled in the extraembryonic yolk sac, where 
primitive ECs are closely associated with hematopoietic cell 
lineages. The observation that hematopoietic cells and angio-
blasts arise in close proximity has long fuelled speculation 
that a common precursor, the hemangioblast, may exist as the 
progenitor for both blood and the vascular system47 (Figure 1). 
Using embryonic stem cell–derived embryonic bodies, Choi 
et al58 identified a common precursor for hematopoietic and 
ECs. A subsequent study showed that hemangioblasts are a 
subpopulation of mesodermal cells that expresses Flk1 and 
brachyury and whose hematopoietic and vascular commit-
ment is initiated in the primitive streak of the mouse embryo.59 
Through the construction of single cell-resolution fate maps, 
Vogeli et al60 confirmed that individual bipotent cells can give 
rise to both hematopoietic and ECs. However, other studies 
suggested that the hematopoietic and the EC lineages are 
independently fated among mesodermal progenitors during 
gastrulation.61,62 Lineage tracing studies and clonal analysis of 
mouse development revealed that hematopoietic and EC lin-
eages are segregated and independent.63 The debate over the 
existence of bipotent hemangioblasts has not been completely 
resolved, and more advanced genetic lineage tracing methods 
combined with single cell sequencing technology may help 
to elucidate this important issue in the future. Irrespective of 
this controversy, knockout of Flk1 resulted in abnormal blood 
islands and vasculogenesis, indicating that VEGF signaling 
governs the differentiation and proliferation of both lineag-
es.64,65 An additional study also demonstrated that Flk1 is re-
quired for both hematopoietic and EC development.66

Smooth Muscle Progenitors
Perivascular mural cells are comprised 2 cell types that are 
required to stabilize vascular networks: pericytes and SMCs. 
Pericytes surround smaller caliber vessels whereas vascular 
SMCs surround larger vessels.67 Here, we focus on the recent 
advances in our understanding of the developmental origin of 
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organ-specific pericytes and SMCs; and use aorta and heart 
tissues as examples to introduce the heterogeneity of their de-
velopmental origins. We also include in this section discussion 
of the controversy over whether pericytes can be endogenous 
multipotent stem cells.

One of the hallmarks of arterial SMCs is the heterogeneity 
of their embryological origin, which may significantly influ-
ence the development of vascular diseases. For example, there 
are 3 distinct origins for SMCs in different segments of the 
aorta. The Isl1+ secondary heart field contributes to SMCs of 
the basal aortic root68,69; Wnt1+ neural crest cells contribute 
to SMCs of ascending aorta and the aortic arch70; Meox1+ 
cells of paraxial mesoderm contribute to SMCs of the de-
scending aorta.71 The diversity of the developmental origins 
may, in part, contribute to the site-specific location of vascu-
lar diseases because of different properties of the SMCs in 
each segment, such as gene expression, protease profiles, and 
cell signaling pathways.25 For more detailed information, a 
recent review on SMC origins and differentiation has been 
published72 and is summarized in Figure 2. Interesting func-
tional differences have been detected between SMCs of dif-
ferent embryological origins. For example, when exposed to 
TGFβ (transforming growth factor-beta) signaling, collagen 

production is increased in SMCs from neural crest origin, but 
not from mesodermal zone. Homocysteine, a protein related 
to cardiovascular disease, has been shown to stimulate prolif-
eration of SMCs from neural crest but not from mesodermal 
origin.73 Detailed pathophysiological studies of each segment 
have identified disparities in atherosclerotic plaque deposi-
tion, aortic aneurysm distribution, and vascular calcification.74 
Because of these differences, it is important to dissect the 
pathophysiological roles of each segmental SMC population, 
specifically in the development of diseases. Generation of hu-
man vascular smooth muscle subtypes, by defined differentia-
tion of human pluripotent stem cells, provides a new in vitro 
means to model origin-dependent disease susceptibility and to 
develop bioengineered vascular grafts for regenerative medi-
cine.75 Improved genetic tools would be valuable to precisely 
target each segmental SMC subtype to understand their dis-
tinct in vivo roles in multiple diseases.

Distinct from large arteries, SMCs in most organs are de-
rived from mesothelial cells that cover visceral organs and 
tissues.76 Lineage tracing studies showed that these Wt1+ me-
sothelial cells are progenitors of SMCs or pericytes in the or-
gans, such as intestine, lung, and heart. In the developing heart, 
coronary SMCs originate from the proepicardium, a structure 

Table 1.  Vascular Stem/Progenitor Cells in the Vessel Wall

Vessel Wall Layer Nomenclature Cell Markers Function References

Intima or Neointima EPCs CD34+/CD45–/Flk-1+/CD31+/
Sca-1+/c-Kit+

Endothelial cell differentiation;
Clonogenic potential

Ingram et al9; Torsney et al10; 
Naito et al11; Tsai et al12;  
Fang et al13; Patel et al14;  

Green et al15

SMPCs Sca-1+/CD34+ Smooth muscle cell differentiation Torsney et al10; Tsai et al12

Media EPCs Sca-1+/c-Kit+/CD34+ or CD34–/
Flk-1+/CD31+ or CD31–/Lin–

Endothelial cell differentiation Sainz et al16; Zengin et al17; 
Pasquinelli et al18

SMPCs Sca-1+/CD34+ or CD34– Smooth muscle cell differentiation Sainz et al16; Passman et 
al19; Tang et al20

MSCs CD29+/CD44+/CD105+/CD34–/
CD45–/Sca-1+ or Sca-1–

Chondrogenic, myogenic, and adipogenic lineage 
differentiation

Pasquinelli et al21; Tang et 
al20; Zaniboni et al22; Evans 

et al23

MPCs CD34+/CD31/CD45+/CD68+ Myeloid lineage differentiation Zengin et al17; Zorzi et al24

Adventitia EPCs CD34+/Flk-1+/Sca-1+/c-Kit+ Endothelial cell differentiation Torsney et al10;  
Sawada et al25

SMPCs Sca-1+/CD34+/CD45–/Nestin+ Smooth muscle cell differentiation Hu et al26; Torsney et al10; 
Klein et al27,28; Chen et al29; 
Wong et al30; Klein et al31; 
Wu et al32; Shen et al33; 

Majesky et al34

MSCs CD29+/CD44+/CD105+/CD90+/
CD45–/CD34+ or CD34–/Sca-1+ 
or Sca-1–/CD31–/Nestin+/Gli+

Chondrogenic, myogenic and adipogenic lineage 
differentiation; Clonogenic potential

Hoshino et al35; 
Campagnolo et al36; 
Pasquinelli et al21;  

Klein et al27

MPCs Sca-1+/CD45+/F4/80+/CD115+/
CD68+

Myeloid lineage differentiation Corselli et al37; Tigges et al38; 
Klein et al28,31; Evans et al23; 

Kramann et al39,40;  
Torsney et al10; Zorzi et al24; 

Psaltis et al41,42;  
Majesky et al34 

EPCs indicates endothelial progenitor cells; Flk, fetal liver kinases; MPCs, myeloid progenitor cells, such as monocytes and macrophages; MSC, mesenchymal stem 
cell; and SMPCs, smooth muscle progenitor cells.
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that sits between the atrioventricular groove and the septum 
transversum.77 Mesothelial cells migrate from the proepicar-
dium and cover the developing heart to form a single layer of 
epicardial cells.70 In response to inducing signals from the un-
derlying myocardium, epicardial cells delaminate from the epi-
cardium and undergo an epithelial-to-mesenchymal transition 
to form mesenchymal cells.78 A subset of epicardium-derived 
cells forms pericytes and SMCs of coronary vessels and also 
cardiac fibroblasts.76,79 The migration and differentiation of 
epicardial cells to generate SMCs are tightly regulated by sev-
eral signaling pathways, including TGFβ, retinoic acid, Notch, 
PDGF (platelet-derived growth factor), FGF (fibroblast growth 
factor), and Wnt/β-catenin.80–83 A recent study shows that these 
coronary SMCs derive from pericytes, in which Jag1-Notch3 
signaling regulates their differentiation.84 Furthermore, endo-
cardial cells, from the innermost layer of the myocardium, also 
undergo epithelial-to-mesenchymal transition to form mesen-
chymal cells, and some of them contribute to pericytes and 
SMCs.79,85 The differentiation of endocardial cells to coronary 
SMCs requires canonical Wnt signaling involving Frizzled4, 
β-catenin, and EC-derived Wnt ligands.85 In the developing 
heart, endocardial and epicardial progenitors coordinately 
contribute to the majority of coronary SMCs.69 Whether adult 
endocardial or epicardial cells continue to contribute to SMCs 
under homeostasis or after injury remains largely unexplored.86

Bipotent Progenitors of Endothelial and SMCs
ECs and SMCs originate from different progenitors in most 
organs and tissues. However, there are some conditions under 
which a common progenitor exists for these 2 distinct cell 
populations. Flk1+ cells derived from embryonic stem cells 
differentiate into both ECs and mural cells in vitro and in 
vivo, indicating Flk1+ cells as bipotent vascular progenitors.87 

In mouse tissue, ECs marked by Nfatc1 contribute to both 
vascular ECs and a subset of pericytes during development,85 
implying a bipotent potential of Nfatc1+ cells for both vascu-
lar lineages. In the developing heart, Isl1+ and Flk1+ cardiac 
stem cells contribute to both ECs and SMCs, in addition to 
cardiomyocytes.88,89 In the developing heart, Gata4+ or Wt1+ 
epicardial cells also contribute to both coronary ECs and 
SMCs.90 In the adult tissue, protein C receptor–expressing 
cells serve as bipotent endogenous vascular endothelial stem 
cells that give rise to de novo formation of ECs and peri-
cytes.91 However, it remains equally possible that ECs from 
protein C receptor–expressing cell lineages undergo endothe-
lial-to-mesenchymal transition and differentiate into SMCs. 
The bipotency of these cells needs further rigorous investi-
gation with improved technology in the future. Furthermore, 
the molecular mechanisms that determine the diversification 
of endothelial and SMC lineages from a bipotent progenitor 
remain to be elucidated.

Vascular Resident Stem Cells in Adults
In 2001, Alessandri et al,92 by performing an aortic ring 
assay with human embryonic aortas, showed ex vivo out-
growth of capillary-like structures. Moreover, the cells 
isolated from these outgrowths were CD34+/CD31− and 
differentiated in vitro into to ECs.92 This suggests that the 
vessel wall itself could contain resident vascular progeni-
tor cells. In 2003, Majka et al93 isolated vascular progenitor 
cells resident in adult skeletal muscle, which could be en-
grafted and differentiated into the endothelium and smooth 
muscle. In the same year, Tintut et al94 also observed that 
the artery wall contains cells resembling mesenchymal stem 
cells (MSCs), with the ability to demonstrate multipotency 

Figure 1. Schematic figure showing mesoangioblast and hemangioblast-derived from mesoderm. Mesoangioblasts are multipotent 
and give rise to endothelial cells, cardiac or skeletal muscle, and smooth muscle cells. Hemangioblasts are bipotent and give rise to 
endothelial cells and hematopoietic cells. aSMA indicates smooth muscle actin-α; smMHC, smooth muscle myosin heavy chain; TNNI, 
troponin I; TNNT, troponin T; and Ve-cad, VE-cadherin.
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in vitro. In 2004, Hu et al26 provided the first evidence of 
vascular progenitor cells resident in the adventitia layer of 
an adult vessel wall. These adventitial progenitors expressed 
the markers stem cell antigen-1 (Sca-1), c-Kit, CD34, and 
Flk1. Among these, the adventitial Sca-1+ cells were able 
to differentiate in vivo into SMCs and to participate in neo-
intima formation.

Since then, numerous studies13,15,20–24,27,28,30–33,35,37,38,95–106 
have been published proving the presence of vascular pro-
genitor cells resident in the vessel wall as a reservoir for 
multipotent stem/progenitor cells (Tables  1 and 2). For 
instance, Ingram et al9 showed that endothelial progenitor 
cells, resident in the intima of umbilical vein and aortic 
vessels, could contribute to EC formation. MSCs were also 
detected in the inner surface of human varicose saphenous 
vein. These cells were able to differentiate in vitro into os-
teoblasts, chondrocytes, and adipocytes.108 Also in human 
saphenous vein, Campagnolo et al36 observed the localiza-
tion of CD34+ cells around the adventitial vasa vasorum that 
showed clonogenic and multilineage differentiation capaci-
ties. Zengin et al17 reported that CD34+/CD31− progenitor 
cells with the ability to differentiate into mature ECs, hema-
topoietic cells and macrophages, were present in a region 
contained between the media and the adventitia of adult hu-
man blood vessels. Pasquinelli et al18 demonstrated the pres-
ence of angiogenic MSCs within the human thoracic aorta. 

Still in the media layer, Sainz et al16 isolated a side popula-
tion of progenitor cells displaying a Sca-1+/c-Kit(−/low)/Lin−/
CD34(−/low) profile, which generated cells with EC and SMC 
phenotypes that could form vascular-like branching struc-
tures. Furthermore, Torsney et al10 identified progenitor 
cells expressing Sca-1, CD34, and c-Kit markers within the 
neointima and adventitia of human atherosclerotic arteries, 
suggesting that these cells could be the source of SMCs, 
ECs, and macrophages that form atherosclerotic lesions. 
Pericytes, which are normally regarded as mural cells, have 
also been described to possess multipotent stem/progenitor 
cell properties although controversy still exists on their dis-
tinction from MSCs.109,110

Resident Endothelial Progenitors
In the small intestine paradigm, stem cells in the crypt give 
rise to transient amplifying cells, which proliferate and fur-
ther differentiate into enterocytes in the villi.111 Whether 
there is a similar hierarchy when preexisting ECs generate 
new ECs during angiogenesis remains poorly understood. 
Using human umbilical vein ECs and human aortic ECs, 
Ingram et al9 demonstrated that a hierarchy of endothelial 
progenitor cells can be identified and discriminated by their 
clonogenic and proliferative potential. By a Hoechst dye 
exclusion method, stem cells in the luminal surface of pre-
existing blood vessels have also been identified as an EC 
side population. This population is dormant in the steady 
state but generates a significant number of ECs when trans-
planted into ischemic regions and restores blood flow of 
ischemic tissue.11 The notion of the presence of resident en-
dothelial progenitor cells with clonal proliferative and self-
renewal capacities in the endothelium lining of the vessels 
has been widely discussed by Yoder et al,9,112,113 who have 
provided solid evidence in their studies. Recent work found 
that there are actually 3 subpopulations of ECs defined by 
their expression of CD31, VE-cadherin, Sox18, and Flk1. 
Lineage tracing studies demonstrated that CD31−/Flk1lo is 
an endovascular progenitor, CD31int/Flk1lo is transit ampli-
fying, and CD31hi/Flk1hi is a differentiated cell population.14 
The stepwise differentiation from endothelial progenitors 
to transit amplifying to mature ECs is governed by Sox18/
SoxF transcriptional regulation.14 In addition, a single c-
Kit+ adult vascular endothelial progenitor cell is capable of 
undergoing clonal expansion to generate millions of endo-
thelial daughter cells in vitro and functional blood vessels 
that connect to host circulation.13 Lineage tracing studies 
on c-Kit+ cells revealed that a subset of ECs express this 
stem cell marker114–116 (Figure 3). Whether the endogenous 
c-Kit+ cells are resident vascular progenitors and have the 
potential to generate new blood vessels after injury remain 
to be investigated. Given the difficulty from the previous 
literature cited above to exactly define endothelial pro-
genitors in terms of nomenclature or immunophenotyping, 
Yoder et al107,113,117 have provided important guidelines for 
precise terminology. Notwithstanding, the identification of 
EC hierarchy shifts our understanding of vascular resident 
endothelial progenitors and their role in tissue repair and 
regeneration, opening new avenues for better understanding 
and improved treatment of cardiovascular diseases.

Figure 2. Developmental fate map of vascular smooth 
muscle. The different colors represent the different embryonic 
origins for smooth muscle cells (SMCs), as indicated in the figure. 
Aortic SMCs originate from 3 distinct developmental lineages. 
The secondary heart field (red) contributes to SMCs of the basal 
aortic root, the neural crest (blue) gives rise to SMCs of the 
ascending aorta and aortic arch, the paraxial/somitic mesoderm 
(yellow) contributes to SMCs of the descending aorta. The 
lineage boundaries depicted are shown to approximation and 
may change with aging.
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Sca-1+ Vascular Progenitor Cells
The Sca-1 marker, also known as Ly-6A/E, was originally 
used to define adult murine hematopoietic stem cells.118 
Under homeostatic conditions, the endothelium of large ar-
teries exhibits little Sca-1+ expression. However, in response 
to injury, the number of Sca-1+ cells in the endothelial lay-
er of the aorta increases.119 In addition, apolipoprotein E–
deficient (ApoE−/−) mice, which model atherosclerosis, have 
elevated numbers of Sca-1+ cells in the aortic endothelium.120 
Hu et al26 demonstrated that adventitia-resident vascular 
progenitor cells express Sca-1 and that these cells contrib-
uted to atherosclerosis via migration and differentiation into 
SMCs. Among other studies, the work of Yu et al121 further 
supported the notion that resident Sca-1+ cells contribute to 
neointima formation, which may increase plaque burden. 
Nevertheless, Sca-1+ cells may also harbor a potential for 
reparative and regenerative processes. The differentiation of 
Sca-1+ cells into SMCs or ECs may participate in endothelial 
layer regeneration122 and promote atherosclerotic plaque sta-
bility.123 Furthermore, this capacity of Sca-1+ cells could find 
a useful application of in tissue engineering, such as artificial 
vessel generation.124

Mesenchymal Stem Cells
MSCs are a group of multipotent stromal cells that can differ-
entiate into various cell types, including osteoblasts, chondro-
cytes, and adipocytes.125 MSCs can be isolated from several 
different tissues, including umbilical cord, bone marrow, and 
adipose tissue.126 Their properties vary from tissue to tissue. 
For instance, cells isolated from adult bone marrow display a 
stable phenotype, expressing SH2, SH3, CD29, CD44, CD71, 
CD90, CD106, CD120a, CD124, and many other surface pro-
teins.127 Understanding the mechanisms driving cell differen-
tiation, migration, mobilization, and homing will contribute 
to future clinical application of these cells as treatments for 
vascular diseases. Because of their easy isolation and rela-
tive abundance compared with other types of MSCs, adipose 
tissue stem cells have recently become popular in stem cell 
research.128 The stromal vascular fraction can be simply ob-
tained by collagenase digestion of adipose tissue and centrifu-
gation to remove mature adipocytes by floatation. Stem cells 
isolated from human subcutaneous adipose tissue display a 
specific phenotype, CD34+, CD13+, CD45–, CD14–, CD144–, 
and CD31–,129 and can give rise to adipocytes or ECs in vi-
tro. Adipose-derived stem cells that express Sca-1+, CD34+, 
CD45–, and CD31+130 can differentiate into white adipose 
tissue in mice. One report also demonstrated that CD34+ ad-
ipose-derived MSCs could be maintained for 20 weeks131 al-
though CD34− adipose-derived stem cells are more plastic.132

Although cell culture provides a good approach for study-
ing differentiation, migration, and proliferation in vitro, it 
is more relevant to study the adipose-derived stem cells in 
their biological context in vivo. For example, injection of 
allogeneic abdominal adipose-derived stem cells, either with 
or without transfection with plasmid-VEGF165, provided a 
protective role in a rabbit model of critical hindlimb isch-
emia. They increased arteriolar density and protected against 
ischemia-induced muscle lesions.133 Furthermore, Joe et al134 
purified Lin−/Sca-1+/CD34+ cells from the stromal vascular 

fraction of white adipose tissue of GFP (green fluorescence 
protein) mice by fluorescence-activated cell sorter and trans-
planted them in matrigel into wild-type mice. Adipocyte 
progenitor cells were able to form mature unilocular and 
multilocular adipocytes with GFP expression. In other re-
search, Miranville et al135 reported that CD31−/CD34+ stro-
mal vascular fraction cells can differentiate into ECs that 
express CD31 and develop vascular structures in Matrigel in 
response to VEGF. Hence, adipose tissue–derived stem cells 
may participate in angiogenic processes.

Pericytes as Endogenous Multipotent Stem Cells
Cultured pericytes isolated from distinct tissues can also dif-
ferentiate into multiple cell types, including osteogenic, chon-
drogenic, and adipogenic lineages.136 Hence, perivascular cells, 
principally pericytes, appear to harbor a reservoir of progenitor 
cells that are an endogenous source of MSCs. In vivo lineage 
tracing studies using a PDGFRβ (platelet-derived growth fac-
tor receptor-beta)-Cre line showed that the mural cell compart-
ment of the adipose vasculature contains progenitors of white 
adipocytes.130 Furthermore, pericytes have also been reported to 
give rise to follicular dendritic cells137 and skeletal myocytes.138 
Guimaraes-Camboa et al139 used inducible Tbx18-CreERT2 
line to permanently label pericytes and vascular SMCs of mul-
tiple organs in vivo and to follow their fate in aging and injury 
models. Surprisingly, these labeled pericytes remained as peri-
cytes and did not behave as stem cells by differentiating into 
other cell lineages, challenging the current view of pericytes as 
tissue-resident MSCs. There are several possible explanations 
for these discrepant findings. First, the differentiation potential 
of transplanted cells can be influenced by ex vivo manipulations 
and hence may not be equivalent to authentic in vivo tracing 
studies.140 Second, the differences in the lineage tracing results 
observed between previous studies and Evan’s could be because 
of the constitutive PDGFRβ-Cre line used in the former stud-
ies.130,137 PDGFRβ could be expressed in multiple cell lineages, 
rendering its promoter unsuitable for tracking the progeny of 
pericytes. By comparison, Evan’s Tbx18-CreERT2 lineage 
tracing marker139 is inducible during development and the Cre 
activity is, therefore, more controlled temporarily. Moreover, 
the discrimination of perivascular cells, such as between peri-
cytes or fibroblasts, can be challenging if the tracing is depen-
dent on a single marker. For example, a subset of fibroblasts 
expresses PDGFRβ and certain populations of pericytes express 
PDGFRα.141 Obviously, the previous studies rely on currently 
known gene profiles that we understand identify pericytes. With 
the advent of single cell sequencing and improved genetic lin-
eage tracing technology, a more complete understanding of en-
dogenous perivascular stem cells could be achieved.

Vascular Progenitor Cells in Arteriosclerosis
Arteriosclerosis includes native (spontaneous) atherosclero-
sis, transplant arteriosclerosis, angioplasty-induced restenosis, 
and vein graft arteriosclerosis.142,143 For atherosclerosis, it is 
believed that a combination of lipid and flow-mediated endo-
thelial dysfunction/death initiates an inflammatory response 
followed by SMC migration and proliferation to form neo-
intimal lesions.144 Consequently, focal atherosclerotic plaques 
are formed, containing a necrotic core encompassing lipid 
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deposition, SMCs, leukocytes—mainly macrophages—and 
associated debris. Endothelial dysfunction and inflammation 
also contribute to the other types of arteriosclerosis. Today, 
many studies demonstrate that vascular progenitor cells can 
contribute to either endothelial repair, probably beneficial, 
or proliferative processes that might increase the severity of 
the arteriosclerotic lesion. Considering the body of work pub-
lished in the literature and summarized in Table 1 on the pres-
ence of vascular progenitor cells in the vessel wall, these cells 
are a potential source of ECs and SMCs in the development 
of arteriosclerosis.

Effect of Risk Factors for Atherosclerosis on 
Resident Stem Cells
Genetic or environmental risk factors that lead to hypertension, 
hyperlipidemia, hyperglycemia, systemic inflammation, circu-
lation of reactive oxygen species (ROS), among other condi-
tions can cause endothelial injury and dysfunction. Smoking 
is one of the major causes of cardiovascular disease because it 
induces hypertension, endothelial dysfunction, leukocyte ac-
tivation, and generation of ROS, which decrease nitric oxide 
availability.145 ROS are toxic biproducts that lead to oxidative 
stress, which can activate important transduction pathways, 
such as G protein–coupled and growth factor receptors, Notch, 
and Wnt signaling. As a result, vascular cell, including stem/
progenitor cell, migration, proliferation, and differentiation are 
affected. For example, TGF-β, an SMC differentiation factor, 
activates Nox4 which produces ROS. These in turn upregulate 
the expression of serum response factor and hence activate SMC 
gene transcription.146 ROS also induce MSC proliferation and 
progenitor migration and proliferation by activating MAPKs 

(mitogen-activated protein kinase) and PI3K/AKT (phos-
phatidylinositol-3-kinases/protein kinase B) pathways.147,148 
Hypertension also induces oxidative stress on the arterial wall 
and vascular remodeling. Areas of the vessel with disturbed 
flow reveal higher ROS accumulation and endothelial turnover 
that can culminate in lesion formation. Vascular stem cells 
may be mobilized and undergo differentiation to try to repair 
the damaged vessel. For instance, Xiao et al149 demonstrated 
that Sca-1+ progenitor cells could differentiate into endothelial 
lineage in response to laminar flow or VEGF treatment while 
the flow stimulation in vitro suppressed smooth muscle lineage 
differentiation. Similarly, laminar flow increased Flk1+ cell 
proliferation and differentiation toward ECs when compared 
with static controls.150 Hypertensive vessels possess charac-
teristic intimal thickening and medial hyperplasia, associated 
with enhanced expression of α-smooth muscle actin. These re-
sults suggest that stem/progenitor cell migration, proliferation, 
and differentiation could be a response to cytokines released 
by the injured endothelium and the underlying inflammation 
process. Furthermore, mechanical stretching via PDGFR/Ras/
ERK (extracellular signal–regulated kinase) pathway is report-
ed to result in the differentiation of progenitors into SMCs.151 
For example, in pulmonary artery hypertension, resident PW1+ 
progenitor cells undergo proliferation and differentiation into 
SMCs induced by chronic hypoxia, via CXCR4 (C-X-C che-
mokine receptor) activation.152 Interestingly, hypoxia promotes 
the proliferation of resident progenitors in the lung.153 Diabetes 
mellitus–associated vascular diseases show hypoxic tissue, 
which may be a stimulus for resident progenitors, but there is 
also hyperglycemia and oxidative stress, endothelial dysfunc-
tion, and vessel wall remodeling. With increased levels of ROS 

Figure 3. Proposed roles for vascular wall resident endothelial progenitors in endothelial generation. The vessel wall comprises 
an inner layer (intima), a thick media layer, and an outer layer (adventitia). The intima is composed of the elastic lamina (blue) and a 
monolayer of endothelial cells (ECs). The intima encompasses mature and terminally differentiated cells (ECs: CD31High/Flk-1High) and 
also a niche of endothelial progenitors, such as c-Kit+ cells (green), which can proliferate, migrate, and differentiate into ECs. Endothelial 
progenitors (EPCs) have clonogenic and endothelial generative potential and express stem cell markers, such as c-Kit, associated 
with low expression of CD31. EPCs are progenitors of a transient amplifying population of cells (purple) which display an intermediate 
expression of CD31 and a low expression of Flk-1. In response to EC turnover and under regulatory signals, the endothelial progenitors 
can be activated and undergo migration, proliferation, and differentiation to replace lost ECs. Flk indicates fetal liver kinases; LDL, low-
density lipoprotein; and SMC, smooth muscle cell.
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and decreased nitric oxide, progenitor mobilization is ham-
pered, and under hyperglycaemia, glycosylated proteins in-
duce progenitor senescence via activation of AKT/p53/p21.154 
Hence, there may be a stimulus for expansion progenitors that 
is frustrated by other factors. Diabetes mellitus and obesity are 
risk factors for atherosclerosis, and obesity-related increased 
perivascular adipose tissue is increasingly accepted to play an 
active role in vascular remodeling. Adipocytes secrete adipo-
kines and cytokines, which may act not only in an autocrine 
way but also on resident stem cells in the vessel. Recently, Xie 
et al155 revealed that leptin induces the migration of adventitia-
derived Sca-1+ progenitor cells after vessel injury, contributing 
to neointima lesion formation (Figure 5). However, the effect 
of leptin and other adipokines on resident vascular progeni-
tor cells, particularly in the context of diabetes mellitus– or 
obesity-induced vascular diseases, remains to be fully clarified.

Endothelial Repair and Regeneration
As mentioned above, a key initiating event of arterioscle-
rosis is the dysfunction/death of the endothelial layer, with 
increased permeability and impaired endothelium-mediated 
vasodilation. Endothelial turnover is an important compensa-
tory mechanism but also contributes to endothelial leakiness 
and dysfunction. ECs in the areas of the artery resistant to 
atherosclerosis have a lifespan of ≈12 months in rats, whereas 
cells at lesion-prone sites live for weeks and for even short-
er times when animals are aged.156 A study from our group 
demonstrated that the numbers of dying/proliferating cells 
in the aortas of ApoE−/− mice and of wild-type animals were 
significantly different.119 Importantly, lesion-prone areas dis-
played a higher turnover rate of ECs, as indicated by BrdU 
(bromodeoxyuridine)-positive labeling. However, the endo-
thelium covering early lesions was leaky because of lower 
levels of tight junctions.119 The question is, whether these 
highly proliferative, leaky ECs are derived from mature ECs 
or from a specific population of vascular progenitors (see 
Figure 3). Interestingly, endothelial progenitors that are resi-
dent in the intima and shown to participate in vessel forma-
tion have higher proliferative ability and increased expression 
of matrix metalloproteases and growth factor signaling, all of 
which would favor their participation in endothelial regenera-
tion.14 But why do ECs in certain regions display increased 
turnover and loss of barrier function although exposed to a 
similar concentration of circulating mediators and blood ves-
sel wall–derived signals? A likely explanation is different flow 
patterns.157,158 Interestingly, a recent report demonstrated that 
laminar shear stress triggers Dll4-dependent proteolytic ac-
tivation of Notch1 to reveal the Notch1 transmembrane do-
main, the key domain that mediates barrier establishment.159 
Expression of the Notch1 transmembrane domain is sufficient 
to rescue Notch1 knockout–induced defects in barrier func-
tion and does so by catalyzing the formation of a novel recep-
tor complex in the plasma membrane containing VE-cadherin, 
a tight junction component.159 It seems, therefore, that physi-
ological shear stress is a key stimulator for endothelial barrier 
function, as well as reduced cell turnover. Coinciding with 
this finding is the earlier report that in vitro laminar shear 
stress can directly stimulate stem cell differentiation toward 
ECs160 in the absence of VEGF, which would favor endothelial 

repair. In general, several key signaling pathways have been 
proposed for stem/progenitor cell commitment to endothelial 
lineage via VEGFR2 activation in a ligand-independent man-
ner.150,160,161 How VEGFR2 can be activated by shear stress 
without VEGF involvement requires further investigation.

From a different perspective, Toledo-Flores et al162 ob-
served that Sca-1+/CD45+ adventitial cells possess proangio-
genic capacity and may be the source of the vasa vasorum 
expansion in atherosclerosis in mice. Although in vitro Sca-
1+ cell culture can promote expression of endothelial mark-
ers, no data demonstrate endothelial lineage differentiation in 
vivo. However, Sca1+ progenitors can be forced to differenti-
ate into ECs in vitro and in vivo via introduction of the gene 
ETV2.163 After ETV2 transduction, Sca-1+ adventitial cells 
significantly increased expression of early EC genes, includ-
ing VE-cadherin, Flk1, and Tie2 at the mRNA and protein 
levels. ETV2 overexpression also induced the downregulation 
of a panel of SMC and mesenchymal genes through epigen-
etic regulations, mediated by decreased expression of DNA-
modifying enzymes, 10-11 translocation dioxygenases.163 
Adventitial Sca-1+ cells grafted on the adventitial side of wire-
injured femoral arteries increased vascular wall hyperplasia 
compared with ungrafted control arteries. Arteries seeded 
with ETV2-transduced cells showed, on the contrary, reduced 
hyperplasia compared with controls.163 Genetic manipulation 
of vascular progenitors is, therefore, a promising approach to 
improve vascular function after endothelial injury.

SMC Accumulation in Neointimal Lesions Derived 
From Stem Cells

Identification
An important feature of the SMCs is their phenotypic plas-
ticity, which enables them to respond to the changes of the 
surrounding environment. During vascular development or in 
response to injury, the medial SMCs adopt a synthetic, prolif-
erative, and migratory phenotype that can contribute to intima 
formation.164 However, vascular stem/progenitor cells may 
also have roles in neointimal formation. For instance, Hu et 
al165 revealed that the origin of the SMCs in the neointimal 
lesion of vessel allografts was not bone marrow progenitor 
cells but locally derived host cells. These findings were further 
supported by the work on atherosclerosis. Bentzon et al166,167 
concluded that there is a local vessel wall source of SMCs, 
and Iwata et al168 showed that bone marrow cells contribute to 
vascular inflammation but do not differentiate into SMCs. A 
role for adventitial Sca-1+ cells as progenitor cells for resident 
SMCs was supported by Passman et al,19 who characterized a 
sonic hedgehog signaling domain restricted to the adventitial 
layer of the vessel wall. In sonic hedgehog−/− mice, the num-
ber of adventitial Sca-1+ cells was drastically reduced and, in 
parallel, the number of potential SMC progenitor cells was 
also decreased. Tsai et al12 performed a study aimed at ex-
ploring the contribution of stem/progenitor cells to neointima 
formation in decellularized vessel grafts in a mouse model. 
A decellularized vessel was grafted in the mouse carotid ar-
tery, and a neointimal lesion was formed. The lesion exhibited 
Sca-1+, c-Kit+, and CD34+ cells, with multilineage differen-
tiation capacity.12 After femoral artery injury, a recent report 
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concluded that >50% of neointimal SMCs are derived from 
adventitial stem/progenitor cells.39 Moreover, Roostalu et 
al169 used a double SMC-marker lineage tracing mouse model 
to provide solid evidence that adventitial cells are the main 
contributors to neointimal SMCs in severely injured arteries. 
Furthermore, genetic fate-tracing using Gli1 as a marker indi-
cates that adventitial stem/progenitor-like cells migrate into 
the media and neointima during athero- and arteriosclerosis 
in ApoE−/− mice. Hence, adventitial stem cells can be direct 
contributors to SMC accumulation in many forms of arterio-
sclerosis (Figure 4).

Cell Migration
Perivascular application of GFP-Sca-1+ cells to injured arteries 
significantly enhanced neointimal lesion formation via progen-
itor migration.121 Application of Sca-1+ cells to the adventitial 
side of vessel grafts resulted in enhanced neointimal lesions.29 
The potential of Sca-1+ cells to migrate from the adventitia to 
the intima was also demonstrated by the work of Wong et al30 
using an ex vivo bioreactor system. Adventitial Sca-1+ cells 
were seeded on the outside of a decellularized vessel, and their 
migration toward the inner side of the vessel was increased in 
response to sirolimus stimulation.30 Another study by Chen et 
al29 showed that the adventitia of vein grafts, which underwent 
intense remodeling, displayed a considerable number of Sca-
1+ progenitor cells near the vasa vasorum. These cells could 
differentiate in vitro into SMCs and also had the potential to 

differentiate into adipogenic, osteogenic, and chondrogenic 
lineages. Furthermore, ex vivo and in vivo experiments dem-
onstrated migration of the Sca-1+ cells to the inner side of the 
vessels, making a significant contribution to the content of 
neointimal SMCs.29 The mechanisms driving stem/progenitor 
cell migration seem to involve several chemokines and lipopro-
teins, and great progress toward their understanding has been 
made recently. Using combined models, Yu et al121 demonstrat-
ed that proliferating SMCs can release several chemokines, 
including CXCL1 (chemokine [C-X-C motif] ligand), CCL2 
(chemokine [C-C motif] ligand), and CCL5, which have a role 
in attracting vascular progenitors. Single cell tracking experi-
ments indicated that these cells migrate directionally and ef-
ficiently but not randomly. Interestingly, Sca-1+ progenitor cell 
migration from the adventitia to the neointima was abrogated 
and neointima formation diminished, in a wire injury model 
using CCL2−/− mice.121 These findings suggest that vascular 
stem/progenitor cell migration from the adventitia to the neo-
intima can be induced by SMC release of chemokines, which 
act via CCR2 (C-C chemokine receptor type)/Rac1/p38 and 
CXCR2/Rac1/p38 signaling pathways (Figure 5).

Influence of Obesity
A recent publication reveals an effect of the adipokine, leptin, 
on Sca-1+ progenitor cell migration and neointimal formation.155 
Leptin induced the migration of Sca-1+ progenitor cells in vi-
tro, which was markedly reduced in cells derived from leptin 

Figure 4. Proposed roles for vascular wall resident progenitor cells (PCs) in lesion formation. The adventitia is a dynamic layer in 
active communication with the other vessel wall layers, and it contains various cell types, including PCs (red), mesenchymal stem cells 
(MSCs in green), macrophages (blue), fibroblasts (yellow), and pericytes (orange) surrounding the adventitial vasa vasorum, among others. 
Adventitial PCs, expressing the stem cell marker Sca-1 (red), have the ability to migrate to the lesions and to differentiate into smooth 
muscle cells (SMCs), thus contributing to the intimal SMCs pool. EC indicates endothelial cell.



Zhang et al    Vascular Resident Stem Cells    1617

receptor knockout mice. Moreover, transplantation of leptin 
receptor+/+ Sca-1+ progenitor cells into the adventitial side of 
injured artery in leptin receptor−/− mice significantly enhanced 
neointimal formation. Upregulation of leptin levels in both the 
vessel wall and the circulation, after vessel injury, promoted the 
migration of Sca-1+ progenitor cells via leptin receptor–depen-
dent STAT3-Rac1/Cdc42-ERK-FAK (focal adhesion kinase) 
pathways155 and enhanced neointimal formation (Figure 5).

Hyperlipidemia
Kokkinopoulos et al120 used single cell RNA sequencing tech-
nology on primary adventitial mouse Sca-1+ cells from wild-
type and atherosclerotic-prone (ApoE−/−) mice and found that 
a group of genes controlling cell migration and matrix protein 
degradation was highly altered. Adventitial progenitors from 

ApoE−/− mice displayed an augmented migratory potential 
both in vitro and in vivo. This increased migratory ability was 
mimicked by lipid loading either by incorporating oxidized 
low-density lipoprotein or cholesterol to Sca-1+ progenitor 
cells.120 Furthermore, lipid loading increased miRNA-29b ex-
pression and induced sirtuin-1 and MMP-9 (matrix metallo-
proteinase) levels to promote cell migration (Figure 5). These 
results provide mechanisms by which blood cholesterol levels 
could influence vascular progenitor cell migration, a promis-
ing target for the treatment of vascular diseases.

Differentiation Into SMCs
Concerning the mechanisms underlying SMC differentiation, 
recent studies reveal the involvement of collagen IV, integrins 
α1, α5, and β1, and PDGF-β receptor pathways.170 In addition, 

Figure 5. Proposed mechanism of vascular wall resident Sca-1+ progenitor cell migration in response to chemokines and 
lipoproteins. Sca-1+ vascular progenitor cells are resident in the vessel wall. Chemokines, such as CCL2 (chemokine [C-C motif] ligand) 
and CXCL1 (chemokine [C-X-C motif] ligand), are released by activated smooth muscle cells (SMCs) and act on the Sca-1+ cells by binding 
to their respective receptors, CCR2 (C-C chemokine receptor type) and CXCR2. As a result, downstream pathways are activated, which 
include GTPAses Rac1 and Cdc42, p38 is phosphorylated and cytoskeleton-related proteins upregulation (FAK [focal adhesion kinase], 
vinculin, paxillin). Adipocytes also release signals, such as leptin, which bind to the corresponding receptors expressed in Sca-1+ cells. 
Consequently, Rac1 and Cdc42 are activated, leading to ERK (extracellular signal–regulated kinase) phosphorylation. Leptin also activates 
Stat3 pathway and the expression of cytoskeleton-related proteins. Together, the activation of the mentioned signaling pathways leads to 
either transcription of migration-related genes or direct activation of the cytoskeleton to promote cell migration. Furthermore, lipid particles, 
such as low-density lipoprotein or cholesterol, may be incorporated by Sca-1+ cells and lead to increased migration by activating relevant 
migration pathways and inducing the expression of matrix degradation proteins by the expression of matrix metalloproteinase 9.
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a novel finding is the proposed role of the cytokine-like pro-
tein, DKK3 (Dickkopf 3). DKK3 is a secreted glycoprotein, 
highly expressed in the endothelium and muscles,171–174 that is 
implicated in the differentiation of partially induced pluripo-
tent stem cells.175 Recently, Cheng et al176 demonstrated that 
the loss of DKK3 attenuates atherosclerosis development in 
ApoE−/− mice fed with high-fat diet through activation of the 
β-catenin signaling. However, Yu et al177 reported that DKK3 
is an atheroprotective cytokine, based on a prospective human 
population study and on mouse models. Another study showed 
that the absence of DKK3 leads to vulnerable atherosclerotic 
plaques because of reduced numbers of SMCs and matrix pro-
tein deposition, as well as increased hemorrhage and macro-
phage infiltration.123 Furthermore, the in vitro studies revealed 
that DKK3 can induce the differentiation of Sca-1+ vascular 
progenitors into SMCs, via activation of the TGFβ/ATF6 
(activating transcription factor) and Wnt signaling pathways. 
Wang et al174 also demonstrated that DKK3 can stimulate mu-
rine stem cell differentiation into SMCs by activating ATF6 
and promoting myocardin expression. Cumulatively, DKK3 
seems to be a potent SMC differentiation factor associated 
with plaque stability.123

Foam Cell Formation
Foam cells, a prominent component of advanced plaques, 
may be derived from SMCs or macrophages that have taken 
up lipids. Psaltis et al41,42,178 identified the presence of resident 
Sca-1+/CD45+ macrophage progenitor cells in the aortic ad-
ventitia. These progenitors were upregulated in ApoE−/− and 
low-density lipoprotein−/− hyperlipidemic mice and could 
form foam cells. As mentioned above, resident Sca-1+ pro-
genitors can largely differentiate into SMCs, and these could 

also be a source of foam cells. Hence, local resident stem/
progenitor cells could be a common progenitor for both SMCs 
and macrophage-derived foam cells.

Summary and Perspectives
Accumulating evidence suggests the presence of stem/pro-
genitor cells in the vessel wall. Several markers were used to 
identify these stem cells, for example, Sca-1, c-Kit, CD34, 
Flk1, Sox, CD124/90, among others, most of which have been 
listed in Table 2. However, there is no unique marker avail-
able to identify vascular stem/progenitor cells. It is also not 
clear whether all types of vascular stem cells are derived from 
the same source during development or whether they alter in 
adults, especially under disease conditions. To answer these 
questions, further investigations would be needed. Single cell 
gene sequencing and cell linear tracing models may be espe-
cially useful to clarify the nature and the contributions of vas-
cular stem/progenitor cells during development and disease 
formation.

Recent reports indicate the presence of stem and progenitor 
cell populations within the endothelial and other layers of the 
vessel wall. Their definitions and functions should be investigat-
ed in detail in the future. For example, nonbone marrow–derived 
c-Kit+ cells may participate in angiogenesis in ischemic heart, as 
identified by cell lineage tracing models,114–116 but it is unknown 
whether vascular resident c-Kit+ cells have the ability to repair or 
regenerate the endothelium of large vessels. Because atheroscle-
rotic plaques occur mainly in medium-to-large arteries, it will be 
crucial to study the role of vascular endothelial stem cells in the 
repair of damaged endothelium in these vessels.

It is well-known that SMCs within vascular lesions con-
sist of heterogeneous populations, reflecting the variable 
phenotypes and functions of these cells.179 During develop-
ment, SMCs derived from different regions, for example, 
neural crest cells versus proepicardium. How different ori-
gins of SMCs during the development affect their behavior 
during the formation of lesions in adults is a worthy question 
for future study. However, SMCs may be able to dediffer-
entiate or give rise to other cell types, including MSCs.34,180 
A recent paper181 demonstrated that SMCs in injury-induced 
neointimal lesions and in atherosclerotic plaques were oli-
goclonal, having derived from a few expanding cells, which 
could be quiescent SMC progenitors or be able to dedifferen-
tiate into progenitors. We could speculate that lesional SMCs 
comprise all the different stages of differentiation from stem 
cells, hence display a variety of phenotypes (Figure  6). 
However, further study is needed to answer what propor-
tion of lesional SMCs is derived from stem cells. Further 
research is urgently needed to investigate the mechanisms 
driving the migration, proliferation, and differentiation of 
stem cells during vascular remodeling. The elucidation of 
these mechanisms should provide vital information needed 
for the development of more efficient or novel therapies for 
vascular diseases.
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Figure 6. Smooth muscle cell (SMC) heterogeneity and 
stem cell differentiation. During vascular development or 
in response to injury, the media SMCs exhibit a synthetic, 
proliferative, and migratory phenotype, where they may express 
some stem cell markers (Sca-1) and also the marker SMα-actin. 
This is accompanied by a decrease in the expression of SMC 
differentiation markers, such as calponin and SMMHC (smooth 
muscle myosin heavy chain). Stem cells (Sca-1+, c-Kit+, CD34+) 
can differentiate into SMCs in response to vascular injury, 
and thus, their expression of stem cell markers is decreased, 
whereas the expression of SMC markers is increased (SMα-actin, 
calponin, SMMHC). Mature and fully differentiated SMCs express 
high levels of calponin and SMMHC and show reduced or 
negligent levels of stem cell markers. These cells present a more 
elongated morphology and a contractile phenotype, with a low 
proliferative and migratory rate. Stem/progenitor cell markers can 
potentially be expressed in dedifferentiated SMCs, which have 
gone through a dedifferentiation process in atherosclerosis, and 
which contribute to vessel wall remodeling.
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Table 2.  Differentiation Potential of Vascular Resident Stem/Progenitor Cells

Nomenclature Common Stem Cell Marker Localization in the Vessel Differentiation Potential

rEPCs Sca-1+ Media16 Atherosclerotic lesion and adventitia10 Intima11,13 Neointima12 Endothelial cells

CD34+ Region between media and adventitia17,18 Atherosclerotic lesion and 
adventitia10 Neointima12 Intima107

Flk-1+ HUVECs and HAECs9 Atherosclerotic lesion and adventitia10 
Intima11,15 Intima107

c-Kit+ Atherosclerotic lesion and adventitia10 Region between media and 
adventitia18 Neointima12 Intima13

SMPCs Sca-1+ Media16 Atherosclerotic lesion and adventitia10 Neointima12 Region 
between media and adventitia19 Adventitia26,29,34

Smooth muscle cells

CD34+ Atherosclerotic lesion and adventitia10 Adventitia32–34

MSCs CD44+ Media21–23 Adventitia21,23,27,28,31,35,37 Chondrogenic, myogenic, 
and adipogenic lineage cells

CD29+ Media21,23  Adventitia21,23,35,38

CD90+/CD105+ Media21–23 Adventitia21,23,27,28,31,35,37,38
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smooth muscle progenitor cells.
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