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The ageing population continues to suffer from its primary killer, cardiovascular disease 
(CVD). Despite recent advances in interventional medicinal and surgical therapies towards 
the end of the 20th century, the epidemic of cardiovascular disease has not been halted. 
Yet, rather than receding globally, the burden of CVD has risen to become a top cause 
of morbidity and mortality worldwide. Most CVD arises from thrombotic rupture of an 
atherosclerotic plaque, the pathologic thickening of coronary and carotid artery segments 
and subsequent distal ischemia in heart or brain. In fact, one-fifth of deaths are directly 
attributable to thrombotic rupture of a vulnerable plaque. Atherosclerotic lesion formation 
is caused by a concert of interactions between circulating leukocytes and platelets, 
interacting with the endothelial barrier, signalling into the arterial wall by the release of 
cytokines and extracellular vesicles (EVs). Both platelet- and cell-derived EVs represent a 
novel mechanism of cellular communication, particularly by the transport and transfer of 
cargo and by reprogramming of the recipient cell. These interactions result in phenotypic 
switching of vascular smooth muscle cells (VSMCs) causing migration and proliferation, 
and subsequent secretion of EVs. Loss of VSMCs attracts perivascular Mesenchymal 
Stem Cells (MSCs) from the adventitia, which are a source of VSMCs and contribute 
to repair after vascular injury. However, continuous stress stimuli eventually switch 
phenotype of cells into osteochondrogenic VSMCs facilitating vascular calcification. 
Although Virchow’s triad is over 100 years old, it is a reality that is accurate today. It can 
be briefly summarised as changes in the composition of blood (platelet EVs), alterations 
in the vessel wall (VSMC phenotypic switching, MSC infiltration and EV release) and 
disruption of blood flow (atherothrombosis). In this paper, we review the latest relevant 
advances in the identification of extracellular vesicle pathways as well as VSMCs and 
pericyte/MSC phenotypic switching, underlying vascular calcification.
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extRaCellulaR veSiCleS

Extracellular vesicles (EVs) are currently considered as important 
physiological players. Their secretion represents a universally 
active cellular function in all living organisms from bacteria to 
humans (1). EVs are highly heterogeneous structures that differ 
in size, biochemical content and mode of secretion. Current 
nomenclature distinguishes three populations of EVs: (1) exosomes  
(30–100 nm), which originate when multivesicular bodies fuse with 
the plasma membrane, (2) microvesicles/ectosomes (100–1,000 
nm), which are generated by budding of the plasma membrane and 
(3) apoptotic bodies (>1,000 nm), which are formed in the process 
of programmed cell death (2–5). Each family is composed of small 
phospholipid membrane-enclosed entities released spontaneously, 
or, in response to cell activation or apoptosis (6). EV release is 
stimulated via multiple physiological and pathological conditions, 
making them potential diagnostic biomarkers for monitoring 
various diseases (7). Their presence has been detected in a number 
of bodily fluids from healthy individuals, such as peripheral blood, 
urine, saliva and synovial fluid to name a few (1, 8, 9). In terms of 
pathological states, first breakthroughs in the field of EV research 
were made in oncology and immunology, yet today cardiovascular 
disease represents one of the most intensively studied and rapidly 
developing areas of the extracellular vesicle field (4). The number of 
circulating EV levels has been shown to be associated with various 
cardiovascular and metabolic disorders, including atherosclerosis 
and diabetes mellitus (8). In the vasculature, EVs are released from 
platelets, endothelial cells, smooth muscle cells, erythrocytes and 
leukocytes (6, 7).

Platelet-Derived extracellular vesicles
EVs from platelets were first described in 1967 by Peter Wolf 
from human blood samples, where they were originally referred 
to as “platelet dust” (10). Further studies demonstrated that EVs 
are released when platelets attach to the vessel wall (11). Later 
it was reported that platelet-EVs are composed of two different 
types: exosomes and microvesicles (12). Since then platelet EVs 
have been shown to be involved in several processes in the human 
body, such as coagulation and atherosclerosis (13). Given that EVs 
express phospholipids on their surface, they are capable of binding 
(activated) coagulation factors. Interestingly, their coagulation 
activity is 50–100 times higher compared to activated platelets 
(14). In fact, a genetic disorder that is associated with deficient 
EV formation by platelets leads to bleeding (15). This suggests that 
promotion of coagulation by EVs is an important physiological 
mechanism (6).

On the other hand, platelet EVs are known to accumulate in 
platelet concentrates (16). Transfusion of platelet concentrates is 
associated with adverse reactions in the recipient, more often than 
any other blood-derived product (17). This might be explained 
by the fact that platelet EVs are rich in inflammatory molecules 
(e.g., CD40L), so they can adhere to leukocytes by CD62P – 
PSGL-1 interactions and transport pro-inflammatory signals. 
Several studies have demonstrated that platelet EVs isolated from 
platelet concentrates can modulate the phenotype and activities of 
leukocytes and vascular cells (see below). Platelet EVs retain many 

properties of their parent cells, such as the presence of surface 
specific antigens (Table 1), the ability to deposit chemokines to 
the vessel wall and to confer inflammatory signals to distal sites 
(28). In human blood, platelet-derived EVs are the most abundant 
population of EVs, despite the fact that erythrocytes are about 30 
times more numerous than platelets (29). It has been estimated that 
in circulation 70–90% of all EVs are derived from platelets, 10% 
originate from granulocytes and only 5% come from endothelial 
cells, red blood cells and monocytes (1). The number of circulating 
platelet EVs is also influenced by cardiovascular medication. 
Antiplatelet agents, antihypertensive agents and cholesterol-
lowering drugs inhibit EV release from platelets (30, 31). However, 
in studies on patients treated with statins, consensus on the number 
of circulating platelet EVs has not been established (30, 32). Of 
note, it has been proposed that the majority of the circulating 
CD41-positive EVs actually originate from megakaryocytes, rather 
than from platelets (33). In addition, platelet-derived EVs might 
be distinguished from their megakaryocyte-derived counterparts 
through the detection of surface molecules such as CD62P,  
LAMP-1, CLEC-2 and GPVI.

vascular inflammatory Functions of 
Platelet-Derived evs
Besides the involvement of platelet-derived EVs in the coagulation 
process, evidence also points towards a role in immune- and 
inflammation-related processes. For example, platelet-derived 
EVs have been shown to influence vascular cells (endothelial cells 
and smooth muscle cells) and leukocytes, thereby changing their 
phenotype and function. EVs are considered to play an important 
role in cell-cell communication, their membrane-enclosed 
content, small size and repertoire of surface receptors facilitate 
long distance transport within bodily fluids (5, 8, 34). EVs can 
influence target cells by providing ligands which augment the 
secretion of growth factors or cytokines, transfer of cell adhesion 
molecules or reprogram target cells through their genetic make up  
(1, 28, 29). When isolated platelet EVs are incubated with 

table 1 |  Surface markers found on platelet EV.

Cluster of differentiation 
(CD) or abbreviation

trivial or full name Reference

CD9 Tetraspanin-29 (18)
CD29 Integrin β1 (19)
CD31 PECAM-1 (19)
CD36 Platelet GPIV (20)
CD42a Platelet GPIX (21)
CD42b Platelet GPIbα (19, 22)

CD63 Tetraspanin-30 (19)
CD59 Membrane attack complex inhibition 

factor
(20)

CD61 Integrin beta 3 (22)
CD154 CD40 Ligand (23, 24)

CD184 CXCR4 (23)
PAR-1 Protease-activated receptor-1 (23)
CD321 Junctional adhesionmolecule-A (25)
TSP-1 Thrombospondin-1 (21)
VN Vitronectin (26)
VWF Von Willebrand Factor (27)
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monocytes, platelet EVs readily bind to monocytes and phagocytic 
uptake of platelet EVs can be observed over time (35). In chemotaxis 
assays, monocytic cells are actively attracted by platelet EVs, an 
effect that can be blocked by antibodies against CCL5. Prolonged 
incubation of monocytes with platelet EVs results in a notable 
change of surface marker expression, indicating a polarisation 
of the monocytes to M2-type macrophages (35). Finally, platelet 
EVs were found to induce the secretion of TNFα from monocytic 
cells more strongly than platelets, whereas incubation with 
platelets led to a robust release of GM-CSF (35). Similar studies 
have demonstrated that platelet EVs induce the differentiation 
of macrophages into dendritic cells (20) and that platelet EVs 
are even able to “reprogram” the gene expression profile and 
function of macrophages (36). Although platelet EVs are present 
both in diseased patients and healthy subjects, increased levels 
have been associated with various pathological disorders, such as 
atherosclerosis and diabetes mellitus (Table 2).

Pathological remodelling of the vasculature involves an 
intricate and dynamic interaction between blood cells (platelets, 
leukocytes), vascular cells (endothelial cells, smooth muscle cells 
and adventitial cells) and their direct microenvironment (66). 
EV-mediated signalling between hematological cells and vascular 
cells is also of importance in this process. Elevation of platelet 
EVs in cardiovascular disease appears to be a common process, 
their interaction with the vascular endothelium has been an area 
of high interest. However, current knowledge in this field is still 
very limited and our understanding relies mainly on in vitro 
experiments. The importance of leukocyte-endothelium signalling 
in pathophysiological conditions of the vasculature is already well 
known. More recently the role of platelet EVs in these processes 
has been demonstrated. In vitro experimentation has shown that 
shear stress-activated platelet EVs facilitate the interaction between 
monocytes and endothelial cells. This is facilitated by increases in 
inflammatory cytokine levels and cell adhesion molecules on both 
cell types (67). Another study indicated that platelet EVs contain 
bioactive lipids (e.g., arachidonic acid), that stimulate ICAM-1 
expression in HUVECs, leading to enhanced monocyte-endothelial 
interactions (68). Platelet EVs may also activate endothelial cells 
and leukocytes, more specifically, neutrophils by surface molecules 
CD41 and CD62P, further demonstrating their importance in 

modulating inflammation (69). It has been also shown that platelet 
EVs can deposit inflammatory molecules such as CCL5 (RANTES) 
during rolling interactions over endothelial cell monolayers, 
facilitating the subsequent recruitment of monocytes (25). In this 
study, rolling interactions depended on P-selectin and GPIb, while 
transfer of CCL5 was dependent on integrin αIIbβ3 and junctional 
adhesion molecule A (25).

Interestingly, more than 700 miRNAs have been found to be 
stored in platelets (70). Platelets also can contain the functional 
miRNA processing machinery required for the processing of 
miRNA precursors (71). Moreover, evidence is accumulating that 
platelets and platelet-EVs can horizontally transfer nucleic acids 
to endothelial cells (72, 73). Platelet EVs isolated from activated 
platelets contain significant amounts of miRNA, further to this, 
functional transfer of miRNA from platelets to endothelial cells 
was found to occur through vesicle formation (74, 75). Uptake of 
platelet EV-associated miRNA results in modulation of endothelial 
target gene expression demonstrated by a downregulation of 
ICAM-1 (72).

Besides the endothelial lining of the vessel wall, VSMCs can 
also be influenced by platelet EVs. Platelets can adhere directly to 
VSMCs, facilitated by the interaction of CX3CR1 on platelets with 
CX3CL1 on VSMCs (76). Although platelets do not make contact 
with VSMCs under healthy conditions, such encounters might 
occur after vascular damage, increased endothelial permeability or 
through intraplaque haemorrhage. Upon endothelial denudation, 
platelets in a thrombus might release EVs that then come in contact 
with VSMCs. Increased permeability of the endothelial lining 
might permit the passage of circulating EVs and during intraplaque 
haemorrhage, EVs might be formed due to platelet contact with 
the highly thrombogenic plaque interior. On the other hand, a 
study investigating EVs isolated from atherosclerotic plaques did 
not observe a significant fraction of platelet-EVs within plaque 
(77). It is possible that platelet-EVs lose their surface markers by 
enzymatic shedding after activation (78), that platelet-EVs are 
rapidly phagocytosed by macrophages (35, 36), or that platelet-
EVs indeed constitute only a minor fraction of the total EV content 
within a plaque. Nevertheless, a potential influence of platelet EVs 
on the behaviour and phenotype of VSMCs was investigated in 
our recent work. Binding studies using CFSE-labelled platelet EVs 
and VSMCs revealed that the platelet EV–VSMC interaction is 
metal ion-dependent and that αIIbβ3 on platelet EV is the primary 
receptor that mediates interactions with VSMCs (79). Platelet 
EVs induce migration and proliferation of VSMCs in a CXCL4-
dependent manner. Prolonged incubation of VSMCs with platelet 
EVs results in an increased adhesiveness for THP1 monocytic 
cells under flow conditions and an increase in interleukin 6 
production, indicating that platelet EVs have pro-inflammatory 
effects on VSMCs. Interestingly, the incubation of cultured VSMCs 
with platelet EVs led to a phenotypic switch towards a synthetic 
phenotype, as evidenced by morphological changes and a reduced 
expression of the contractile marker calponin (79). Although 
direct contact of VSMCs with platelet EVs leads to changes in 
proliferation, migration, marker expression and phenotype of 
VSMCs, the possibility exists that platelet EVs might alter the 
behavior of surrounding cells e.g., the endothelium, thereby 
indirectly affecting VSMCs by released factors or the transfer of 

table 2 |  Cardiovascular/metabolic diseases associated with increased 
platelet-EV levels.

Disorder Reference

Hypercholesterolemia and subclinical atherosclerosis  (37)
Coronary calcification (38)
Carotid atherosclerosis (39)
Coronary heart disease (40)
Acute coronary syndrome   (41–44)

Peripheral arterial disease   (45–48)

Hypertension (49, 50)

Venous Thrombo-embolism (51, 52)

Stroke  (53–55)

Diabetes mellitus   (56–59)

Metabolic syndrome and obesity   (60–63)

Table dapted from Aatonen et al. (64) and Ridger et al. (65)
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endothelial EVs, analogous to what has been observed during 
abnormal shear stress (80).

Taken together, platelet EVs influence both phenotype and 
behaviour of leukocytes and vascular cells, thus are important 
initiators and propagators in vascular remodelling and downstream 
processes, such as calcification.

initiation and Propagation of vascular 
Calcification is Regulated by vascular 
Smooth Muscle Cell Function
Vascular smooth muscle cells (VSMCs) are the most abundant cell 
source of the vasculature. Unlike most cells, VSMCs arise from several 
lineages (81). They are critical to maintaining structure and function 
of the vascular system (82). Their role is central to vessel dilation 
and constriction as well as vessel remodelling. VSMCs produce 
components of the vascular extracellular matrix (ECM), therefore 
altering the composition of connective tissue and can increase 
the number of VSMCs present in the vasculature by proliferating. 
VSMCs are commonly considered to be heterogeneous, having 
either contractile or non-contractile (synthetic) properties (83). This 
heterogeneity is present in both developing and adult vasculature and 
is the most defining feature of VSMCs. It has been hypothesised that 
the different characteristics and functions of VSMCs originate from 
early developmental cues, as well as spatiotemporal gene regulation 
of differentiation markers (84).

While in a contractile state, VSMCs contract and relax to 
enable blood flow around the body. In this contractile state, they 
express highly VSMC-specific markers for contractility such as 
SM-αA, calponin and SM22α. These cells have low motility, hence 
decreased cellular migration is observed, as well as decreased levels 
of proliferation and a reduced production of extracellular matrices. 
This enables the blood vessels to maintain elasticity allowing proper 
function and delivery of blood supply to the anatomy. When synthetic, 
VSMCs exhibit a marked decrease in expression for VSMC-specific 
contractility markers, but express more highly markers for matrix 
metalloproteinase, collagenase, osteopontin and an increase in 
production of EVs. Phenotype switching enables VSMCs to maintain 
blood flow as well as support the vascular niche. During vessel repair, 
migration and proliferation of VSMCs is necessary. Additionally, 
increases in expression of growth factors such as PDGF, TGF and 
VEGF, as well as an increased production of ECM is required to 
reconstruct vasculature following injury.

vascular Smooth Muscle Cell Phenotypic 
Switching
Terminal differentiation of VSMCs is not a definitive end and it is 
possible to switch between phenotypes depending on the demand 
of the vascular niche. Contractile VSMCs are generally referred 
to as quiescent differentiated cells, whereas the synthetic state is 
associated with plasticity and appropriately referred to by some as 
dedifferentiated VSMCs. Several pathologies of the vasculature are 
associated with VSMC phenotype switching such as atherosclerosis, 
restenosis, aneurysm and calcification (85–87). Vascular calcification, 
the deposition of hydroxyapatite crystals along the vessel, decreases 
vessel flexibility, impairs proper blood flow and is associated with 
cardiovascular disease mortality (88).

While culture conditions for in vitro maintenance of human 
VSMCs in either synthetic or contractile phenotypes have been 
identified, the precise mechanisms that enable VSMC phenotype 
switching remains unknown (89). Literature has sparse number 
of papers implicating miRNAs and proteins in either maintenance 
or inducing VSMC phenotype switch (90). Furthermore, several 
identified miRNA and proteins have been eluded to modulation of 
vascular pathologies associated with VSMC phenotype switching or 
a dysregulation in phenotype switching (90). During pathological 
phenotypic switching, VSMCs can adapt an osteogenic, chondrogenic 
or inflammatory phenotype (91–93).

Adding further interference to the quandary of VSMC phenotype 
switching, wall resident adventitial progenitor cells have been recently 
implicated as vessel wall regulators (94, 95). Adventitial progenitors 
have been found to differentiate into osteoblasts, chondrocytes, 
adipocytes, macrophage as well as VSMCs. This has led to the 
hypothesis that adventitial progenitor cells are master regulators of the 
vascular niche. When progenitor dysfunction occurs, differentiation 
of VSMCs to an osteoblastic, chondrogenic or macrophage-like 
capacity are formed. This is yet to be fully appreciated.

vSMC-Derived extracellular vesicles
In 1967, Anderson first used the name “matrix vesicles” in cartilage 
development and calcification (96). Tanimura and co-workers 
were the first to report an association between small membrane 
encapsulated particles, matrix vesicles, and vascular calcification (97). 
Vesicular structures have been found in both intimal and medial 
layers and are likely derived from VSMCs. The release of EVs from 
VSMCs was first described as a rescue mechanism against calcium 
overloading, in an attempt to prevent apoptosis (98).

Today, it is appreciated by many that the role of EVs released by 
VSMCs is significant in VSMC phenotype switching and calcification. 
VSMCs have been found to release a variety of EVs when in either 
synthetic or osteogenic phenotype. A group of VSMC EVs have 
been identified and somewhat characterised by tetraspanin markers 
CD9, CD63 and CD81 (99). Furthermore, EVs share similarity to 
osteoblast EVs, having calcium binding capacity and osteoblast-like 
ECM production. Interestingly, calcific conditions in vitro increase 
expression of SMPD3 and subsequent EV genesis. Inhibition of 
SMPD3 completely ablates generation of EVs and calcification. 
Additionally, in vivo identification of CD63 with calcification of 
vessels of chronic kidney disease (CKD) patients implicates that 
SMPD3 is a potential novel therapeutic target to inhibit EV genesis 
and thus vascular calcification.

Chen and associates recently identified a novel role between 
VSMCs and EVs in calcification (100). Initially they characterised 
EVs from four sources, two from cellular-derived EVs the others from 
matrix vesicles. Curiously, they identified that both populations of 
cellular-derived EVs possessed the capacity to enhance calcification, 
however matrix vesicles did not possess this ability, even though all 
four EV types were uniformly endocytosed by VSMCs. They eluded 
to novel increases in expression for MEK1, Erk1/2, Nox1 and SOD2 
alongside increases in intracellular calcium ion content, EV biogenesis 
and calcification. All EVs were found to express tetraspanins CD9, 
CD63 and CD81, however, the proportion of expression differed 
significantly between the media and cellular EVs. Cellular-derived 
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EVs expressed more significantly for CD63 that strikingly coincides 
with Kapustin et al. in vivo observation of CD63 co-localisation with 
calcification in calcified CKD vessels (99).

Differences between mineralising and non-mineralising EVs 
were first revealed by Kirsch et al. within chondrocytes, where they 
identified high expression of annexin A5 within calcifying EVs (101). 
The precise function of annexins in calcification has not been fully 
unravelled (102). Regarding in vitro VSMC calcification, annexin 
A2 has been highlighted in calcium regulation resulting in VSMC 
EV generation (103). Annexin A2 may bind to fetuin-A on the cell 
membrane of VSMCs, this is in turn internalised by endocytosis 
preventing fetuin-A from blocking mineral formation. Increases of 
annexin A2, annexin A5 and alkaline phosphatase co-localisation 
are proportional to decreases in fetuin-A expression within in vitro 
VSMC calcification models. Macrophage-derived EV calcification is 
induced via binding of annexins A2 and A5 to phosphatidylserine 
(PS) (104). Annexin A5 with S100A9 binding to PS is critical for 
osteoblast-derived ECM production, interestingly this mechanism 
also occurs during macrophage production of calcifying EVs. Further 
interrogation of annexins A2, A5 and A6 in VSMC calcification, 
phenotype modulation and EV genesis will add to our understanding 
of the roles of annexins in the cellular context of VSMCs.

Propagation of calcification via vitamin K-antagonist (VKA) 
treatment led to the identification of matrix Gla-protein (MGP) as 
a potent calcification inhibitor (105). Twenty years have now passed 
since MGP inhibitory action was identified, ten years since the 
mechanism of MGP activation was eluded to by means of serine 
phosphorylation and gamma-glutamyl carboxylation (91, 106, 
107). More recently it has been demonstrated that VSMC-derived 
EVs contain copious amounts of Gla-proteins from circulation 
(108). Prothrombin (PT), like MGP, contains a Gla domain. It has 
been recently demonstrated that production of calcifying VSMC-
derived EVs can be inhibited by PT interaction. The Gla domain 
of PT interacts with the surface of EVs, preventing nucleation sites 
for calcification (108). This finding has been substantiated by the 
localisation of PT in calcified regions of the iliac/femoral arteries 
from a cohort of patients with CKD. Furthermore, circulating levels 
of PT are reduced in patients with vascular calcification. Accordingly, 
in absence of MGP, VSMC-derived EVs act to induce calcification, 
suggesting a potential novel role for inhibition of calcification via 
PT-EV interactions.

Recent findings have implicated a key role for Sortilin in VSMC 
calcifying EV biogenesis and release. Originally, Sortilin 1 was 
identified as driving factor in EV-facilitated calcification through 

FiguRe 1 |  VSMC with Sortilin, MGP and annexin production of calcifying EVs.
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Rab11 interaction (109). More recently, it was shown that Sortilin 
1 localises in human calcifying vessels (110). In addition, Sortilin 
1 plays a role in VSMC calcification in vitro. Sortilin 1 contributes 
to vascular calcification via tissue nonspecific alkaline phosphatase 
(TNAP) although regulation of TNAP expression within VSMC 
calcification remains poorly understood. Notably, Sortilin 1 has 
been identified as a driver in generation of osteoblasts, while TNAP 
expression was unaffected. This eludes to a potential novel mechanism 
in the production of VSMC-derived calcifying EVs, which might be 
a unique mechanism in vascular calcification (Figure 1).

Characterisation of EV cargo has been standardised to falling into 
either protein, RNA or lipid (111). The composition of lipid content 
in circulating EVs might provide novel insights into mechanisms 
for VSMC calcification. RNA content of VSMC-derived EVs may 
be mRNA, miRNA, lncRNA or circRNA, with miRNA being the 
most characterised in VSMC phenotype modulation and calcification 
(112). RNA lie within the unique position of being both genotype and 
phenotype which gives them a role in cellular regulation and pathology 
(113). Potently a wide array of miRNAs have been implicated by a 
variety of mechanisms contributing to, or inhibiting the development 
of vascular calcification (Figure 2 and Table 3). MiRNAs which either 
induce VSMC to an osteoblast-like pro-calcific phenotype or inhibit 
associated phenotype and calcification. The specific mechanism of 
which has been reviewed elsewhere (133, 134). Although the role 
of miRNAs within vascular calcification is being unravelled, many 
miRNAs have been identified via RNA screening between normal 

and calcified VSMCs. The origin of miRNA source in a pathological 
context remains elusive and requires further investigation.

Whether there is cross talk of EVs from different facets of the 
vascular niche or if there is a dysregulation in VSMC maintenance 
remains an important question. Understanding the cross talk of EVs 
between vascular cells might be significant to appreciating the precise 
mechanisms for vascular calcification. MiR-206, ARF6 and NCX1 
have been identified as endothelial cell-released EV content capable 
of regulating VSMC contractile phenotype (135). Furthermore, given 
the observed increase of endothelial EV release following injury, it has 
been noted that endothelial cell EVs from human pulmonary artery 
not only interacted with pulmonary VSMCs, but interaction induced 
proliferation and had a seemingly anti-apoptotic effect on VSMCs 
(136). This suggests a direct pathological consequence of endothelial 
EV to VSMC crosstalk during and following intimal vessel injury.

MeSenChyMal SteM CellS aS 
PeRivaSCulaR PRogenitoRS

As described above, VSMCs are known to exhibit elaborate 
phenotypical plasticity and diversity during normal development, 
disease, and repair of vascular injury. The current theory of vascular 
calcification is that upon injury VSMCs dedifferentiate. VSMCs 
become synthetically active and under stress factors, like elevated 

FiguRe 2 |  Calcifying miRNAs in VSMC.
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calcium and phosphate levels or uremic toxins (e.g., during CKD), 
switch to a dedifferentiated synthetic phenotype and later become 
osteoblast like cells (99, 137). Genetic fate tracing strongly indicated 
mature VSMCs to be a major contributor to the development of 
atherosclerotic plaque remodeling (138). However, not all elements 
of plaque development and progression may be indicative as a result 
of VSMC phenotype switching. The fact, that atherosclerotic human 
vessels can contain complete trabecular bone with fully formed bone 
marrow sinusoids even containing hematopoietic cells is difficult to 
explain without new concepts, such as vascular stem cells. Indeed, the 
presence of a specialised progenitor population of VSMCs localised 
in the adventitia of muscular arteries has been suggested by several 
groups.

The perivascular niche houses pericytes, which are present at 
intervals along microcapilaries and pericyte-like cells are also located 
in the adventitia of large arteries. Peault and coworkers were the first 
to show that many pericytes are MSCs (139, 140). However, it remains 
elusive whether all pericytes are MSCs. A pericyte is defined as a cell 
that is completely or partially embedded in the endothelial basement 
membrane (141). The fact that MSCs are also located in the adventitia 
of large arteries distant from vasa vasorum and in the endosteal 
niche of the bone marrow indicates that not all MSCs are pericytes  
(94, 142). The recent evidence that the perivasculature represents 
the MSC niche explains why MSCs can be isolated from virtually all 
organs and tissues.

It was first described over 25 years ago that pericytes have an 
osteogenic potential (143) and subsequently pericyte-like cells with 
osteogenic capacity were isolated from VSMCs nodules of human aorta 
(144). A decade ago it has been reported that Sca1+/CD34+/PDGFRβ+ 

cells that reside in the adventitia of arteries possess a differentiation 
capacity towards smooth muscle cells and osteoblasts in vitro (145). 
Interestingly, these progenitors express the Hedgehog receptor Ptc1 
as well as most other hedgehog pathway members including Gli1-3 
(145). Other groups have reported that perivascular MSCs were also 
found to be progenitors of white adipocytes (146) follicular dendritic 
cells (147) and skeletal muscle (148), while also playing a major role 
in fibrotic response (149–151). Thus, various studies suggest the 
presence of adventitial MSC-like cells with osteogenic and myogenic 
potential. However, until recently the involvement of these MSC-like 
pericytes in cardiovascular disease development remained unclear.

Role of Perivascular MSC-like Cells in 
vascular Calcification
Using genetic labeling and in vivo fate tracing experiments it was 
recently revealed that the Hedgehog transcriptional activator Gli1 
specifically labels perivascular MSC-like cells (94, 142, 151, 152). Gli1+ 
cells reside in the pericyte niche with direct contact to endothelial cells 
of the microvasculature and in the adventitia of large arteries (94, 151). 
Gli1+ cells possess all criteria that have been used to define a MSCs 
including surface marker expression, tri-lineage differentiation and 
plastic adherence (94, 151). Inducible genetic fate tracing, the gold 
standard technique to dissect cellular hierarchies, indicated that Gli1+ 
cells are a major cellular source of myofibroblast in fibrosis of all major 
organs such as lung, kidney, liver, heart and bone marrow (142, 151).

The question is however, whether adventitial Gli1+ MSC-like 
cells are involved in acute injury repair and chronic vascular disease 
progression. Using in vivo genetic fate tracing, it was demonstrated 

table 3 |  MiRNA associated with phenotypic switching of VSMC.

Reference Calcifying miRna MiRna inhibiting 
Calcification

Paper

(114) 29b 133b, 211 MicroRNAs 29b, 133b and 211 regulate vascular smooth muscle calcification mediated by high 
phosphorous

(115) 32 MicroRNA-32 promotes calcification in vascular smooth muscle cells: implications as a novel marker for 
coronary artery calcification

(116) 3960, 2861 Runx2/miR-3960/miR-2861 positive feedback loop is responsible for osteogenic transdifferentiation of 
vascular smooth muscle cells

(117) 29 MiR-29-mediated elastin down-regulation contributes to inorganic phosphorous-induced osteoblastic 
differentiation in vascular smooth muscle cells

(118) 125b MiR-125b regulates calcification of vascular smooth muscle cells
(119) 135a MiR-135a suppresses calcification in sensence VSMCs by regulating KLF4/STAT3 pathway
(120) 204 MicroRNA-204 regulates vascular smooth muscle cell calcification in vitro and in vivo
(121) 221 + 222 MiRNA-221 and miRNA-222 synergistically function to promote vascular calcification
(122) 125b, 145, 155 Decreased microRNA is involved in the vascular remodelling abnormalities in chronic kidney disease (CKD)
(123) 762, 714, 712 Micro RNAs that target Ca(2 + transporters are involved in vascular smooth muscle cell calcification
(124) 30b, 30c Bone morphogenetic protein-2 decreases microRNA-30b and microRNA-30c to promote vascular smooth 

muscle cell calcification
(125) 96 Down-regulation of miR-96 by bone morphogenetic protein signalling is critical for vascular smooth muscle 

cell phenotype modulation
(126) 205 MicroRNA-205 regulates the calcification and osteoblastic differentiation of vascular smooth muscle cells
(127) 133a MiR-133a modulates osteogenic differentiation of vascular smooth muscle cells
(128) 4530, 133b Differential expression of microRNAs in severely calcified carotid plaques
(129) 26a MiR-26a regulates vascular smooth muscle cell calcification in vitro through targeting CTGF
(130) 297a MicroRNA-297a regulates vascular calcification by targeting fibroblast growth factor 23
(131) 223 Inorganic phosphate accelerates the migration of vascular smooth muscle cells: Evidence for the 

involvement of miR-223
(132) 34b + 34c MicroRNA-34b/c inhibits aldosterone-induced vascular smooth muscle cell calcification via a SATB2/Runx2 

pathway
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that after wire injury of the femoral artery about 50% of newly formed 
VSMCs were derived from adventitial Gli1+ cells (94). Furthermore, 
FACS isolated adventitial Gli1+ MSC could be differentiated into 
calponin+, αSMA+, smoothelin+ VSMCs in vitro (94). This data 
indicates that adventitial Gli1+ MSC are indeed progenitors of VSMCs.

The role of adventitial Gli1+ MSC in vascular calcification was 
studied in triple transgenic Gli1CreER; tdTomato, ApoEKO mice. 
Mice were pulsed with tamoxifen in order to genetically tag Gli1+ 
cells by expression of the bright red fluorochrome tdTomato. Mice 
were subjected to either subtotal nephrectomy and western diet or 
sham surgery with standard chow. Interestingly, a continuous low 
frequency migration of Gli1+ cells into the media during aging 
in the sham group was observed. Gli1+ cells acquired markers of 
VSMCs such as α-SMA and calponin suggesting that progenitor cells 
continuously replace lost VSMCs during aging (94). Importantly, 
these data indicate a great migration of Gli1+ cells into the media 
and neointima during chronic injury and atherosclerosis. Multiple 
co-staining experiments indicated that adventitial Gli1+ cells first 
differentiated into contractile VSMCs (α-SMA+, calponin+) and 
then underwent a phenotypic switching with loss of contractile 
VSMC markers and acquisition of synthetic VSMC markers such as 
Tropomyosin alpha 4 (TPM4) and non-muscle myosin heave chain 2b 
(nmMHC2b) (94). Importantly, during vascular calcification a high 
percentage of Gli1+-derived cells acquired nuclear expression of the 
transcription factor Runx2 indicating differentiation into osteoblast-
like cells. Imaging experiments after injection of a fluorochrome 
conjugated bisphosphonate (Osteosense) indicated that calcified areas 
showed intense accumulation of tdTomato+ cells. Importantly, genetic 
ablation of Gli1+ cells in triple transgenic Gli1CreER; iDTR; ApoEKO 
mice before onset of CKD completely abolished vascular calcification 
in both the intima and media. Thus, clearly demonstrating that 
adventitial Gli1+ cells are important progenitors of synthetic VSMCs 
and osteoblast-like cells in the vascular wall. Adventitial Gli1+ cells 
can be considered an important therapeutic target in vascular 
calcification. Interestingly, we observed a Shh domain in the adventitia 
of human arteries where endothelial cells of vasa vasorum stained 
positive for Shh, whereas surrounding cells showed Gli1 expression. 
Further staining experiments in calcified human arteries showed 
intense Gli1 expression around calcified intima and media areas.

While these data clearly demonstrate an important role of 
adventitial MSC-like cells in vascular calcification there are still 
various open questions that need to be answered (Figure 3). It is 
unclear whether the Gli1+ population is a homogenous progenitor 
population or whether several subpopulations exist. Single-cell qPCR 
analysis of sorted Gli1+ cells for reported markers of adventitial 
progenitors indicates heterogeneity with three distinct subpopulations 
(unpublished data). Thus, it will be important to differentiate between 
these subpopulations. Next, it remains elusive as to whether Gli1-
expressing cells of human arteries may also secrete EVs and thereby 
contribute to vascular calcification. Finally, while our data clearly 
indicates migration and differentiation of Gli1+ cells during acute 
injury repair and chronic disease progression, the underlying 
molecular pathways that activate migration and differentiation of 
the progenitor population remain obscure. It is currently not known 
whether EVs are involved in migration and differentiation of MSCs. 
Further, we must await as to whether adventitial Gli1+ cells produce 
EVs or interact with EVs from other cells such as platelets, immune 

cells and VSMCs. Experiments in myelofibrosis demonstrated that 
a malignant hematopoietic clone in particular megakaryocytes can 
activate Gli1+ cells to leave their niche partly by CXCL4 release (142). 
Thus, involvement of platelet and cellular EVs might be an explanation 
for activation and migration of Gli1+ cells. Further studies are needed 
to answer whether EVs are involved in Gli1+ cell recruitment and 
differentiation.

ConCluSion

The biology of vascular disease and calcification is complex and still 
poorly understood with respect to cause and consequence of players 
and pathways, and thus complexity increases continuously by ongoing 
elucidation of novel players and pathways. A subset of EVs act as 
mediators of cell-induced extracellular matrix calcification in the 
pathogenesis of cardiovascular disease. On the other hand, it has 
become evident that platelet and cellular vesicles play an important 
role in cellular communication. Whether such communication from 
platelet EVs can transpire through endothelial cells to the media 

FiguRe 3  | Calcifying EVs and Gli1+ Progentior Cells.

https://www.frontiersin.org/journals/Cardiovascular_Medicine#articles
http://www.frontiersin.org/journals/Cardiovascular_Medicine
https://www.frontiersin.org


Schurgers et al.

9 April  2018 | Volume 5 | Article 36Frontiers in Cardiovascular Medicine | www. frontiersin. org

Role of Extracellular Vesicles in Vascular Calcification

ReFeRenCeS

 1. Żmigrodzka M, Guzera M, Miśkiewicz A, Jagielski D, Winnicka A, Helmke 
A. The biology of extracellular vesicles with focus on platelet microparticles 
and their role in cancer development and progression. Tumour Biol (2016) 
37(11):14391–401. doi: 10.1007/s13277-016-5358-6

 2. Helmke A, von Vietinghoff S. Extracellular vesicles as mediators of vascular 
inflammation in kidney disease. World J Nephrol (2016) 5(2):125–38. doi: 
10.5527/wjn.v5.i2.125

 3. Kowal J, Arras G, Colombo M, Jouve M, Morath JP, Primdal-Bengtson B, et al. 
Proteomic comparison defines novel markers to characterize heterogeneous 
populations of extracellular vesicle subtypes. Proc Natl Acad Sci USA (2016) 
113(8):E968–77. doi: 10.1073/pnas.1521230113

 4. Osteikoetxea X, Németh A, Sódar BW, Vukman KV, Buzás EI. Extracellular 
vesicles in cardiovascular disease: are they Jedi or Sith? J Physiol (2016) 
594(11):2881–94. doi: 10.1113/JP271336

 5. Tao SC, Guo SC, Zhang CQ. Platelet-derived extracellular vesicles: an 
emerging therapeutic approach. Int J Biol Sci (2017) 13(7):828–34. doi: 
10.7150/ijbs.19776

 6. Nomura S. Extracellular vesicles and blood diseases. Int J Hematol (2017) 
105(4):392–405. doi: 10.1007/s12185-017-2180-x

 7. New SE, Aikawa E. Role of extracellular vesicles in de novo mineralization: 
an additional novel mechanism of cardiovascular calcification. Arterioscler 
Thromb Vasc Biol (2013) 33(8):1753–8. doi: 10.1161/ATVBAHA.112.300128

 8. Boulanger CM, Loyer X, Rautou PE, Amabile N. Extracellular vesicles in 
coronary artery disease. Nat Rev Cardiol (2017) 14(5):259–72. doi: 10.1038/
nrcardio.2017.7

 9. Raposo G, Stoorvogel W. Extracellular vesicles: exosomes, microvesicles, and 
friends. J Cell Biol (2013) 200(4):373–83. doi: 10.1083/jcb.201211138

 10. Wolf P. The nature and significance of platelet products in human plasma. Br J 
Haematol (1967) 13(3):269–88. doi: 10.1111/j.1365-2141.1967.tb08741.x

 11. Warren BA, Vales O. The release of vesicles from platelets following adhesion 
to vessel walls in vitro. Br J Exp Pathol (1972) 53(2):206–15.

 12. Heijnen HF, Debili N, Vainchencker W, Breton-Gorius J, Geuze HJ, Sixma JJ. 
Multivesicular bodies are an intermediate stage in the formation of platelet 
alpha-granules. Blood (1998) 91(7):2313–25.

 13. Tripisciano C, Weiss R, Eichhorn T, Spittler A, Heuser T, Fischer MB, et al. 
Different potential of extracellular vesicles to support thrombin generation: 
contributions of phosphatidylserine, tissue factor, and cellular origin. Sci Rep 
(2017) 7(1):6522. doi: 10.1038/s41598-017-03262-2

 14. Sinauridze EI, Kireev DA, Popenko NY, Pichugin AV, Panteleev MA, 
Krymskaya OV, et al. Platelet microparticle membranes have 50- to 100-fold 
higher specific procoagulant activity than activated platelets. Thromb Haemost 
(2007) 97(3):425–34.

 15. Castaman G, Yu-Feng L, Battistin E, Rodeghiero F. Characterization of a 
novel bleeding disorder with isolated prolonged bleeding time and deficiency 
of platelet microvesicle generation. Br J Haematol (1997) 96(3):458–63. doi: 
10.1046/j.1365-2141.1997.d01-2072.x

 16. Curvers J, van Pampus EC, Feijge MA, Rombout-Sestrienkova E, Giesen PL, 
Heemskerk JW. Decreased responsiveness and development of activation 
markers of PLTs stored in plasma. Transfusion (2004) 44(1):49–58. doi: 
10.1111/j.0041-1132.2004.00628.x

 17. Garraud O, Tariket S, Sut C, Haddad A, Aloui C, Chakroun T, et al. Transfusion 
as an inflammation hit: knowns and unknowns. Front Immunol (2016) 7:534. 
doi: 10.3389/fimmu.2016.00534

 18. Gambim MH, do Carmo AO, Marti L, Veríssimo-Filho S, Lopes LR, 
Janiszewski M. Platelet-derived exosomes induce endothelial cell apoptosis 
through peroxynitrite generation: experimental evidence for a novel 
mechanism of septic vascular dysfunction. Crit Care (2007) 11(5):R107. doi: 
10.1186/cc6133

 19. Heijnen HF, Schiel AE, Fijnheer R, Geuze HJ, Sixma JJ. Activated platelets 
release two types of membrane vesicles: microvesicles by surface shedding 
and exosomes derived from exocytosis of multivesicular bodies and alpha-
granules. Blood (1999) 94(11):3791–9.

 20. Sadallah S, Eken C, Martin PJ, Schifferli JA. Microparticles (ectosomes) 
shed by stored human platelets downregulate macrophages and modify the 
development of dendritic cells. J Immunol (2011) 186(11):6543–52. doi: 
10.4049/jimmunol.1002788

 21. Fox JE, Austin CD, Boyles JK, Steffen PK. Role of the membrane skeleton 
in preventing the shedding of procoagulant-rich microvesicles from the 
platelet plasma membrane. J Cell Biol (1990) 111(2):483–93. doi: 10.1083/
jcb.111.2.483

 22. Perez-Pujol S, Marker PH, Key NS. Platelet microparticles are heterogeneous 
and highly dependent on the activation mechanism: studies using a new digital 
flow cytometer. Cytometry A (2007) 71(1):38–45. doi: 10.1002/cyto.a.20354

 23. Baj-Krzyworzeka M, Majka M, Pratico D, Ratajczak J, Vilaire G, Kijowski 
J, et  al. Platelet-derived microparticles stimulate proliferation, survival, 
adhesion, and chemotaxis of hematopoietic cells. Exp  Hematol (2002) 
30(5):450–9. doi: 10.1016/S0301-472X(02)00791-9

 24. Sprague DL, Elzey BD, Crist SA, Waldschmidt TJ, Jensen RJ, Ratliff TL. Platelet-
mediated modulation of adaptive immunity: unique delivery of CD154 signal 
by platelet-derived membrane vesicles. Blood (2008) 111(10):5028–36. doi: 
10.1182/blood-2007-06-097410

 25. Mause SF, von Hundelshausen P, Zernecke A, Koenen RR, Weber C. Platelet 
microparticles: a transcellular delivery system for RANTES promoting 
monocyte recruitment on endothelium. Arterioscler Thromb Vasc Biol (2005) 
25(7):1512–8. doi: 10.1161/01.ATV.0000170133.43608.37

 26. Podor TJ, Singh D, Chindemi P, Foulon DM, Mckelvie R, Weitz JI, et  al. 
Vimentin exposed on activated platelets and platelet microparticles localizes 

and adventitia remains unknown, and so a role for EV crosstalk in 
calcification remains open with promise.

authoR ContRibutionS

LS wrote the manuscript, supervised writing process and was 
responsible for the final version; AA wrote the manuscript; DK 
wrote the manuscript; MH wrote the manuscript; RRK wrote the 
manuscript; RK wrote the manuscript and was responsible for the 
final version.

FunDing

This project has received funding from the European Union's 
Horizon 2020 research and innovation programme under the 

Marie Skłodowska-Curie grant agreement No 722609. LS received 
funding from NWO ZonMw (MKMD 40-42600-98-13007). 
RK received funding from German Research Foundation (KR-
4073/3-1, SCHN1188/5-1, SFB/TRR57) a Grant of the European 
Research Council (ERC-StG 677448), a START Grant of the 
RWTH Aachen University (101/15) and a Grant of the State of 
Northrhinewestfalia (Return to NRW). RRK received funding from 
the Netherlands Foundation for Scientific Research (ZonMW VIDI 
016.126.358), the Landsteiner Foundation for Blood Transfusion 
Research (LSBR Nr. 1638) and Deutsche Forschungsgemeinschaft  
(SFB1123/A2).

aCKnowleDgMentS

The authors thank NattoPharma ASA (Hovik, Norway) for helping 
with designing and styling the Figures.

https://www.frontiersin.org/journals/Cardiovascular_Medicine#articles
http://www.frontiersin.org/journals/Cardiovascular_Medicine
https://www.frontiersin.org
http://dx.doi.org/10.1007/s13277-016-5358-6
http://dx.doi.org/10.5527/wjn.v5.i2.125
http://dx.doi.org/10.1073/pnas.1521230113
http://dx.doi.org/10.1113/JP271336
http://dx.doi.org/10.7150/ijbs.19776
http://dx.doi.org/10.1007/s12185-017-2180-x
http://dx.doi.org/10.1161/ATVBAHA.112.300128
http://dx.doi.org/10.1038/nrcardio.2017.7
http://dx.doi.org/10.1038/nrcardio.2017.7
http://dx.doi.org/10.1083/jcb.201211138
http://dx.doi.org/10.1111/j.1365-2141.1967.tb08741.x
http://dx.doi.org/10.1038/s41598-017-03262-2
http://dx.doi.org/10.1046/j.1365-2141.1997.d01-2072.x
http://dx.doi.org/10.1111/j.0041-1132.2004.00628.x
http://dx.doi.org/10.3389/fimmu.2016.00534
http://dx.doi.org/10.1186/cc6133
http://dx.doi.org/10.4049/jimmunol.1002788
http://dx.doi.org/10.1083/jcb.111.2.483
http://dx.doi.org/10.1083/jcb.111.2.483
http://dx.doi.org/10.1002/cyto.a.20354
http://dx.doi.org/10.1016/S0301-472X(02)00791-9
http://dx.doi.org/10.1182/blood-2007-06-097410
http://dx.doi.org/10.1161/01.ATV.0000170133.43608.37


10 April  2018 | Volume 5 | Article 36Frontiers in Cardiovascular Medicine | www. frontiersin. org

Schurgers et al. Role of Extracellular Vesicles in Vascular Calcification

vitronectin and plasminogen activator inhibitor complexes on their surface. J 
Biol Chem (2002) 277(9):7529–39. doi: 10.1074/jbc.M109675200

 27. Prokopi M, Pula G, Mayr U, Devue C, Gallagher J, Xiao Q, et al. Proteomic 
analysis reveals presence of platelet microparticles in endothelial progenitor 
cell cultures. Blood (2009) 114(3):723–32. doi: 10.1182/blood-2009-02-205930

 28. Vajen T, Mause SF, Koenen RR. Microvesicles from platelets: novel drivers of 
vascular inflammation. Thromb Haemost (2015) 114(2):228–36. doi: 10.1160/
TH14-11-0962

 29. Melki I, Tessandier N, Zufferey A, Boilard E. Platelet microvesicles in health and 
disease. Platelets (2017) 28(3):214–21. doi: 10.1080/09537104.2016.1265924

 30. Mobarrez F, He S, Bröijersen A, Wiklund B, Antovic A, Antovic J, et  al. 
Atorvastatin reduces thrombin generation and expression of tissue factor, 
P-selectin and GPIIIa on platelet-derived microparticles in patients with 
peripheral arterial occlusive disease. Thromb Haemost (2011) 106(2):344–52. 
doi: 10.1160/TH10-12-0810

 31. Suades R, Padró T, Alonso R, Mata P, Badimon L. Lipid-lowering therapy 
with statins reduces microparticle shedding from endothelium, platelets and 
inflammatory cells. Thromb Haemost (2013) 110(2):366–77. doi: 10.1160/
TH13-03-0238

 32. Nomura S, Inami N, Shouzu A, Omoto S, Kimura Y, Takahashi N, et  al. 
The effects of pitavastatin, eicosapentaenoic acid and combined therapy on 
platelet-derived microparticles and adiponectin in hyperlipidemic, diabetic 
patients. Platelets (2009) 20(1):16–22. doi: 10.1080/09537100802409921

 33. Flaumenhaft R, Dilks JR, Richardson J, Alden E, Patel-Hett SR, Battinelli 
E, et  al. Megakaryocyte-derived microparticles: direct visualization and 
distinction from platelet-derived microparticles. Blood (2009) 113(5):1112–
21. doi: 10.1182/blood-2008-06-163832

 34. Mause SF, Weber C. Microparticles: protagonists of a novel communication 
network for intercellular information exchange. Circ Res (2010) 107(9):1047–
57. doi: 10.1161/CIRCRESAHA.110.226456

 35. Vasina EM, Cauwenberghs S, Feijge MA, Heemskerk JW, Weber C, Koenen 
RR. Microparticles from apoptotic platelets promote resident macrophage 
differentiation. Cell Death Dis (2011) 2:e211. doi: 10.1038/cddis.2011.94

 36. Laffont B, Corduan A, Rousseau M, Duchez AC, Lee CH, Boilard E, et  al. 
Platelet microparticles reprogram macrophage gene expression and function. 
Thromb Haemost (2016) 115(2):311–23. doi: 10.1160/TH15-05-0389

 37. Suades R, Padró T, Alonso R, Mata P, Badimon L. High levels of TSP1+/
CD142+ platelet-derived microparticles characterise young patients with high 
cardiovascular risk and subclinical atherosclerosis. Thromb Haemost (2015) 
114(6):1310–21. doi: 10.1160/TH15-04-0325

 38. Jayachandran M, Litwiller RD, Owen WG, Heit JA, Behrenbeck T, Mulvagh SL, 
et al. Characterization of blood borne microparticles as markers of premature 
coronary calcification in newly menopausal women. Am J Physiol Heart Circ 
Physiol (2008) 295(3):H931–H938. doi: 10.1152/ajpheart.00193.2008

 39. Michelsen AE, Notø AT, Brodin E, Mathiesen EB, Brosstad F, Hansen JB. 
Elevated levels of platelet microparticles in carotid atherosclerosis and during 
the postprandial state. Thromb Res (2009) 123(6):881–6. doi: 10.1016/j.
thromres.2008.10.016

 40. Ueba T, Nomura S, Inami N, Nishikawa T, Kajiwara M, Iwata R, et al. Plasma 
level of platelet-derived microparticles is associated with coronary heart 
disease risk score in healthy men. J Atheroscler Thromb (2010) 17(4):342–9. 
doi: 10.5551/jat.2964

 41. Nomura S, Uehata S, Saito S, Osumi K, Ozeki Y, Kimura Y. Enzyme 
immunoassay detection of platelet-derived microparticles and RANTES in 
acute coronary syndrome. Thromb Haemost (2003) 89(3):506–12.

 42. Suades R, Padró T, Crespo J, Ramaiola I, Martin-Yuste V, Sabaté M, et  al. 
Circulating microparticle signature in coronary and peripheral blood of ST 
elevation myocardial infarction patients in relation to pain-to-PCI elapsed 
time. Int J Cardiol (2016) 202:378–87. doi: 10.1016/j.ijcard.2015.09.011

 43. Morel O, Hugel B, Jesel L, Mallat Z, Lanza F, Douchet MP, et al. Circulating 
procoagulant microparticles and soluble GPV in myocardial infarction treated 
by primary percutaneous transluminal coronary angioplasty. A possible role 
for GPIIb-IIIa antagonists. J Thromb Haemost (2004) 2(7):1118–26. doi: 
10.1111/j.1538-7836.2004.00805.x

 44. Katopodis JN, Kolodny L, Jy W, Horstman LL, de Marchena EJ, Tao JG, 
et  al. Platelet microparticles and calcium homeostasis in acute coronary 
ischemias. Am J Hematol (1997) 54(2):95–101. doi: 10.1002/(SICI)1096-
8652(199702)54:2<95::AID-AJH1>3.0.CO;2-Z

 45. Zeiger F, Stephan S, Hoheisel G, Pfeiffer D, Ruehlmann C, Koksch M. P-Selectin 
expression, platelet aggregates, and platelet-derived microparticle formation 
are increased in peripheral arterial disease. Blood Coagul Fibrinolysis (2000) 
11(8):723–8. doi: 10.1097/00001721-200012000-00005

 46. Tan KT, Tayebjee MH, Lynd C, Blann AD, Lip GY. Platelet microparticles 
and soluble P selectin in peripheral artery disease: relationship to extent of 
disease and platelet activation markers. Ann Med (2005b) 37(1):61–6. doi: 
10.1080/07853890410018943

 47. Nomura S, Imamura A, Okuno M, Kamiyama Y, Fujimura Y, Ikeda Y, et al. 
Platelet-derived microparticles in patients with arteriosclerosis obliterans: 
enhancement of high shear-induced microparticle generation by cytokines. 
Thromb Res (2000) 98(4):257–68.

 48. van der Zee PM, Biró E, Ko Y, de Winter RJ, Hack CE, Sturk A, et al. P-selectin- 
and CD63-exposing platelet microparticles reflect platelet activation in 
peripheral arterial disease and myocardial infarction. Clin Chem (2006) 
52(4):657–64. doi: 10.1373/clinchem.2005.057414

 49. Preston RA, Jy W, Jimenez JJ, Mauro LM, Horstman LL, Valle M, et al. Effects of 
severe hypertension on endothelial and platelet microparticles. Hypertension 
(2003) 41(2):211–7. doi: 10.1161/01.HYP.0000049760.15764.2D

 50. Diehl P, Aleker M, Helbing T, Sossong V, Germann M, Sorichter S, et  al. 
Increased platelet, leukocyte and endothelial microparticles predict enhanced 
coagulation and vascular inflammation in pulmonary hypertension. J Thromb 
Thrombolysis (2011) 31(2):173–9. doi: 10.1007/s11239-010-0507-z

 51. Rectenwald JE, Myers DD, Hawley AE, Longo C, Henke PK, Guire KE, et al. 
D-dimer, P-selectin, and microparticles: novel markers to predict deep venous 
thrombosis. A pilot study. Thromb Haemost (2005) 94(6):1312–7. doi: 10.1160/
TH05-06-0426

 52. Bal L, Ederhy S, di Angelantonio E, Toti F, Zobairi F, Dufaitre G, et al. Factors 
influencing the level of circulating procoagulant microparticles in acute 
pulmonary embolism. Arch Cardiovasc Dis (2010) 103(6-7):394–403. doi: 
10.1016/j.acvd.2010.06.005

 53. Lukasik M, Rozalski M, Luzak B, Michalak S, Kozubski W, Watala C. Platelet 
activation and reactivity in the convalescent phase of ischaemic stroke. 
Thromb Haemost (2010) 103(3):644–50. doi: 10.1160/TH09-08-0599

 54. Lee YJ, Jy W, Horstman LL, Janania J, Reyes Y, Kelley RE, et  al. Elevated 
platelet microparticles in transient ischemic attacks, lacunar infarcts, and 
multiinfarct dementias. Thromb Res (1993) 72(4):295–304. doi: 10.1016/0049-
3848(93)90138-E

 55. Kuriyama N, Nagakane Y, Hosomi A, Ohara T, Kasai T, Harada S, et  al. 
Evaluation of factors associated with elevated levels of platelet-derived 
microparticles in the acute phase of cerebral infarction. Clin Appl Thromb 
Hemost (2010) 16(1):26–32. doi: 10.1177/1076029609338047

 56. Sabatier F, Darmon P, Hugel B, Combes V, Sanmarco M, Velut JG, et al. Type 1 
and type 2 diabetic patients display different patterns of cellular microparticles. 
Diabetes (2002) 51(9):2840–5. doi: 10.2337/diabetes.51.9.2840

 57. Diamant M, Nieuwland R, Pablo RF, Sturk A, Smit JW, Radder JK. Elevated 
numbers of tissue-factor exposing microparticles correlate with components 
of the metabolic syndrome in uncomplicated type 2 diabetes mellitus. 
Circulation (2002) 106(19):2442–7. doi: 10.1161/01.CIR.0000036596.59665.
C6

 58. Tan KT, Tayebjee MH, Lim HS, Lip GY. Clinically apparent atherosclerotic 
disease in diabetes is associated with an increase in platelet microparticle levels. 
Diabet Med (2005a) 22(12):1657–62. doi: 10.1111/j.1464-5491.2005.01707.x

 59. Koga H, Sugiyama S, Kugiyama K, Fukushima H, Watanabe K, Sakamoto 
T, et  al. Elevated levels of remnant lipoproteins are associated with plasma 
platelet microparticles in patients with type-2 diabetes mellitus without 
obstructive coronary artery disease. Eur Heart J (2006) 27(7):817–23. doi: 
10.1093/eurheartj/ehi746

 60. Murakami T, Horigome H, Tanaka K, Nakata Y, Ohkawara K, Katayama Y, et al. 
Impact of weight reduction on production of platelet-derived microparticles 
and fibrinolytic parameters in obesity. Thromb Res (2007) 119(1):45–53. doi: 
10.1016/j.thromres.2005.12.013

 61. Agouni A, Lagrue-Lak-Hal AH, Ducluzeau PH, Mostefai HA, Draunet-
Busson C, Leftheriotis G, et al. Endothelial dysfunction caused by circulating 
microparticles from patients with metabolic syndrome. Am J Pathol (2008) 
173(4):1210–9. doi: 10.2353/ajpath.2008.080228

 62. Stepanian A, Bourguignat L, Hennou S, Coupaye M, Hajage D, Salomon L, et al. 
Microparticle increase in severe obesity: not related to metabolic syndrome 

https://www.frontiersin.org/journals/Cardiovascular_Medicine#articles
http://www.frontiersin.org/journals/Cardiovascular_Medicine
https://www.frontiersin.org
http://dx.doi.org/10.1074/jbc.M109675200
http://dx.doi.org/10.1182/blood-2009-02-205930
http://dx.doi.org/10.1160/TH14-11-0962
http://dx.doi.org/10.1160/TH14-11-0962
http://dx.doi.org/10.1080/09537104.2016.1265924
http://dx.doi.org/10.1160/TH10-12-0810
http://dx.doi.org/10.1160/TH13-03-0238
http://dx.doi.org/10.1160/TH13-03-0238
http://dx.doi.org/10.1080/09537100802409921
http://dx.doi.org/10.1182/blood-2008-06-163832
http://dx.doi.org/10.1161/CIRCRESAHA.110.226456
http://dx.doi.org/10.1038/cddis.2011.94
http://dx.doi.org/10.1160/TH15-05-0389
http://dx.doi.org/10.1160/TH15-04-0325
http://dx.doi.org/10.1152/ajpheart.00193.2008
http://dx.doi.org/10.1016/j.thromres.2008.10.016
http://dx.doi.org/10.1016/j.thromres.2008.10.016
http://dx.doi.org/10.5551/jat.2964
http://dx.doi.org/10.1016/j.ijcard.2015.09.011
http://dx.doi.org/10.1111/j.1538-7836.2004.00805.x
http://dx.doi.org/10.1002/(SICI)1096-8652(199702)54:2<95::AID-AJH1>3.0.CO;2-Z
http://dx.doi.org/10.1002/(SICI)1096-8652(199702)54:2<95::AID-AJH1>3.0.CO;2-Z
http://dx.doi.org/10.1097/00001721-200012000-00005
http://dx.doi.org/10.1080/07853890410018943
http://dx.doi.org/10.1373/clinchem.2005.057414
http://dx.doi.org/10.1161/01.HYP.0000049760.15764.2D
http://dx.doi.org/10.1007/s11239-010-0507-z
http://dx.doi.org/10.1160/TH05-06-0426
http://dx.doi.org/10.1160/TH05-06-0426
http://dx.doi.org/10.1016/j.acvd.2010.06.005
http://dx.doi.org/10.1160/TH09-08-0599
http://dx.doi.org/10.1016/0049-3848(93)90138-E
http://dx.doi.org/10.1016/0049-3848(93)90138-E
http://dx.doi.org/10.1177/1076029609338047
http://dx.doi.org/10.2337/diabetes.51.9.2840
http://dx.doi.org/10.1161/01.CIR.0000036596.59665.C6
http://dx.doi.org/10.1161/01.CIR.0000036596.59665.C6
http://dx.doi.org/10.1111/j.1464-5491.2005.01707.x
http://dx.doi.org/10.1093/eurheartj/ehi746
http://dx.doi.org/10.1016/j.thromres.2005.12.013
http://dx.doi.org/10.2353/ajpath.2008.080228


Schurgers et al.

11 April  2018 | Volume 5 | Article 36Frontiers in Cardiovascular Medicine | www. frontiersin. org

Role of Extracellular Vesicles in Vascular Calcification

and unchanged after massive weight loss. Obesity (2013) 21(11):2236–43. doi: 
10.1002/oby.20365

 63. Csongrádi É, Nagy B, Fulop T, Varga Z, Karányi Z, Magyar MT, et al. Increased 
levels of platelet activation markers are positively associated with carotid wall 
thickness and other atherosclerotic risk factors in obese patients. Thromb 
Haemost (2011) 106(4):683–92. doi: 10.1160/TH11-01-0030

 64. Aatonen M, Grönholm M, Siljander PR. Platelet-derived microvesicles: 
multitalented participants in intercellular communication. Semin Thromb 
Hemost (2012) 38(1):102–13. doi: 10.1055/s-0031-1300956

 65. Ridger VC, Boulanger CM, Angelillo-Scherrer A, Badimon L, Blanc-Brude 
O, Bochaton-Piallat ML, et  al. Microvesicles in vascular homeostasis and 
diseases. Position paper of the European society of Cardiology (ESC) Working 
Group on atherosclerosis and vascular biology. Thromb Haemost (2017) 
117(7):1296–316. doi: 10.1160/TH16-12-0943

 66. Perrotta I, Aquila S. Exosomes in human atherosclerosis: an 
ultrastructural analysis study. Ultrastruct Pathol (2016) 40(2):101–6. doi: 
10.3109/01913123.2016.1154912

 67. Nomura S, Tandon NN, Nakamura T, Cone J, Fukuhara S, Kambayashi 
J. High-shear-stress-induced activation of platelets and microparticles 
enhances expression of cell adhesion molecules in THP-1 and endothelial 
cells. Atherosclerosis (2001) 158(2):277–87. doi: 10.1016/S0021-
9150(01)00433-6

 68. Barry OP, Praticò D, Savani RC, Fitzgerald GA. Modulation of monocyte-
endothelial cell interactions by platelet microparticles. J Clin Invest (1998) 
102(1):136–44. doi: 10.1172/JCI2592

 69. Forlow SB, Mcever RP, Nollert MU. Leukocyte-leukocyte interactions 
mediated by platelet microparticles under flow. Blood (2000) 95(4):1317–23.

 70. Koenen RR. The prowess of platelets in immunity and inflammation. Thromb 
Haemost (2016) 116(4):605–12. doi: 10.1160/TH16-04-0300

 71. Landry P, Plante I, Ouellet DL, Perron MP, Rousseau G, Provost P. Existence 
of a microRNA pathway in anucleate platelets. Nat Struct Mol Biol (2009) 
16(9):961–6. doi: 10.1038/nsmb.1651

 72. Gidlöf O, van der Brug M, Ohman J, Gilje P, Olde B, Wahlestedt C, et  al. 
Platelets activated during myocardial infarction release functional miRNA, 
which can be taken up by endothelial cells and regulate ICAM1 expression. 
Blood (2013) 121(19):3908–17. doi: 10.1182/blood-2012-10-461798

 73. Risitano A, Beaulieu LM, Vitseva O, Freedman JE. Platelets and platelet-like 
particles mediate intercellular RNA transfer. Blood (2012) 119(26):6288–95. 
doi: 10.1182/blood-2011-12-396440

 74. Diehl P, Fricke A, Sander L, Stamm J, Bassler N, Htun N, et al. Microparticles: 
major transport vehicles for distinct microRNAs in circulation. Cardiovasc Res 
(2012) 93(4):633–44. doi: 10.1093/cvr/cvs007

 75. Laffont B, Corduan A, Plé H, Duchez AC, Cloutier N, Boilard E, et  al. 
Activated platelets can deliver mRNA regulatory Ago2•microRNA complexes 
to endothelial cells via microparticles. Blood (2013) 122(2):253–61. doi: 
10.1182/blood-2013-03-492801

 76. Postea O, Vasina EM, Cauwenberghs S, Projahn D, Liehn EA, Lievens D, et al. 
Contribution of platelet CX(3)CR1 to platelet-monocyte complex formation 
and vascular recruitment during hyperlipidemia. Arterioscler Thromb Vasc 
Biol (2012) 32(5):1186–93. doi: 10.1161/ATVBAHA.111.243485

 77. Leroyer AS, Isobe H, Lesèche G, Castier Y, Wassef M, Mallat Z, et al. Cellular 
origins and thrombogenic activity of microparticles isolated from human 
atherosclerotic plaques. J Am Coll Cardiol (2007) 49(7):772–7. doi: 10.1016/j.
jacc.2006.10.053

 78. Fong KP, Barry C, Tran AN, Traxler EA, Wannemacher KM, Tang HY, et al. 
Deciphering the human platelet sheddome. Blood (2011) 117(1):e15–e26. doi: 
10.1182/blood-2010-05-283838

 79. Vajen T, Benedikter BJ, Heinzmann ACA, Vasina EM, Henskens Y, Parsons 
M, et  al. Platelet extracellular vesicles induce a pro-inflammatory smooth 
muscle cell phenotype. J Extracell Vesicles (2017) 6(1):1322454. doi: 
10.1080/20013078.2017.1322454

 80. Hergenreider E, Heydt S, Tréguer K, Boettger T, Horrevoets AJ, Zeiher AM, 
et al. Atheroprotective communication between endothelial cells and smooth 
muscle cells through miRNAs. Nat Cell Biol (2012) 14(3):249–56. doi: 10.1038/
ncb2441

 81. Sinha S, Iyer D, Granata A. Embryonic origins of human vascular smooth 
muscle cells: implications for in vitro modeling and clinical application. Cell 
Mol Life Sci (2014) 71(12):2271–88. doi: 10.1007/s00018-013-1554-3

 82. Lacolley P, Regnault V, Segers P, Laurent S. Vascular smooth muscle cells and 
arterial stiffening: relevance in development, aging, and disease. Physiol Rev 
(2017) 97(4):1555–617. doi: 10.1152/physrev.00003.2017

 83. Shanahan CM, Weissberg PL. Smooth muscle cell heterogeneity: patterns 
of gene expression in vascular smooth muscle cells in vitro and in vivo. 
Arterioscler Thromb Vasc Biol (1998) 18(3):333–8. doi: 10.1161/01.
ATV.18.3.333

 84. Pfaltzgraff ER, Bader DM. Heterogeneity in vascular smooth muscle cell 
embryonic origin in relation to adult structure, physiology, and disease. Dev 
Dyn (2015) 244(3):410–6. doi: 10.1002/dvdy.24247

 85. Alexander MR, Owens GK. Epigenetic control of smooth muscle cell 
differentiation and phenotypic switching in vascular development 
and disease. Annu Rev Physiol (2012) 74:13–40. doi: 10.1146/annurev-
physiol-012110-142315

 86. Lacolley P, Regnault V, Nicoletti A, Li Z, Michel JB. The vascular smooth 
muscle cell in arterial pathology: a cell that can take on multiple roles. 
Cardiovasc Res (2012) 95(2):194–204. doi: 10.1093/cvr/cvs135

 87. Owens GK, Kumar MS, Wamhoff BR. Molecular regulation of vascular 
smooth muscle cell differentiation in development and disease. Physiol Rev 
(2004) 84(3):767–801. doi: 10.1152/physrev.00041.2003

 88. Shroff RC, Shanahan CM. The vascular biology of calcification. Semin Dial 
(2007) 20(2):103–9. doi: 10.1111/j.1525-139X.2007.00255.x

 89. Campbell GR, Campbell JH. Smooth muscle phenotypic changes in arterial 
wall homeostasis: implications for the pathogenesis of atherosclerosis. Exp 
Mol Pathol (1985) 42(2):139–62. doi: 10.1016/0014-4800(85)90023-1

 90. Zhang MJ, Zhou Y, Chen L, Wang YQ, Wang X, Pi Y, et al. An overview of 
potential molecular mechanisms involved in VSMC phenotypic modulation. 
Histochem Cell Biol (2016) 145(2):119–30. doi: 10.1007/s00418-015-1386-3

 91. Luo G, Ducy P, Mckee MD, Pinero GJ, Loyer E, Behringer RR, et  al. 
Spontaneous calcification of arteries and cartilage in mice lacking matrix GLA 
protein. Nature (1997) 385386(6620):78–81. doi: 10.1038/386078a0

 92. Rong JX, Shapiro M, Trogan E, Fisher EA. Transdifferentiation of mouse aortic 
smooth muscle cells to a macrophage-like state after cholesterol loading. Proc 
Natl Acad Sci USA (2003) 100(23):13531–6. doi: 10.1073/pnas.1735526100

 93. Vattikuti R, Towler DA. Osteogenic regulation of vascular calcification: an 
early perspective. Am J Physiol Endocrinol Metab (2004) 286(5):E686–696. doi: 
10.1152/ajpendo.00552.2003

 94. Kramann R, Goettsch C, Wongboonsin J, Iwata H, Schneider RK, Kuppe C, 
et  al. Adventitial MSC-like cells are progenitors of vascular smooth muscle 
cells and drive vascular calcification in chronic kidney disease. Cell Stem Cell 
(2016) 19(5):628–42. doi: 10.1016/j.stem.2016.08.001

 95. Tang Z, Wang A, Yuan F, Yan Z, Liu B, Chu JS, et  al. Differentiation of 
multipotent vascular stem cells contributes to vascular diseases. Nat Commun 
(2012) 3:875. doi: 10.1038/ncomms1867

 96. Anderson HC. Electron microscopic studies of induced cartilage development 
and calcification. J Cell Biol (1967) 35(1):81–101. doi: 10.1083/jcb.35.1.81

 97. Tanimura A, Mcgregor DH, Anderson HC. Matrix vesicles in atherosclerotic 
calcification. Proc Soc Exp Biol Med (1983) 172(2):173–7. doi: 
10.3181/00379727-172-41542

 98. Fleckenstein-Grün G, Frey M, Thimm F, Hofgärtner W, Fleckenstein A. 
Calcium overload-an important cellular mechanism in hypertension and 
arteriosclerosis. Drugs (1992) 44(Suppl 1):23–30. doi: 10.2165/00003495-
199200441-00005

 99. Kapustin AN, Chatrou ML, Drozdov I, Zheng Y, Davidson SM, Soong D, 
et  al. Vascular smooth muscle cell calcification is mediated by regulated 
exosome secretion. Circ Res (2015) 116(8):1312–23. doi: 10.1161/
CIRCRESAHA.116.305012

 100. Chen NX, O'Neill KD, Moe SM. Matrix vesicles induce calcification of 
recipient vascular smooth muscle cells through multiple signaling pathways. 
Kidney Int (2018) 93(2):343–54. doi: 10.1016/j.kint.2017.07.019

 101. Kirsch T, Nah HD, Shapiro IM, Pacifici M. Regulated production of 
mineralization-competent matrix vesicles in hypertrophic chondrocytes. J 
Cell Biol (1997) 137(5):1149–60. doi: 10.1083/jcb.137.5.1149

 102. Gerke V, Moss SE. Annexins: from structure to function. Physiol Rev (2002) 
82(2):331–71. doi: 10.1152/physrev.00030.2001

 103. Chen NX, O'Neill KD, Chen X, Moe SM. Annexin-mediated matrix vesicle 
calcification in vascular smooth muscle cells. J Bone Miner Res (2008) 
23(11):1798–805. doi: 10.1359/jbmr.080604

https://www.frontiersin.org/journals/Cardiovascular_Medicine#articles
http://www.frontiersin.org/journals/Cardiovascular_Medicine
https://www.frontiersin.org
http://dx.doi.org/10.1002/oby.20365
http://dx.doi.org/10.1160/TH11-01-0030
http://dx.doi.org/10.1055/s-0031-1300956
http://dx.doi.org/10.1160/TH16-12-0943
http://dx.doi.org/10.3109/01913123.2016.1154912
http://dx.doi.org/10.1016/S0021-9150(01)00433-6
http://dx.doi.org/10.1016/S0021-9150(01)00433-6
http://dx.doi.org/10.1172/JCI2592
http://dx.doi.org/10.1160/TH16-04-0300
http://dx.doi.org/10.1038/nsmb.1651
http://dx.doi.org/10.1182/blood-2012-10-461798
http://dx.doi.org/10.1182/blood-2011-12-396440
http://dx.doi.org/10.1093/cvr/cvs007
http://dx.doi.org/10.1182/blood-2013-03-492801
http://dx.doi.org/10.1161/ATVBAHA.111.243485
http://dx.doi.org/10.1016/j.jacc.2006.10.053
http://dx.doi.org/10.1016/j.jacc.2006.10.053
http://dx.doi.org/10.1182/blood-2010-05-283838
http://dx.doi.org/10.1080/20013078.2017.1322454
http://dx.doi.org/10.1038/ncb2441
http://dx.doi.org/10.1038/ncb2441
http://dx.doi.org/10.1007/s00018-013-1554-3
http://dx.doi.org/10.1152/physrev.00003.2017
http://dx.doi.org/10.1161/01.ATV.18.3.333
http://dx.doi.org/10.1161/01.ATV.18.3.333
http://dx.doi.org/10.1002/dvdy.24247
http://dx.doi.org/10.1146/annurev-physiol-012110-142315
http://dx.doi.org/10.1146/annurev-physiol-012110-142315
http://dx.doi.org/10.1093/cvr/cvs135
http://dx.doi.org/10.1152/physrev.00041.2003
http://dx.doi.org/10.1111/j.1525-139X.2007.00255.x
http://dx.doi.org/10.1016/0014-4800(85)90023-1
http://dx.doi.org/10.1007/s00418-015-1386-3
http://dx.doi.org/10.1038/386078a0
http://dx.doi.org/10.1073/pnas.1735526100
http://dx.doi.org/10.1152/ajpendo.00552.2003
http://dx.doi.org/10.1016/j.stem.2016.08.001
http://dx.doi.org/10.1038/ncomms1867
http://dx.doi.org/10.1083/jcb.35.1.81
http://dx.doi.org/10.3181/00379727-172-41542
http://dx.doi.org/10.2165/00003495-199200441-00005
http://dx.doi.org/10.2165/00003495-199200441-00005
http://dx.doi.org/10.1161/CIRCRESAHA.116.305012
http://dx.doi.org/10.1161/CIRCRESAHA.116.305012
http://dx.doi.org/10.1016/j.kint.2017.07.019
http://dx.doi.org/10.1083/jcb.137.5.1149
http://dx.doi.org/10.1152/physrev.00030.2001
http://dx.doi.org/10.1359/jbmr.080604


12 April  2018 | Volume 5 | Article 36Frontiers in Cardiovascular Medicine | www. frontiersin. org

Schurgers et al. Role of Extracellular Vesicles in Vascular Calcification

 104. New SE, Goettsch C, Aikawa M, Marchini JF, Shibasaki M, Yabusaki K, et al. 
Macrophage-derived matrix vesicles: an alternative novel mechanism for 
microcalcification in atherosclerotic plaques. Circ Res (2013) 113(1):72–7. doi: 
10.1161/CIRCRESAHA.113.301036

 105. Chatrou ML, Winckers K, Hackeng TM, Reutelingsperger CP, Schurgers LJ. 
Vascular calcification: the price to pay for anticoagulation therapy with vitamin 
K-antagonists. Blood Rev (2012) 26(4):155–66. doi: 10.1016/j.blre.2012.03.002

 106. Schurgers LJ, Spronk HM, Skepper JN, Hackeng TM, Shanahan CM, 
Vermeer C, et  al. Post-translational modifications regulate matrix Gla 
protein function: importance for inhibition of vascular smooth muscle cell 
calcification. J Thromb Haemost (2007) 5(12):2503–11. doi: 10.1111/j.1538-
7836.2007.02758.x

 107. Schurgers LJ, Uitto J, Reutelingsperger CP. Vitamin K-dependent carboxylation 
of matrix Gla-protein: a crucial switch to control ectopic mineralization. 
Trends Mol Med (2013) 19(4):217–26. doi: 10.1016/j.molmed.2012.12.008

 108. Kapustin AN, Schoppet M, Schurgers LJ, Reynolds JL, Mcnair R, Heiss A, 
et al. Prothrombin loading of vascular smooth muscle cell-derived exosomes 
regulates coagulation and calcification. Arterioscler Thromb Vasc Biol (2017) 
37(3):e22–32. doi: 10.1161/ATVBAHA.116.308886

 109. Goettsch C, Iwata H, Aikawa E. Parathyroid hormone: critical bridge between 
bone metabolism and cardiovascular disease. Arterioscler Thromb Vasc Biol 
(2014) 34(7):1333–5. doi: 10.1161/ATVBAHA.114.303637

 110. Goettsch C, Hutcheson JD, Aikawa M, Iwata H, Pham T, Nykjaer A, et  al. 
Sortilin mediates vascular calcification via its recruitment into extracellular 
vesicles. J Clin Invest (2016) 126(4):1323–36. doi: 10.1172/JCI80851

 111. Abels ER, Breakefield XO. Introduction to extracellular vesicles: biogenesis, 
RNA cargo selection, content, release, and uptake. Cell Mol Neurobiol (2016) 
36(3):301–12. doi: 10.1007/s10571-016-0366-z

 112. Valadi H, Ekström K, Bossios A, Sjöstrand M, Lee JJ, Lötvall JO. Exosome-
mediated transfer of mRNAs and microRNAs is a novel mechanism of genetic 
exchange between cells. Nat Cell Biol (2007) 9(6):654–9. doi: 10.1038/ncb1596

 113. Manning KS, Cooper TA. The roles of RNA processing in translating genotype 
to phenotype. Nat Rev Mol Cell Biol (2017) 18(2):102–14. doi: 10.1038/
nrm.2016.139

 114. Panizo S, Naves-Díaz M, Carrillo-López N, Martínez-Arias L, Fernández-
Martín JL, Ruiz-Torres MP, et  al. MicroRNAs 29b, 133b, and 211 regulate 
vascular smooth muscle calcification mediated by high phosphorus. J Am Soc 
Nephrol (2016) 27(3):824–34. doi: 10.1681/ASN.2014050520

 115. Liu J, Xiao X, Shen Y, Chen L, Xu C, Zhao H, et al. MicroRNA-32 promotes 
calcification in vascular smooth muscle cells: Implications as a novel marker 
for coronary artery calcification. PLoS ONE (2017) 12(3):e0174138. doi: 
10.1371/ journal. pone. 0174138

 116. Xia ZY, Hu Y, Xie PL, Tang SY, Luo XH, Liao EY, et al. Runx2/miR-3960/miR-
2861 positive feedback loop is responsible for osteogenic transdifferentiation 
of vascular smooth muscle cells. Biomed Res Int (2015) 2015:1–7. doi: 
10.1155/2015/624037

 117. Sudo R, Sato F, Azechi T, Wachi H. MiR-29-mediated elastin down-regulation 
contributes to inorganic phosphorus-induced osteoblastic differentiation 
in vascular smooth muscle cells. Genes Cells (2015) 20(12):1077–87. doi: 
10.1111/gtc.12311

 118. Goettsch C, Rauner M, Pacyna N, Hempel U, Bornstein SR, Hofbauer LC. 
miR-125b regulates calcification of vascular smooth muscle cells. Am J Pathol 
(2011) 179(4):1594–600. doi: 10.1016/j.ajpath.2011.06.016

 119. Lin L, He Y, Xi BL, Zheng HC, Chen Q, Li J, et  al. MiR-135a Suppresses 
Calcification in Senescent VSMCs by Regulating KLF4/STAT3 Pathway. Curr 
Vasc Pharmacol (2016) 14(2):211–8. doi: 10.2174/15701611136661507221518
17

 120. Cui RR, Li SJ, Liu LJ, Yi L, Liang QH, Zhu X, et al. MicroRNA-204 regulates 
vascular smooth muscle cell calcification in vitro and in vivo. Cardiovasc Res 
(2012) 96(2):320–9. doi: 10.1093/cvr/cvs258

 121. Mackenzie NC, Staines KA, Zhu D, Genever P, Macrae VE. miRNA-221 and 
miRNA-222 synergistically function to promote vascular calcification. Cell 
Biochem Funct (2014) 32(2):209–16. doi: 10.1002/cbf.3005

 122. Chen NX, Kiattisunthorn K, O'Neill KD, Chen X, Moorthi RN, Gattone 
VH, et  al. Decreased microRNA is involved in the vascular remodeling 
abnormalities in chronic kidney disease (CKD). PLoS ONE (2013) 8(5):e64558. 
doi: 10.1371/ journal. pone. 0064558

 123. Gui T, Zhou G, Sun Y, Shimokado A, Itoh S, Oikawa K, et  al. MicroRNAs 
that target Ca(2+) transporters are involved in vascular smooth muscle cell 
calcification. Lab Invest (2012) 92(9):1250–9. doi: 10.1038/labinvest.2012.85

 124. Balderman JA, Lee HY, Mahoney CE, Handy DE, White K, Annis S, et  al. 
Bone morphogenetic protein-2 decreases microRNA-30b and microRNA-30c 
to promote vascular smooth muscle cell calcification. J Am Heart Assoc (2012) 
1(6):e003905. doi: 10.1161/JAHA.112.003905

 125. Kim S, Hata A, Kang H. Down-regulation of miR-96 by bone morphogenetic 
protein signaling is critical for vascular smooth muscle cell phenotype 
modulation. J Cell Biochem (2014) 115(5):889–95. doi: 10.1002/jcb.24730

 126. Qiao W, Chen L, Zhang M. MicroRNA-205 regulates the calcification and 
osteoblastic differentiation of vascular smooth muscle cells. Cell Physiol 
Biochem (2014) 33(6):1945–53. doi: 10.1159/000362971

 127. Liao XB, Zhang ZY, Yuan K, Liu Y, Feng X, Cui RR, et al. MiR-133a modulates 
osteogenic differentiation of vascular smooth muscle cells. Endocrinology 
(2013) 154(9):3344–52. doi: 10.1210/en.2012-2236

 128. Katano H, Nishikawa Y, Yamada H, Yamada K, Mase M. Differential expression 
of microRNAs in severely calcified carotid plaques. J Stroke Cerebrovasc Dis 
(2018) 27(1):108–17. doi: 10.1016/j.jstrokecerebrovasdis.2017.08.009

 129. Wu W, Shang YQ, Dai SL, Yi F, Wang XC. MiR-26a regulates vascular smooth 
muscle cell calcification in vitro through targeting CTGF. Bratisl Lek Listy 
(2017) 118(8):499–503. doi: 10.4149/BLL_2017_096

 130. Zheng S, Zhang S, Song Y, Guo W, Zhai W, Qiu X, et  al. MicroRNA-297a 
regulates vascular calcification by targeting fibroblast growth factor 23. Iran J 
Basic Med Sci (2016) 19(12):1331–6. doi: 10.22038/ijbms.2016.7920

 131. Rangrez AY, M'Baya-Moutoula E, Metzinger-Le Meuth V, Hénaut L, Djelouat 
MS, Benchitrit J, et  al. Inorganic phosphate accelerates the migration of 
vascular smooth muscle cells: evidence for the involvement of miR-223. PLoS 
ONE (2012) 7(10):e47807. doi: 10.1371/ journal. pone. 0047807

 132. Hao J, Zhang L, Cong G, Ren L, Hao L. MicroRNA-34b/c inhibits aldosterone-
induced vascular smooth muscle cell calcification via a SATB2/Runx2 pathway. 
Cell Tissue Res (2016) 366(3):733–46. doi: 10.1007/s00441-016-2469-8

 133. Goettsch C, Hutcheson JD, Aikawa E. MicroRNA in cardiovascular 
calcification: focus on targets and extracellular vesicle delivery mechanisms. 
Circ Res (2013) 112(7):1073–84. doi: 10.1161/CIRCRESAHA.113.300937

 134. Lin X, Zhan JK, Wang YJ, Tan P, Chen YY, Deng HQ, et al. Function, role, and 
clinical application of microRNAs in vascular aging. Biomed Res Int (2016) 
2016:1–15. doi: 10.1155/2016/6021394

 135. Lin X, He Y, Hou X, Zhang Z, Wang R, Wu Q. Endothelial cells can regulate 
smooth muscle cells in contractile phenotype through the miR-206/
ARF6&NCX1/exosome axis. PLoS ONE (2016) 11(3):e0152959. doi: 10.1371/ 
journal. pone. 0152959

 136. Zhao L, Luo H, Li X, Li T, He J, Qi Q, et al. Exosomes derived from human 
pulmonary artery endothelial cells shift the balance between proliferation 
and apoptosis of smooth muscle cells. Cardiology (2017) 137(1):43–53. doi: 
10.1159/000453544

 137. Schurgers LJ. Vitamin K: key vitamin in controlling vascular calcification in 
chronic kidney disease. Kidney Int (2013) 83(5):782–4. doi: 10.1038/ki.2013.26

 138. Shankman LS, Gomez D, Cherepanova OA, Salmon M, Alencar GF, Haskins 
RM, et  al. KLF4-dependent phenotypic modulation of smooth muscle 
cells has a key role in atherosclerotic plaque pathogenesis. Nat Med (2015) 
21(6):628–37. doi: 10.1038/nm.3866

 139. Corselli M, Chen CW, Sun B, Yap S, Rubin JP, Péault B. The tunica adventitia 
of human arteries and veins as a source of mesenchymal stem cells. Stem Cells 
Dev (2012) 21(8):1299–308. doi: 10.1089/scd.2011.0200

 140. Crisan M, Yap S, Casteilla L, Chen CW, Corselli M, Park TS, et  al. A 
perivascular origin for mesenchymal stem cells in multiple human organs. Cell 
Stem Cell (2008) 3(3):301–13. doi: 10.1016/j.stem.2008.07.003

 141. Kramann R, Humphreys BD. Kidney pericytes: roles in regeneration 
and fibrosis. Semin Nephrol (2014) 34(4):374–83. doi: 10.1016/j.
semnephrol.2014.06.004

 142. Schneider RK, Mullally A, Dugourd A, Peisker F, Hoogenboezem R, van 
Strien PMH, et al. Gli1+Mesenchymal Stromal Cells Are a Key Driver of Bone 
Marrow Fibrosis and an Important Cellular Therapeutic Target. Cell Stem Cell 
(2017) 20(6):785–800. doi: 10.1016/j.stem.2017.03.008

 143. Brighton CT, Lorich DG, Kupcha R, Reilly TM, Jones AR, Woodbury RA. The 
pericyte as a possible osteoblast progenitor cell. Clin Orthop Relat Res (1992) 
(275):287–99. doi: 10.1097/00003086-199202000-00043

https://www.frontiersin.org/journals/Cardiovascular_Medicine#articles
http://www.frontiersin.org/journals/Cardiovascular_Medicine
https://www.frontiersin.org
http://dx.doi.org/10.1161/CIRCRESAHA.113.301036
http://dx.doi.org/10.1016/j.blre.2012.03.002
http://dx.doi.org/10.1111/j.1538-7836.2007.02758.x
http://dx.doi.org/10.1111/j.1538-7836.2007.02758.x
http://dx.doi.org/10.1016/j.molmed.2012.12.008
http://dx.doi.org/10.1161/ATVBAHA.116.308886
http://dx.doi.org/10.1161/ATVBAHA.114.303637
http://dx.doi.org/10.1172/JCI80851
http://dx.doi.org/10.1007/s10571-016-0366-z
http://dx.doi.org/10.1038/ncb1596
http://dx.doi.org/10.1038/nrm.2016.139
http://dx.doi.org/10.1038/nrm.2016.139
http://dx.doi.org/10.1681/ASN.2014050520
http://dx.doi.org/10.1371/journal.pone.0174138
http://dx.doi.org/10.1155/2015/624037
http://dx.doi.org/10.1111/gtc.12311
http://dx.doi.org/10.1016/j.ajpath.2011.06.016
http://dx.doi.org/10.2174/1570161113666150722151817
http://dx.doi.org/10.2174/1570161113666150722151817
http://dx.doi.org/10.1093/cvr/cvs258
http://dx.doi.org/10.1002/cbf.3005
http://dx.doi.org/10.1371/journal.pone.0064558
http://dx.doi.org/10.1038/labinvest.2012.85
http://dx.doi.org/10.1161/JAHA.112.003905
http://dx.doi.org/10.1002/jcb.24730
http://dx.doi.org/10.1159/000362971
http://dx.doi.org/10.1210/en.2012-2236
http://dx.doi.org/10.1016/j.jstrokecerebrovasdis.2017.08.009
http://dx.doi.org/10.4149/BLL_2017_096
http://dx.doi.org/10.22038/ijbms.2016.7920
http://dx.doi.org/10.1371/journal.pone.0047807
http://dx.doi.org/10.1007/s00441-016-2469-8
http://dx.doi.org/10.1161/CIRCRESAHA.113.300937
http://dx.doi.org/10.1155/2016/6021394
http://dx.doi.org/10.1371/journal.pone.0152959
http://dx.doi.org/10.1371/journal.pone.0152959
http://dx.doi.org/10.1159/000453544
http://dx.doi.org/10.1038/ki.2013.26
http://dx.doi.org/10.1038/nm.3866
http://dx.doi.org/10.1089/scd.2011.0200
http://dx.doi.org/10.1016/j.stem.2008.07.003
http://dx.doi.org/10.1016/j.semnephrol.2014.06.004
http://dx.doi.org/10.1016/j.semnephrol.2014.06.004
http://dx.doi.org/10.1016/j.stem.2017.03.008
http://dx.doi.org/10.1097/00003086-199202000-00043


Schurgers et al.

13 April  2018 | Volume 5 | Article 36Frontiers in Cardiovascular Medicine | www. frontiersin. org

Role of Extracellular Vesicles in Vascular Calcification

 144. Boström K, Watson KE, Horn S, Wortham C, Herman IM, Demer LL. Bone 
morphogenetic protein expression in human atherosclerotic lesions. J Clin 
Invest (1993) 91(4):1800–9. doi: 10.1172/JCI116391

 145. Passman JN, Dong XR, Wu SP, Maguire CT, Hogan KA, Bautch VL, et al. A 
sonic hedgehog signaling domain in the arterial adventitia supports resident 
Sca1+ smooth muscle progenitor cells. Proc Natl Acad Sci USA (2008) 
105(27):9349–54. doi: 10.1073/pnas.0711382105

 146. Tang W, Zeve D, Suh JM, Bosnakovski D, Kyba M, Hammer RE, et  al. 
White fat progenitor cells reside in the adipose vasculature. Science (2008) 
322(5901):583–6. doi: 10.1126/science.1156232

 147. Krautler NJ, Kana V, Kranich J, Tian Y, Perera D, Lemm D, et al. Follicular 
dendritic cells emerge from ubiquitous perivascular precursors. Cell (2012) 
150(1):194–206. doi: 10.1016/j.cell.2012.05.032

 148. Dellavalle A, Maroli G, Covarello D, Azzoni E, Innocenzi A, Perani L, et al. 
Pericytes resident in postnatal skeletal muscle differentiate into muscle 
fibres and generate satellite cells. Nat Commun (2011) 2:499. doi: 10.1038/
ncomms1508

 149. Göritz C, Dias DO, Tomilin N, Barbacid M, Shupliakov O, Frisén J. A pericyte 
origin of spinal cord scar tissue. Science (2011) 333(6039):238–42. doi: 
10.1126/science.1203165

 150. Greenhalgh SN, Iredale JP, Henderson NC. Origins of fibrosis: pericytes take 
centre stage. F1000Prime Rep (2013) 5:37. doi: 10.12703/P5-37

 151. Kramann R, Schneider RK, Dirocco DP, Machado F, Fleig S, Bondzie PA, et al. 
Perivascular Gli1+ progenitors are key contributors to injury-induced organ 
fibrosis. Cell Stem Cell (2015) 16(1):51–66. doi: 10.1016/j.stem.2014.11.004

 152. Kramann R, Fleig SV, Schneider RK, Fabian SL, Dirocco DP, Maarouf O, 
et  al. Pharmacological GLI2 inhibition prevents myofibroblast cell-cycle 
progression and reduces kidney fibrosis. J Clin Invest (2015) 125(8):2935–51. 
doi: 10.1172/JCI74929

Conflict of Interest Statement: The authors declare that the research was 
conducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Copyright © 2018 Schurgers, Akbulut, Kaczor, Halder, Koenen and Kramann. This is 
an open-access article distributed under the terms of the Creative Commons Attribution 
License (CC BY). The use, distribution or reproduction in other forums is permitted, 
provided the original author(s) and the copyright owner are credited and that the original 
publication in this journal is cited, in accordance with accepted academic practice. No 
use, distribution or reproduction is permitted which does not comply with these terms.

https://www.frontiersin.org/journals/Cardiovascular_Medicine#articles
http://www.frontiersin.org/journals/Cardiovascular_Medicine
https://www.frontiersin.org
http://dx.doi.org/10.1172/JCI116391
http://dx.doi.org/10.1073/pnas.0711382105
http://dx.doi.org/10.1126/science.1156232
http://dx.doi.org/10.1016/j.cell.2012.05.032
http://dx.doi.org/10.1038/ncomms1508
http://dx.doi.org/10.1038/ncomms1508
http://dx.doi.org/10.1126/science.1203165
http://dx.doi.org/10.12703/P5-37
http://dx.doi.org/10.1016/j.stem.2014.11.004
http://dx.doi.org/10.1172/JCI74929
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Initiation and Propagation of Vascular Calcification Is Regulated by a Concert of Platelet- and Smooth Muscle Cell-Derived Extracellular Vesicles
	Extracellular Vesicles
	Platelet-Derived Extracellular Vesicles
	Vascular Inflammatory Functions of Platelet-Derived EVs
	Initiation and Propagation of Vascular Calcification Is Regulated by Vascular Smooth Muscle Cell Function
	Vascular Smooth Muscle Cell Phenotypic Switching
	VSMC-Derived Extracellular Vesicles

	Mesenchymal Stem Cells as Perivascular Progenitors
	Role of Perivascular MSC-Like Cells in Vascular Calcification

	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	References


