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Abstract: Pericytes (PCs), as a central component of the neurovascular unit, contribute to the re-
generative potential of the central nervous system (CNS) and peripheral nervous system (PNS) by
virtue of their role in blood flow regulation, angiogenesis, maintenance of the BBB, neurogenesis, and
neuroprotection. Emerging evidence indicates that PCs also have a role in mediating cell-to-cell com-
munication through the secretion of extracellular vesicles (EVs). Extracellular vesicles are cell-derived,
micro- to nano-sized vesicles that transport cell constituents such as proteins, nucleic acids, and lipids
from a parent originating cell to a recipient cell. PC-derived EVs (PC-EVs) play a crucial homeostatic
role in neurovascular disease, as they promote angiogenesis, maintain the integrity of the blood-tissue
barrier, and provide neuroprotection. The cargo carried by PC-EVs includes growth factors such
as endothelial growth factor (VEGF), connecting tissue growth factors (CTGFs), fibroblast growth
factors, angiopoietin 1, and neurotrophic growth factors such as brain-derived neurotrophic growth
factor (BDNF), neuron growth factor (NGF), and glial-derived neurotrophic factor (GDNF), as well
as cytokines such as interleukin (IL)-6, IL-8, IL-10, and MCP-1. The PC-EVs also carry miRNA and
circular RNA linked to neurovascular health and the progression of several vascular and neuronal
diseases. Therapeutic strategies employing PC-EVs have potential in the treatment of vascular and
neurodegenerative diseases. This review discusses current research on the characteristic features of
EVs secreted by PCs and their role in neuronal and vascular health and disease.

Keywords: pericyte; PC-derived extracellular vesicle; blood–brain barrier; angiogenesis; neuropro-
tection; peripheral neuropathy; Parkinson’s disease

1. Introduction

Pericytes (PCs) are mural cells of the circulatory system that enshroud endothelial
cells of capillaries, arterioles, and venules in the central and peripheral vasculature [1,2].
The pericytes play a vital integrative role in the CNS and PNS. In the brain, pericytes form
an interface between the capillaries and brain parenchymal tissue and are integral to blood–
brain barrier (BBB) integrity [3] and cell–cell communication between neurovascular units
(NVUs) such as microglia, astrocytes, neurons, and endothelial cells [4]. As a component
of the NVU, pericytes play a central role in regulating blood flow, vascular development,
BBB integrity, neuroprotection, and neuroinflammation [4]. It is well established that
PCs play a regenerative role in the CNS and PNS in pathophysiological processes such
as ischemia [5–7], Alzheimer’s disease [4,8], and tumors [9]. However, the mechanisms
through which the PCs exercise their multifaceted role are still unclear. In this review,
we summarize the current advances in PC-derived EV research, mainly focusing on the
properties of PC-derived extracellular vesicles and their role in maintaining neurovascular
function in healthy and diseased states. As exosomes have emerged as an exciting new
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delivery vehicle on the therapeutic horizon, we also discuss how PC-derived exosomes
may be employed in treating vascular and neurodegenerative disease.

1.1. PCs

Eberth first discovered PCs in the late 19th century; however, it was Rouget who
made the first comprehensive description of the cell type [1,10]. Rouget noted the cells are
embedded in the basement membrane of precapillary arterioles and post-capillary venules.
In the 1920s, Zimmerman coined the word “pericyte” and classified different types of PCs
based on morphology and position in the vascular network, also describing transitional
forms such as vascular smooth muscle cells (VSMCs) [5,11]. Later studies identified several
markers for PCs, including contractile proteins (myosin, smooth muscle actin, vimentin,
desmin, and nestin), cell surface antigens (neuron-glial antigen 2 (NG2), a transmembrane
chondroitin sulfate proteoglycan, platelet-derived growth factor receptor-β (PDGFR-β),
alanyl aminopeptidase (CD13), a regulator of G-protein signaling-5 (RGS5), and a cell
surface glycoprotein (MUC18 or CD146) [2,12]. Current studies of PCs often utilize genetic
mice expressing a fluorescent protein under the control of NG2 (Cspg4) and Pdgfrb, such as
NG2-dsRed, NG2/PDGFR-β-tdtomato, which labels several subpopulations of PCs [13].
Taking advantage of the Cre-Lox systems, pericyte function can be studied by knocking in or
out the gene within the pericyte [14]. In addition, with advanced imaging techniques such
as two-photon microscopy, researchers have investigated the fate of PCs under both normal
and pathological conditions. Using PC depletion models, such as PDGFR-β+/− [15,16] and
PC-specific Cre mice with a re-inducible diptherin toxin receptor (iDTR)—mice carrying
Cre-dependent human diphtheria toxin receptor (DTR) [17,18] the consequences of PC
ablation on neurovascular function have been determined. This has given us an in-depth
understanding of the role of PCs in human health. In addition, the combined technique of
optogenetic with 2-photon imaging has been shown to stimulate pericytes to generate a
state of vessel constriction, eliciting pericyte-driven capillary diameter changes. However,
this has been inconsistent in all studies [19], possibly due to the non-specificity of the
Cre-reporter line or model/and or light source used. For instance, genetic mouse models
such as NG2- and PDGFR-β reporter mice not only target the pericytes but also VSMC [13],
fibroblast [20] or oligodendrocyte precursors cells. A specific genetic mouse model must be
designed to target and validate the pericyte and its function.

The origin of the PCs is heterogeneous and tissue-dependent [21]. The progenitor of
PCs had long been thought to be mesenchymal stem cells (MSCs) [12]. For example, the
origin of PCs in the liver [22], gut [22,23], and lungs [24] has been traced to the mesothelium,
a single layer of the squamous epithelium [12]. However, in later genetic lineage tracing
experiments, some of the face, brain, and thymus PCs were shown to have originated
in the neural crest [25]. More recently, pericyte-like cells could be derived from human
pluripotent stem cells [26]. Increasing evidence shows the PCs, like MSCs, transdifferentiate
into various cell subtypes, including chondrocytes [27], adipocytes [27], osteoblast [28],
phagocytes, neural progenitor [29], vascular cells [29], and microglia [30] both in vitro and
in vivo.

1.2. Extracellular Vesicles

Extracellular vesicles (EVs) were first identified in cancer research. However, the role of
EVs is now considered broader, that of a critical player in cell-to-cell communication [31,32].
EVs are micro- to nano-sized membrane-bound cell vesicles released into the surrounding
field upon fusion of multivesicular bodies and the plasma membrane, which are then
delivered into recipient cells. Previously, they were classified based on their biogenetic and
biophysical properties into three main categories: microvesicles (100 nm to 1 µm), exosomes
(50 to 150 nm), and apoptotic bodies (1–5 µm) [33]. However, more recent studies show a
broader size range of EVs, not limited to previously reported classes [33,34]. Recent EV
classes include exomeres (<50 nm), small exosomes (60–80 nm), large exosomes (90–120 nm),
microvesicles (0.1–1 µm), migrasomes (0.5–3 µm), and oncosomes (1–10 µm). In general,
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exosomes are identified by multiple unique markers: tetraspanins, CD9, CD63, CD81,
endosomal protein tumor susceptibility gene 101 (TSG101), and ALG-2-interacting protein
X (ALIX) [33]. However, recent International Society of Extracellular Vesicles guidelines
does not propose molecular markers for the characterization of EV subtypes [35–37]. A
more thorough investigation of EV characteristics and physiology is needed to parse apart
different subpopulations. In this review, we use the term “EV” to refer to all extracellular
vesicles released by PCs, including exosomes and micro-vesicles.

EVs arise from late endosomes formed by the inward budding of the multivesicular
body (MVB) membrane [38,39]. Details of EV formation are shown in Figure 1. Briefly,
invagination of the late endosomal membrane results in intraluminal vesicles (ILVs) of large
MVBs [38,39]. The late-stage MVBs fuse with the cell membrane to release EVs by budding
the plasma membrane. The released exosomes exhibit cell membrane proteins such as CD9,
CD63, and CD81 on their surface, and these serve as markers for identification. EVs release
involves two mechanisms: in one, an endosomal sorting complex is required for transport
(ESCRT), and the other is ESCRT independent. ESCRT-dependent formation of exosomes
involves multiple steps, including recognition and sequestration of ubiquitinated proteins
to specific domains of the endosomal membrane via ubiquitin-binding subunits of ESCRT-0,
formation of an ESCRT (I, II, III) protein complex to promote the budding process, and
dissociation of the ESCRT I-III complex to form ILVs [38,40]. The ESCRT independent mech-
anism requires sphingomyelinase II (N-SMase) to catalyze the production of sphingolipid
ceramide. The sphingolipid ceramide is necessary for forming exosomes, as it promotes
the budding of intraluminal vesicles into MVBs [38,40–42]. Released EVs stored in the
extracellular space have been shown to carry cargoes of bioactive compounds [38,42,43].
Once released in the extracellular space, EVs are distributed in different tissues, organs,
and biological fluids, both locally and systemically [42]. Systemic exosomes are rapidly
cleared from the blood circulation by macrophages, neutrophils, and endothelial cells and
are transported to the liver, spleen, lungs, and gastrointestinal tract [44,45]. EV access to
tissue involves multiple cellular uptake and release cycles [46]. However, different factors
such as cellular origin, membrane composition, EV size, and pathological conditions in the
host may affect how EVs are transported [47]. Although all cell types share in non-specific
uptake of exosomes [48], specific targeting of recipient cells is required to deliver specific
cargo and exert specific function [49]. The surface composition of the exosome mediates
this delivery specificity. EV–target cell interactions involve tetraspanins, integrins, ECM
proteins, immunoglobulin superfamily members, proteoglycans, heat shock proteins, and
lectins [50]. For example, heat shock protein 70 predominantly clusters around the exoso-
mal membrane [51]. There is evidence that it interacts with Toll-like receptor 4 to initiate a
critical signaling cascade necessary for neuron survival [52]. Umbilical cord blood-derived
exosomes express tumor antigens such as MHC-I, MHC-II, and tetraspanins (CD34, CD80)
and stimulate T cell proliferation to produce antitumor activity [53]. EVs then interface
with neighboring cells through different modes, including receptor-binding without in-
ternalization, phagocytosis, macropinocytosis, internalization by clathrin-caveolae- and
lipid raft-mediated endocytosis, filopodia-based endocytosis, and bursting in the acidic
environment [54]. If internalized, the EVs release their cargo in the cytoplasm, and the
internalized cargo may regulate the cell at the transcription or translation level [32,55]. EVs
carry a range of cargo for deposition into recipient cells, from genetic materials (RNA, DNA,
and miRNA), to proteins, lipids, and transcription factor receptorss. They can effectively
alter biological response. The exosome-mediated response could be either therapeutic
or disease-promoting [56]. While it is clear exosomes are a promising therapeutic tool
for treatment of different pathologies, it is clear they are also associated with develop-
ment of diseases such as diabetes, Alzhemier’s, progression of cancer, and inflammatory
disease [57].
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Figure 1. Illustration of the biogenesis of EVs and their cargo. Exosomes, generated by endocytosis 
(1) of the endosomal membrane, form early (2) and late (3) endosomes and multivesicular bodies 
(MVBs) (4). After the fusion of the MVBs with the plasma membrane, exosomes are released into 
the extracellular space (5). MVBs fuse with autophagosomes and are degraded in lysosomes (6). 
Microvesicles, by contrast, are generated by simple budding of the plasma membrane (7). Exosomes 
carry proteins, miRNA, mRNA, DNA, and lipids. Tetraspanins (CD9, CD63, and CD81) on the sur-
face serve as markers for EV identification. 

1.3. PC-Derived EVs (PC-EVs) 
1.3.1. Identification of PC-EVs 

PC-released EVs were first reported by Gaceb et al. in 2018 [58]. However, EV size 
and morphology were not well characterized until more recently with two studies on 
brain PCs [58–60]. PC-derived EVs are now well described by their size and distinctive 
markers [59,60]. The diameter of brain PC-derived EVs varies between 30 and 350 nm 
(standard EVs are 100 nm to 1 μm). Under transmission electron microscopy (TEM), brain 
PC EVs are shown double-layered, either spherical or cup-shaped, expressing EV markers 
such as CD9 and CD81. Consistent with the morphology identified in brain PC-EVs, PC-
EVs from retinal blood vessels are also spherical-shaped, but the retinal EVs range in size 
between 100 nm and 1 μm. Most recently, Yin et al. (2022) extracted nanoparticle-like EVs 
from cavernous PCs, and these also had a cup-shaped morphology [61]. 

In general, PC-EVs are identified based on their expression of PC markers such as 
NG2, PDGFR-B, and a-SMA. In addition to their expression of the EV markers mentioned 
above and size, some of the PC-EVs also present with other markers such as tsg101, flotil-
lin-2, actinin-4, Alix, TSG1010, CD9, CD63, and CD81 [60–62]. For example, EVs released 
from muscle-derived PCs express markers for CD9, CD63, and CD81. The size of purified 
EVs can be as small as 27 nm–50 nm, such as is the case of PC-EVs derived from cavernous 
PCs [61].  

1.3.2. PC-EV Cargo 
• Growth Factors 

Gaceb et al., 2018 were the first to report brain PCs to secrete a variety of growth 
factors under different conditions [58]. Under normal unstimulated conditions, the brain 
PC-EVs carry insulin-like growth factor-binding protein (IGFBP), neurotrophin 3 (NT3), 
heparin-binding EGF-like growth factor (HB-EGF), brain-derived neurotrophic factor 

Figure 1. Illustration of the biogenesis of EVs and their cargo. Exosomes, generated by endocy-
tosis (1) of the endosomal membrane, form early (2) and late (3) endosomes and multivesicular
bodies (MVBs) (4). After the fusion of the MVBs with the plasma membrane, exosomes are re-
leased into the extracellular space (5). MVBs fuse with autophagosomes and are degraded in
lysosomes (6). Microvesicles, by contrast, are generated by simple budding of the plasma membrane
(7). Exosomes carry proteins, miRNA, mRNA, DNA, and lipids. Tetraspanins (CD9, CD63, and CD81)
on the surface serve as markers for EV identification.

1.3. PC-Derived EVs (PC-EVs)
1.3.1. Identification of PC-EVs

PC-released EVs were first reported by Gaceb et al. in 2018 [58]. However, EV size
and morphology were not well characterized until more recently with two studies on
brain PCs [58–60]. PC-derived EVs are now well described by their size and distinctive
markers [59,60]. The diameter of brain PC-derived EVs varies between 30 and 350 nm
(standard EVs are 100 nm to 1 µm). Under transmission electron microscopy (TEM), brain
PC EVs are shown double-layered, either spherical or cup-shaped, expressing EV markers
such as CD9 and CD81. Consistent with the morphology identified in brain PC-EVs, PC-
EVs from retinal blood vessels are also spherical-shaped, but the retinal EVs range in size
between 100 nm and 1 µm. Most recently, Yin et al. (2022) extracted nanoparticle-like EVs
from cavernous PCs, and these also had a cup-shaped morphology [61].

In general, PC-EVs are identified based on their expression of PC markers such as NG2,
PDGFR-B, and a-SMA. In addition to their expression of the EV markers mentioned above
and size, some of the PC-EVs also present with other markers such as tsg101, flotillin-2,
actinin-4, Alix, TSG1010, CD9, CD63, and CD81 [60–62]. For example, EVs released from
muscle-derived PCs express markers for CD9, CD63, and CD81. The size of purified EVs
can be as small as 27 nm–50 nm, such as is the case of PC-EVs derived from cavernous
PCs [61].

1.3.2. PC-EV Cargo

• Growth Factors

Gaceb et al., 2018 were the first to report brain PCs to secrete a variety of growth factors
under different conditions [58]. Under normal unstimulated conditions, the brain PC-EVs
carry insulin-like growth factor-binding protein (IGFBP), neurotrophin 3 (NT3), heparin-
binding EGF-like growth factor (HB-EGF), brain-derived neurotrophic factor (BDNF),
fibroblast growth factor (FGF), neuron growth factor (NGF), and vascular endothelial
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growth factor (VEGF) [58]. They found the growth factors released by PCs primarily
through EVs, not through direct secretion. For example, PCs were found to directly release
1.5 pg/mL, 25 pg/mL, and 1 pg/mL, respectively, of bFGF, BDNF, and NGF, and the
corresponding share of the EV release was1.5 pg/mL, 20 pg/mL, and 0.6 pg/mL of the
growth factors [58]. This is suggestive that the PCs primarily release growth factors through
EVs. Grace et al. found a 3–4 fold increase in EV growth factors when PCs are stimulated
with PDGF-BB [58,63]. In addition to carrying vascular and neuronal growth factors, the
PC-EVs also carry pleiotrophin (PTN) [18] and connective tissue growth factor (CTGF) [64].

• Inflammatory Cytokines

Under pathological conditions, PCs can secrete proinflammatory factors such as
interleukins (ILs), tumor necrosis factor-alpha (TNF-a), and interferon gamma-induced
protein 10 (IP-10) [58]. Stimulating PCs with LPS leads to a higher release of cytokines and
chemokines [58,65–68]. For example, LPS-stimulated PCs release EVs with inflammatory
cytokines such as IL6, IL8, MCP, and IL-10 [58,63,69]. By contrast, stimulation with PDGF-
BB leads to a lower concentration of cytokines in the PC-EVs than LPS stimulation [58].
The PCs also release anti-inflammatory mediators such as leukemia inhibitory factor (LIF)
and heme oxygenase-1 (HMOX-1) in the disease state ([58,63,69]). Studies show the type
of compounds released in EVs by PCs is highly dependent on the environment and func-
tional state of the tissue [58,63,69]. The EVs may be contributing to condition-dependent
inflammatory or anti-inflammatory action.

• miRNA and Circular RNA

PC-EVs also carry microRNA (miRNA) [60]. miRNAs are 18–25 nucleotide lengths of
non-coding RNA. The miRNAs bind to 3′ or 5′ untranslated regions of genes and regulate
their post-transcriptional expression [60,70,71]. The miRNAs also have autocrine effects
when released into the extracellular space and transported to other body parts by blood or
urine [72]. The miRNAs play an important role in various cellular events, and their dysreg-
ulation is linked to the progression of the disease [73]. The EV-derived miRNAs have been
reported to play a therapeutic role in a wide array of pathology, including cancer [74], dia-
betes [75], neurodegenerative disease [76], hypertension [77], cerebrovascular disease [78],
osteoporosis [79], and atherosclerosis [80]. Wu et al. demonstrated that brain PC-EVs
carry significantly different miRNA in normal animals than in spontaneously hypertensive
rats. In the study, 386 different miRNAs were identified in the normotensive rats, while
225 different miRNAs were identified in the hypertensive animals. miRNAs such as
miR-26a, miR-143, miR 122-5p, miR-6240, miR-122-5p miR-11980, miR-181a, miR-21,
miR-29a, let-7c-5p, let-7a-5p, and miR-1285 were differentially expressed in the two condi-
tions [60]. Although the function of the EV-miRNA is well identified in specific systems,
further study is needed on the role of miRNAs carried by PC-EVs in vasculogenesis,
neuro-regeneration, and tissue and organ regeneration.

Circular RNA (circRNA) is a stable and ubiquitous form of head-to-tail spliced cod-
ing or non-coding RNA. There is substantial evidence that circRNAs are modulators of
physiological processes and cell signaling pathways in the progression of vascular disease,
cancers, and neurological disorders [81,82]. Liu et al. reported that PC-derived EVs from
db/db mice shed the circRNA, cPWWP2A, affecting PC coverage of endothelial cells and
vascular integrity [83]. Ye et al. identified hypoxia upregulated circEhmt1 expression in
PCs and demonstrated that circEhmt1 was transferred from PCs to endotheliocytes via
EVs [84]. Overexpression of circEhmt1 prevents endotheliocyte damage from exposure
to high glucose in an in vitro model [84]. Other investigations have shown a crucial role
for the circEhmt1-mediated nuclear factor I-A/NOD-like receptor family pyrin domain-
containing protein 3 NFIA/NLRP3 signaling in retinal microvascular dysfunction. This
signaling pathway could be a promising target for managing diabetic retinopathy [84].
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2. PC-EV Physiology

PCs are at the interface between blood and parenchyma [85]. They interact with
neighboring cells and work synergistically to regulate blood flow, maintain the blood–brain
barrier, and regulate angiogenesis and neuronal growth by releasing various growth fac-
tors [86]. PCs are also first in line to sense local environment changes, such as hypoxia,
inflammation, pathogens, and high blood glucose [87]. In response to these changes, PCs
secrete various inflammatory mediators (cytokines, adhesion molecules, chemokines, in-
terleukins, and extracellular vesicles) and extracellular matrix [58,63,69]. These secreted
molecules communicate in a paracrine way with nearby cells and regulate pro- or anti-
inflammatory function, angiogenesis, neuroprotection, BBB integrity, and tissue regenera-
tion [63]. The stimuli also enhance production of EVs which contain signaling molecules
involved in intermediate and long distance signaling. PCs in the human brain release
EVs in both the unstimulated and stimulated condition (listed in Table 1). However, the
level of EV release after PC stimulation (LPS or PDGF-BB) is remarkably higher than in
the unstimulated condition [58]. Like EVs derived from stem cells, PC-EVs may also be a
therapeutic candidate useful in management of neurodegenerative disease. For example,
the PC -EVs have been demonstrated to carry circular RNA in response hypoxia [88] and
diabetes-related stress [83]. This leads to discussing the PC-EV secretome and its role in
vascular and neuronal health.

Table 1. PCs-EV cargo under normal and stimulated conditions.

Source of PC-EVs Culture Condition PC-EV Cargo Beneficial or Adverse Effect Reference

PC-EVs from retinal
PCs

Normal CTGF, CD44
Protected lung tissue and

improved pulmonary function
EVs protected VEC function

[47]

Hypoxia circEhmt1 Protected endothelial cells from
HG-induced injury [48]

Diabetic and
non-diabetic mouse cPWWP2A

Controlled diabetes
mellitus-induced microvascular

dysfunction
[49]

PC-EVs in brain
Stimulated with

PDGF-BB
BDNF, bFGF, BNGF,

VEGF, PLGF

EV release of BDNF, bFGF,
bNGF, VEGF, PLGF

Neuroprotection, angiogenesis
[41,46]

Stimulated with LPS IL-6, IL-8, IL-10,
MCP-1,

Vascular and neuronal
inflammation [41]

PC-EVs in brain Normal

miR-26a, miR-143, miR
122-5p, miR-6240,

miR-122-5p, miR-181a,
miR-21, miR-29a,

let-7c-5p, let-7a-5p
miR-1285

Biomarkers and treatment of
hypertension [43]

PC-EVs in muscle Stimulation with H2O2

antioxidants and
anti-inflammatory

compounds

Anti-oxidative
Anti-inflammatory

Extracellular matrix remodeling
[50]

2.1. Angiogenesis

PC-EV regulation of angiogenesis was first documented in 2018. PCs and ECs interact
in a paracrine manner with different extracellular factors to affect angiogenesis [89]. Studies
have shown the EVs released by PCs contain a variety of angiogenic-promoting factors such
as VEGF, CTGF, PLGF, FGF, microRNA, and circRNA [58,60,63,64,69,84]. Figure 2 illus-
trates some of the postulated mechanisms through which PC-EVs modulate angiogenesis.
PC-EV-derived CTGF is mainly involved in the initial stages of angiogenesis by activating
the ERK1/2-STAT3 axis in vascular endothelial cells (VEC) [64]. CTGF also modulates other
angiogenetic factors such as VEGF, ANG-2 (angiopoietin-2), and matrix metalloproteinases
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(MMPs) [64,90,91]. However, whether other angiogenic factors are functionally active in
PC-EVs is yet to be determined. However, the angiogenic role of these molecules is well
demonstrated in non-PC-derived EVs, including platelet-derived EVs, MSC-derived EVs,
and cancer-derived small EVs [89]. VEGF and FGF released by platelet-derived EVs act on
the VEGF and FGF receptors to exert a pro-angiogenic effect by activating PI3 kinase, src
kinase, and ERK1/2 [89,92]. Studies also show that VEGF and FGF act cooperatively to
promote proliferation, migration, and EC tube formation through a PI3K pathway [92,93].
EVs derived from MSCs containing VEGF and FGF promote angiogenesis through a nu-
clear factor-κB pathway [89]. EVs from hypoxia-treated human adipose-derived stem cells
carry VEGF and have been shown to enhance angiogenesis in the grafted tissue through
VEGF/VEGF-R signaling [94]. Earlier studies reported that VEGF tumor cell release is
associated with EVs [95,96]. Cancer-derived small EVs contain an isoform of VEGFA, which
can induce endothelial cell migration and tube formation [97,98]. EV-derived VEGF-A
is shown to increase angiogenesis and permeability in endothelial cells in the brain [89].
Recent studies of VEGFs indicate that VEGF isoforms are bound to the surface of small
EVs (sEVs) through heparin surface binding or bound to microvesicles through heat shock
protein 90 (HSP90) [97,99]. Microvesicle-associated VEGF-HSP90 has been shown to stimu-
late VEGFR2 phosphorylation in endothelial cells and tube formation [100]. EV-associated
VEGF189 has also been shown to stimulate the cellular domain of VEGFR2 and induce
phosphorylation. The VEGFR2 signaling elicited in endothelial cells then increases mi-
crovessel density in vivo. This finding supports the idea that VEGF in PC-EVs may interact
with the extraceullar domain of VEGFR2 and the VEGFR signaling induces angiogenesis.
Several miRNAs have been identified in the PC-EVs of brain microvascular PCs, including
miR26a, miR-143, miR122-5p, miR181a, miR21, miR29a, Let-7 family, etc. [60]. Although
the function of these miRNAs released from PC-EVs is yet to be determined, they have been
shown to stimulate angiogenesis in other cell-derived EVs. For example, miR26a shed by
glioblastoma stem cell-derived EVs promotes proliferation, migration tube formation, and
angiogenesis by activating a PTEN/PI3/Akt pathway [74]. Similarly, miR-21 released by
endothelial colony-forming cell-derived EVs (ECFC) stimulated EC proliferation, migration,
and tube formation via PI3/AKT pathway [80].

The microenvironment has a large influence on the functionality of the PC secre-
tome [58,84]. In particular, hypoxic conditions set the stage for PCs to stimulate a pro-
angiogenic secretome [84,88]. In vitro studies show that hypoxia-stimulated PC-EV secre-
tion promotes angiogenesis and wound healing by promoting growth factors, DNA, and
circular RNA to modulate the angiogenic program in response to microenvironmental
changes [84,88]. Ye et al., for example, identified hypoxia upregulated circEhmt1 expression
in PC-EVs under high glucose conditions. The circEhmt1 expression protected the endothe-
liocytes against high-glucose damage and promoted angiogenesis through upregulation of
NFIA, followed by inhibition of NLRP3 [84]. Similarly, high-glucose treated PCs released
PC-EVs containing cPWWP2A, which increased the capacity for proliferation, migration,
and tube formation in ECs [83]. The studies also revealed the critical role of PC-EV signaling
in retinal microvascular dysfunction and suggested signaling influenced by circRNA could
be therapeutically targeted in treating diabetic retinopathy [83,84].
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Figure 2. Postulated mechanisms through which PC-EVs are involved in angiogenesis. In response 
to PDGF-BB, PC-EVs containing several growth factors (CTGF, PLGF, FGF, VEGF) are released. 
These are transferred to the recipient endothelial cells (ECs) to induce pro-angiogenic signaling in 
the ECs and promote angiogenesis. CTGF activates the ERK1/2-STAT3 axis in vascular endothelial 
cells and facilitates the onset of the initial stage of angiogenesis. VEGF and FGF released by platelet-
derived EVs act on the VEGF and FGF receptors to exert a pro-angiogenic effect by activating PI3 
kinase, src kinase, and ERK1/2. The cargo of EVs also has various miRNAs. Among these, miR26a 
targets PTEN, activating PI3K/AKT to promote survival and proliferation in the ECs and, thus, an-
giogenesis. Under hypoxic conditions, PC-released EVs contain circular RNA. Among the circR-
NAs, circEhmt1 enhances the expression of the transcription factor NFIA while inhibiting the 
NRLP3 inflammasome, thereby promoting survival and proliferation of the ECs and promoting an-
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Figure 2. Postulated mechanisms through which PC-EVs are involved in angiogenesis. In response
to PDGF-BB, PC-EVs containing several growth factors (CTGF, PLGF, FGF, VEGF) are released. These
are transferred to the recipient endothelial cells (ECs) to induce pro-angiogenic signaling in the ECs
and promote angiogenesis. CTGF activates the ERK1/2-STAT3 axis in vascular endothelial cells and
facilitates the onset of the initial stage of angiogenesis. VEGF and FGF released by platelet-derived
EVs act on the VEGF and FGF receptors to exert a pro-angiogenic effect by activating PI3 kinase,
src kinase, and ERK1/2. The cargo of EVs also has various miRNAs. Among these, miR26a targets
PTEN, activating PI3K/AKT to promote survival and proliferation in the ECs and, thus, angiogenesis.
Under hypoxic conditions, PC-released EVs contain circular RNA. Among the circRNAs, circEhmt1
enhances the expression of the transcription factor NFIA while inhibiting the NRLP3 inflammasome,
thereby promoting survival and proliferation of the ECs and promoting angiogenesis. The black
arrow indicates identified components and mechanism of action of PC-EVs, and the magenta arrow
indicates hypothesized Mechanism in PC-EVs based on identified mechanisms from other EVs.
(miRNA: an acronym for micro RNA; circRNA: circular RNA; EVs: extracellular vesicles; VEGF:
Vascular endothelial growth factor; PLGF: placental growth factor; CTGF: connective tissue growth
factor; ERK1/2: extracellular signal-regulated kinase 1 and 2; PI3K: phosphoinositide 3-kinase;
PTEN: phosphatase and TENsin homolog deleted on chromosome 10; STAT-3: Signal transducer and
activator of transcription).
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2.2. Blood–Brain Barrier (BBB)

The BBB comprises a complex molecular structure that, as an ensemble, regulates
the extracellular environment of the CNS [101]. Endothelial cells, astrocytes, PCs, and
extracellular matrix are critical for the formation and maturation of the barrier [101,102].
PCs are a central element of the vascular and neuronal unit [4] and, as such, are critical
players in maintaining BBB integrity and vessel stabilization [103]. PCs stabilize the BBB
by releasing signaling factors that determine the expression of tight junction protein in
endothelial cells and regulate the rate of bulk-flow transcytosis of fluid-filled vesicles across
the BBB [104]. In addition, PC transport of substances across the BBB includes the clearance
of toxins from the brain [85]. Loss of PCs results in loss of tight junctions between ECs,
leading to BBB breakdown [85,105]. Studies demonstrate that neurodegenerative diseases
such as Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, dementia, and
amyotrophic lateral sclerosis are associated with BBB breakdown. Targeting the effect of
PCs on the BBB could control the course of some neurological disorders [106–108]. How do
PC-EVs preserve BBB integrity in both the normal and pathological state?

A recent study has demonstrated that PC-EVs protect the microvascular endothelial
cell barrier under hypoxic conditions [59]. The PC-derived EVs decreased the permeability
induced by the hypoxia by increasing the expression of tight junction (TJ) protein, including
endothelial zonula occludens-1 (ZO-1) and claudin 5 [59]. Proteomic analysis of PC-EVs
has identified Ang-1 in the vesicles, suggesting PC-EVs are a major release vehicle [64].
Angiopoietin-1 (Ang-1), a key agent necessary for BBB integrity, is continuously secreted by
PCs [109]. Ang-1 ligation stimulates the Tie2 receptor, followed by activation of downstream
signaling via the phosphatidylinositol 3-kinase (PI3K)/Akt pathway, conferring resistance
to permeability [110]. It has been proposed that Ang-1/Tie-2 mediates endothelial matura-
tion and stability and reduces vascular leakage [111,112]. The Ang1/Tie-2 upregulates the
expression of junction proteins such as occludin (Ocln) and VE-cadherin and thus stabilizes
endothelial cells [109]. Although the molecular mechanism of action is well understood, the re-
lease mechanism is yet to be identified. Studies have suggested that Ang-1 is released through
extracellular vesicles [113]. Ang-1 shed by PC-EVs could be a potential new therapeutic target
for intervention in several pathologies associated with BBB disruption (Figure 3).

PC growth factors shed by PCs, including VEGF, play a crucial role in maintaining
the integrity of the BBB and neurovascular unit (NVU) [114]. However, the exact role of
the VEGF derived from PC-EVs is unknown. Recently, it was shown that glioblastoma
multiforme (GBM) cells located in the NVU in close contact with the BBB secrete EVs
enriched in vascular endothelial growth factor-A (VEGF-A) [115]. Interestingly, the GBM-
secreted EVs (GBM-EVs) contained VEGF-A, promoted angiogenesis, and increased BBB
permeability by reducing the expression of tight junction proteins such as claudin-5 and
occludin in endothelial cells [116]. By contrast, VEGF-B shed by MSC-EVs acts as a pro-
survival factor by decreasing vascular leakage and promoting microvessel growth in
ischemic tissue [117]. Distinguishing the subtypes of VEGF in PC-EVs will be necessary for
understanding the exact role of VEGF in regulating the BBB.

MiRNAs also modulate the integrity of the BBB by regulating PC coverage-associated
molecules [118]. One example is the miR-27 shed by PC-EVs [60]. While miR-27a targets
VE-cadherin to compromise BBB integrity, miR-27b promotes the interaction of endothelial
cells with PCs by targeting semaphorin 6A/D (SEMA6A/D), leading to a strengthening
of the endothelial barrier [119]. PC-EVs release several miRNAs, but released levels can
be abnormally high under pathological conditions. Understanding the different roles of
miRNAs derived from PC-EVs will be necessary if therapeutic applications are developed
against pathologies associated with BBB disruption. PC secretion of MMPs, chemokines,
and adhesion molecules (ICAM-1, E-selectin, and VCAM-1) is well characterized, and these
molecules are believed to be regulating the BBB [58,63,69]. However, their release through
PC-EVs still needs to be better characterized and studied. Further investigation is required
to identify other BBB regulating molecules in PC -EVs and understand their role in the
physiologically normal and pathological state. The list of diseases in which aberration of
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the BBB is recognized as a primary cause includes asthma, diabetic retinopathy, stroke, and
neurodegenerative disease (Alzheimer’s disease, Parkinson’s disease, Huntington’s chorea,
amyotrophic lateral sclerosis, and multiple sclerosis) [120]. It is foreseeable that PC-EVs
might be used in a therapeutic role in maintaining BBB integrity.
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Figure 3. Postulated mechanisms of PC-EVs in the BBB. In response to PDGF-BB, PC-EVs release
VEGF to recipient endothelial cells (ECs). VEGF-A inhibits the expression of tight junction proteins
such as Ocln and Cln5 through an eNOS signaling pathway, inducing vascular leakage. EVs contain
various miRNAs that regulate BBB integrity when transferred to ECs. Among them, miR7b acts
by targeting SEMA6A/D, enhancing endothelial barrier function. Hypoxia-induced PC-EV release
increases Ocln and Cln5 protein expression by activating the PI3K/Akt pathway. The exact cargo of
the PC-EVs has not been reported. Ang-1 released by PC-EVs act on the Tie-2 receptor and promote
barrier function by enhancing Ocln gene expression. Ang-1/Tie2 targets the PI3/Akt signaling
pathway to promote the expression of cellular junction protein (VE-cadherin), thereby strengthening
the cellular architecture. LPS-induced secretion of inflammatory mediators (MMP9, chemokine)
and adhesion molecules (ICAM, VCAM) from PCs may promote vascular leakage. PC-EV content
released by stimulation with LPS has not yet been reported. The black arrow indicates identified
components and mechanism of action of PC-EVs, and the magenta arrow indicates hypothesized
Mechanism in PC-EVs based on identified mechanisms from other EVs. The blue arrow indicates
the speculative mechanism (miRNA: an acronym for micro RNA; PCs: pericyte; EVs: extracellular
vesicles; VEGF: Vascular endothelial growth factor; PI3K: phosphoinositide 3-kinase; Ocln: Occludin;
Cln5: Claudin-5; ICAM: intercellular adhesion molecule 1; VCAM: Vascular cell adhesion 1; MMPs:
matrix metalloproteinases; Ang-1: angiopoietin-1; BBB: Blood–brain barrier). “?” indicates the content
of the PC-EVs is not identified.
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2.3. Neuron Health

PCs protect neurons by protecting the endothelium, stabilizing the BBB, and releasing
neurotrophins [121]. PC death in pathological states results in BBB damage, often followed
by neuronal death and progression to neurodegenerative disease (ND) [120]. Promoting
neuronal survival is one of the key strategies in preventing ND. Recovery of neuronal
injury was recently shown to be associated with PC-EV mediated neuroprotection and
neurogenesis. Although PC-EV constituents were not identified, the protective mechanism
was shown associated with enhanced Bcl2 (anti-apoptotic) expression and inhibition of the
Bax apoptotic pathway [59]. In some instances, PC-EVs promoted neuron survival through
phosphorylation of Akt and eNOS and inhibited the JNK/jun-c cell death pathway [64].
The expression of neurotrophic factors like BDNF, NT-3, and NGF also promoted neuro-
genesis [64]. However, these results raise a question regarding the molecular pathways
involved in PC-EV-induced neuroprotection and neurodegeneration. It is well known that
PCs release several neurotrophic factors which accompany neuroprotection and neuro-
regeneration [58,63]. BDNF is, among them, a critical neurotrophic factor responsible for
the development of the nervous system. The BDNF is shown to have a role in neurogene-
sis, neuroprotection, neurodegeneration [122], synaptic plasticity [123], and resistance to
neuronal stress [124]. The mechanism of BDNF release from PCs, including its associated
pathway, is not fully understood. BDNF has been identified as one of the neurotrophic
growth factors released in PC-EVs [58]. The EV release mechanism enables BDNF to reach
recipient cells (neurons), targeting different intracellular compartments such as mitochon-
dria, cytoplasm, and endoplasmic reticulum to produce its neuroprotective effect. Indeed,
BDNF-specific binding to its receptors would have a strong neuroprotective effect. We
hypothesize that BDNF released from PC-EVs interacts with tropomyosin receptor kinase
B receptors. The BDNF is internalized upon ligand binding and then stimulates neurite
outgrowth, plastic behavior, and survival through MAPK, PLCy, and PI3K pathways [125]
(Figure 4). These pathways target the transcription factor CREB, which enhances BDNF
gene expression and further promotes survival, differentiation, and neurogenesis [125].
Clinical and preclinical experience suggests this ubiquitous growth factor plays an essential
role in schizophrenia [126], addiction [127], Rett syndrome [128], as well as other psychi-
atric and neurodevelopmental diseases [129,130]. The function of neurotrophic factors
in PC-EVs, including BDNF, is yet to be determined. However, the neuroprotective and
neurodegenerative roles of BDNF are well demonstrated in other cell-derived EVs, such
as MSC-derived EVs. MSC-derived EVs attenuate severe intraventricular hemorrhage
(IVH), and this protection is essentially mediated by BDNF transferred via EVs [131].
Exosome-delivered BDNF might be used as a therapy to attenuate hypoxia/reoxygenation
(H/R)-induced apoptosis [132]. The BDNF inhibits oxidative stress and helps maintain
mitochondrial membrane potential in brain cells damaged by ischemia or reperfusion
(I/R) [132]. Neurodegenerative diseases, including Parkinson’s disease and major depres-
sive disorder (MDD), are linked to alteration in exosomal BDNF [133,134]. Treatment of
MDD with antidepressant drugs increases exosomal BDNF and reduces MDD [134]. Since
an adequate level of BDNF is necessary to prevent neurodegenerative disease, PC-EVs
rich in BDNF might be used as a therapeutic strategy. PC-EVs also release other growth
factors such as bNGF, GDNF, PLGF, and PTN which also might be utilized in treatment of
neurodegenerative disease [58,64]. For instance, GDNF has been shown to be the most po-
tent neuroprotective and neurodegenerative agent in PD [135]. A study has demonstrated
that EVs loaded with GDNF have a strong neuroprotective effect [136]. Similarly, EVs
loaded with the neuroprotective agent NGF delivered the agent into an ischemic region
and ameliorated neuro-inflammation, reduced cell death, and promoted neurogenesis [137].
Growth factors like PTN [18,138] and PLGF [138] show promising neuroprotective effects
against neuron loss. Delivered in EVs they might be useful in providing protection against
neurodegenerative disease.
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Figure 4. Postulated mechanisms of PC-EVs in neuroprotection and neurogenesis. In response to
PDGF-BB, PC-EVs release BDNF to recipient neurons. BDNF targets TrkB receptors and activates
PLCγ, MAPK, and PI3K pathways to promote plasticity, growth, and survival. These pathways target
CREB transcription factors, enhancing BDNF gene expression and promoting survival, differentiation,
and neurogenesis. PC-EV release of growth factors such as GDNF, PTN, and NGF also protects
against neurodegenerative pathology. PC-EVs enhance the expression of BcL2 for survival and inhibit
both Bax apoptosis and the JNK/jun-c cell death pathway, thus promoting neuronal survival. PC-EVs
released from pericytes also increase the expression of growth factors, including BDNF, NT-3, and
NGF, which encourage neurogenesis. PC-EV phosphorylated Akt and eNOS promote neuronal
survival. “?” indicates the content of the PC-EVs is not identified. Various miRNAs transferred to
neurons may also promote neuronal survival and neurogenesis. “?” means the pathway is unknown.
The black arrow indicates identified mechanism, the magenta arrow indicates the hypothesized
Mechanism in PC-EVs based on the mechanism identified in other EVs, and the blue arrow indicates
the speculative mechanism (miRNA: an acronym for micro RNA; PCs: pericyte; EVs: extracellular
vesicles; BDNF: Brain-derived neurotrophic factor; NGF: nerve growth factor; GDNF: Glial cell-
derived neurotrophic factor; NT-3: Neurotrophin-3; JNK: c-Jun N-terminal kinase; MAPK: Mitogen-
activated protein kinase; PI3K: Phosphoinositide 3-kinase; eNOS: endothelial nitric oxide synthase;
TrkB: Tropomyosin receptor kinase B; PDGF: Platelet-derived growth factor).
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PCs respond to inflammatory conditions by releasing a subset of inflammatory me-
diators that facilitate cell survival, regeneration, or inflammation [63,69,139]. Secretome
analysis shows PC- EVs to release different cytokines, including Il-6, Il-10, Il-8, or MCP-1,
in both the unstimulated and stimulated conditions [58,63]. Studies demonstrate that these
inflammatory mediators may play a role in neuroprotection. For instance, IL-6 facilitates
motor neuron survival in preclinical animal models of motor neuron disease by enhancing
BDNF release [140,141]. Damaged peripheral nerves are repaired [142,143], and IL-6 affects
the long-term potentiation activity of neurons [144]. Similarly, PC secretion of IL-10 is
known for its immunoregulatory and anti-inflammatory activities. The BBB is strengthened
by inhibiting the impairment of tight junctions and downregulating claudin-4 expres-
sion [145]. The secretion of IL-10 could also have favorable effects in other states, such as
neurological disorders and inflammation. When blood vessel integrity is affected, PC-EV
secretion of inflammatory cytokines such as MCP-1 and IL-8 may also harm health [146,147].
MCP-1 is implicated in several CNS inflammatory states, such as stroke [148], meningi-
tis [149], and multiple sclerosis [150,151]. It regulates brain endothelial cell permeability
in vitro by altering tight junction (TJ) protein [150]. IL-8 is also involved in CNS diseases
such as meningitis [152] and atherosclerosis [153]. The Il-8 increases BBB permeability
and, in the latter, participates in the production of atherosclerotic plaque. Lastly, miRNA
could be the target for PC-EV-mediated neuroprotection. miR29a, miR15b, and miR200,
identified in PC-EVs [60], are believed to contribute to neuroprotection through inhibition
of apoptotic signaling [154]. While PC-EVs release many miRNAs, the function of these
miRNAs is, in general, unknown. Investigating the role of miRNAs derived from PC-EVs
is needed if their therapeutic potential in treating neurodegeneration is to be unlocked.

3. Therapeutic Potential of PC-EVs

Ongoing EV-based clinical trials investigate EVs as diagnostic, prognostic biomarkers,
and therapeutic agents for various diseases, including neurodegenerative and vascular
diseases. Mesenchymal stem cells (MSCs), dendritic cells (DCs), and tumor cell-derived
EVs are under clinical trial for their therapeutic applications. While most clinical trials
use these sources for therapeutic EVs, a rapidly increasing number of studies are also
investigating pericytes as primary sources of therapeutic EVs. Here, we proceed to describe
the potential role of PC-EVs in treating neuronal and vascular disease.

3.1. CNS Disease
Parkinson’s Disease

Parkinson’s disease is a brain disorder associated with a dopaminergic deficiency that
causes unintended and uncontrollable movement [155]. Although no cure for Parkinson’s
disease is known, medication, surgical treatment, and other therapies can often relieve
some of its symptoms. Growth factors such as GDNF have been shown to promote neu-
roprotection from the toxic insult and regeneration of neurons damaged by Parkinson’s
disease [156,157]. GDNF treatment protected and restored DA neurons in rodent and aged
primate models of PD [156,158,159]. Earlier studies used genetically modified autologous
macrophages for active targeted delivery of GDNF through EVs to preserve DA neural
degradation [159]. These results demonstrate the promise of regulating BDNF, GDNF, or
other growth factors secreted in PC-EVs. These results suggest novel therapeutic strategies
to promote brain or peripheral nerve regeneration and treat Parkinson’s disease. The ad-
ministration of PDGF-BB has recently been investigated in phase 1/2a clinical trials against
Parkinson’s disease [135]. PCs under stimulation of PDGF-BB secretome induce neuro-
restorative mechanisms in Parkinson’s disease and partially restore tyrosine hydroxylase
positive nerve fibers by improving dopamine-transporter binding. The effect is mediated
by normalizing abnormal vasculature in Parkinson’s disease [136]. PDGF-BB activation
may release multiple growth factors via PC-EVs that support vascular stability and neuro-
protection. Growth factors, including BDNF and GDNF, have shown promise in enhancing
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the survival of dopaminergic neurons and improving dopaminergic neurotransmission
and motor performance [137].

3.2. Peripheral Neuropathy
3.2.1. Spinal Cord Injury

Spinal cord injury (SCI) often leads to paralysis, and therapies to treat SCI are still
challenging for researchers and physicians (references). Transplantation of mesenchymal
stem cells (MSCs) is a promising treatment for SCI, but problems like immunological
rejection and tumor formation are still to be resolved. Some studies have shown that EVs
derived from MSCs protect the SCI by enhancing the survival of PCs and improving the
integrity of the blood–spinal cord barrier. Yuan et al. first described the protective role of
EVs derived from PCs in SCI [59]. In the study, PC-EVs were transplanted into mice with
SCI to study the restoration of motor function and explore the underlying mechanism.

Interestingly, PC-EVs reduced pathological changes, improved motor function, and in-
creased blood flow and oxygen to the damaged area after SCI. In addition, PC-EVs enhanced
endothelial function, protected the blood-spinal cord barrier, and reduced edema [59]. The
mechanism entailed attenuating the expression of HIF-1a (endothelial survival), Bax (apop-
tosis), Aquaporin 4 (edema), and MMP2 (BBB) [160]. The treatment also increased the
expression of claudin 5 (tight junctions) and bcl-2 and inhibited apoptosis. A corresponding
in vitro study showed that PC-EVs could protect the endothelial blood-spinal cord barrier
and endothelial cells under hypoxic conditions through a PTEN/AKT pathway.

3.2.2. Erectile Dysfunction

Studies have shown that PCs may promote axonal regeneration and barrier function
in a mouse model of erectile dysfunction [161]. Yin et al. demonstrated that PC-derived
extracellular vesicle-mimetic nanovesicles (NV) extracted from cavernous mouse tissue
significantly improved erectile dysfunction and recovery of the peripheral nerve injury [61].
PC-NVs significantly promoted angiogenesis and Schwann cell migration, pelvic ganglion
neurite sprouting, and improved dorsal root ganglion movement. Treatment with PC-
NVs significantly ameliorated erectile dysfunction and provided functional recovery of
the peripheral nerve injury, improving motor and sensory function [62]. The mechanism
is associated with cell survival signaling (Akt and eNOS) and enhanced expression of
neurotrophic factors (BDNF, NT-3, and nerve growth factor).

3.3. Diabetic Retinopathy

Diabetic retinopathy (DR) is a complication of diabetes that can cause vision loss and
blindness. Pathological DR-associated changes include PC loss, impairment of the blood-
retina barrier, endothelial dysfunction, and basement membrane thickening [162,163]. Liu
et al. recently reported that diabetes-related stress upregulates circRNA expression, such as
cPWWP2A, in PC-derived EVs [83]. An in vivo study has shown the promise of cPWWP2A
overexpression in alleviating retinal vascular dysfunction [82,83]. The cPWWP2A alleviated
diabetes mellitus-induced retinal vascular dysfunction by inhibiting miR579 activity. The
miR579 inhibition leads to higher expression of Ang-1, occludin, and SIRT1. The study
also revealed a novel mechanism by which exosomal circRNAs such as circEhmt1 play a
protective role in the DR that accompanies retinal microvascular dysfunction. The studies
are suggestive PC-EVs carrying circRNA could be targeted to activate signaling pathways
to treat diabetic retinopathy.

3.4. Infection

Sepsis is an ever-present risk of severe disease which can accompany infection. Treat-
ment strategies are limited. PC-derived EVs have been reported to be therapeutically useful
in cases of sepsis [64]. PC-EVs can protect vascular endothelial cells (VECs) from injury
through exosomal delivery of CTGF from PCs to VECs. The CTGF protects pulmonary
vascular function in sepsis by promoting proliferation and angiogenesis through activation
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of the CTGF-ERK1/2-STAT3 pathway. These studies suggest PC-derived EVs might be
used to target and activate signaling pathways as an adjunct in treating infection [64].

3.5. Muscle Atrophy

Limb immobilization for an extended period in the elderly can result in muscle at-
rophy [164,165]. Earlier studies in mice had suggested that prolonged oxidative stress
during immobilization reduces the recovery capacity of skeletal muscles. In such cases,
the muscle-resident PCs become dysfunctional and lose antioxidant defense with disuse.
Wu et al. demonstrate that H2O2-primed PC-EVs improve the recovery of young and
aged muscles after prolonged inactivity (reference here). Proteomic analysis of the EVs
differentially detected regulators of proteins associated with ECM and anti-inflammatory
and antioxidant processes [166]. This study demonstrated that PC-EVs could also stimu-
late signaling pathways to reduce oxidative stress and restore ECM, indicating utility in
therapeutic strategies against disease and aging-related oxidative stress.

4. Conclusions and Future Perspectives

PC-EVs are a recent discovery. Mechanisms underlying PC-EV-related vascular-
neuronal dysfunction are not yet known; the therapeutic potential of PC-EVs has not been
validated for many neurodegenerative disorders. Vascular injury-induced inflammatory
cytokine release could damage vascular and neuronal tissues. However, PC-EVs promise
new therapeutic approaches and many new options for managing the neurodegenerative
disease associated with vascular damage. Some of these are shown in Figure 5. PC-EVs
released under physiological conditions mediate their effect through the cargo they carry.
The cargo includes angiogenic growth factors (FGF-2, VEGF) and neurotrophic growth fac-
tors (BDNF, NGF, and GDNF) [58]. The proteins carried by PC-EVs have a range of effects.
These include activating signaling pathways, promoting the survival of PCs, ECs, and
neurons, regulating neurogenesis and angiogenesis, and contributing to synaptic plasticity
and cognitive function. Loss of PCs in various disease states can disrupt the blood–tissue
barrier, cause endothelial cell dysfunction, or lead to neurodegeneration [167]. Treatment
with PC-EVs can be utilized in therapeutic approaches to prevent vascular or neurological
damage associated with neurodegenerative diseases such as Alzheimer’s disease (AD)
by their effects on cell survival, angiogenesis, BBB integrity, CBF, and neuroprotection.
Most excitingly, EVs shed by PCs also contain miRNAs that promote angiogenesis, BBB
integrity, and neuronal survival. Intravenous or intranasal administration of EVs shed by
naive or stimulated PCs could have significant therapeutic effects in conditions such as
aging-related disease, AD, PD, peripheral nerve injury, and diabetic retinopathy. Further
research on EVs will undoubtedly gain us a better understanding of PC mechanisms and
further open new clinical applications.

Although the therapeutic protective effect of PC-EVs derived from different PC sources
is reported both in vitro and in vivo, several constraints need to be overcome if progress
is to be made toward the therapeutic use of PC-EVs in modulating angiogenesis, BBB
integrity, and neuroprotection/neurogenesis. We need standardized isolation and purifica-
tion methods, protocols for efficient drug loading and safety, and potency and end-product
quality control standards. In addition, as the progenitors of PCs are tissue-specific, so is
their function [168,169]. In sum, the correct choice of PC-EV source could be challenging.
EVs isolated from PCs from different tissue sources may show variable protein, RNA, and
lipid content. Thus, the impact of PC-EV heterogeneity on therapeutic efficiency needs to
be further revealed. Secondly, PC-EV to recipient cells’ biogenesis, secretion mechanism,
and fusion mechanism are still unclear. Understanding such mechanisms would provide
a significant opportunity to manipulate their characteristics, composition, and cell inter-
action to further advance their therapeutic applications. Like other cell-derived EVs, the
detrimental effect of the PC-EVs has not been elucidated yet. For instance, EVs have the
potential to carry cargoes such as misfolded and mutant proteins related to neurodegen-
erative disease [170]. Characterizing PC-EVs composition during both physiological and
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pathological states is beneficial for discerning the progression of neurodegenerative disease.
Once these limitations are overcome, PC-EVs could be used as a potential therapeutic agent
in vascular and neurological disorders.
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damage associated with neurodegenerative disease. 

Author Contributions: K.S. wrote, formulated tables and illustration and edited the manuscripts. 
Y.Z., K.R.P., A.K. and P.M.H. edited the manuscript. X.S. conceptualize the work, edited the manu-
scripts, acquired funding and supervised the study. All authors have read and agreed to the pub-
lished version of the manuscripts. 

Funding: This work was supported by NIH/NIDCD under Grant R01 DC015781 (X. Shi) and R01-
DC010844 (X. Shi). 

Institutional Review Board Statement: Not applicable 

Informed Consent Statement: Not applicable 

Data Availability Statement:  

Conflicts of Interest: The authors declare no conflict of interest 

References 
1. Winkler, E.A.; Bell, R.D.; Zlokovic, B.V. Central nervous system pericytes in health and disease. Nat. Neurosci. 2011, 14, 1398–

1405. https://doi.org/10.1038/nn.2946. 
2. Armulik, A.; Genové, G.; Betsholtz, C. Pericytes: Developmental, physiological, and pathological perspectives, problems, and 

promises. Dev. Cell 2011, 21, 193–215. https://doi.org/10.1016/j.devcel.2011.07.001. 

Figure 5. PC-EVs are essential for vascular health, blood–brain barrier integrity, and neuronal health.
(A) PDGF-BB stimulated the release of PC-EVs to exert effects on neighboring ECs and neurons
or through the bloodstream on distant cells. The transport of EVs is key for maintaining vascular
and neuronal health. (B) Vascular disease associated with neurodegenerative disease, e.g., AD, is
caused by, a; pericyte detachment and loss, b; EC death, c; BBB disruption, d; release of inflammatory
cytokines, e; neuroinflammation and neuron death. (C) Delivery PC-EVs in certain disease conditions
could also restore vascular-neural damage and repair the pathology associated with the vascular
damage. PCs stimulated with PDGF-BB, for example, release EVs that prevent vascular damage
associated with neurodegenerative disease.

Author Contributions: K.S. wrote, formulated tables and illustration and edited the manuscripts.
Y.Z., K.R.P., A.K. and P.M.H. edited the manuscript. X.S. conceptualize the work, edited the
manuscripts, acquired funding and supervised the study. All authors have read and agreed to
the published version of the manuscripts.

Funding: This work was supported by NIH/NIDCD under Grant R01 DC015781 (X. Shi) and
R01-DC010844 (X. Shi).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Winkler, E.A.; Bell, R.D.; Zlokovic, B.V. Central nervous system pericytes in health and disease. Nat. Neurosci. 2011, 14, 1398–1405.

[CrossRef] [PubMed]
2. Armulik, A.; Genové, G.; Betsholtz, C. Pericytes: Developmental, physiological, and pathological perspectives, problems, and

promises. Dev. Cell 2011, 21, 193–215. [CrossRef] [PubMed]
3. Daneman, R.; Zhou, L.; Kebede, A.A.; Barres, B.A. Pericytes are required for blood-brain barrier integrity during embryogenesis.

Nature 2010, 468, 562–566. [CrossRef]
4. Sweeney, M.D.; Ayyadurai, S.; Zlokovic, B.V. Pericytes of the neurovascular unit: Key functions and signaling pathways. Nat.

Neurosci. 2016, 19, 771–783. [CrossRef]
5. Cao, L.; Zhou, Y.; Chen, M.; Li, L.; Zhang, W. Pericytes for Therapeutic Approaches to Ischemic Stroke. Front. Neurosci. 2021,

15, 629297. [CrossRef]
6. Dalkara, T.; Alarcon-Martinez, L.; Yemisci, M. Pericytes in Ischemic Stroke. In Pericyte Biology in Disease; Birbrair, A., Ed.; Springer:

Cham, Switzerland, 2019; pp. 189–213. [CrossRef]
7. O’Farrell, F.M.; Mastitskaya, S.; Hammond-Haley, M.; Freitas, F.; Wah, W.R.; Attwell, D. Capillary pericytes mediate coronary

no-reflow after myocardial ischaemia. eLife 2017, 6, e29280. [CrossRef]

http://doi.org/10.1038/nn.2946
http://www.ncbi.nlm.nih.gov/pubmed/22030551
http://doi.org/10.1016/j.devcel.2011.07.001
http://www.ncbi.nlm.nih.gov/pubmed/21839917
http://doi.org/10.1038/nature09513
http://doi.org/10.1038/nn.4288
http://doi.org/10.3389/fnins.2021.629297
http://doi.org/10.1007/978-3-030-16908-4_9
http://doi.org/10.7554/eLife.29280


Cells 2022, 11, 3108 17 of 23

8. Li, P.; Wu, Y.; Hamlett, E.D.; Goodwin, A.J.; Halushka, P.V.; Carroll, S.L.; Liu, M.; Fan, H. Suppression of Fli-1 protects against
pericyte loss and cognitive deficits in Alzheimer’s disease. Mol. Ther. 2022, 30, 1451–1464. [CrossRef]

9. Meng, M.B.; Zaorsky, N.G.; Deng, L.; Wang, H.H.; Chao, J.; Zhao, L.J.; Yuan, Z.Y.; Ping, W. Pericytes: A double-edged sword in
cancer therapy. Future Oncol. 2015, 11, 169–179. [CrossRef]

10. Attwell, D.; Mishra, A.; Hall, C.N.; O’Farrell, F.M.; Dalkara, T. What is a pericyte? J. Cereb. Blood Flow Metab. 2016, 36, 451–455.
[CrossRef]

11. Zimmermann, K.W. Der feinere bau der blutcapillaren. Z. Anat. Entwickl. 1923, 68, 29–109. [CrossRef]
12. Yamazaki, T.; Mukouyama, Y.-S. Tissue Specific Origin, Development, and Pathological Perspectives of Pericytes. Front. Cardiovasc.

Med. 2018, 5, 78. [CrossRef]
13. Jung, B.; Arnold, T.D.; Raschperger, E.; Gaengel, K.; Betsholtz, C. Visualization of vascular mural cells in developing brain using

genetically labeled transgenic reporter mice. J. Cereb. Blood Flow Metab. 2018, 38, 456–468. [CrossRef]
14. Ma, Q.; Zhao, Z.; Sagare, A.P.; Wu, Y.; Wang, M.; Owens, N.C.; Verghese, P.B.; Herz, J.; Holtzman, D.M.; Zlokovic, B.V. Blood-brain

barrier-associated pericytes internalize and clear aggregated amyloid-β42 by LRP1-dependent apolipoprotein E isoform-specific
mechanism. Mol. Neurodegener. 2018, 13, 57. [CrossRef]

15. Lindblom, P.; Gerhardt, H.; Liebner, S.; Abramsson, A.; Enge, M.; Hellstrom, M.; Backstrom, G.; Fredriksson, S.; Landegren, U.;
Nystrom, H.C.; et al. Endothelial PDGF-B retention is required for proper investment of pericytes in the microvessel wall. Genes
Dev. 2003, 17, 1835–1840. [CrossRef]

16. Török, O.; Schreiner, B.; Schaffenrath, J.; Tsai, H.-C.; Maheshwari, U.; Stifter, S.A.; Welsh, C.; Amorim, A.; Sridhar, S.; Utz, S.G.;
et al. Pericytes regulate vascular immune homeostasis in the CNS. Proc. Natl. Acad. Sci. USA 2021, 118, e2016587118. [CrossRef]

17. Buch, T.; Heppner, F.L.; Tertilt, C.; Heinen, T.J.; Kremer, M.; Wunderlich, F.T.; Jung, S.; Waisman, A. A Cre-inducible diphtheria
toxin receptor mediates cell lineage ablation after toxin administration. Nat. Methods 2005, 2, 419–426. [CrossRef]

18. Nikolakopoulou, A.M.; Montagne, A.; Kisler, K.; Dai, Z.; Wang, Y.; Huuskonen, M.T.; Sagare, A.P.; Lazic, D.; Sweeney, M.D.;
Kong, P.; et al. Pericyte loss leads to circulatory failure and pleiotrophin depletion causing neuron loss. Nat. Neurosci. 2019, 22,
1089–1098. [CrossRef]

19. Hill, R.A.; Tong, L.; Yuan, P.; Murikinati, S.; Gupta, S.; Grutzendler, J. Regional blood flow in the normal and ischemic brain is
controlled by arteriolar smooth muscle cell contractility and not by capillary pericytes. Neuron 2015, 87, 95–110. [CrossRef]

20. Alex, L.; Tuleta, I.; Harikrishnan, V.; Frangogiannis, N.G. Validation of Specific and Reliable Genetic Tools to Identify, Label, and
Target Cardiac Pericytes in Mice. J. Am. Heart Assoc. 2022, 11, e023171. [CrossRef]

21. Dias Moura Prazeres, P.H.; Sena, I.F.G.; Borges, I.d.T.; de Azevedo, P.O.; Andreotti, J.P.; de Paiva, A.E.; de Almeida, V.M.;
de Paula Guerra, D.A.; Pinheiro Dos Santos, G.S.; Mintz, A.; et al. Pericytes are heterogeneous in their origin within the same
tissue. Dev. Biol. 2017, 427, 6–11. [CrossRef]

22. Asahina, K.; Zhou, B.; Pu, W.T.; Tsukamoto, H. Septum transversum-derived mesothelium gives rise to hepatic stellate cells and
perivascular mesenchymal cells in developing mouse liver. Hepatology 2011, 53, 983–995. [CrossRef]

23. Wilm, B.; Ipenberg, A.; Hastie, N.D.; Burch, J.B.; Bader, D.M. The serosal mesothelium is a major source of smooth muscle cells of
the gut vasculature. Development 2005, 132, 5317–5328. [CrossRef]

24. Que, J.; Wilm, B.; Hasegawa, H.; Wang, F.; Bader, D.; Hogan, B.L. Mesothelium contributes to vascular smooth muscle and
mesenchyme during lung development. Proc. Natl. Acad. Sci. USA 2008, 105, 16626–16630. [CrossRef]

25. Yamamoto, S.; Muramatsu, M.; Azuma, E.; Ikutani, M.; Nagai, Y.; Sagara, H.; Koo, B.-N.; Kita, S.; O’Donnell, E.; Osawa, T.; et al. A
subset of cerebrovascular pericytes originates from mature macrophages in the very early phase of vascular development in CNS.
Sci. Rep. 2017, 7, 3855. [CrossRef] [PubMed]

26. Stebbins, M.J.; Gastfriend, B.D.; Canfield, S.G.; Lee, M.S.; Richards, D.; Faubion, M.G.; Li, W.J.; Daneman, R.; Palecek, S.P.;
Shusta, E.V. Human pluripotent stem cell-derived brain pericyte-like cells induce blood-brain barrier properties. Sci. Adv. 2019,
5, eaau7375. [CrossRef]

27. Farrington-Rock, C.; Crofts, N.J.; Doherty, M.J.; Ashton, B.A.; Griffin-Jones, C.; Canfield, A.E. Chondrogenic and Adipogenic
Potential of Microvascular Pericytes. Circulation 2004, 110, 2226–2232. [CrossRef] [PubMed]

28. Supakul, S.; Yao, K.; Ochi, H.; Shimada, T.; Hashimoto, K.; Sunamura, S.; Mabuchi, Y.; Tanaka, M.; Akazawa, C.; Nakamura, T.;
et al. Pericytes as a Source of Osteogenic Cells in Bone Fracture Healing. Int. J. Mol. Sci. 2019, 20, 1079. [CrossRef]

29. Nakagomi, T.; Kubo, S.; Nakano-Doi, A.; Sakuma, R.; Lu, S.; Narita, A.; Kawahara, M.; Taguchi, A.; Matsuyama, T. Brain vascular
pericytes following ischemia have multipotential stem cell activity to differentiate into neural and vascular lineage cells. Stem
Cells 2015, 33, 1962–1974. [CrossRef]

30. Sakuma, R.; Kawahara, M.; Nakano-Doi, A.; Takahashi, A.; Tanaka, Y.; Narita, A.; Kuwahara-Otani, S.; Hayakawa, T.; Yagi, H.;
Matsuyama, T.; et al. Brain pericytes serve as microglia-generating multipotent vascular stem cells following ischemic stroke. J.
Neuroinflamm. 2016, 13, 57. [CrossRef]

31. Yáñez-Mó, M.; Siljander, P.R.M.; Andreu, Z.; Zavec, A.B.; Borràs, F.E.; Buzas, E.I.; Buzas, K.; Casal, E.; Cappello, F.; Carvalho, J.;
et al. Biological properties of extracellular vesicles and their physiological functions. J. Extracell. Vesicles 2015, 4, 27066. [CrossRef]

32. Berumen Sánchez, G.; Bunn, K.E.; Pua, H.H.; Rafat, M. Extracellular vesicles: Mediators of intercellular communication in tissue
injury and disease. Cell Commun. Signal. 2021, 19, 104. [CrossRef]

33. Willms, E.; Cabañas, C.; Mäger, I.; Wood, M.J.A.; Vader, P. Extracellular Vesicle Heterogeneity: Subpopulations, Isolation
Techniques, and Diverse Functions in Cancer Progression. Front. Immunol. 2018, 9, 738. [CrossRef]

http://doi.org/10.1016/j.ymthe.2022.01.023
http://doi.org/10.2217/fon.14.123
http://doi.org/10.1177/0271678X15610340
http://doi.org/10.1007/BF02593544
http://doi.org/10.3389/fcvm.2018.00078
http://doi.org/10.1177/0271678X17697720
http://doi.org/10.1186/s13024-018-0286-0
http://doi.org/10.1101/gad.266803
http://doi.org/10.1073/pnas.2016587118
http://doi.org/10.1038/nmeth762
http://doi.org/10.1038/s41593-019-0434-z
http://doi.org/10.1016/j.neuron.2015.06.001
http://doi.org/10.1161/JAHA.121.023171
http://doi.org/10.1016/j.ydbio.2017.05.001
http://doi.org/10.1002/hep.24119
http://doi.org/10.1242/dev.02141
http://doi.org/10.1073/pnas.0808649105
http://doi.org/10.1038/s41598-017-03994-1
http://www.ncbi.nlm.nih.gov/pubmed/28634350
http://doi.org/10.1126/sciadv.aau7375
http://doi.org/10.1161/01.CIR.0000144457.55518.E5
http://www.ncbi.nlm.nih.gov/pubmed/15466630
http://doi.org/10.3390/ijms20051079
http://doi.org/10.1002/stem.1977
http://doi.org/10.1186/s12974-016-0523-9
http://doi.org/10.3402/jev.v4.27066
http://doi.org/10.1186/s12964-021-00787-y
http://doi.org/10.3389/fimmu.2018.00738


Cells 2022, 11, 3108 18 of 23

34. Lässer, C.; Jang, S.C.; Lötvall, J. Subpopulations of extracellular vesicles and their therapeutic potential. Mol. Asp. Med. 2018,
60, 1–14. [CrossRef] [PubMed]

35. Kowal, J.; Arras, G.; Colombo, M.; Jouve, M.; Morath, J.P.; Primdal-Bengtson, B.; Dingli, F.; Loew, D.; Tkach, M.; Théry, C.
Proteomic comparison defines novel markers to characterize heterogeneous populations of extracellular vesicle subtypes. Proc.
Natl. Acad. Sci. USA 2016, 113, E968–E977. [CrossRef]

36. Théry, C.; Witwer, K.W.; Aikawa, E.; Alcaraz, M.J.; Anderson, J.D.; Andriantsitohaina, R.; Antoniou, A.; Arab, T.; Archer, F.;
Atkin-Smith, G.K. Minimal information for studies of extracellular vesicles 2018 (MISEV2018): A position statement of the
International Society for Extracellular Vesicles and update of the MISEV2014 guidelines. J. Extracell. Vesicles 2018, 7, 1535750.
[CrossRef]

37. Kalra, H.; Adda, C.G.; Liem, M.; Ang, C.S.; Mechler, A.; Simpson, R.J.; Hulett, M.D.; Mathivanan, S. Comparative proteomics
evaluation of plasma exosome isolation techniques and assessment of the stability of exosomes in normal human blood plasma.
Proteomics 2013, 13, 3354–3364. [CrossRef]

38. Zhang, Y.; Liu, Y.; Liu, H.; Tang, W.H. Exosomes: Biogenesis, biologic function and clinical potential. Cell Biosci. 2019, 9, 19.
[CrossRef]

39. Minciacchi, R.V.; Freeman, M.R.; Di Vizio, D. Extracellular vesicles in cancer: Exosomes, microvesicles and the emerging role of
large oncosomes. Semin Cell Dev Biol. 2015, 40, 41–51. [CrossRef]

40. Upadhya, R.; Zingg, W.; Shetty, S.; Shetty, A.K. Astrocyte-derived extracellular vesicles: Neuroreparative properties and role in
the pathogenesis of neurodegenerative disorders. J. Control. Release 2020, 323, 225–239. [CrossRef]

41. Li, S.-P.; Lin, Z.-X.; Jiang, X.-Y.; Yu, X.-Y. Exosomal cargo-loading and synthetic exosome-mimics as potential therapeutic tools.
Acta Pharmacol. Sin. 2018, 39, 542–551. [CrossRef]

42. Gurung, S.; Perocheau, D.; Touramanidou, L.; Baruteau, J. The exosome journey: From biogenesis to uptake and intracellular
signalling. Cell Commun. Signal. 2021, 19, 47. [CrossRef]

43. Verderio, C.; Gabrielli, M.; Giussani, P. Role of sphingolipids in the biogenesis and biological activity of extracellular vesicles. J.
Lipid Res. 2018, 59, 1325–1340. [CrossRef]

44. Kim, S.H.; Bianco, N.R.; Shufesky, W.J.; Morelli, A.E.; Robbins, P.D. Effective treatment of inflammatory disease models with
exosomes derived from dendritic cells genetically modified to express IL-4. J. Immunol. 2007, 179, 2242–2249. [CrossRef]

45. Charoenviriyakul, C.; Takahashi, Y.; Morishita, M.; Matsumoto, A.; Nishikawa, M.; Takakura, Y. Cell type-specific and common
characteristics of exosomes derived from mouse cell lines: Yield, physicochemical properties, and pharmacokinetics. Eur. J. Pharm.
Sci. 2017, 96, 316–322. [CrossRef]

46. Lakhal, S.; Wood, M.J. Exosome nanotechnology: An emerging paradigm shift in drug delivery: Exploitation of exosome
nanovesicles for systemic in vivo delivery of RNAi heralds new horizons for drug delivery across biological barriers. Bioessays
2011, 33, 737–741. [CrossRef]

47. Kooijmans, S.A.A.; de Jong, O.G.; Schiffelers, R.M. Exploring interactions between extracellular vesicles and cells for innovative
drug delivery system design. Adv. Drug Deliv. Rev. 2021, 173, 252–278. [CrossRef]

48. Zech, D.; Rana, S.; Büchler, M.W.; Zöller, M. Tumor-exosomes and leukocyte activation: An ambivalent crosstalk. Cell Commun.
Signal. 2012, 10, 37. [CrossRef]

49. Horibe, S.; Tanahashi, T.; Kawauchi, S.; Murakami, Y.; Rikitake, Y. Mechanism of recipient cell-dependent differences in exosome
uptake. BMC Cancer 2018, 18, 47. [CrossRef]

50. Buzás, E.I.; Tóth, E.; Sódar, B.W.; Szabó-Taylor, K. Molecular interactions at the surface of extracellular vesicles. Semin. Im-
munopathol. 2018, 40, 453–464. [CrossRef]

51. Chanteloup, G.; Cordonnier, M.; Isambert, N.; Bertaut, A.; Marcion, G.; Garrido, C.; Gobbo, J. Membrane-bound exosomal
HSP70 as a biomarker for detection and monitoring of malignant solid tumours: A pilot study. Pilot Feasibility Stud. 2020, 6, 35.
[CrossRef]

52. Müller, U. Exosome-mediated protection of auditory hair cells from ototoxic insults. J. Clin. Investig. 2020, 130, 2206–2208.
[CrossRef]

53. Guan, S.; Li, Q.; Liu, P.; Xuan, X.; Du, Y. Umbilical cord blood-derived dendritic cells loaded with BGC823 tumor antigens and
DC-derived exosomes stimulate efficient cytotoxic T-lymphocyte responses and antitumor immunity in vitro and in vivo. Cent.
Eur. J. Immunol. 2014, 39, 142–151. [CrossRef] [PubMed]

54. Mulcahy, L.A.; Pink, R.C.; Carter, D.R.F. Routes and mechanisms of extracellular vesicle uptake. J. Extracell. Vesicles 2014, 3, 24641.
[CrossRef] [PubMed]

55. Abels, E.R.; Breakefield, X.O. Introduction to Extracellular Vesicles: Biogenesis, RNA Cargo Selection, Content, Release, and
Uptake. Cell. Mol. Neurobiol. 2016, 36, 301–312. [CrossRef] [PubMed]

56. Kalluri, R.; LeBleu, V.S. The biology, function, and biomedical applications of exosomes. Science 2020, 367, eaau6977. [CrossRef]
[PubMed]

57. Engin, A. Dark-Side of Exosomes. Adv. Exp. Med. Biol. 2021, 1275, 101–131. [CrossRef]
58. Gaceb, A.; Özen, I.; Padel, T.; Barbariga, M.; Paul, G. Pericytes secrete pro-regenerative molecules in response to platelet-derived

growth factor-BB. J. Cereb. Blood Flow Metab. 2018, 38, 45–57. [CrossRef] [PubMed]
59. Yuan, X.; Wu, Q.; Wang, P.; Jing, Y.; Yao, H.; Tang, Y.; Li, Z.; Zhang, H.; Xiu, R. Exosomes Derived From Pericytes Improve

Microcirculation and Protect Blood-Spinal Cord Barrier After Spinal Cord Injury in Mice. Front. Neurosci. 2019, 13, 319. [CrossRef]

http://doi.org/10.1016/j.mam.2018.02.002
http://www.ncbi.nlm.nih.gov/pubmed/29432782
http://doi.org/10.1073/pnas.1521230113
http://doi.org/10.1080/20013078.2018.1535750
http://doi.org/10.1002/pmic.201300282
http://doi.org/10.1186/s13578-019-0282-2
http://doi.org/10.1016/j.semcdb.2015.02.010
http://doi.org/10.1016/j.jconrel.2020.04.017
http://doi.org/10.1038/aps.2017.178
http://doi.org/10.1186/s12964-021-00730-1
http://doi.org/10.1194/jlr.R083915
http://doi.org/10.4049/jimmunol.179.4.2242
http://doi.org/10.1016/j.ejps.2016.10.009
http://doi.org/10.1002/bies.201100076
http://doi.org/10.1016/j.addr.2021.03.017
http://doi.org/10.1186/1478-811X-10-37
http://doi.org/10.1186/s12885-017-3958-1
http://doi.org/10.1007/s00281-018-0682-0
http://doi.org/10.1186/s40814-020-00577-2
http://doi.org/10.1172/JCI135710
http://doi.org/10.5114/ceji.2014.43713
http://www.ncbi.nlm.nih.gov/pubmed/26155115
http://doi.org/10.3402/jev.v3.24641
http://www.ncbi.nlm.nih.gov/pubmed/25143819
http://doi.org/10.1007/s10571-016-0366-z
http://www.ncbi.nlm.nih.gov/pubmed/27053351
http://doi.org/10.1126/science.aau6977
http://www.ncbi.nlm.nih.gov/pubmed/32029601
http://doi.org/10.1007/978-3-030-49844-3_4
http://doi.org/10.1177/0271678X17719645
http://www.ncbi.nlm.nih.gov/pubmed/28741407
http://doi.org/10.3389/fnins.2019.00319


Cells 2022, 11, 3108 19 of 23

60. Wu, Q.; Yuan, X.; Li, B.; Yang, J.; Han, R.; Zhang, H.; Xiu, R. Differential miRNA expression analysis of extracellular vesicles from
brain microvascular pericytes in spontaneous hypertensive rats. Biotechnol. Lett. 2020, 42, 389–401. [CrossRef]

61. Yin, G.N.; Park, S.H.; Ock, J.; Choi, M.J.; Limanjaya, A.; Ghatak, K.; Song, K.M.; Kwon, M.H.; Kim, D.K.; Gho, Y.S.; et al.
Pericyte-Derived Extracellular Vesicle-Mimetic Nanovesicles Restore Erectile Function by Enhancing Neurovascular Regeneration
in a Mouse Model of Cavernous Nerve Injury. J. Sex. Med. 2020, 17, 2118–2128. [CrossRef]

62. Yin, G.N.; Shin, T.Y.; Ock, J.; Choi, M.J.; Limanjaya, A.; Kwon, M.H.; Liu, F.Y.; Hong, S.S.; Kang, J.H.; Gho, Y.S.; et al. Pericyte-
derived extracellular vesicles-mimetic nanovesicles improves peripheral nerve regeneration in mouse models of sciatic nerve
transection. Int. J. Mol. Med. 2022, 49, 18. [CrossRef] [PubMed]

63. Gaceb, A.; Barbariga, M.; Özen, I.; Paul, G. The pericyte secretome: Potential impact on regeneration. Biochimie 2018, 155, 16–25.
[CrossRef] [PubMed]

64. Zhou, H.; Zheng, D.; Wang, H.; Wu, Y.; Peng, X.; Li, Q.; Li, T.; Liu, L. The protective effects of pericyte-derived microvesicles on
vascular endothelial functions via CTGF delivery in sepsis. Cell Commun. Signal. 2021, 19, 115. [CrossRef] [PubMed]

65. Alcendor, D.J.; Charest, A.M.; Zhu, W.Q.; Vigil, H.E.; Knobel, S.M. Infection and upregulation of proinflammatory cytokines in
human brain vascular pericytes by human cytomegalovirus. J. Neuroinflamm. 2012, 9, 95. [CrossRef]

66. Su, H.; Cantrell, A.C.; Zeng, H.; Zhu, S.-H.; Chen, J.-X. Emerging Role of Pericytes and Their Secretome in the Heart. Cells 2021,
10, 548. [CrossRef] [PubMed]

67. Shi, Y.; Hu, G.; Su, J.; Li, W.; Chen, Q.; Shou, P.; Xu, C.; Chen, X.; Huang, Y.; Zhu, Z. Mesenchymal stem cells: A new strategy for
immunosuppression and tissue repair. Cell Res. 2010, 20, 510–518. [CrossRef] [PubMed]

68. Ghannam, S.; Bouffi, C.; Djouad, F.; Jorgensen, C.; Noël, D. Immunosuppression by mesenchymal stem cells: Mechanisms and
clinical applications. Stem Cell Res. Ther. 2010, 1, 2. [CrossRef]

69. Gaceb, A.; Paul, G. Pericyte Secretome. Adv. Exp. Med. Biol. 2018, 1109, 139–163. [CrossRef]
70. O’Brien, J.; Hayder, H.; Zayed, Y.; Peng, C. Overview of MicroRNA Biogenesis, Mechanisms of Actions, and Circulation. Front.

Endocrinol. 2018, 9, 402. [CrossRef]
71. Garcia-Contreras, M.; Shah, S.H.; Tamayo, A.; Robbins, P.D.; Golberg, R.B.; Mendez, A.J.; Ricordi, C. Plasma-derived exosome

characterization reveals a distinct microRNA signature in long duration Type 1 diabetes. Sci. Rep. 2017, 7, 5998. [CrossRef]
72. Hannafon, B.N.; Trigoso, Y.D.; Calloway, C.L.; Zhao, Y.D.; Lum, D.H.; Welm, A.L.; Zhao, Z.J.; Blick, K.E.; Dooley, W.C.; Ding, W.Q.

Plasma exosome microRNAs are indicative of breast cancer. Breast Cancer Res. 2016, 18, 90. [CrossRef] [PubMed]
73. Ebrahimkhani, S.; Vafaee, F.; Young, P.E.; Hur, S.S.J.; Hawke, S.; Devenney, E.; Beadnall, H.; Barnett, M.H.; Suter, C.M.;

Buckland, M.E. Exosomal microRNA signatures in multiple sclerosis reflect disease status. Sci. Rep. 2017, 7, 14293. [CrossRef]
[PubMed]

74. Wang, Z.-F.; Liao, F.; Wu, H.; Dai, J. Glioma stem cells-derived exosomal miR-26a promotes angiogenesis of microvessel endothelial
cells in glioma. J. Exp. Clin. Cancer Res. 2019, 38, 201. [CrossRef] [PubMed]

75. Xu, H.; Du, X.; Xu, J.; Zhang, Y.; Tian, Y.; Liu, G.; Wang, X.; Ma, M.; Du, W.; Liu, Y.; et al. Pancreatic β cell microRNA-26a
alleviates type 2 diabetes by improving peripheral insulin sensitivity and preserving β cell function. PLoS Biol. 2020, 18, e3000603.
[CrossRef]

76. Chen, Y.; Tian, Z.; He, L.; Liu, C.; Wang, N.; Rong, L.; Liu, B. Exosomes derived from miR-26a-modified MSCs promote axonal
regeneration via the PTEN/AKT/mTOR pathway following spinal cord injury. Stem Cell Res. Ther. 2021, 12, 224. [CrossRef]

77. Deng, L.; Blanco, F.J.; Stevens, H.; Lu, R.; Caudrillier, A.; McBride, M.; McClure, J.D.; Grant, J.; Thomas, M.; Frid, M.; et al.
MicroRNA-143 Activation Regulates Smooth Muscle and Endothelial Cell Crosstalk in Pulmonary Arterial Hypertension. Circ.
Res. 2015, 117, 870–883. [CrossRef]

78. Li, Q.; Nong, A.; Huang, Z.; Xu, Y.a.; He, K.; Jia, Y.; Huang, Y. Exosomes containing miR-122-5p secreted by LPS-induced
neutrophils regulate the apoptosis and permeability of brain microvascular endothelial cells by targeting OCLN. Am. J. Transl.
Res. 2021, 13, 4167–4181.

79. Lu, G.-D.; Cheng, P.; Liu, T.; Wang, Z. BMSC-Derived Exosomal miR-29a Promotes Angiogenesis and Osteogenesis. Front. Cell
Dev. Biol. 2020, 8, 608521. [CrossRef]

80. Ke, X.; Liao, Z.; Luo, X.; Chen, J.-Q.; Deng, M.; Huang, Y.; Wang, Z.; Wei, M. Endothelial colony-forming cell-derived exosomal
miR-21-5p regulates autophagic flux to promote vascular endothelial repair by inhibiting SIPL1A2 in atherosclerosis. Cell Commun.
Signal. 2022, 20, 30. [CrossRef]

81. Verduci, L.; Tarcitano, E.; Strano, S.; Yarden, Y.; Blandino, G. CircRNAs: Role in human diseases and potential use as biomarkers.
Cell Death Dis. 2021, 12, 468. [CrossRef]

82. He, A.T.; Liu, J.; Li, F.; Yang, B.B. Targeting circular RNAs as a therapeutic approach: Current strategies and challenges. Signal.
Transduct. Target. Ther. 2021, 6, 185. [CrossRef]

83. Liu, C.; Ge, H.-M.; Liu, B.-H.; Dong, R.; Shan, K.; Chen, X.; Yao, M.-D.; Li, X.-M.; Yao, J.; Zhou, R.-M. Targeting pericyte–endothelial
cell crosstalk by circular RNA-cPWWP2A inhibition aggravates diabetes-induced microvascular dysfunction. Proc. Natl. Acad.
Sci. USA 2019, 116, 7455–7464. [CrossRef] [PubMed]

84. Ye, L.; Guo, H.; Wang, Y.; Peng, Y.; Zhang, Y.; Li, S.; Yang, M.; Wang, L. Exosomal circEhmt1 Released from Hypoxia-Pretreated
Pericytes Regulates High Glucose-Induced Microvascular Dysfunction via the NFIA/NLRP3 Pathway. Oxid. Med. Cell. Longev.
2021, 2021, 8833098. [CrossRef] [PubMed]

http://doi.org/10.1007/s10529-019-02788-x
http://doi.org/10.1016/j.jsxm.2020.07.083
http://doi.org/10.3892/ijmm.2021.5073
http://www.ncbi.nlm.nih.gov/pubmed/34935051
http://doi.org/10.1016/j.biochi.2018.04.015
http://www.ncbi.nlm.nih.gov/pubmed/29698670
http://doi.org/10.1186/s12964-021-00795-y
http://www.ncbi.nlm.nih.gov/pubmed/34784912
http://doi.org/10.1186/1742-2094-9-95
http://doi.org/10.3390/cells10030548
http://www.ncbi.nlm.nih.gov/pubmed/33806335
http://doi.org/10.1038/cr.2010.44
http://www.ncbi.nlm.nih.gov/pubmed/20368733
http://doi.org/10.1186/scrt2
http://doi.org/10.1007/978-3-030-02601-1_11
http://doi.org/10.3389/fendo.2018.00402
http://doi.org/10.1038/s41598-017-05787-y
http://doi.org/10.1186/s13058-016-0753-x
http://www.ncbi.nlm.nih.gov/pubmed/27608715
http://doi.org/10.1038/s41598-017-14301-3
http://www.ncbi.nlm.nih.gov/pubmed/29084979
http://doi.org/10.1186/s13046-019-1181-4
http://www.ncbi.nlm.nih.gov/pubmed/31101062
http://doi.org/10.1371/journal.pbio.3000603
http://doi.org/10.1186/s13287-021-02282-0
http://doi.org/10.1161/CIRCRESAHA.115.306806
http://doi.org/10.3389/fcell.2020.608521
http://doi.org/10.1186/s12964-022-00828-0
http://doi.org/10.1038/s41419-021-03743-3
http://doi.org/10.1038/s41392-021-00569-5
http://doi.org/10.1073/pnas.1814874116
http://www.ncbi.nlm.nih.gov/pubmed/30914462
http://doi.org/10.1155/2021/8833098
http://www.ncbi.nlm.nih.gov/pubmed/33815662


Cells 2022, 11, 3108 20 of 23

85. Brown, L.S.; Foster, C.G.; Courtney, J.-M.; King, N.E.; Howells, D.W.; Sutherland, B.A. Pericytes and Neurovascular Function in
the Healthy and Diseased Brain. Front. Cell. Neurosci. 2019, 13, 282. [CrossRef] [PubMed]

86. Zheng, Z.; Chopp, M.; Chen, J. Multifaceted roles of pericytes in central nervous system homeostasis and disease. J. Cereb. Blood
Flow Metab. 2020, 40, 1381–1401. [CrossRef] [PubMed]

87. Richner, M.; Ferreira, N.; Dudele, A.; Jensen, T.S.; Vaegter, C.B.; Gonçalves, N.P. Functional and Structural Changes of the
Blood-Nerve-Barrier in Diabetic Neuropathy. Front. Neurosci. 2019, 12, 1038. [CrossRef]

88. Mayo, J.N.; Bearden, S.E. Driving the Hypoxia-Inducible Pathway in Human Pericytes Promotes Vascular Density in an Exosome-
Dependent Manner. Microcirculation 2015, 22, 711–723. [CrossRef]

89. Todorova, D.; Simoncini, S.; Lacroix, R.; Sabatier, F.; Dignat-George, F. Extracellular Vesicles in Angiogenesis. Circ. Res. 2017, 120,
1658–1673. [CrossRef]

90. Wang, L.H.; Tsai, H.C.; Cheng, Y.C.; Lin, C.Y.; Huang, Y.L.; Tsai, C.H.; Xu, G.H.; Wang, S.W.; Fong, Y.C.; Tang, C.H. CTGF
promotes osteosarcoma angiogenesis by regulating miR-543/angiopoietin 2 signaling. Cancer Lett. 2017, 391, 28–37. [CrossRef]

91. Ramazani, Y.; Knops, N.; Elmonem, M.A.; Nguyen, T.Q.; Arcolino, F.O.; van den Heuvel, L.; Levtchenko, E.; Kuypers, D.;
Goldschmeding, R. Connective tissue growth factor (CTGF) from basics to clinics. Matrix Biol. 2018, 68–69, 44–66. [CrossRef]

92. Brill, A.; Dashevsky, O.; Rivo, J.; Gozal, Y.; Varon, D. Platelet-derived microparticles induce angiogenesis and stimulate post-
ischemic revascularization. Cardiovasc. Res. 2005, 67, 30–38. [CrossRef] [PubMed]

93. Kim, H.K.; Song, K.S.; Chung, J.H.; Lee, K.R.; Lee, S.N. Platelet microparticles induce angiogenesis in vitro. Br. J. Haematol. 2004,
124, 376–384. [CrossRef] [PubMed]

94. Han, Y.; Ren, J.; Bai, Y.; Pei, X.; Han, Y. Exosomes from hypoxia-treated human adipose-derived mesenchymal stem cells enhance
angiogenesis through VEGF/VEGF-R. Int. J. Biochem. Cell Biol. 2019, 109, 59–68. [CrossRef] [PubMed]

95. Taraboletti, G.; D’Ascenzo, S.; Giusti, I.; Marchetti, D.; Borsotti, P.; Millimaggi, D.; Giavazzi, R.; Pavan, A.; Dolo, V. Bioavailability
of VEGF in tumor-shed vesicles depends on vesicle burst induced by acidic pH. Neoplasia 2006, 8, 96–103. [CrossRef] [PubMed]

96. Proia, P.; Schiera, G.; Mineo, M.; Ingrassia, A.M.; Santoro, G.; Savettieri, G.; Di Liegro, I. Astrocytes shed extracellular vesicles that
contain fibroblast growth factor-2 and vascular endothelial growth factor. Int. J. Mol. Med. 2008, 21, 63–67. [CrossRef]

97. Ko, S.Y.; Lee, W.; Kenny, H.A.; Dang, L.H.; Ellis, L.M.; Jonasch, E.; Lengyel, E.; Naora, H. Cancer-derived small extracellular
vesicles promote angiogenesis by heparin-bound, bevacizumab-insensitive VEGF, independent of vesicle uptake. Commun. Biol.
2019, 2, 386. [CrossRef]

98. Kuriyama, N.; Yoshioka, Y.; Kikuchi, S.; Azuma, N.; Ochiya, T. Extracellular Vesicles Are Key Regulators of Tumor Neovasculature.
Front. Cell Dev. Biol. 2020, 8, 611039. [CrossRef]

99. Ko, S.Y.; Naora, H. Extracellular Vesicle Membrane-Associated Proteins: Emerging Roles in Tumor Angiogenesis and Anti-
Angiogenesis Therapy Resistance. Int. J. Mol. Sci. 2020, 21, 5418. [CrossRef]

100. Feng, Q.; Zhang, C.; Lum, D.; Druso, J.E.; Blank, B.; Wilson, K.F.; Welm, A.; Antonyak, M.A.; Cerione, R.A. A class of extracellular
vesicles from breast cancer cells activates VEGF receptors and tumour angiogenesis. Nat. Commun. 2017, 8, 14450. [CrossRef]

101. Alahmari, A. Blood-Brain Barrier Overview: Structural and Functional Correlation. Neural Plast. 2021, 2021, 6564585. [CrossRef]
102. Daneman, R.; Prat, A. The blood-brain barrier. Cold Spring Harb. Perspect. Biol. 2015, 7, a020412. [CrossRef] [PubMed]
103. Winkler, E.A.; Sagare, A.P.; Zlokovic, B.V. The pericyte: A forgotten cell type with important implications for Alzheimer’s disease?

Brain Pathol. 2014, 24, 371–386. [CrossRef] [PubMed]
104. Hill, J.; Rom, S.; Ramirez, S.H.; Persidsky, Y. Emerging roles of pericytes in the regulation of the neurovascular unit in health and

disease. J. Neuroimmune Pharm. 2014, 9, 591–605. [CrossRef] [PubMed]
105. Sengillo, J.D.; Winkler, E.A.; Walker, C.T.; Sullivan, J.S.; Johnson, M.; Zlokovic, B.V. Deficiency in mural vascular cells coincides

with blood-brain barrier disruption in Alzheimer’s disease. Brain Pathol. 2013, 23, 303–310. [CrossRef]
106. Sweeney, M.D.; Sagare, A.P.; Zlokovic, B.V. Blood-brain barrier breakdown in Alzheimer disease and other neurodegenerative

disorders. Nat. Rev. Neurol. 2018, 14, 133–150. [CrossRef]
107. Sweeney, M.D.; Zhao, Z.; Montagne, A.; Nelson, A.R.; Zlokovic, B.V. Blood-Brain Barrier: From Physiology to Disease and Back.

Physiol. Rev. 2019, 99, 21–78. [CrossRef] [PubMed]
108. Nation, D.A.; Sweeney, M.D.; Montagne, A.; Sagare, A.P.; D’Orazio, L.M.; Pachicano, M.; Sepehrband, F.; Nelson, A.R.; Buennagel,

D.P.; Harrington, M.G.; et al. Blood–brain barrier breakdown is an early biomarker of human cognitive dysfunction. Nat. Med.
2019, 25, 270–276. [CrossRef] [PubMed]

109. David, S.; Kümpers, P.; van Slyke, P.; Parikh, S.M. Mending leaky blood vessels: The angiopoietin-Tie2 pathway in sepsis. J.
Pharmacol. Exp. 2013, 345, 2–6. [CrossRef]

110. Ye, K.; Li, J.; Li, X.; Chang, S.; Zhang, Z. Ang1/Tie2 induces cell proliferation and migration in human papillary thyroid carcinoma
via the PI3K/AKT pathway. Oncol. Lett. 2018, 15, 1313–1318. [CrossRef]

111. Brindle, N.P.J.; Saharinen, P.; Alitalo, K. Signaling and Functions of Angiopoietin-1 in Vascular Protection. Circ. Res. 2006, 98,
1014–1023. [CrossRef]

112. Zhang, Y.; Kontos, C.D.; Annex, B.H.; Popel, A.S. Angiopoietin-Tie Signaling Pathway in Endothelial Cells: A Computational
Model. iScience 2019, 20, 497–511. [CrossRef] [PubMed]

113. Wysoczynski, M.; Pathan, A.; Moore, J.B.t.; Farid, T.; Kim, J.; Nasr, M.; Kang, Y.; Li, H.; Bolli, R. Pro-Angiogenic Actions of
CMC-Derived Extracellular Vesicles Rely on Selective Packaging of Angiopoietin 1 and 2, but Not FGF-2 and VEGF. Stem Cell Rev.
Rep. 2019, 15, 530–542. [CrossRef] [PubMed]

http://doi.org/10.3389/fncel.2019.00282
http://www.ncbi.nlm.nih.gov/pubmed/31316352
http://doi.org/10.1177/0271678X20911331
http://www.ncbi.nlm.nih.gov/pubmed/32208803
http://doi.org/10.3389/fnins.2018.01038
http://doi.org/10.1111/micc.12227
http://doi.org/10.1161/CIRCRESAHA.117.309681
http://doi.org/10.1016/j.canlet.2017.01.013
http://doi.org/10.1016/j.matbio.2018.03.007
http://doi.org/10.1016/j.cardiores.2005.04.007
http://www.ncbi.nlm.nih.gov/pubmed/15878159
http://doi.org/10.1046/j.1365-2141.2003.04773.x
http://www.ncbi.nlm.nih.gov/pubmed/14717787
http://doi.org/10.1016/j.biocel.2019.01.017
http://www.ncbi.nlm.nih.gov/pubmed/30710751
http://doi.org/10.1593/neo.05583
http://www.ncbi.nlm.nih.gov/pubmed/16611402
http://doi.org/10.3892/ijmm.21.1.63
http://doi.org/10.1038/s42003-019-0609-x
http://doi.org/10.3389/fcell.2020.611039
http://doi.org/10.3390/ijms21155418
http://doi.org/10.1038/ncomms14450
http://doi.org/10.1155/2021/6564585
http://doi.org/10.1101/cshperspect.a020412
http://www.ncbi.nlm.nih.gov/pubmed/25561720
http://doi.org/10.1111/bpa.12152
http://www.ncbi.nlm.nih.gov/pubmed/24946075
http://doi.org/10.1007/s11481-014-9557-x
http://www.ncbi.nlm.nih.gov/pubmed/25119834
http://doi.org/10.1111/bpa.12004
http://doi.org/10.1038/nrneurol.2017.188
http://doi.org/10.1152/physrev.00050.2017
http://www.ncbi.nlm.nih.gov/pubmed/30280653
http://doi.org/10.1038/s41591-018-0297-y
http://www.ncbi.nlm.nih.gov/pubmed/30643288
http://doi.org/10.1124/jpet.112.201061
http://doi.org/10.3892/ol.2017.7367
http://doi.org/10.1161/01.RES.0000218275.54089.12
http://doi.org/10.1016/j.isci.2019.10.006
http://www.ncbi.nlm.nih.gov/pubmed/31655061
http://doi.org/10.1007/s12015-019-09891-6
http://www.ncbi.nlm.nih.gov/pubmed/31102187


Cells 2022, 11, 3108 21 of 23

114. Geranmayeh, M.H.; Rahbarghazi, R.; Farhoudi, M. Targeting pericytes for neurovascular regeneration. Cell Commun. Signal. 2019,
17, 26. [CrossRef] [PubMed]

115. Treps, L.; Perret, R.; Edmond, S.; Ricard, D.; Gavard, J. Glioblastoma stem-like cells secrete the pro-angiogenic VEGF-A factor in
extracellular vesicles. J. Extracell. Vesicles 2017, 6, 1359479. [CrossRef]

116. Zhao, C.; Wang, H.; Xiong, C.; Liu, Y. Hypoxic glioblastoma release exosomal VEGF-A induce the permeability of blood-brain
barrier. Biochem. Biophys. Res. Commun. 2018, 502, 324–331. [CrossRef]

117. Davis, C.; Savitz, S.I.; Satani, N. Mesenchymal Stem Cell Derived Extracellular Vesicles for Repairing the Neurovascular Unit
after Ischemic Stroke. Cells 2021, 10, 767. [CrossRef]

118. Wang, J.; Xu, F.; Zhu, X.; Li, X.; Li, Y.; Li, J. Targeting microRNAs to Regulate the Integrity of the Blood-Brain Barrier. Front. Bioeng.
Biotechnol. 2021, 9, 673415. [CrossRef]

119. Demolli, S.; Doddaballapur, A.; Devraj, K.; Stark, K.; Manavski, Y.; Eckart, A.; Zehendner, C.M.; Lucas, T.; Korff, T.; Hecker, M.;
et al. Shear stress-regulated miR-27b controls pericyte recruitment by repressing SEMA6A and SEMA6D. Cardiovasc. Res. 2017,
113, 681–691. [CrossRef]

120. Wu, Y.-C.; Sonninen, T.-M.; Peltonen, S.; Koistinaho, J.; Lehtonen, Š. Blood-Brain Barrier and Neurodegenerative Diseases-
Modeling with iPSC-Derived Brain Cells. Int. J. Mol. Sci. 2021, 22, 7710. [CrossRef]

121. Yang, S.; Jin, H.; Zhu, Y.; Wan, Y.; Opoku, E.N.; Zhu, L.; Hu, B. Diverse Functions and Mechanisms of Pericytes in Ischemic Stroke.
Curr. Neuropharmacol. 2017, 15, 892–905. [CrossRef]

122. Mattson, M.P. Pathways towards and away from Alzheimer’s disease. Nature 2004, 430, 631–639. [CrossRef] [PubMed]
123. Murray, P.S.; Holmes, P.V. An overview of brain-derived neurotrophic factor and implications for excitotoxic vulnerability in the

hippocampus. Int. J. Pept. 2011, 2011, 654085. [CrossRef] [PubMed]
124. Marosi, K.; Mattson, M.P. BDNF mediates adaptive brain and body responses to energetic challenges. Trends Endocrinol. Metab.

2014, 25, 89–98. [CrossRef]
125. Jin, Y.; Sun, L.H.; Yang, W.; Cui, R.J.; Xu, S.B. The Role of BDNF in the Neuroimmune Axis Regulation of Mood Disorders. Front.

Neurol. 2019, 10, 515. [CrossRef]
126. Gören, J.L. Brain-derived neurotrophic factor and schizophrenia. Ment. Health Clin. 2016, 6, 285–288. [CrossRef]
127. Barker, J.M.; Taylor, J.R.; De Vries, T.J.; Peters, J. Brain-derived neurotrophic factor and addiction: Pathological versus therapeutic

effects on drug seeking. Brain Res. 2015, 1628, 68–81. [CrossRef]
128. Li, W.; Pozzo-Miller, L. BDNF deregulation in Rett syndrome. Neuropharmacology 2014, 76 Pt C, 737–746. [CrossRef]
129. Autry, A.E.; Monteggia, L.M. Brain-derived neurotrophic factor and neuropsychiatric disorders. Pharm. Rev. 2012, 64, 238–258.

[CrossRef]
130. Nieto, R.; Kukuljan, M.; Silva, H. BDNF and schizophrenia: From neurodevelopment to neuronal plasticity, learning, and memory.

Front. Psychiatry 2013, 4, 45. [CrossRef]
131. Ahn, S.Y.; Sung, D.K.; Kim, Y.E.; Sung, S.; Chang, Y.S.; Park, W.S. Brain-derived neurotropic factor mediates neuroprotection of

mesenchymal stem cell-derived extracellular vesicles against severe intraventricular hemorrhage in newborn rats. STEM CELLS
Transl. Med. 2021, 10, 374–384. [CrossRef]

132. Wang, L.; Jiang, J.; Zhou, T.; Xue, X.; Cao, Y. Improvement of Cerebral Ischemia-Reperfusion Injury via Regulation of Apoptosis
by Exosomes Derived from BDNF-Overexpressing HEK293. Biomed. Res. Int. 2021, 2021, 6613510. [CrossRef] [PubMed]

133. Chung, C.C.; Huang, P.H.; Chan, L.; Chen, J.-H.; Chien, L.-N.; Hong, C.T. Plasma Exosomal Brain-Derived Neurotrophic Factor
Correlated with the Postural Instability and Gait Disturbance-Related Motor Symptoms in Patients with Parkinson’s Disease.
Diagnostics 2020, 10, 684. [CrossRef]

134. Gelle, T.; Samey, R.A.; Plansont, B.; Bessette, B.; Jauberteau-Marchan, M.-O.; Lalloué, F.; Girard, M. BDNF and pro-BDNF in serum
and exosomes in major depression: Evolution after antidepressant treatment. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 2021,
109, 110229. [CrossRef]

135. Lin, L.-F.H.; Doherty, D.H.; Lile, J.D.; Bektesh, S.; Collins, F. GDNF: A glial cell line-derived neurotrophic factor for midbrain
dopaminergic neurons. Science 1993, 260, 1130–1132. [CrossRef]

136. Garbayo, E.; Ansorena, E.; Lana, H.; del Mar Carmona-Abellan, M.; Marcilla, I.; Lanciego, J.L.; Luquin, M.R.; Blanco-Prieto, M.J.
Brain delivery of microencapsulated GDNF induces functional and structural recovery in parkinsonian monkeys. Biomaterials
2016, 110, 11–23. [CrossRef]

137. Yang, J.; Wu, S.; Hou, L.; Zhu, D.; Yin, S.; Yang, G.; Wang, Y. Therapeutic Effects of Simultaneous Delivery of Nerve Growth Factor
mRNA and Protein via Exosomes on Cerebral Ischemia. Mol. Nucleic Acids 2020, 21, 512–522. [CrossRef]

138. Inoue, Y.; Shimazawa, M.; Nakamura, S.; Imamura, T.; Sugitani, S.; Tsuruma, K.; Hara, H. Protective effects of placental growth
factor on retinal neuronal cell damage. J. Neurosci. Res. 2014, 92, 329–337. [CrossRef]

139. Medina-Flores, F.; Hurtado-Alvarado, G.; Deli, M.A.; Gómez-González, B. The Active Role of Pericytes During Neuroinflammation
in the Adult Brain. Cell Mol. Neurobiol. 2022, 1–17. [CrossRef]

140. Murphy, P.; Borthwick, L.; Altares, M.; Gauldie, J.; Kaplan, D.; Richardson, P. Reciprocal actions of interleukin-6 and brain-derived
neurotrophic factor on rat and mouse primary sensory neurons. Eur. J. Neurosci. 2000, 12, 1891–1899.

141. Ikeda, K.; Masao, K.; Tagaya, N.; Shiojima, T.; Taga, T.; Yasukawa, K.; Suzuki, H.; Okano, A. Coadministration of interleukin-6
(IL-6) and soluble IL-6 receptor delays progression of wobbler mouse motor neuron disease. Brain Res. 1996, 726, 91–97.

http://doi.org/10.1186/s12964-019-0340-8
http://www.ncbi.nlm.nih.gov/pubmed/30894190
http://doi.org/10.1080/20013078.2017.1359479
http://doi.org/10.1016/j.bbrc.2018.05.140
http://doi.org/10.3390/cells10040767
http://doi.org/10.3389/fbioe.2021.673415
http://doi.org/10.1093/cvr/cvx032
http://doi.org/10.3390/ijms22147710
http://doi.org/10.2174/1570159X15666170112170226
http://doi.org/10.1038/nature02621
http://www.ncbi.nlm.nih.gov/pubmed/15295589
http://doi.org/10.1155/2011/654085
http://www.ncbi.nlm.nih.gov/pubmed/21966294
http://doi.org/10.1016/j.tem.2013.10.006
http://doi.org/10.3389/fneur.2019.00515
http://doi.org/10.9740/mhc.2016.11.285
http://doi.org/10.1016/j.brainres.2014.10.058
http://doi.org/10.1016/j.neuropharm.2013.03.024
http://doi.org/10.1124/pr.111.005108
http://doi.org/10.3389/fpsyt.2013.00045
http://doi.org/10.1002/sctm.20-0301
http://doi.org/10.1155/2021/6613510
http://www.ncbi.nlm.nih.gov/pubmed/33763476
http://doi.org/10.3390/diagnostics10090684
http://doi.org/10.1016/j.pnpbp.2020.110229
http://doi.org/10.1126/science.8493557
http://doi.org/10.1016/j.biomaterials.2016.09.015
http://doi.org/10.1016/j.omtn.2020.06.013
http://doi.org/10.1002/jnr.23316
http://doi.org/10.1007/s10571-022-01208-5


Cells 2022, 11, 3108 22 of 23

142. Zhong, J.; Dietzel, I.D.; Wahle, P.; Kopf, M.; Heumann, R. Sensory impairments and delayed regeneration of sensory axons in
interleukin-6-deficient mice. J. Neurosci. 1999, 19, 4305–4313. [CrossRef] [PubMed]

143. Hirota, H.; Kiyama, H.; Kishimoto, T.; Taga, T. Accelerated Nerve Regeneration in Mice by upregulated expression of interleukin
(IL) 6 and IL-6 receptor after trauma. J. Exp. Med. 1996, 183, 2627–2634. [CrossRef] [PubMed]

144. Jankowsky, J.L.; Derrick, B.E.; Patterson, P.H. Cytokine responses to LTP induction in the rat hippocampus: A comparison of
in vitro and in vivo techniques. Learn. Mem. 2000, 7, 400–412. [CrossRef] [PubMed]

145. Lin, R.; Chen, F.; Wen, S.; Teng, T.; Pan, Y.; Huang, H. Interleukin-10 attenuates impairment of the blood-brain barrier in a severe
acute pancreatitis rat model. J. Inflamm. 2018, 15, 4. [CrossRef]

146. Zhu, Y.; Liu, Z.; Peng, Y.-P.; Qiu, Y.-H. Interleukin-10 inhibits neuroinflammation-mediated apoptosis of ventral mesencephalic
neurons via JAK-STAT3 pathway. Int. Immunopharmacol. 2017, 50, 353–360. [CrossRef]

147. Zhu, Y.; Chen, X.; Liu, Z.; Peng, Y.-P.; Qiu, Y.-H. Interleukin-10 protection against lipopolysaccharide-induced neuro-inflammation
and neurotoxicity in ventral mesencephalic cultures. Int. J. Mol. Sci. 2015, 17, 25. [CrossRef]

148. Bonifačić, D.; Toplak, A.; Benjak, I.; Tokmadžić, V.S.; Lekić, A.; Kučić, N. Monocytes and monocyte chemoattractant protein 1
(MCP-1) as early predictors of disease outcome in patients with cerebral ischemic stroke. Wien. Klin. Wochenschr. 2016, 128, 20–27.
[CrossRef]

149. Mastroianni, C.M.; Lancella, L.; Mengoni, F.; Lichtner, M.; Santopadre, P.; D’Agostino, C.; Ticca, F.; Vullo, V. Chemokine profiles in
the cerebrospinal fluid (CSF) during the course of pyogenic and tuberculous meningitis. Clin. Exp. Immunol. 1998, 114, 210–214.
[CrossRef]

150. Yao, Y.; Tsirka, S.E. Monocyte chemoattractant protein-1 and the blood-brain barrier. Cell. Mol. Life Sci. CMLS 2014, 71, 683–697.
[CrossRef]

151. Niwa, A.; Osuka, K.; Nakura, T.; Matsuo, N.; Watabe, T.; Takayasu, M. Interleukin-6, MCP-1, IP-10, and MIG are sequentially
expressed in cerebrospinal fluid after subarachnoid hemorrhage. J. Neuroinflamm. 2016, 13, 217. [CrossRef]

152. Tuomanen, E.I.; Dumont, R.A.; Car, B.D.; Voitenok, N.N.; Junker, U.; Moser, B.; Zak, O.; O’Reilly, T. Systemic Neutralization
of Interleukin-8 Markedly Reduces Neutrophilic Pleocytosis during Experimental Lipopolysaccharide-Induced Meningitis in
Rabbits. Infect. Immun. 2000, 68, 5756–5763. [CrossRef]

153. Apostolakis, S.; Vogiatzi, K.; Amanatidou, V.; Spandidos, D.A. Interleukin 8 and cardiovascular disease. Cardiovasc. Res. 2009,
84, 353–360. [CrossRef] [PubMed]

154. Maciotta Rolandin, S.; Meregalli, M.; Torrente, Y. The involvement of microRNAs in neurodegenerative diseases. Front. Cell.
Neurosci. 2013, 7, 265. [CrossRef]

155. Emamzadeh, F.N.; Surguchov, A. Parkinson’s Disease: Biomarkers, Treatment, and Risk Factors. Front. Neurosci. 2018, 12, 612.
[CrossRef] [PubMed]

156. Zhao, Y.; Haney, M.J.; Gupta, R.; Bohnsack, J.P.; He, Z.; Kabanov, A.V.; Batrakova, E.V. GDNF-transfected macrophages produce
potent neuroprotective effects in Parkinson’s disease mouse model. PLoS ONE 2014, 9, e106867. [CrossRef] [PubMed]

157. Grondin, R.; Zhang, Z.; Yi, A.; Cass, W.A.; Maswood, N.; Andersen, A.H.; Elsberry, D.D.; Klein, M.C.; Gerhardt, G.A.; Gash, D.M.
Chronic, controlled GDNF infusion promotes structural and functional recovery in advanced parkinsonian monkeys. Brain 2002,
125, 2191–2201. [CrossRef] [PubMed]

158. Kells, A.P.; Forsayeth, J.; Bankiewicz, K.S. Glial-derived neurotrophic factor gene transfer for Parkinson’s disease: Anterograde
distribution of AAV2 vectors in the primate brain. Neurobiol. Dis. 2012, 48, 228–235. [CrossRef]

159. Haney, M.J.; Zhao, Y.; Fay, J.; Duhyeong, H.; Wang, M.; Wang, H.; Li, Z.; Lee, Y.Z.; Karuppan, M.K.; El-Hage, N.; et al. Genetically
modified macrophages accomplish targeted gene delivery to the inflamed brain in transgenic Parkin Q311X(A) mice: Importance
of administration routes. Sci. Rep. 2020, 10, 11818. [CrossRef]

160. He, Q.; Ye, A.; Ye, W.; Liao, X.; Qin, G.; Xu, Y.; Yin, Y.; Luo, H.; Yi, M.; Xian, L.; et al. Cancer-secreted exosomal miR-21-5p induces
angiogenesis and vascular permeability by targeting KRIT1. Cell Death Dis. 2021, 12, 576. [CrossRef]

161. Shimizu, F.; Sano, Y.; Abe, M.A.; Maeda, T.; Ohtsuki, S.; Terasaki, T.; Kanda, T. Peripheral nerve pericytes modify the blood–nerve
barrier function and tight junctional molecules through the secretion of various soluble factors. J. Cell. Physiol. 2011, 226, 255–266.
[CrossRef]

162. Roy, S.; Kern, T.S.; Song, B.; Stuebe, C. Mechanistic insights into pathological changes in the diabetic retina: Implications for
targeting diabetic retinopathy. Am. J. Pathol. 2017, 187, 9–19. [CrossRef] [PubMed]

163. Hartnett, M.E.; Baehr, W.; Le, Y.Z. Diabetic Retinopathy, an Overview. Vision Research 2017, 139, 1–6. [CrossRef] [PubMed]
164. Pišot, R.; Marusic, U.; Biolo, G.; Mazzucco, S.; Lazzer, S.; Grassi, B.; Reggiani, C.; Toniolo, L.; Di Prampero, P.E.; Passaro, A.

Greater loss in muscle mass and function but smaller metabolic alterations in older compared with younger men following 2 wk
of bed rest and recovery. J. Appl. Physiol. 2016, 120, 922–929. [CrossRef]

165. Suetta, C.; Hvid, L.G.; Justesen, L.; Christensen, U.; Neergaard, K.; Simonsen, L.; Ortenblad, N.; Magnusson, S.P.; Kjaer, M.;
Aagaard, P. Effects of aging on human skeletal muscle after immobilization and retraining. J. Appl. Physiol. (1985) 2009, 107,
1172–1180. [CrossRef] [PubMed]

166. Wu, Y.F.; De La Toba, E.A.; Dvoretskiy, S.; Jung, R.; Kim, N.; Daniels, L.; Romanova, E.V.; Drnevich, J.; Sweedler, J.V.; Boppart, M.D.
Development of a cell-free strategy to recover aged skeletal muscle after disuse. J. Physiol. 2022. online ahead of print. [CrossRef]

167. Sagare, A.P.; Bell, R.D.; Zhao, Z.; Ma, Q.; Winkler, E.A.; Ramanathan, A.; Zlokovic, B.V. Pericyte loss influences Alzheimer-like
neurodegeneration in mice. Nat. Commun. 2013, 4, 2932. [CrossRef]

http://doi.org/10.1523/JNEUROSCI.19-11-04305.1999
http://www.ncbi.nlm.nih.gov/pubmed/10341234
http://doi.org/10.1084/jem.183.6.2627
http://www.ncbi.nlm.nih.gov/pubmed/8676083
http://doi.org/10.1101/lm.32600
http://www.ncbi.nlm.nih.gov/pubmed/11112799
http://doi.org/10.1186/s12950-018-0180-0
http://doi.org/10.1016/j.intimp.2017.07.017
http://doi.org/10.3390/ijms17010025
http://doi.org/10.1007/s00508-015-0878-4
http://doi.org/10.1046/j.1365-2249.1998.00698.x
http://doi.org/10.1007/s00018-013-1459-1
http://doi.org/10.1186/s12974-016-0675-7
http://doi.org/10.1128/IAI.68.10.5756-5763.2000
http://doi.org/10.1093/cvr/cvp241
http://www.ncbi.nlm.nih.gov/pubmed/19617600
http://doi.org/10.3389/fncel.2013.00265
http://doi.org/10.3389/fnins.2018.00612
http://www.ncbi.nlm.nih.gov/pubmed/30214392
http://doi.org/10.1371/journal.pone.0106867
http://www.ncbi.nlm.nih.gov/pubmed/25229627
http://doi.org/10.1093/brain/awf234
http://www.ncbi.nlm.nih.gov/pubmed/12244077
http://doi.org/10.1016/j.nbd.2011.10.004
http://doi.org/10.1038/s41598-020-68874-7
http://doi.org/10.1038/s41419-021-03803-8
http://doi.org/10.1002/jcp.22337
http://doi.org/10.1016/j.ajpath.2016.08.022
http://www.ncbi.nlm.nih.gov/pubmed/27846381
http://doi.org/10.1016/j.visres.2017.07.006
http://www.ncbi.nlm.nih.gov/pubmed/28757399
http://doi.org/10.1152/japplphysiol.00858.2015
http://doi.org/10.1152/japplphysiol.00290.2009
http://www.ncbi.nlm.nih.gov/pubmed/19661454
http://doi.org/10.1113/JP282867
http://doi.org/10.1038/ncomms3932


Cells 2022, 11, 3108 23 of 23

168. Chen, W.C.; Baily, J.E.; Corselli, M.; Díaz, M.E.; Sun, B.; Xiang, G.; Gray, G.A.; Huard, J.; Péault, B. Human myocardial pericytes:
Multipotent mesodermal precursors exhibiting cardiac specificity. Stem Cells 2015, 33, 557–573. [CrossRef]

169. Zhu, S.; Chen, M.; Ying, Y.; Wu, Q.; Huang, Z.; Ni, W.; Wang, X.; Xu, H.; Bennett, S.; Xiao, J.; et al. Versatile subtypes of pericytes
and their roles in spinal cord injury repair, bone development and repair. Bone Res. 2022, 10, 30. [CrossRef]

170. Lee, J.Y.; Kim, H.S. Extracellular Vesicles in Neurodegenerative Diseases: A Double-Edged Sword. Tissue Eng. Regen. Med. 2017,
14, 667–678. [CrossRef]

http://doi.org/10.1002/stem.1868
http://doi.org/10.1038/s41413-022-00203-2
http://doi.org/10.1007/s13770-017-0090-x

	Introduction 
	PCs 
	Extracellular Vesicles 
	PC-Derived EVs (PC-EVs) 
	Identification of PC-EVs 
	PC-EV Cargo 


	PC-EV Physiology 
	Angiogenesis 
	Blood–Brain Barrier (BBB) 
	Neuron Health 

	Therapeutic Potential of PC-EVs 
	CNS Disease 
	Peripheral Neuropathy 
	Spinal Cord Injury 
	Erectile Dysfunction 

	Diabetic Retinopathy 
	Infection 
	Muscle Atrophy 

	Conclusions and Future Perspectives 
	References

