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Abstract

Background Cells have been increasingly known to release extracellular vesicles (EVs) to the extracellular environ-
ment under physiological and pathological conditions. A plethora of studies have revealed that EVs contain cell-
derived biomolecules and are found in circulation, thereby implicating them in molecular trafficking between cells.
Furthermore, EVs have an effect on physiological function and disease development and serve as disease biomarkers.

Main body Given the close association between EV circulation and vascular disease, this review aims to provide
a brief introduction to EVs, with a specific focus on the EV cargoes participating in pathological mechanisms, diagno-
sis, engineering, and clinical potential, to highlight the emerging evidence suggesting promising targets in vascular

research.

on the future of EVs in vascular diseases.

Biomarkers

diseases. Despite the expansion of research in this field, some noticeable limitations remain for clinical translational
Conclusion This review makes a novel contribution to a summary of recent advances and a perspective
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Background

Extracellular vesicles (EVs) are vesicles derived from
the endosomal system or plasma membrane of nearly
all cell types released into the extracellular space. They
are a type of lipid bilayer structure without a functional
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core and replicable capacity [1, 2]. EVs can be classi-
fied as exosomes (30-150 nm diameter), microvesicles
(30-300 nm diameter), and apoptotic bodies of 1 pm
diameter [3-6]. At first, EV secretion was regarded as a
means that cells clear useless or harmful components in
them [7, 8]. However, with further recent development,
it has become apparent that EVs function as a “postman”
between donor and recipient cells, transmitting biological
information and maintaining intercellular communica-
tion [9]. This new understanding of EVs is based on their
biogenesis and uptake (Fig. 1) [10]. More importantly,
EVs carry multiple bioactive cargoes, such as DNAs,
RNAs, proteins, and lipids that contain the information
to regulate physiological and pathological processes [11].
Additionally, EVs can serve as carriers for active mol-
ecules and exogenous drugs. Encapsulated within lipid
bilayers, these biological molecules and medicines are
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Fig. 1 Extracellular vesicle (EV) biogenesis and intercellular communication between donor and recipient cells that EVs mediate

Multiple small vesicles originating from the endosome membrane and sprouting inward are defined as intraluminal vesicles (ILVs). Endosomes
containing ILVs are called multivesicular bodies (MVBs). The MVBs subsequently fuse with the plasma membrane to release ILVs into the extracellular
space to form exosomes. Microvesicles and apoptotic bodies are generally large and can be directly formed by plasma membrane budding.

EVs in circulation carry various cargo types, such as CD9, CD63, CD81, and microRNAs, and enter donor cells by fusion, signal recognition,

and phagocytosis

protected from enzymatic degradation and other sub-
stances, enabling them to stably exist in circulation [12].
Moreover, EVs can penetrate several physiological barri-
ers, especially the blood—brain barrier (BBB), providing
a solution to one of the bottlenecks in treating diseases
of the central nervous system (CNS) [13, 14]. These bio-
logical characteristics provide great advantages for EVs
in intercellular communication. By transmitting biologi-
cal signals among cells, EVs participate in and affect cell
function and state under physiological and pathological
conditions. EVs play essential roles in angiogenesis [15],
neurogenesis [16], immune response [17, 18], myocardial
repair [19], wound healing [20], and other aspects, even-
tually regulating the disease process.

Vascular diseases are mainly related to vascular lesions
affecting the circulatory system, which affect the patients’
quality of life and seriously threaten their life and health
[21]. Among these, cardiovascular diseases and cancer
rank first and second, respectively, in terms of global
mortality. Other vascular diseases such as diabetic com-
plications and acute lung injury (ALI) are also impor-
tant lethal factors. Various vascular diseases can affect

each other. Atherosclerotic plaque rupture often leads
to myocardial infarction, stroke, or pulmonary embo-
lism [22]. Hypertension, aneurysms, vascular malforma-
tions, hematological diseases, tumors, and other diseases
mostly cause cerebral hemorrhage [23]. Vasculopathy and
abnormal angiogenesis are normal pathological processes
of vascular diseases; however, their distinct pathogenesis
remains intricate and has not been thoroughly elucidated
[24, 25]. Currently, the methods to prevent and treat
vascular diseases are limited. For instance, no immedi-
ate and effective treatments exist for ischemic stroke (IS)
other than reperfusion through tissue plasminogen acti-
vator (tPA) thrombolytic and mechanical thrombectomy
therapy; however, its treatment time is exact and it may
cause a second cerebral injury [26]. For patients with dia-
betic foot ulcers (DFU), the current treatment methods
are limited to antibiotic administration, blood glucose
control, and surgical amputation, with insufficient effi-
cacy or unacceptable results, which brings great trouble
to the patients’ lives [27]. Emerging evidence has revealed
the great potential of EVs in treating vascular diseases.
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According to the International Society for Extracellu-
lar Vesicles, most studies on EVs mainly focus on their
biological function other than their biogenesis process
and the specific biomarkers on the EV subtypes have not
been determined. Therefore, we have uniformly used the
generic term “extracellular vesicle” (EV) in this review [2].
Herein, we provide a summary of the intercellular com-
munication that EVs mediate in vascular diseases, mainly
referring to the relevant literature published in the last
five years. We discuss the biological roles of EVs (includ-
ing endogenous and exogenous sources) and their car-
goes derived from different cells acting on recipient cells
in cerebrovascular diseases, cardiovascular diseases, dia-
betic complications, tumors, and other vascular diseases.
Additionally, the promising uses of EVs as diagnostic and
prognostic biomarkers, therapeutic targets, and drug-
delivery vehicles for vascular diseases are summarized.

Biogenesis and Composition of EVs

EVs exist in the biological fluids of organisms after their
release, including blood, saliva, and urine [6]. They arrive
at the recipient cells via circulation and are internalized
through direct signal recognition, membrane fusion,
and indirect phagocytosis (Fig. 1) [10]. According to
recent studies, two main ways of generating EVs exist.
Exosome biogenesis originates from the endosomal sys-
tem [28]. The endosomal membrane sprouts inward to
form multiple small vesicle structures called intralumi-
nal vesicles (ILVs). At this stage, endosomes containing
ILVs are defined as multivesicular bodies (MVBs). Subse-
quently, MVBs fuse with the plasma membrane to release
ILVs into the extracellular space to form exosomes [28].
Microvesicles and apoptotic bodies are generally larger
than exosomes and can be directly formed by plasma
membrane budding [28]. During this process, EVs carry
various cargo types inside and on their surface (Fig. 1),
which contributes to their heterogeneity. MicroRNAs
(MiRNAs) and proteins are the most commonly stud-
ied molecules. MiRNAs, with an approximate length of
18-25 nucleotides, are classified as small non-coding
RNA [29]. It modulates the expression of downstream
target genes in recipient cells by binding to the mRNA
transcript 3" untranslated regions (3" UTRs) of the tar-
get gene [30]. Proteins on the EV surface mainly medi-
ate recognition between EVs and target cells and can
be used to identify EVs, seek EV origins, or act as diag-
nostic markers for diseases, such as tetraspanins (CD9,
CD63, and CD81), transport/fusion proteins, cell adhe-
sion molecules, major histocompatibility complex class
I (MHC 1), and MHC class II (MHC II). (Fig. 1) [31].
Nevertheless, proteins such as the fibronectin type-III
domain-containing protein 5 (FNDC5)/irisin [32], angi-
otensin-converting enzyme 2 (ACE 2) [33], and matrix
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metalloproteinase 9 [34], packaged in bilayer lipid mem-
branes primarily carry communication information and
affect biological functions of recipient cells. And they can
also be regarded as characterization markers, including
ALG-2 interacting protein X, tumor susceptibility gene
101, and vacuolar protein sorting 4 [2, 28]. These cargoes
play a vital role in intercellular communication that EVs
mediate.

Intercellular Communications that EVs Mediate

in Vascular Diseases

Cerebrovascular Disease

Stroke

Stroke is an acute cerebral disease caused by sudden
bleeding or blood vessel blockage and is the second most
common cause of death and the third leading cause of
disability [35]. It is classified into two types: IS and intrac-
erebral hemorrhage (ICH) [36].

Ischemic Stroke (IS)

Increasing evidence supports the potential of EV-based
therapeutics in recovering brain function after IS. These
therapeutics mediate intercellular communication in the
pathological process, mainly involving cells (neurons,
astrocytes, microglia, and oligodendrocytes) originat-
ing from the CNS and stem cells [37, 38]. For example,
neuron-derived EVs containing miR-98 can be delivered
from the neurons to microglia, and miR-98 has been
shown to protect ischemia-induced stress-but-viable
neurons from microglial phagocytosis by targeting the
platelet-activating factor receptor [39]. This further con-
firmed the neuroprotective effect of miR-98 after cerebral
ischemia. Microglia, divided into M1 inflammatory and
M2 anti-inflammatory phenotypes, perform immuno-
logical functions in the CNS, and microglia-derived EVs
regulate inflammation and glial survival [37]. Raffaele
et al. demonstrated that infusing EVs derived from pro-
regenerative microglia maintained the normal function
of microglia/macrophages and promoted oligodendro-
cyte precursor cell (OPC) maturation in the penumbra
in mice with permanent middle cerebral artery occlu-
sion (MCAO) [40]. Additionally, EVs derived from M2
microglia improved sensorimotor and cognitive func-
tion by enhancing oligodendrocyte generation and white
matter repair via miR-23a-5p, which has been shown to
facilitate oligodendrogenesis, possibly by directly target-
ing OLIG3-oligodendrocyte transcription factor 3 after
cerebral ischemia [41]. EVs from M2 microglia mitigated
glial scar formation and repressed astrocyte activation
to improve neuronal regeneration in mice undergoing
MCAO surgery. This process depends on the increase in
miR-124 in the ischemic mouse brain through EVs, which
block the signal transducer and activator of transcription
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3 signal pathway [42]. Interestingly, EVs released from
astrocytes play a neuroprotective role in most cases [43].
Intracerebroventricular injection of astrocyte-derived
EVs accelerated spontaneous recovery in MCAO rats,
promoting axonal growth and neuronal survival [44].
However, Hira et al. demonstrated that exosomes derived
from activated astrocytes have detrimental effects,
including inhibition of axonal growth. Further research
found that a semaphorin 3A inhibitor could decrease
astrocyte activation and reduce exosome release, provid-
ing a promising strategy to improve functional recovery
after ischemia [45].

Intercellular communication mediated by exogenous
EVs from stem cells is also vital after IS, according to pre-
vious studies that have demonstrated the role of EVs in
neuroprotective effects and neuroimmunological regu-
lation [38]. MiR-25-3p enriched in EVs from adipose-
derived mesenchymal stem cells (MSCs), degrades p53
mRNA and downregulates p53 and Bcl-2 interacting pro-
tein 3 levels, eventually decreasing autophagy levels in
neurons [46]. Qiu et al. reported that MSC-derived EVs
(MSC-EVs) repressed the inflammation response and
astrocyte activation via miR-125b-5p / toll-like recep-
tor 4 (TLR4) / nuclear transcription factor-kappaB (NF-
KB) signaling pathway to protect BBB integrity against
IS [47]. Interestingly, EVs derived from embryonic stem
cells (ESCs) can alleviate neuroinflammation by activat-
ing the TGF-B/Smad signaling pathway to increase the
number of regulatory T cells, which inhibit the inflam-
matory response after stroke [48]. However, the specific
cargo of this EV type requires further investigation.

Intracerebral Hemorrhage (ICH)

ICH is commonly caused by hypertension, which
results in nontraumatic parenchymal vascular hemor-
rhage [35]. In recent years, EV studies on this type of
cerebral disease have focused on stem cells with regen-
erative functions [49]. For instance, Han et al. confirmed
that multipotent mesenchymal stromal cell-derived
exosomes enhanced functional recovery after ICH in
rats by promoting neurogenesis and angiogenesis; how-
ever, the underlying mechanism was not revealed [50].
Bone marrow mesenchymal stem cells (BMSCs) are a
popular stem cell source for exosomes in treating ICH
[49]. BMSC-exosomal miR-23b reduced oxidative stress
and pyroptosis in ICH rat brains and alleviated brain
damage caused by cerebral hemorrhage. Further in vitro
studies have shown that miR-23b represses microglia/
macrophage oxidative stress and the NOD-like receptor
family pyrin domain containing 3 (NLRP3) inflammas-
ome-mediated pyroptosis by regulating the expression
of phosphatase and tensin homolog deleted on chromo-
some 10 (PTEN) [51]. This provides a novel approach
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for delving into the role of exosomes in pyroptosis
after ICH. Similarly, exosomes from adipose-derived
stem cells (ADSCs) effectively improved the neurologi-
cal function of ICH mice, whose enriched miR-19b-3p
directly inhibited the iron regulatory protein 2 to alle-
viate neuronal ferroptosis [52]. Additionally, exosomes
containing the signal regulatory protein o (SIRP«) vari-
ants from BMSCs can modulate microglia/macrophage
polarization by blocking CD47 and SIRPa interaction,
which provides a target to promote microglial phago-
cytosis of the red blood cells to accelerate hematoma
removal [53]. Other than stem cells, EVs derived from
activated microglia promote neuronal necroptosis
through transferring miR-383-3p, which decreases acti-
vating transcription factor 4 expression in vitro. Addi-
tionally, miR-383-3p is upregulated in rats with ICH and
exacerbates cerebral hemorrhage injury in vivo, provid-
ing a promising therapeutic target for ICH [54].

Most studies on ICH have used EVs isolated in vitro
and injected into ICH animal models or co-cultured with
cell models. Interestingly, a recent study indicated that
endogenous exosomes exert a beneficial effect on neu-
roinflammation suppression by injecting an inhibitor
of exosome generation and release (GW4869) into ICH
mice, which also proves that exosomes act as a bridge
between the brain and immune system in ICH mice [55].

Vascular Dementia (VD)

VD, the second most common dementia after Alzhei-
mer’s disease (AD), is a common type of vascular cog-
nitive impairment with cognitive dysfunction, mainly
caused by cerebrovascular lesions [56, 57]. EVs play a
vital role in VD pathogenesis. For instance, increased
miR-154-5p expression induces endothelial progeni-
tor cell (EPC) dysfunction and inhibits angiogenesis in
VD [58]. Additionally, Ma et al. found that miR-132-3p
expression is markedly decreased in the brain tissue of
VD mice, and treatment with miR-132-3p from MSC
exosomes can improve neuronal injury, synaptic dys-
function, and cognitive deficits [59]. Furthermore, miR-
132-3p inhibited the expression of ribosomal arginine
synthetase 1 and activated the Ras/Akt/GSK-33 path-
way to restore neurite growth and synaptic density [59].
Additionally, hippocampal neural stem cells (HNSCs)
are important for maintaining cognitive function, and
their impairment and senescence can lead to cognitive
decline [60]. Interestingly, ESC-derived EVs contribute
to lysosomal activation by transporting high levels of
miR-17-5p, miR-18a-5p, miR-21-5p, miR-29a-3p, and let-
7a-5p, thereby rejuvenating aging HNSCs [61]. Besides
miRNAs, myocardial infarction- associated transcript
(MIAT) from HNSC exosomes ameliorates hippocampal
neuronal cell damage by inhibiting miR-34b-5p; however,



Liu et al. Cell Communication and Signaling (2023) 21:310

whether MIAT improves cognitive impairment by inhib-
iting miR-34b-5p requires further verification [62]. Col-
lectively, intercellular communication that EVs mediate
plays an important role in VD.

Cerebral Small Vessel Disease (CSVD)
CSVD results from microangiopathy of the brain [63].
Research on the role of EVs in CSVD has only recently
emerged. MSC-EVs decrease IL-1p and IL-6 expression
in lipopolysaccharides-stimulated BV2 cells and attenu-
ate inflammation [64]. Researchers built animal models
of CSVD using salt-loaded SBH/y rats to induce hyper-
tension and found that cognitive deficits improved after
MSC-EV treatment [64]. However, the underlying mech-
anisms require further in-depth studies [64]. Most stud-
ies have focused on EVs from the serum or plasma of
patients and healthy volunteers as diagnostic markers for
CSVD; however, a large gap exists in the understanding
of the pathological roles and therapeutic potential of EVs
in this disease. Seeking donor and recipient cells of EVs
will help to further understand CSVD pathogenesis and
discover new therapeutic targets.

Intercellular communication that EVs mediate in cer-
ebrovascular diseases is specifically shown in Fig. 2.

Cardiovascular Disease

Hypertension

Hypertension, the main cause of cardiovascular disease
morbidity and mortality, refers to a systolic blood pres-
sure of at least 130 mmHg or a diastolic blood pressure
of at least 80 mmHg [65]. EVs play an important role in
blood pressure regulation. EVs isolated from normoten-
sive Wistar—Kyoto rats reduced endothelium-dependent
vasodilation, possibly through nitric oxide synthase-
dependent mechanisms; however, EVs isolated from
spontaneously hypertensive rats changed the function
of endothelium-mediated vascular tone in the resistance
artery, which implies that EVs are influential in hyperten-
sion development [66]. EVs and their contents that medi-
ate cell-cell communication are promising treatment
tools [67].

The vascular wall is mainly composed of endothe-
lial cells (ECs) and subendothelial smooth muscle cells
(SMCs). Vessel wall remodeling and endothelial dys-
function related to abnormal EC-SMC communication
are important in hypertension [68, 69]. Wang et al. pro-
vided evidence that EVs from damaged ECs are trans-
ported to SMCs, causing arterial remodeling. Inhibiting
miR-320d/423-5p expression in EVs alleviates hyperten-
sion progression in vivo, and these two miRNAs could
be used as biomarkers for predicting arterial remod-
eling [70]. MiR-483-3p in EVs from ECs exerts protec-
tive effects against endothelial dysfunction [71]. Shang
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et al. speculated that miR-483-3p increased in ECs at
the beginning of hypertension and was transported to
SMCs to prevent aortic stiffness; however, with hyperten-
sion progression, miR-483-3p level decreased owing to
disruption of vessel homeostasis [71]. Additionally, EVs
containing angiotensin-converting enzyme ACE, miR-
155-5p, and miR-135a-5p secreted by adventitial fibro-
blasts play vital roles in regulating vascular remodeling
during hypertension progression [72-74]. MiR-155-5p
inhibits vascular smooth muscle cell (VSMC) prolif-
eration and remodeling by targeting ACE, whereas miR-
135a-5p promotes VSMC proliferation and hypertension
by repressing the expression of FNDC5 [72-74].

Interestingly, stem cell-derived EVs improve age-
related vascular endothelial dysfunction and contribute
to antihypertension; however, the components of this
type of EVs are still unclear [75].

Atherosclerosis

The pathological process of atherosclerosis, a leading
contributor to cardiovascular and cerebral disease mor-
tality, primarily involves ECs, monocytes, macrophages,
platelets, and SMCs [76, 77]. These cells interact with
each other via EVs and their components to modulate
atherosclerosis pathogenesis. ECs deliver EVs carrying
miR-92a to macrophages, regulating Kriippel-like factor
4 (KLF4) expression. This promotes the pro-inflamma-
tory response of macrophages and accelerates the uptake
of low-density lipoproteins by macrophages, thereby
aggravating atherosclerosis [78]. Notably, other than EVs
secreted by single cells, monocytes/platelets can also
release EVs to activate ECs and play a pro-inflamma-
tory role, which exacerbates atherosclerosis [79]. MSCs
mitigate the pathological processes of atherosclerosis
by secreting EVs. For example, EVs carrying miR-221
shuttle from human BMSCs to human arterial SMCs
and counteract atherosclerotic plaque formation [80].
Additionally, MSC-EVs with high miR-146a levels allevi-
ated angiogenesis to rescue oxidative stress-induced EC
senescence [81].

Notably, intercellular communication that EVs medi-
ate can be influenced by the inducible factors of athero-
sclerosis. A recent study demonstrated an increase in
the expression level of miR-27b-3p in serum exosomes
and exosomes in the visceral adipocytes of obese mice
and patients with atherosclerosis. The downregula-
tion of peroxisome proliferator-activated receptor «
in ECs mediated by miR-27b-3p from visceral adipo-
cyte EVs is an important driver of obese endothelial
inflammation, which in turn leads to atherosclerosis
[82]. Interestingly, smoking is a risk factor for athero-
sclerosis, and recent studies have shown that nicotine
in cigarettes promotes atherosclerosis development by
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Fig. 2 Intercellular communication that EV cargoes mediate regulates the cerebrovascular disease progression

Cargoes from different donor cells, including neurons, microglia, astrocytes, mesenchymal stem cells (MSCs), embryonic stem cells (ESCs),
adipose-derived stem cells (ADSCs), and hippocampal neural stem cells (HNSCs) can activate or inhibit specific targets in recipient cells

during cerebrovascular disease progression, including ischemic stroke (1S), intracerebral hemorrhage (ICH), vascular dementia (VD), and cerebral
small vessel disease (CSVD). These processes promote or inhibit the physiological and pathological processes of cerebrovascular diseases,

and blocking the delivery of miR-383-3p and miR-154-5p can improve ICH and VD. Further studies on intercellular communication that EV cargoes
mediate in CSVD are needed

mainly affecting EV-mediated communication between  nicotine-induced macrophages facilitated VSMC pro-
inflammatory and endothelial cells [77]. EVs containing liferation and drove atherosclerosis by inhibiting PTEN
miR-155 from nicotine-stimulated monocytes acceler-  [84]. Exploring the effects of nicotine on the function
ated endothelial dysfunction and promoted plaque for- of EVs in atherosclerosis has attracted the interest of
mation [83]. Furthermore, exosomal miR-21-3p from researchers worldwide.
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Acute Myocardial Infarction (AMI)

Intercellular communication mediated by EVs is crucial
for cardiac repair after AMI in multiple cell types, includ-
ing cardiomyocytes, ECs, fibroblasts, and immunocytes.
Cardiomyocytes and ECs increase EV production after
AMI. These EVs accumulate in the ischemic myocar-
dium and are absorbed by infiltrating monocytes to reg-
ulate inflammation [85]. Nevertheless, exosomes from
infarcted cardiomyocytes can be transferred to bone
marrow monocytes, targeting the C-X-C chemokine
receptor type 4 (CXCR4) of monocytes to mobilize the
progenitor cells via circulation, contributing to ischemic
tissue repair. This function relies on miRNAs of damaged
cardiomyocyte exosomes; however, which miRNA plays a
role requires further exploration [86]. CircUbe3a is a cir-
cular RNA (circRNA) found in M2 macrophage-derived
small extracellular vesicles (sEVs) that are released into
cardiac fibroblasts accompanied by M2 macrophage
infiltration during AMI progression. It targets the miR-
138-5p/RhoC axis and markedly decreases myocardial
fibrosis after AMI [87]. Angiogenesis is a critical process
during cardiac healing. Exosomes containing miR-155
released by M1 macrophages are internalized by ECs,
inhibiting angiogenesis and ultimately preventing cardiac
repair. Five target genes (RAC1, RAK2, Sirtl, Enos, and
AMPKa2) of miR-155 were screened using gene sequenc-
ing, bioinformatics, and further validation [88]. Thus,
miR-155 inhibition may be a novel mechanism for pro-
moting cardiac repair following AMI treatment.

EVs produced by stem cells are innovative cell-free
avenues for AMI therapy that effectively function in
AMI progression by mediating intercellular commu-
nication, especially with MSCs [89]. Xiao et al. pro-
vided evidence that the benefits of MSC treatment after
AMI were at least partially attributable to the released
exosomes containing miR-125b-5p, which reduced
autophagic flux [90]. EVs produced by MSCs promote
cardiac healing via their contents after the infarction.
The levels of miR-486-5p are increased in hypoxia-
preconditioned MSC-derived EVs, and this EV type
promotes angiogenesis by targeting matrix metallopro-
teinase 19 in fibroblasts and inhibiting cleavage of vas-
cular endothelial growth factor A (VEGFA). In rodent
and nonprimate MI animal models, sEVs containing
miR-486-5p have been shown to enhance angiogenesis
and improve cardiac function. Importantly, it does not
increase arrhythmia incidence, indicating the safety of
EV treatment [91]. Intrapericardially injected MSC-
derived exosomes are taken up by MHC-II antigen-
presenting cells and activate Foxo3, which dominates
IL-10, IL-33, and IL-34 expression in antigen-pre-
senting cells, and further activates immunosuppres-
sive regulatory T cells to promote cardiac repair [92].
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Interestingly, constructing acellular cardiac scaffolds
enriched with MSC-derived EVs increased the neovas-
cularization density and decreased myocardial fibrosis,
eventually promoting myocardial repair in an MI pig
model [93].

Mpyocardial Ischemia-Reperfusion Injury (MIRI)

EVs are mostly involved in all processes of MIRI, such
as the inflammatory response, angiogenesis, and cardio-
myocyte survival [94]. Cardiomyocytes, ECs, stem cells,
immunocytes, adipocytes, and other cells secrete EVs in
this pathophysiology. For instance, EVs from cardiomyo-
cytes enhance endothelial nitric oxide synthase activity in
cardiac microvascular endothelial cells (CMECs), which
elevates the survival of cardiomyocytes and CMECs,
thereby attenuating MIRI [95]. Endothelial-derived EVs
improve cardiomyocyte viability by delivering cardio-
protective protein cargo to injured cardiomyocytes, ulti-
mately rescuing human laminar cardiac tissues exposed
to ischemia-reperfusion injury [96]. Additionally, kriip-
pel-like factor 2 (KLF2), which is highly expressed in
ECs, is crucial in inflammation. EVs from KLF2-overex-
pressing ECs inhibited Ly6Chigh monocyte recruitment
by transmitting miR-24-3p, eventually improving the
inflammatory response and alleviating MIRI [97]. This
study provides a basis for developing therapeutic agents
against MIRL Interestingly, miR-130b-3p, enriched
in dysfunctional adipocyte-derived EVs, downregu-
lates the expression of AMP-activated protein kinase a,
aggravating cardiomyocyte apoptosis, prejudicing car-
diac function recovery, and exacerbating diabetic MIRI
[98]. Contrastingly, Crewe et al. showed that adipocytes
respond to mitochondrial stress caused by obesity by
rapidly releasing EVs containing damaged mitochon-
dria. These EVs enter the circulation and are absorbed by
cardiomyocytes, triggering responses of reactive oxygen
species that lead to compensatory oxidative stress sign-
aling in the heart, thereby protecting the cardiac tissue
from acute oxidative stress and eventually favoring the
prevention of MIRI [99]. This suggests that EVs secreted
by the same cell type play different or even opposite roles
in intercellular communication during MIRI.

Notably, EVs from ADSCs promote cardiac regen-
eration via miR-210 targeting multiplexed targets. For
example, miR-210 promotes angiogenesis in hypoxic
ECs by inhibiting Ephrin A expression [100]. Addition-
ally, this miRNA exerts an anti-apoptotic effect on the
hypoxic H9¢2 cells (a type of rat cardiac myocyte). This
study revealed the multiplexed targeting effects of miR-
210 present in stem cell-derived EVs [100]. Studies on the
intercellular communication mediated by EVs derived



Liu et al. Cell Communication and Signaling (2023) 21:310

from stem cells in MIRI are limited, which requires fur-
ther exploration.

Heart Failure (HF)

HEF is the terminal stage of nearly all kinds of cardiovas-
cular diseases and the cardiovascular diseases mentioned
above, including hypertension, atherosclerosis, AMI, and
MIR], can eventually lead to HF [101]. Intercellular com-
munication that EVs mediate may be potentially effective
in preventing HF in the early stages and ameliorating the
final pathological symptoms to repair the injured heart.
For instance, EVs enriched with miR-378 secreted from
cardiomyocytes under overloaded conditions inhibit
excessive fibrosis of cardiac fibroblasts through the par-
acrine process. Furthermore, miR-378 can target mito-
gen-activated protein kinase kinase 6 to partially inhibit
the mitogen-activated protein kinase signaling pathway.
This implies that miR-378 is an endogenous protective
factor in the early myocardial hypertrophy stages after
mechanical stress and can prevent HF [102]. Addition-
ally, miR-21-5p is dysregulated in exosomes derived from
cardiac stromal cells of patients with HF, which impedes
cardiac repair. Preclinical studies have shown that miR-
21-5p can enhance angiogenesis and cardiomyocyte
survival by regulating the PTEN/ALkt signaling pathway,
indicating that miR-21-5p has great potential in HF treat-
ment [103].

Doxorubicin is a common agent used to build HF
animal models and an effective antitumor drug in clini-
cal settings; however, its cardiotoxicity should not be
overlooked [104]. Interestingly, stem cell-derived EVs
can protect against doxorubicin-induced HF. Human
trophoblast exosomes inhibit the expression of miR-
200b and increase the level of zinc finger E-box binding
homeobox 1, which reduces cardiomyocyte apoptosis
and ultimately mitigates HF that doxorubicin induces;
however, the specific cargo in exosome functions still
needs further exploration [105]. EVs produced by human
umbilical cord MSCs suppress oxidative stress and AC16
cell apoptosis mediated by doxorubicin, and their cargo,
miR-100-5p, targets NADPH oxidase 4, which plays a
cardioprotective role in HF [101]. Additionally, ESC-
derived exosomes relieve cardiomyocyte pyroptosis and
cardiac remodeling caused by doxorubicin, eventually
attenuating its cardiotoxicity [106]. Taken together, the
intercellular communication that EVs mediate exerts
prominent effects in alleviating HF resulting from doxo-
rubicin treatment, suggesting that simultaneous doxoru-
bicin and EV administration may reduce antitumor drug
cardiotoxicity.

Intercellular communication that EVs mediate in car-
diovascular diseases is briefly depicted in Fig. 3.
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Diabetic Complications

Diabetic Nephropathy (DN)

In the pathological process of DN, EVs from abnormal
cells aggravate kidney injury. EVs derived from hypergly-
cemia-induced activated platelets act on the mammalian
target of rapamycin (mTOR) pathway in glomerular ECs
to exacerbate glomerular endothelial damage and albu-
min leakage in urine, promoting the development of DN
at an early stage [107]. Additionally, high levels of miR-
19b-3p in urine exosomes are associated with the sever-
ity of tubulointerstitial inflammation in DN patients.
MiR-19b-3p in exosomes can mediate the communica-
tion between damaged tubular epithelial cells (TECs)
and macrophages. This promotes pro-inflammatory
activation of macrophages and drives tubulointerstitial
inflammation [108]. Jiang et al. proved the formation of a
negative feedback regulation signaling pathway between
TECs and macrophages. Lipotoxic TEC-derived EVs
activated macrophages and drove them to secrete EVs,
promoting apoptosis in TECs damaged by lysophos-
phatidyl choline [109]. Interestingly, a study reported that
miR-199a-5p in EVs secreted by renal proximal TECs
exposed to excessive albumin promoted M1 macrophage
polarization by targeting Klotho, a protein that polarizes
M1 macrophages into M2 and improves renal fibrosis
[110]. Additionally, EVs involved in DN pathophysiol-
ogy also play a protective role. Exosomes secreted by M2
macrophages, for example, inhibit lipopolysaccharides-
induced podocyte injury and apoptosis in vitro by miR-
93-5p targeting TLR4 in podocytes, protecting kidneys
from damage [111].

Emerging evidence has shown that EVs secreted by
stem cells function as renal protective preparations in
DN. In a streptozotocin-induced rat model, Ebrahim
et al. demonstrated that exosomes derived from MSCs
alleviated kidney injury via targeting mTOR to promote
autophagy [112]. The cargoes transferred from stem cells
to recipient cells are closely associated with the protective
effects of DN. For instance, miR-486 is downregulated
in DN patients, and miR-486 from ADSC exosomes has
been proven to protect podocytes against injury in vivo
and in vitro by activating autophagy via the Smadl/
mTOR signaling pathway [113]. 14-3-3( in human
umbilical cord MSC-derived EVs inhibits the expression
of yes-associated protein to elevate podocyte autophagy
activity, which reduces podocyte apoptosis and lessens
renal injury [114]. Taken together, EVs derived from stem
cells have enormous potential for DN prevention and
treatment, especially in regulating autophagy activity.

Diabetic Retinopathy (DR)
In recent years, studies on EVs in DR have focused
on retinal endothelial cells (RECs), retinal Muller
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Fig. 3 Intercellular communication that EV cargoes mediate regulates cardiovascular disease progression

Cargoes from different donor cells, including endothelial cells (ECs), adventitial fibroblasts, monocytes, macrophages, cardiomyocytes, and stem
cells can activate or inhibit specific targets in recipient cells during cardiovascular disease progression, including hypertension, atherosclerosis,
acute myocardial infarction (AMI), myocardial ischemia—reperfusion injury (MIRI), and heart failure (HF). These processes affect cell proliferation,
apoptosis, vascular remodeling, angiogenesis, inflammation, and fibrosis in cardiovascular diseases

cells, pericytes, retinal microvascular endothelial cells
(RMECs), retinal pigment epithelium (RPE), and MSCs.
Exosomes collected from the vitreous of proliferative
DR patients promoted neovascularization [115]. Further
studies revealed that miR-9-3p in exosomes from reti-
nal Muller cells under high glucose conditions targeted
sphingosine-1-phosphate receptor 1 in RECs to promote
abnormal angiogenesis and aggravate DR [115]. It implies
that modulating cell crosstalk is an effective method to
inhibit abnormal angiogenesis and repress DR progres-
sion. Interestingly, pericyte loss is a well-known feature of
DR. The expression of circEhmt1 in exosomes is up-regu-
lated in hypoxic preconditioned pericytes, which protects
ECs from injury induced by high glucose by modulating
the NFIA/NLRP3 pathway [116]. This improves retinal
microvascular dysfunction caused by diabetes. It offers a
potential therapeutic target for DR treatment.

EVs secreted by MSCs inhibit the inflammation
response, angiogenesis, and apoptosis by shuttling
between cells to repress DR progression. He et al.
found that EVs secreted from MSCs transferred miR-
30c-5p to target phospholipase C gamma 1 in RECs,
eventually attenuating inflammation [117]. Addition-
ally, MSC-derived EVs protected RPE cells from high
glucose-induced apoptosis and oxidative damage, which
was attributed to the cargo called neuronal precursor
cell-expressed developmentally downregulated 4 [118].
Intravitreally injecting MSC-EVs into streptozotocin-
induced diabetic rats protects the retina and prevents DR
development [118]. Under high glucose conditions, EVs
derived from adipose MSCs counteract RPE cell apop-
tosis, Muller cell activation, and RMEC proliferation.
MiR-192 carried in this kind of EV negatively regulates
integrin alpha 1 to alleviate inflammation and angiogene-
sis in DR [119]. Human RMECs damaged by high glucose
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can also be regulated by MSC-EVs. MSC-EVs reduce the
inflammation in the retina of diabetic rats, and further
study finds that miR-18b contained in MSC-EVs plays
an anti-inflammatory and anti-apoptotic role in RMECs
stimulated by high glucose [120].

Currently, there are many studies about EVs derived
from MSCs mediating intercellular communications
during DR development. However, there are few stud-
ies on EVs secreted by other cells involved in the path-
ological process of DR, and further research is still
needed.

Diabetic Cardiomyopathy (DCM)

DCM is a kind of cardiomyopathy that is not explained
exactly by hypertension, ischemic cardiomyopathy, or
other common reasons for myocardial tissue lesions in
diabetic patients [121]. At present, there are fewer stud-
ies about DCM-related EVs compared with other dia-
betic complications, and most researchers concentrate
on cardiomyocytes and cardiac fibroblasts as EV recep-
tors. Senescent cells influence exosomal biogenesis and
regulate autophagy flux, ultimately driving the progres-
sion of vascular diseases [122]. A study demonstrated
that EVs mediated the crosstalk between senescent
adipose and cardiomyocytes, and removing senescent
adipose alleviated DCM symptoms in streptozotocin
type 1 diabetic mice [123]. Mechanistically, inhibit-
ing Rictor expression in cardiomyocytes is how miR-
326-3p from senescent adipocyte-derived EVs leads to
mitochondrial dysfunction and cardiac diastolic failure
[123]. However, this study does not clarify the specific
subtypes of senescent cells, and more accurate targets
of interaction might be discovered in future research.
According to studies on EVs released by CMECs, mam-
malian sterile 20-like kinase 1 (Mstl) is a detrimen-
tal signal in EVs from CMECs to cardiomyocytes that
inhibits autophagy, promotes apoptosis, and impedes
recipient cell glucose metabolism [124]. Endothelial-
specific Mst1 transgenic mice perform poorly in cardiac
function and insulin resistance as compared to non-
transgenic mice [124]. Interestingly, cardiomyocyte-
derived EVs can also act on cardiomyocytes. In high
glucose-induced cardiomyocytes, ticagrelor-pretreated
cardiomyocyte-derived EVs reduce the expression of
biomarker proteins about autophagy, apoptosis, and ER
stress [125]. Additionally, after administration of these
EVs, down-regulated expression of miR-499, miR-133a,
and miR-133b is reversed in cardiomyocytes under dia-
betic conditions [125].

Acting on cardiac fibroblasts is also an important
method to treat DCM. Exosomes secreted by cardiac
parasympathetic neurons blunted apoptosis and elevated
cardiac fibroblast viability in high glucose conditions
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[126]. EVs can also build a bridge for interaction between
CMECs and cardiac fibroblasts. Exosomes from CMECs
containing TGF-p1 mRNA activated cardiac fibrosis in
hyperglycemia and promoted myocardial fibrosis in dia-
betic mice [127]. This study provides a potential method
for preventing DCM development. However, the precise
underlying mechanism still needs further study.

Diabetic Foot Ulcers (DFU)
EVs show great potential for wound healing in DFU.
ADSCs promote wound repair by transferring bioactive
molecules via EVs in hyperglycemic conditions. ADSCs
secreted exosomes with overexpression of nuclear fac-
tor-erythroid factor 2 (Nrf2), which enhanced the prolif-
eration and angiogenesis of endothelial progenitor cells
(EPCs), markedly reducing the ulcer area in diabetic rats
[128]. Another study showed that exosomes produced
by linc00511-overexpressing ADSCs inhibited Twstl
ubiquitination induced by progestin and adipoQ recep-
tor 3, which mechanically rescue Twst1 levels in EPCs to
improve DFU [129]. ECs, as a key component of angio-
genesis, are also regulated by EVs generated from ADSCs.
Mmu_circ_0001052 in exosomes from ADSCs suppresses
the expression of miR-106a-5p in human umbilical vein
endothelial cells (HUVECS), ultimately promoting angio-
genesis and wound healing in DFU [130]. In addition,
exosomal IncRNA H19 from MSCs protects fibroblasts
against apoptosis and inflammation by binding with miR-
152-3p to target PTEN. Injecting these exosomes into
DFU mice ameliorates wound ulcers [131]. EVs from dif-
ferent stem cells have different mechanisms and targets,
but the great potential for wound healing may change the
dilemma of amputation risk that diabetic patients face.

Additionally, EVs with adverse effects in DFU are also
reported. For instance, EVs produced from HUVECs
stimulated by advanced glycation end products are
adverse to collagen synthesis by activating the autophagy
of human skin fibroblasts, thereby delaying the wound
healing process. Further studies have demonstrated that
miR-106-5p is highly expressed in EVs secreted by ECs
treated with advanced glycation end products and exu-
date from DFU patients. The expression of extracellu-
lar signal-regulated kinase 1/2 is inhibited in fibroblasts
after the uptake of miR-106-5p, which inhibits collagen
synthesis [132]. A study indicated that exosomes from
human-immortalized epidermal cells pretreated with
high glucose inhibited HUVEC migration and tube for-
mation, ultimately inhibiting wound healing in diabetic
mice. This process may relate to the YY1/HDACS sin-
gling pathway mediated by LINC01435 in this kind of
exosome [133].

Intercellular communication that EVs mediate in dia-
betic complications is briefly shown in Fig. 4.
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Fig. 4 Intercellular communication that EV cargoes mediate regulates diabetic complication progression

Cargoes from different donor cells, including tubular epithelial cells (TECs), macrophages, mesenchymal stem cells (MSCs), adipose-derived stem
cells (ADSCs), platelets, retinal Muller cells, pericytes, adipocytes, cardiomyocytes, cardiac microvascular endothelial cells (CMECs), and epidermal

cells can activate or inhibit the specific targets in recipient cells during the progression of diabetic complications, including diabetic nephropathy
(DN), diabetic retinopathy (DR), diabetic cardiomyopathy (DCM), and diabetic foot ulcers (DFU). These processes affect cell apoptosis, autophagy,

angiogenesis, and inflammation

Tumors

Hemangiomas

Hemangioma, as a common type of benign tumor in
infancy, is associated with hemangioma stem cells (Hem-
SCs) and hemangioma endothelial cells (HemECs) in its
progression. Studies on EVs in hemangiomas have mainly
concentrated on HemSCs and HemECs as recipient cells.
Electroplating miR-187-3p mimics into exosomes pro-
duced from human adipose MSCs decreases HemSC
viability by acting on the Notch signaling pathway in
HemSCs [134]. Furthermore, EVs can address the issue of

HemSC drug resistance to propranolol, a first-line thera-
peutic agent for hemangiomas [135]. Exosomes produced
by tumor-associated macrophages lower the sensitivity of
HemSCs to propranolol by down-regulating the expres-
sion of dickkopf-related protein 2, which relies on miR-
27a-3p carried in exosomes [135]. MiR-27a-3p has been
identified as a new target for hemangioma treatment,
especially propranolol-resistant hemangiomas [135].
Interestingly, EVs can also serve as a bridge between
HemSCs and HemECs. Exosomes secreted by HemSCs
not only promote HemEC proliferation and angiogenesis
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but also alleviate HemEC apoptosis and cell cycle arrest
[136]. This effect is attributed to miR-196b-5p, which
binds to cyclin-dependent kinase inhibitor 1B directly.
However, it has not been verified in vivo experiments
[136]. Hypoxia is a key factor in tumor development.
MiR-210, which is carried by hypoxia-induced HUVEC-
derived EVs, accelerates HemEC proliferation and
migration [137]. Through software prediction, it was dis-
covered that miR-210 possibly targeted homeobox A9,
but the mechanism of this target gene for hemangioma
has not been validated experimentally [137]. Further
research into EV function and related targets in heman-
giomas is required.

Hematological Malignancies

Hematological malignancies (mainly including leukemia
and lymphoma), a kind of hematologic disease caused
by mutations in hematopoietic cells, are also related to
angiogenesis in the bone marrow microenvironment
[138, 139]. EVs stimulate angiogenesis in leukemia by
transporting contents from tumor cells to ECs. A study
found that vascular endothelial growth factor (VEGEF)-
containing exosomes derived from acute myeloid leu-
kemia (AML) promoted HUVEC proliferation and tube
formation while also inducing vascular endothelial
growth factor receptor (VEGFR) expression in HUVECs
[140]. The glycolytic inhibitor 2-DG inhibits the ability
of AML-derived exosomes to promote HUVEC angio-
genesis in vitro, indicating that vascular remodeling
depends on glycolysis [140]. However, this research was
conducted in vitro, so it has to be confirmed in vivo.
Similarly, exosomes released by AML enhance angio-
genesis, and bioinformatics analysis has revealed that
exosomal miRNAs play essential roles in AML devel-
opment, but the relationship between specific miRNAs
in exosomes and angiogenesis remains to be further
studied [141]. Another study demonstrated the ability
of chronic myeloid leukemia (CML)-derived exosomes
to trigger angiogenesis in the chicken chorioallantoic
membrane assay model [142]. Interestingly, the role of
CML-derived exosomes in promoting new angiogenesis
is offset by using anti-angiogenesis-gold nanoparticles,
which offer a new therapeutic strategy for improv-
ing the CML tumor microenvironment and inhibiting
angiogenesis [142]. In addition, exosomes secreted by
chronic lymphocytic leukemia (CLL) induce migration
and angiogenesis by transferring chloride intracellular
channel 1 to HUVECs to activate the ITGB1-MAPK/
ERK signaling cascade, which provides a novel tar-
get for CLL treatment [143]. In vivo evidence has sup-
ported the potential of EVs to stimulate angiogenesis in
lymphoma compared with leukemia. A study on diffuse
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large B cell lymphoma (DLBCL) found that exosomes
from DLBCL promoted HUVEC tube formation in a
dose-dependent manner in vitro and that angiogenesis
increased markedly in NOD/SCID mice with the injec-
tion of DLBCL-derived exosomes [144]. The underlying
mechanism lacks a specific description. Additionally,
anti-tumor drugs can function by interfering with the
crosstalk between cells that EVs mediate. Combin-
ing omacetaxine and curcumin therapy dramatically
reduced VEGEF levels in exosomes secreted by Raji cells,
according to Zhang et al. [145]. Exosomes containing
down-regulated VEGFA markedly inhibited HUVEC
proliferation, migration, and angiogenesis concurrently
[145]. It further proves the involvement of EVs in angio-
genesis in hematological malignancies. Deeply under-
standing EV roles in angiogenesis in hematological
malignancies is conducive to developing and research-
ing anti-angiogenic drugs.

Other Solid Tumors

Emerging evidence has shown that EVs play impor-
tant roles in solid tumors, such as oncogenesis, invasion,
metastasis, and drug resistance. The tumor microenviron-
ment (TME), which includes vessels, immune cells, mes-
enchymal cells, and non-cellular components, is tightly
related to tumor progression [146]. EVs perform vital roles
as mediators in intercellular communication in the TME,
especially during angiogenesis. EVs that shuttle between
tumor cells and ECs modulate angiogenesis in tumor
development. For instance, miR-25-3p contained in colo-
rectal cancer (CRC)-derived exosomes targets KLF2 and
KLF4 in ECs, increasing vascular leakage and promoting
angiogenesis. In vivo experiments revealed that miR-25-3p
disrupts endothelial barrier integrity and contributes to
pre-metastatic niche formation, ultimately promoting
CRC metastasis in nude mice. Analyzing clinical sam-
ples proves that the high level of exosomal miR-25-3p in
circulation is connected with CRC metastasis [147]. The
lack of oxygen and nutrition in TME is severe as a result
of abnormal angiogenesis, while EVs released by tumors in
turn further stimulate EC proliferation and angiogenesis
[148]. Glutamine-fructose-6-phosphate aminotransferase
1 in nutrient-deficient bladder cancer-derived EVs drives
increased hexosamine biosynthetic pathway flux and
O-GlcNAcylation level in ECs, ultimately realizing meta-
bolic reprogramming and promoting angiogenesis [148].
Plentiful factors in TME induce tumor cells to overexpress
multiple biomolecules that are favorable for tumor sur-
vival. Hypoxia is not the only factor, such as TGF-p. Lysyl
oxidase-like 4 (LOXL4) is highly expressed in hepatocellu-
lar carcinoma (HCC) [149]. Through the paracrine mech-
anism of exosomes, it can be transferred to HUVECs:,
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promoting angiogenesis, enhancing invasion, and ulti-
mately exacerbating HCC metastasis [149]. It’s interesting
to note that hypoxia does not induce LOXL4 expression,
while TGF-B is the regulator of LOXL4 expression in
HCC [149]. Notably, the same cargo in EVs shows oppo-
site effects in different tumors. MiR-9 is considered an
oncogenic factor in multiple cancers. Compared with the
healthy control group, the expression of miR-9 in glioma
tissues and patient serum was significantly increased. Fur-
ther studies found that miR-9 secreted from glioma cells
was absorbed by HUVECs through exosomes and ulti-
mately promoted angiogenesis. Studies have shown that
miR-9 can target collagen type XVIII alpha 1 chain, throm-
bospondin 2, patched 1, and prolyl hydroxylase domain 3
in ECs, affecting the VEGF signaling pathway [150]. How-
ever, in a study by Lu et al., exosomes from nasopharyngeal
carcinoma were taken up by ECs, where miR-9 reversed
MDXK-induced cell migration and tube formation, playing
anti-angiogenic roles [151]. Possibly, the downstream sign-
aling pathway and the specific underlying mechanism are
different.

Other than invasion and metastasis, EVs have
momentous effects on solid tumor resistance through
intercellular communication. One study demonstrated
that exosomes carrying miR-522 secreted by cancer-
associated fibroblasts (CAFs) inhibited arachidonate
lipoxygenase 15 expression in gastric cancer cells and
ultimately repressed ferroptosis, which is related to gas-
tric cancer chemical resistance [152]. Another report
confirmed that bevacizumab, an anti-angiogenesis
drug, was detected on the surface of EVs derived from
glioblastoma cells after bevacizumab treatment. This
is likely a mechanism by which cancer cells protect
themselves from drug toxicity [153]. Further research
indicated that inhibiting EV secretion with GW4869
enhanced the therapeutic effect of bevacizumab on glio-
blastoma cells and reduced cell viability, but the specific
mechanism remains to be elucidated [153]. Addition-
ally, due to the heterogeneity of tumors, wild epidermal
growth factor receptor (EGFR) non-small cell lung can-
cer (NSCLC) promotes the resistance of mutated EGFR
NSCLC to osimertinib by transferring wild EGFR to
mutant NSCLC [154].

Figure 5 provides a brief illustration of intercellular
communication that EVs mediate in tumors.

(See figure on next page.)
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Other Vascular Diseases
Acute Lung Injury (ALI)
The influence of EVs on alveolar macrophages, neutro-
phils, and pulmonary microvascular endothelial cells
(PMVECSs) is closely associated with the progression of
ALI particularly in inflammation response and blood-
air barrier integrity. For instance, exosomal miR-30d-5p
from polymorphonuclear neutrophils was internalized
by macrophages and then targeted Sirtl and suppressor
of cytokine signaling 1, which ultimately activated the
NF-«B signaling pathway and induced macrophage M1
polarization and pyroptosis, aggravating sepsis-related
ALI [155]. In contrast, adipose-derived MSC-derived
exosomes transfer mtDNA to alveolar macrophages
to compensate for damaged mitochondria, thereby
enhancing macrophage metabolism and improving
immune homeostasis, eventually reducing inflamma-
tion and improving ALI [156]. Similarly, a recent study
confirmed that miR-125b-5p in exosomes from ADSCs
reduced inflammation-stimulated PMVEC ferroptosis
through the Keapl/Nrf2/GPX4 axis, hence alleviating
ALI [157]. Furthermore, Zhou et al. highlighted that
exosomes from EPCs administrated intratracheally
reduced alveolar edema and pulmonary inflammatory
cell infiltration in ALI mice. Further research revealed
that miR-126-3p and miR-126-5p notably increased the
expression of tight junction proteins (Claudinl, Clau-
din4, and occludin) in human small airway epithelial
cells and improved the endothelium barrier integrity
in vitro [158, 159].

Collectively, cell-cell interactions that EVs mediate
show great potential for ALI therapies since this process
provides substantial therapeutic targets.

Acute Kidney Injury (AKI)

Emerging evidence has indicated that EVs play a crucial
role in renal protection and regeneration in AKI, which
involves TECs, MSCs, immune cells, and other cells.
Cao et al. provided evidence that MSC-EVs specifically
accumulated in kidney injury areas and transported miR-
200a-3p to proximal TECs [160]. Subsequently, miR-
200a-3p activated the Keapl-Nrf2 signaling pathway to
enhance proximal TEC mitochondrial function, ulti-
mately improving renal function during AKI progression

Fig. 5 Intercellular communication that EV cargoes mediate regulates the tumor progression

As tumors such as hemangiomas, hematological malignancies, and other solid tumors advance, cargoes from various donor cells,
including mesenchymal stem cells (MSCs), cancer cells, macrophages, and fibroblasts can activate or inhibit specific targets in recipient cells. These
processes affect tumor development by regulating cell proliferation, apoptosis, angiogenesis, metastasis, and drug resistance
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[160]. Similarly, EVs produced by MSCs were found to
mitigate mitochondrial dysfunction and the inflamma-
tory response by transporting mitochondrial transcrip-
tion factor A and mtDNA, ultimately ameliorating renal
damage [161]. Additionally, sEVs secreted by hypoxic
proximal TECs stimulated capillary endothelial prolif-
eration around renal tubules and angiogenesis after AKI
[162]. VEGFA found in this kind of sEV plays a pivotal
role in peritubular capillary repair and renal regeneration
[162]. In brief, intercellular communications that EVs
mediate function critically in AKI, and studies about spe-
cific mechanisms are ongoing.

Clinical Application Potential of EVs in Vascular
Diseases
Therapeutic Targets
Researchers have identified numerous potential thera-
peutic targets by studying the intercellular communi-
cation that EVs mediate in vascular diseases, including
cargos (miRNAs, circRNAs, IncRNAs, proteins, etc.) in
EVs and genes in target cells, which are discussed in the
second part and summarized in Table 1. Interfering with
cargo identification in EVs and target genes in recipient
cells or designing and delivering content mimics of EVs,
are promising treatment strategies for vascular diseases.
Additionally, investigating the process of EV biogenesis,
secretion, and uptake can shed light on prospective ther-
apeutic targets for vascular diseases, mainly by modulat-
ing the intercellular crosstalk that EVs mediate. Blocking
or promoting these EV processes may play an effective
role in treating vascular diseases. For example, Rab27a
and Rab27b play important roles in exosome release from
alveolar macrophages stimulated by lipopolysaccharides,
which aggravates ALL. However, IL-25 secreted by alveo-
lar epithelial cells inhibits Rab27a and Rab27b expression
in macrophages, ultimately inhibiting exosome release
and reducing TNF-« level, hence providing a new ther-
apeutic strategy for ALI [163]. Everolimus, a rapamycin
derivative, stimulates NSCLC cells to secrete exosomes
loaded with miR-7-5p, thereby reducing its antitumor
activity. The knockdown of Rab27A or Rab27B inhibits
the exocytosis of exosomes carrying miR-7-5p and atten-
uates the resistance of NSCLC cells to everolimus [164].
GW4869, an EV-release inhibitor, is commonly used
in the scientific community. In a study of MIRI, Ge et al.
found that reperfusion induced an increase in cardiac EV
release, triggering an inflammatory response that exacer-
bated heart injury, whereas GW4869 treatment inhibited
EV release while reducing cardiac injury [165]. Similarly,
Patwardhan et al. used GW4869 to block exosome secre-
tion and attenuate extracellular matrix stiffness, thereby
modulating the motility and contractility of breast can-
cer cells and inhibiting breast cancer invasion [166].
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However, the problem of directly blocking EV release
should not be overlooked. The same cargo performs
similar, different, and even opposite functions through
diverse mechanisms in different vascular diseases and
the effects of EVs from different sources may be similar
or opposite, as shown in Fig. 6. The same miRNAs can
interact with different targets and functions in various
vascular diseases. Mechanisms that EVs mediate may be
related to the nature of their targets. Completely blocking
or promoting EV release is not appropriate for clinical
applications because of various cargo roles. This should
also be considered. Otherwise, it may lead to other path-
ological processes in the body. A comprehensive exami-
nation of the various roles of EVs and their cargo is a
challenge requiring further study.

Diagnostic and Prognostic Biomarkers

EV cargoes from blood and urine are gradually being
used as noninvasive biomarkers for vascular disease
diagnosis and prognosis, as EVs exist in body fluids and
exhibit different content variations between healthy peo-
ple and patients (Fig. 7). Most studies on diagnostic bio-
markers focus on noncoding RNAs and proteins in EVs,
which aim to understand the different stages and prog-
noses of vascular disease and distinguish between similar
diseases (Table 2).

EVs can be used to diagnose disease progression and
provide a basis for determining the vascular disease stage.
For example, Wang et al. found that eight miRNAs (miR-
1246, miR-1290, miR-483-5p, miR-429, miR-34b-3p,
miR-34c-5p, miR-449a, and miR-145-5p) performed well
in discrimination by analyzing the miRNA expression
profiles in the ascites and plasma of patients with ovar-
ian cancer or benign gynecological diseases. They were
then used to establish an ovarian cancer EV miRNA
(OCEM) signature. Further analysis suggested that the
OCEM signature clearly distinguished benign peritoneal
fluids and malignant ascites, as well as benign and malig-
nant plasma, indicating that it can be used to diagnose
ovarian cancer in the metastatic stage [167]. By studying
circRNA expression in serum exosomes of patients with
acute IS, researchers found that exosomal circ_0043837
and circ_ 0001801 can be used as predictive biomark-
ers for large artery atherosclerotic stroke, are superior
to plasma circRNAs, and provide potential diagnostic
markers for the early onset and prevention of IS [168].
Similarly, exosomal miR-124-3p is downregulated in the
serum of patients with acute cerebral ischemia and is a
promising diagnostic biomarker for early-stage IS [169].
Interestingly, a combination of exosomal miR-21-5p and
miR-30a-5p in plasma are promising diagnostic biomark-
ers for distinguishing different IS stages, including hyper-
acute phase IS (HIS, within 6 h), acute phase IS (AIS,
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including days 1-3 and days 4-7), subacute phase IS (SIS,
days 8-14), and recovery phase IS (RIS, days>14). The
miR-21-5p level in SIS and RIS was notably higher than
that in nonstroke controls, and miR-30a-5p expression
in HIS was higher, whereas that in AIS (days 1-3) was
lower than that in nonstroke controls [170]. Additionally,
the exosomal miR-223-3p levels in the plasma of CSVD
patients positively correlated with the plasma concentra-
tions of homocysteine and C-reactive protein. This may
serve as a predictive diagnostic marker for CSVD and
cognitive dysfunction [171]. Gao et al. demonstrated
that miR-320e from the plasma exosomes of patients
with CSVD was also a potential predictive biomarker
for CSVD [172]. In addition to blood, EVs derived from
urine in bladder cancer serve as diagnostic markers. One
study found that ephrin type-A receptor 2 (EphA2) was
prominently upregulated in urinary EVs, and EV-EphA2-
CD9 ELISA performed well in diagnosing early bladder
cancer [173]. EV cargoes are sensitive predictive mark-
ers that contribute to the prevention of vascular disease
progression.

Additionally, EVs are associated with the prognosis of
vascular diseases. A breast cancer study demonstrated
that EphA2 in circulating exosomes indicates poor prog-
nosis and metastasis [174]. Plasma EphA2 level was posi-
tively correlated with poor prognosis in patients with
metastatic breast and was markedly higher than that in
patients with nonmetastatic breast cancer [174]. Another
study showed that healthy controls have drastically
higher miR-7 levels in their serum than patients with
lung cancer, and that high miR-7 levels in patient serum
are associated with high sensitivity to gefitinib and longer
survival [175]. Interestingly, Anselmo et al. demonstrated
that the higher the levels of circulating cardiomyocyte-
derived CD172a™ EVs in patients with aortic stenosis,
the better the prognosis after transcatheter aortic valve
replacement [176].

MiRNAs play a non-negligible role in distinguishing
similar vascular diseases. Kalani et al. analyzed the dif-
ference in plasma miRNA expression between patients
with ICH and those with IS [177]. They further used 25
miRNA classifiers to analyze the differences and found
that their accuracy in distinguishing hemorrhagic from
IS was 0.813+0.003 [177]. However, changes in spe-
cific miRNA expression levels require further study
[177]. This study will help medical practitioners quickly

(See figure on next page.)
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identify patients with cerebral ischemia or exclude cer-
ebral ischemia simultaneously, thereby contributing to
rapid diagnosis and treatment [177]. Additionally, miR-
NAs from exosomes can serve as potential biomarkers
to noninvasively identify AD and VD [178]. Compared
with a healthy control group, miR-22*%, miR-23a, miR-
29a, miR-34b, miR-125b, and miR-130b were upregu-
lated in patients with AD and downregulated in patients
with VD by measuring the expression profile of exosomes
in serum among patients with AD and VD and healthy
controls [178]. Their expression was markedly different
between AD and VD groups [178]. These miRNAs could
be used as new markers for clinical diagnosis.

EVs are superior to traditional diagnostic biomarkers
due to their enhanced stability and diverse molecular
composition, showing remarkable auxiliary diagnostic
ability in several vascular diseases. Despite their promis-
ing diagnostic potential, EVs have primarily been investi-
gated in laboratory settings, and the clinical application
of their cargoes is limited. A lack of rapid, convenient,
and clinically operable methods for separating EVs hin-
ders their clinical application. However, research on cell-
specific EV biomarkers is still lacking for specific diseases
because almost all cells in organisms can produce EVs.

Drug Delivery Vehicles

As drug delivery vehicles, EVs have attracted increas-
ing attention for the treatment and clinical translation
of vascular diseases owing to their substantial advan-
tages. First, EVs consisting of lipid bilayers and drugs
are packaged inside or loaded onto their surface [179].
It improves drug stability and prevents drug degrada-
tion in the body, thereby enhancing the curative effects
[180]. Second, EVs can be fused with the cell mem-
brane with good biocompatibility, thereby avoiding the
toxicity and side effects of synthetic nanocarriers and
maintaining high safety [181]. Third, by modifying EVs
carrying recognition molecules, target cells can be rec-
ognized and further effectively targeted [182]. Moreo-
ver, it is widely available and capable of penetrating
various tissue barriers, especially the BBB [183].

Based on current studies, EVs derived from multiple
cells have been used as drug delivery vesicles to trans-
port nucleic acids, proteins, chemical drugs, etc., that are
crucial in treating vascular diseases such as stroke, myo-
cardial infarction, and cancer. By designing engineered

Fig. 6 The same cargo has similar, different, or opposite effects through diverse mechanisms in vascular diseases

MiR-125b-5p, miR-155, miR-19b-3p, miR-210, miR-25-3p, miR-486, and miR-9 have different downstream targets that promote or inhibit diverse
physiological and pathological processes in different types of vascular diseases. The effects of the same cargo can be similar, different, or even

opposite
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Fig. 7 The procedure of EV cargoes as non-invasive biomarkers for diagnosis and prognosis

First, blood, urine, saliva, and other samples are obtained from humans. Second, extracellular vesicles (EVs) are isolated from these samples. Third,
differential expression in EVs is analyzed using advanced instruments or sequencing techniques, which is ultimately favorable for analyzing
the correlation between differential expression and vascular disease progression to identify noninvasive biomarkers for diagnosis and prognosis

exosomes with the rabies virus glycoprotein peptide
on the surface to deliver bioactive nerve growth factor
(NGF) mRNA and protein to the ischemic area, which
alleviates ischemic brain injury, the level of NGF is
increased in the ischemic region [184]. Similarly, brain-
derived neurotrophic factor loaded into neural stem
cell-derived exosomes were recently shown to consider-
ably improve neurological function and promote tissue
repair in MCAO rats [185]. Intriguingly, functionalized
EV modification with cardiac-targeting peptide (CTP)
and curcumin loaded into EVs to form CTP-EVs-Cur
enhanced the bioavailability and cardiac-targeting abil-
ity of curcumin. Furthermore, loading miR-144-3p, the
main influencing molecule for curcumin therapeutic
effects, into CTP-EVs-Cur enhanced the cardioprotec-
tive effects under in vitro and in vivo conditions, sug-
gesting that using CTP-EVs to co-deliver curcumin and
miR-144-3p could improve the curative effects against
myocardial infarction [186]. Huang et al. designed and
prepared c(RGDyK)-modified and maternally expressed
gene 3 (MEG3)-loaded exosomes (cRGD-Exo-MEG3),
which were efficiently delivered to osteosarcoma cells
for anti-osteosarcoma roles in vitro and in vivo [187].

Additionally, sEVs were hybridized with synthetic
liposomes in a study on breast cancer to create hybrid
exosomes (HE), which were then loaded with water-sol-
uble adriamycin. Drug-loaded HE can increase the cyto-
toxicity in breast cancer cells and amplify the release of
pH-sensitive drugs under acidic conditions, making it
promising for antitumor drug delivery [180].

Challenges and Prospects

Currently, studies on EVs remain mostly in the preclinical
stage, and EV development in clinical applications still
exists unsolved issues.

Isolation methods for EVs do not meet the require-
ments of EV heterogeneity. Notably, EVs of the same
origin may play different roles in cell—cell crosstalk in dif-
ferent cells and vascular diseases. Therefore, the functions
and cargoes of EVs are complex and diverse. For example,
miR-125b-5p from MSC-EVs alleviates inflammation by
inhibiting TLR4 in IS, whereas it reduces autophagy by
inhibiting Keapl in ALI [47, 157]. Jiang et al. have pro-
vided evidence that miR-1 from hepatocyte-derived EVs
aggravates endothelial inflammation and induces cardio-
vascular diseases [188]. However, in a recent study, miR-1



Page 27 of 34

(2023) 21:310

Liu et al. Cell Communication and Signaling

‘papelbap Ajjensn s| pue A3jigels 19mo|

Sey dIYMm ‘() SHIISe Ue yim paumoid s| pue 1abuassed paj|ed si S|y 133D 30U S0P Jey3 Uleyd YNYIW 3y3 ‘sauab 196.e1 jo uonenba 3y ul bunedidiied yNYIW o $s3201d 3y Ul SYNYIW 40 puiy [e1d3ds e s YNYIN

QA pue Qy 1eujwdsip pue

siusped gA Ul
pa1eNBIUMOP 3|Iym siusiied Qy Ul
pa1einBaidn qog |-y pue ‘Gz L-Yiw

QOEL-Ygiw pue ‘qsz |-yl

(@A) enuswaq Je|

[8/1] asoubelp 01 sIaIewolq se SIS ‘Gie-gIw "6 C-YIU BET-YIW L CT-HIN ‘G e-gIw "B C-YIU BET-YIW L CT-HIN winJss uewWNH  -NdseA pue (Qy) aseasiq s, Jawidyz|y
HOI pue S|
[Z21] ysINbuIsIp 0} SIdIBWOI] SB DAISS - SYNYIN ewse|d uewny aons
SISOUIS J1}
[9/1]  -1oe oy iayiewolq sisouboid e se aAIDS palenbaidn ez/1aD ewse|d uewny SISOUd)S dIHoyY
192Ued Bun| Ul AUARISUSS gluiRyab o1
[s/1] pa1e|al Jaxiewolq sisoubold e se 9IS palenbaiumoq /-YIN WwinJIas uewiny Jdue) bun
192UBD 1SB3IQ Ul SISeISPIaW 01
/1] paiejasiayiewolq sisouboid e se aalsS paieinbaidn vyd3 ewse|d uewny Jdue) i3seaig
130Ued J3ppPE|q
[€/1] Apes JoyJaxiewlolq onsoubelp e se aAI9S paieinbaidn (zvyd3) ¢ Jo1dadai y-adAy uydg auln uewny Jdue) Jappe|g
[2/1]  QASD 1oy isiewolq [enuaiod e se anIas pale|nbalumoq 207E-HIN ewseld uewny (QASD) 9seasiq [9SSIA [[rwS [eiqa19D)
AASD 104
(1] 1931ewWolq 9AIIpaId e Se 9AISS palenbaidn de-czz-HIN ewseld uewny (QASD) dseasiq [9SSIA [[ewS [eiqa19D)
S|y Ul paie|nbaiumop pue
S| o saseyd 1uaiayip asoubelp pue S|H Ul patejnbaidn dg-epg-yiw
[0/1] ysINBUIISIP 01 UOIRUIGUIOD Ul 9IRS 'SIy pue SIS ut pajeinbasdn ds-Lz-YIN dg-epg-yiw pue dg-1z-4IN ewse|d uewny (S1) oS d1wayds|
S| 4O 9be1S A1BS 941 104 U IPWOI]
[691] onsoubelp pue aARdIPald e se IS paie|nbasumoq de-4z1-YIW wnJas uewny (SI) j0AS d1wdYds|
a1ndnu
anbe|d pue 2)011s D110J9|2S0IY 1R
KJ1ie able| asoubelp pue 101paid 01
[891]  SI012BJ %S POSEQ-YNYIIID-OM] S SAISS pa1e|nHIUMOP Yi0g 1081000 ~24ID pue Z£8EH00 211D ewse|d uewny (SI) oA d1wdYdS|
paieinbasumop
Jodued UeLRAO Ul B6YP-HIW ‘dG-G L -YIw ‘dG-ope-yiw eori-yiu
Siseiselaw syl abpnf o1 ainyeubis ‘de-gye-yiw pue paieinbaidn 71 'dg-Gi | -yIw 'dG-Dpe-Yiw ‘de-gie-yiu  eulse|d pue sayose
[£91] disoubelp Paseq-yYNYIU € se aAIsS ~IW ‘€8F-HIW ‘067 L-YIW ‘OYT LN '67F-HIW '€8F-dIW ‘06T L-HIW ‘O L-4IN  Jueubijew uewny iddue) ueueaQ
ERITEIETEN suedyiubis [eswuld uoissaidx3 obie) dueuanoid A3 aseasig

$953SIP JB|NDSRA U] sajdules [edjul|d> Woly sisyiewolq d1souboid pue dnsoubelp se spJ Ul paliied ssobie) g ajqel



Liu et al. Cell Communication and Signaling (2023) 21:310

was shown to directly target CXCR4 to counteract lung
cancer growth and metastasis [189]. The different EV
effects may originate from their different targets, which
may explain why some vascular diseases interact with
each other. To solve this problem, establishing standard-
ized techniques to distinguish and isolate different EV
subpopulations is essential [190]. Moreover, the reasons
for the detected change in the expression level of a single
cargo, including the altered paracrine activity of EVs and
the altered expression level of cargoes, should be eluci-
dated [191].

Another problem is that most cargo studies have
focused on miRNAs, and other cargoes, such as proteins,
require further research. Most researchers overexpress
specific miRNAs in the cells by transferring plasmids to
study intercellular communication mediated by EV miR-
NAs [192]. Nonetheless, one study has shown that EVs
carry only a few miRNAs whose molar concentration is
much lower than the assumed functional level. Whether
the minority of miRNAs in EVs mediate intercellular
communication remains controversial. Considering the
current research level, quantifying the miRNA content in
EVs is challenging [193, 194]. MSCs are the most popular
exogenous EV source for treating vascular diseases [195].
The proteins contained in MSC-derived exosomes at
therapeutic doses trigger corresponding biological reac-
tions; however, the miRNA content may not be sufficient
to trigger this effect [196]. Thus, specific cargo research
in vascular diseases should not be limited to miRNAs,
and whether miRNAs or other cargoes at sufficient doses
produce effective biochemical effects must be urgently
determined.

Additionally, most studies have focused on the mutual
interactions between two cell types; however, interac-
tions among an organism as a whole should be consid-
ered. The concepts of “neurovascular unit” and “tumor
microenvironment” have recently emphasized that cur-
rent studies should focus on organism integrity [197,
198]. Nerves, vascular systems, and tumor cells are
closely related to the surrounding environment [199,
200]. Although EV research is more holistic than tradi-
tional research on vascular diseases, its integrity remains
insufficient. The interaction between cells should not be
limited to two cell types but should be studied between
multiple cells, which is a great challenge. Additionally,
elucidating the roles of all cargoes in EVs is challeng-
ing, and most researchers only pay close attention to the
cargoes of interest, ignoring other potentially valuable
content. Differential miRNA expression in tissues, cells,
serum, plasma, and other samples has been detected by
miRNA sequencing or microarray chip technology, and a
single miRNA has been selected for subsequent research
[201-204]. However, the mechanisms of other miRNAs

Page 28 of 34

and the synergistic mechanisms of multiple miRNAs
have not been revealed. A thorough elaboration of the
relationship between the donor and various receptor cells
requires further investigation. Furthermore, systematic
research on EVs is required. Revealing these relationships
will find more therapeutic targets and disease diagnostic
hallmarks, eventually promoting therapeutic drug devel-
opment for vascular diseases.

Despite the clinical application of EVs facing many
problems that need to be addressed, these limitations and
challenges have unmasked the unexpected complexity of
EV regulatory mechanisms, and inspiring advances have
been achieved. The physiological and pathological mech-
anisms that EVs regulate in vascular diseases, including
cerebrovascular diseases, cardiovascular diseases, dia-
betic complications, and tumors, have been extensively
reported. These preclinical results are gradually enter-
ing the clinical stage for verification. Several clinical tri-
als have investigated the roles of EVs in vascular diseases.
For instance, a completed clinical trial indicated that an
additional therapeutic mechanism of ticagrelor against
AMI is the inhibition of EV release from activated plate-
lets (NCT02931045). Another clinical trial sponsored by
Fondazione Don Carlo Gnocchi Onlus aimed to detect
blood EVs in patients with stroke using Surface Plasmon
Resonance imaging-based biosensors to obtain new prog-
nostic biomarkers in them. This work is ongoing, and we
will await the results (NCT05370105). Fortunately, some
institutions have focused on specific EV cargoes, such
as miR-124, micro A, and HSP70, as potential biomark-
ers of vascular diseases in clinical trials NCT03384433,
NCT03542253, and NCT02662621. Although some trials
have not yet been completed, these are breakthroughs in
the use of specific EV cargoes as clinical markers for vas-
cular diseases.

Conclusions

Given the prominence of EVs in vascular disease devel-
opment and progression, several cutting-edge preclinical
studies have identified encouraging therapeutic targets
and diagnostic biomarkers for vascular disease treatment.
These breakthroughs have paved the way for clinical
research and have provided new strategies for the drug
delivery system. EVs as cell-free therapies are believed to
play an essential role in future clinical applications.
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