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Abstract: Background: Timely endothelial repair after intervention-associated vascular injury is critical to prevent
restenosis and thrombosis. Compared to living cell therapies, exosomes may be a better alternative. Thus, we aimed
to compare the role of exosomes derived from human umbilical vein endothelial cells (HUVECs) versus those derived
from endothelial progenitor cells (EPCs) in vascular endothelial repair. Material/methods: Exosomes secreted from
HUVECs and EPCs were isolated and characterized respectively. In vitro, the effects of the two types of exosomes on
migration and proliferation of endothelial cells were studied. In vivo, rats were systemically treated with the two exo-
some groups respectively after carotid artery endothelial injury induced by a balloon. The efficacy in promoting re-
endothelialization was measured by Evans blue dye and histological examination. Results: Both types of exosomes,
sized from 30 nm to 100 nm, had sphere-shaped or cupped morphology, and expressed CD63, CD9, and CD81,; but
the total yield of exosomes (particles/mL) based on number of cells, was 4.2 times higher from EPCs than HUVECs.
Compared with control treatment, both exosome treated groups manifested significant enhancement of migration
and proliferation in vitro and vascular recovery at an early stage in vivo. The two exosome-treated groups, however,
did not statistically significantly differ. Conclusion: In conclusion, our results indicated that exosomes derived from
HUVECs and EPCs had similar morphology, size distributions and characteristics, but those derived from EPCs were
more abundant with comparable biologic activity. Therefore, EPCs may be a robust source of exosomes to promote
vascular repair.
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Introduction

Endovascular therapies are widely used tech-
niques to treat patients with cardiovascular dis-
ease [1-3]. However, such procedures are asso-
ciated with an approximately 30% risk of lumen
restenosis during the first 3 months after inter-
vention, even with drug-eluting balloons [4]. In-
tervention-related vascular endothelial cell da-
mage is a key factor in the initiation and pro-
gression of restenosis [5]. Vascular endothelial
injury may bring about potential changes such
as inflammation, thrombosis, and smooth mus-
cle cell proliferation, which cause neointimal
hyperplasia, adverse arterial remodeling, and
restenosis [5, 6]. Thus, timely promotion of en-
dothelial cell (ECs) repair is crucial to prevent
progression of restenosis.

Recent studies have revealed that paracrine-
mediated migration of ECs from the adjacent
healthy endothelium may be important in endo-
thelial regeneration after damage [5, 7, 8]. Exo-
somes, an important component of cellular pa-
racrine secretion, are eliciting interest for bio-
therapeutics in endothelial cell repair and an-
giogenesis [5, 9-11]. Exosomes originate from
multivesicular bodies (MVBs), with small bilipid
membranes and 40-150 nanometers size [12].
They play critical roles in mediating intercellular
communication by shuttling mRNAs and pro-
teins and altering gene expression and cellular
behavior of the recipient cells. Compared with
classic cell-based therapies, administration of
exosomes reduces the risk of thrombosis, un-
wanted immune responses, or tumorigenesis
[13, 14].
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Identification of ideal cell types for exosome
isolation is important in developing exosome-
based therapy for vascular endothelial cell inju-
ry. Recent studies show that exosomes secret-
ed from human coronary artery endothelial
cells (HCAECs) and human microvascular endo-
thelial cell line (HMEC-1) containing miRNAs
could be internalized by recipient ECs to regu-
late gene expression and stimulate ECs prolif-
eration and migration [5, 9]. However, HCAECs
and HMEC-1 are hard to obtain, since harvest-
ing of coronary artery and microvascular tissue
may be invasive [15]. In addition, unwanted cell
types often contaminate ECs obtained from fat
[16].

In contrast, EPCs can be obtained in a non-
invasive way [15]. After harvest of peripheral
blood and cord blood, mononuclear cells have
been isolated and induced to EC-like cells ex
vivo [15, 17]. Moreover, EPCs are better at cell
proliferation and sensitivity to angiogenic fac-
tors compared to adult mature vascular endo-
thelial cells [18].

To date, there is no direct comparison of exo-
somes derived from ECs and EPCs in terms
of their features, as well as their therapeutic
effects. In this study, we set out to compare
exosomes derived from HUVECs and EPCs in
vivo and in vitro to identify a robust source of
exosomes to promote vascular repair.

Materials and methods
Exosome isolation

Exosomes from HUVECs and EPCs were col-
lected as described [9]. When grown up to
approximately 70% to 80% confluence, HUVECs
and EPCs (Lonza) were cultured in serum-free
EBM-2 medium (Lonza) for 24-40 hours. The
conditioned media of both cell lines were col-
lected and the number of both cell lines was
counted. Collected culture medium was first
centrifuged at 2,000 x g (Beckman Coulter) for
20 minutes to remove cellular debris, then col-
lected by differential centrifugation (Hitachi),
10,000 x g for 30 minutes, and 100,000 x g
for 120 minutes. The pelleted exosomes were
resuspended with 15 ml PBS and filtered with a
0.22 um filter (Millipore), then centrifuged at
4,000 x g to 200 pL.
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Exosome identification

Exosome size and concentration were mea-
sured by NTA (Nanosight NS300, Malvern, UK).
Sample that were 1000-fold diluted were pipet-
ted with a 1 mL syringe and slowly pushed into
the sample chamber. The average of the three
movie recordings captured with 20 x magnifi-
cation, 30 frames per second, was taken to
measure the size and concentration of the exo-
somes. The morphologies of both exosomes
were observed by transmission electron mi-
croscopy (TEM) (Tecnai G2, Spirit Biotwin, USA)
as previously described [19]. Western blot was
used to analyze the characteristic surface
markers of exosomes including CD63, CD9,
and CD81. Briefly, exosome samples (total pro-
tein of 30 pg/lane) were separated with sodi-
um dodecyl sulfate-polyacrylamide gel electro-
phoresis, then transferred to polyvinylidene
fluoride membranes (Millipore, USA). The mem-
branes were blocked with 5% BSA in TBST (TBS
with 0.2% Tween-20) for 2 h, following by incu-
bation with primary antibodies against CD63,
CD9, and CD81 (Abcam, UK) at 4°C overnight.
Then they were incubated with horseradish per-
oxidase-conjugated secondary antibodies at
room temperature for 2 h. The immunoreactive
protein bands were visualized using an ECL
detection kit (Thermo Fisher Scientific) and
imaged with the ChemiDoc XRS Plus Lumin-
escent Image Analyser (Bio-Rad).

Measurement of uptake of both exosomes by
HUVECs

To observe exosome uptake by HUVECs, we
stained the exosomes from HUVECs and EPCs
with Vybrant DiO dye (Molecular Probes) follow-
ing the manufacturer’s protocol, then added
them (1 x 10** particles/mL) to the medium of
HUVECs and incubated for 2 hours at 37°C
[19]. The cells were then washed with PBS and
fixed in 4% paraformaldehyde for 20 minutes,
then stained with DAPI for 5 minutes at room
temperature. After washing, cells were ob-
served using a laser confocal fluorescence
microscope (Leica Microsystems, Wetzlar, Ger-
many) [10].

Cell proliferation assay

HUVECs at an initial density of 1.5 x 102 cells/
well were seeded into 96-well plates and cul-
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tured in serum-free EGM media with 1 x 10t
particles/mL of exosomes from HUVECs, EPCs,
or PBS, respectively. At days O, 1, 2, and 3, 20
ul MTT reagent (0.5 mg/ml) was added to each
well media. Then cells were cultured for anoth-
er 4 h at 37°C, and 150 yL dimethyl sulfoxide
was added to each well. The absorbance repre-
senting the proliferation of HUVECs, was mea-
sured at 490 nm.

Migration assay

HUVEC migration was evaluated by scratching
the confluent HUVEC cell layer (6 x 10* cells/
well) in a 12-well plate with a 200 L pipette tip.
The detached cells were washed with PBS, and
cultured in 500 mL of serum-free medium with
exosomes (1 x 10** particles/mL) from HUVECs
or EPCs, or without exosomes for 24 hours. Cell
migration was assessed by light microscopy
at magnification x 100 (Olympus Corporation,
Tokyo, Japan) and Image-Pro Plus software.

Rat model of balloon-induced vascular injury
and treatment

All procedures were approved by the Animal
Research Committee of Shanghai Jiao Tong
University Affiliated Sixth People’s Hospital.
Female SD rats (200-250 g) were intraperitone-
ally injected with 50 mg/kg pentobarbital for
anesthesia and 100 U/kg heparin sodium for
heparinization. After exposing the left common
carotid artery, the left internal carotid artery,
and external carotid artery, we ligated the distal
external carotid artery and temporarily occlud-
ed the common carotid artery and internal
carotid artery using artery clips. For endothelial
injury, a 2F Fogarty arterial embolectomy bal-
loon catheter (Edwards Lifesciences) was
inserted through the internal carotid artery to
the common carotid artery. The balloon was
slowly distended with saline and was pulled
back with rotation three times. The total length
of denudation was about 5-6 mm from the
bifurcation of the carotid arteries. Following the
wire removal, the external carotid artery near
the bifurcation was ligated permanently, and
the artery clamps in the internal carotid artery
and common carotid artery were taken away to
restore antegrade blood flow. After injury for 2 h
and 24 h, the two experimental groups were
injected with 2 x 10*? exosome particles from
HUVECs or EPCs dissolved in 200 L of PBS
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respectively, and the control group was injected
with an equal volume of PBS through the tail
vein.

Evans blue dye analysis of rat carotid artery
re-endothelialization

On day 7, the rats were anesthetized according
to the method described above. After intrave-
nous injection of the Evans blue dye (3%), dye
was allowed to circulate for 10 minutes. Then 2
mL of 0.9% NaCl was administered to wash
away the unbound Evans blue dye. The left
common carotid artery was harvested after
rats were euthanized by anesthesia. The area
stained blue represents nonendothelialization,
while the area not stained represents re-endo-
thelialization. Images were observed using a
stereo microscope (Leica M205 FA). Re-endo-
thelialization is expressed as the ratio of the
remaining area to the total area.

Histologic analysis

On day 7, the left common carotid artery of both
the exosome-treated groups and the control
group were harvested. Then the samples were
fixed in 10% formalin for 10 minutes, followed
by dehydration and embedding in paraffin. Five
transverse sections of 5 um thickness of each
sample were collected, and stained with hema-
toxylin and eosin according to standard proto-
cols. The area of intima and media, and the
ratio of intimal and medial area (I/M) were
observed and measured with a Nikon E200
microscope and Image-Pro Plus 6 software.

Statistical analysis

SPSS 18 was used for statistical analysis.
All experiments were carried out with at least
three replicates per group, and in vitro experi-
ments were repeated three times. Data are ex-
pressed as means + standard deviation (SD).
Differences were compared by one-way analy-
sis of variance (ANOVA). P < 0.05 was consid-
ered significant.

Results
Characterization of exosomes

Characterization of exosomes derived from
HUVECs and EPCs was determined by NTA,
TEM, and western blot. NTA measurement
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Figure 1. Characterization of HUVEC-derived exosomes (HUVECs-Exo) and EPC-derived exosomes (EPCs-Exo). A. Par-
ticle size distribution of HUVECs-Exo and EPCs-Exo was measured by NTA. B. Morphology of HUVECs-Exo and EPCs-
Exo was observed with transmission electron microscopy. Scale bar: 50 nm. C. Western blot analysis of exosomal
surface markers CD63, CD9, and CD81 in HUVECs-Exo and EPCs-Exo.

A HUVECs-Exo B

Figure 2. Fluorescence microscopy analysis of Vybrant DiO-labeled HUVECs-
Exo and EPCs-Exo internalization by HUVECs. The green-labeled exosomes
are visible in the perinuclear region of HUVEC proliferation. *P < 0.05. Scale
bar: 50 ym.

showed that the size of both exosome groups
ranged from approximately 30 nm to 100 nm
(Figure 1A). For comparison of exosome yields
from HUVECs and EPCs, total cell counts were
adjusted. The results of NTA revealed that the
particles/mL of exosomes from EPCs was 4.2
times higher than those from HUVECSs, indepen-
dent of exosome size (95% Cl 1.58 x 101, 8.22
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EPCs-Exo

x 10*2, P<0.001). TEM showed
that both exosomes exhibited
a sphere-shaped or cupped
morphology (Figure 1B). We-
stern blotting indicated the
expression of exosomal sur-
face markers including CD63,
CD9, and CD81 in both groups
(Figure 1C).

Endothelial cell internaliza-
tion of exosomes derived from
HUVECs and EPCs

To determine whether exoso-
mes from HUVECs and EPCs
could be internalized by ECs,
HUVECSs (as an example) were cultured with the
DiO-labeled exosomes derived from HUVECs
and EPCs for 2 hours. Fluorescence microsco-
py showed that the labeled exosomes were
transferred to the perinuclear region of HUVECs,
demonstrating that the EPCs and HUVECs exo-
somes were incorporated into HUVECs (Figure
2).
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Figure 3. A. A scratch wound assay demonstrated that HUVECs treated with HUVECs-Exo and EPCs-Exo had in-
creased migration compared to the control group. B. MTT analysis of exosomes derived from HUVECs and EPCs in
promoting HUVEC proliferation. *P < 0.05.
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Figure 4. In vivo effect of exosomes on carotid artery injury. A. Evans blue dye was used to calculate the re-endo-
thelialization ratio. Nonendothelialized lesions are represented by blue staining and the re-endothelialized area
displays as white. The index of re-endothelialization was calculated as the white area/total area ratio. Data are
displayed as mean + SD, P < 0.05, Scale bar: 1 mm. B. Hematoxylin-eosin staining of carotid artery sections. The
intimal to medial area ratio (I/M) was used to evaluate neointimal hyperplasia and is shown as the mean * SD, P <

0.05, Scale bar: 100 um.

Exosomes derived from HUVECs and EPCs pro-
mote endothelial target cell proliferation and
migration in vitro

The effect of exosomes secreted from HUVECs
and EPCs on proliferation of HUVECs was exam-
ined by MTT analysis. Exosomes from both
groups could significantly promote the prolifer-
ation of HUVECs compared to controls (P <
0.05), but there was no significant difference
between the two exosome treatment groups (P
> 0.05) (Figure 3B). The role of exosomes
derived from HUVECs and EPCs in ECs migra-
tion was determined by scratch wound assay.
Both exosome treatment groups markedly
enhanced the motility and migration of HUVECs
compared to controls (55.46 + 8.7%, 65.41 +
4.1% versus 30.26 + 4.8%; P < 0.001, P =
0.002) (Figure 3A), but there was no significant
difference between the two exosome-treated
groups (P = 0.096) (Figure 3A).

EPCs exosomes promote re-endothelialization
after vascular injury

The result of endothelial repair in injured arter-
ies on postoperative day 7 was assessed by
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Evans blue staining (Figure 4A). The re-endo-
thelialized area appeared white, whereas non-
endothelialized lesions were stained blue. The
re-endothelialization index was expressed by
the ratio of white area to total area. Both exo-
some treatments significantly accelerated re-
endothelialization of the injured arteries com-
pared with the PBS control (79.57 + 6.2%,
85.61 + 5.6% versus 24.87 + 5.1%; n=4; P <
0.001), but there was no significant difference
between the two exosome treatment groups (P
= 0.239). Quantitative analysis of intimal area/
medial area ratios (I/M) in the lumen of injured
vessels revealed that neointimal hyperplasia
was significantly reduced by treatment with
both exosomes compared with the control
(0.31 £ 0.03, 0.36 + 0.02 versus 0.61 + 0.03;
n = 4; P < 0.001), but there was no significant
difference between the two exosome treatment
groups (P = 0.108) (Figure 4B).

Discussion

In this study, we performed the first compari-
son of the characteristics of exosomes derived
from HUVECs and EPCs and their effect on
repair of endothelial damage. Our data showed
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that exosomes derived from both HUVECs and
EPCs were similar in morphology, size distribu-
tion, and presence of surface markers, while
the production of exosomes derived from EPCs
was 4.2 times higher than those of HUVECs
under the same culture conditions. Moreover,
the ability of both exosomes derived from HU-
VECs and EPCs in expediting re-endothelializa-
tion at the early stage after endothelial injury in
the rat carotid artery and promoting prolifera-
tion and migration of endothelial cells in vitro
showed no significant difference. Our results
indicated that abundant exosome-derived EPCs
had comparable biologic activity. Therefore,
EPCs may be a robust source of exosomes in
promoting vascular repair.

Recently, the characterization of human EPC-
derived exosomes has been described [10, 11,
19, 20] and the first study of HUVECs-derived
exosomes was published in 2017 [21]. It has
been reported that exosome content and char-
acteristics may be influenced by different cell
culture conditions and isolation methods [22-
24]. Therefore, in this study, the classic and
widely employed methods were selected for
both cell lines. We found that total exosome
yield from EPCs according to the numbers of
cells adjusted was higher than that of HUVECs.
This can be attributed to EPCs exhibiting an
inordinately higher self-renewal and expansion
ratecompared to HUVECs [18].

In this study, exosomes derived from HUVECs
and EPCs both improved EC repair after vas-
cular damage in the rat carotid artery in vitro
and EC proliferation and migration in vitro. van
Balkom et al. [9] reported that endothelial cell-
derived exosomes stimulated migration and
proliferation of neighboring target cells through
miR-214, which repressed the expression of
ataxia telangiectasia mutation, and hence pre-
vented senescence and promoted vasculariza-
tion. Li et al. [10] demonstrated that EPC-de-
rived exosomes promoted vascular endothelial
cell repair by increasing expression of angio-
genesis-related molecules. Our result is consis-
tent with previous studies [5, 9-11]. The under-
lying mechanism of exosome uptake in murine
endothelium was recently investigated. Murine
ECs took up intravenously injected exosomes of
human origin in a developmental endothelial
locus-1 dependent manner [5, 25]. The local
uptake of exosomes by non-professional pha-
gocytic cells (e.g., ECs) might play a key role in
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altering the biologic behavior of adjacent cells,
such as inhibition of senescence, stimulation
of proliferation, and migration of initiating coun-
termeasures against perceived damage [5, 9].

Contrary to expectations, with the same num-
ber of exosomes of the two groups employed in
vivo and in vitro, the results showed no signifi-
cant difference either in promoting vascular
injury or in EC proliferation and migration. We
speculate that components such as microRNAs
or proteins in exosomes may play a crucial role.
Future studies should focus on the components
present in exosomes from HUVECs and EPCs
that take part in vascular damage repair, and
the underlying mechanism.

This study had several limitations. First, the
exact mechanisms through which exosomes
secreted by HUVECs and EPCs promote endo-
thelial cell recovery remain unclear. Second,
the effects of differing concentrations of both
exosome sources on in vivo endothelial cell
recovery at different timepoints need further
study. Third, the effects of both exosome sourc-
es on smooth muscle cells (SMCs) have not
been investigated. All of these represent impor-
tant and intriguing avenues for future inves-
tigation.

Conclusions

In sum, our results indicate that exosomes orig-
inating from both ECs and EPCs may promote
vascular repair in rat carotid artery injury. How-
ever, total exosome yield (particles/mL) was
higher from EPCs than HUVECs. Further studies
are needed to investigate the exact mecha-
nisms by which both exosome sources promote
vascular repair, in order to develop robust exo-
some-based therapy for vascular diseases.
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