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Cardiovascular disease (CVD) is the most prominent cause of death of adults
in the United States with coronary artery disease being the most common
type of CVD. Following a myocardial event, the coronary endothelium plays
an important role in the recovery of the ischemic myocardium. Specifically,
endothelial cells (EC) must be able to elicit a robust angiogenic response
necessary for tissue revascularization and repair. However, local or distant
cues may prevent effective revascularization. Extracellular vesicles (EV) are
produced by all cells and endothelium is a rich source of EVs that have
access to the main circulation thereby potentially impacting local and
distant tissue function. Systemic inflammation associated with conditions
such as obesity as well as the acute inflammatory response elicited by
a cardiac event can significantly increase the EV release by endothelium
and alter their miRNA, protein or lipid cargo. Our laboratory has previously
shown that EVs released by adipose tissue endothelial cells exposed to
chronic inflammation have angiostatic effects on naive adipose tissue EC
in vitro. Whether the observed effect is specific to EVs from adipose tissue
endothelium or is a more general feature of the endothelial EVs exposed
to pro-inflammatory cues is currently unclear. The objective of this study
was to investigate the angiostatic effects of EVs produced by EC from the
coronary artery and adipose microvasculature exposed to pro-inflammatory
cytokines (PIC) on naive coronary artery EC. We have found that EVs from
both EC sources have angiostatic effects on the coronary endothelium. EVs
produced by cells in a pro-inflammatory environment reduced proliferation
and barrier function of EC without impacting cellular senescence. Some of
these functional effects could be attributed to the miRNA cargo of EVs.
Several miRNAs such as miR-451, let-7, or miR-23a impact on multiple
pathways responsible for proliferation, cellular permeability and angiogenesis.
Collectively, our data suggests that EVs may compete with pro-angiogenic
cues in the ischemic myocardium therefore slowing down the repair
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response. Acute treatments with inhibitors that prevent endogenous EV
release immediately after an ischemic event may contribute to better efficacy
of therapeutic approaches using functionalized exogenous EVs or other
pro-angiogenic approaches.

exosomes, barrier function, endothelial cells, proliferation, adipose tissue, wound

response, miRNA

Introduction

Cardiovascular disease (CVD) is the most prominent
cause of death of adults in the United States, killing
approximately 655,000 Americans each year (1). Coronary
artery disease, the most common type of CVD, can lead to
myocardial infarction, defined by myocardial cell death due
to prolonged ischemia (2). The extent of ischemia-induced
damage to the myocardium greatly depends on the duration
of ischemia and efficient tissue repair. Thus, a timely and
robust repair response is imperative for maintaining normal
organ function. Specifically, successful reperfusion paired with
de novo formation of blood vessels after a myocardial infarction
is necessary not only to repair the ischemic myocardium but
also to prevent heart failure by promoting left ventricular
remodeling (3). The coronary endothelium plays an important
role in this repair response following an ischemic event. Under
physiological conditions, ECs are quiescent and thus contribute
to the maintenance of blood flow and barrier function
while counteracting thrombosis and vascular inflammation
(4). However, following a myocardial event, ECs become
activated, increasing vascular permeability and angiogenesis.
Following an initial inflammatory response, a reparative phase
ensues resulting in attenuation of inflammation, fibroblast
proliferation, and neovascularization via angiogenesis (3, 5).
Angiogenesis is a tightly regulated process controlled via
multiple cues such as hypoxia, vascular endothelial growth
factor (VEGFA), nitric oxide (NO), or other local mediators
(6). When exposed to angiogenic signals, quiescent ECs
become activated, loosening their tight junctions, and thus
allowing extravasation of plasma proteins forming a provisional
matrix. This matrix allows specialized ECs, termed tip
cells, to migrate initiating the formation of a new sprout.
Furthermore, neighboring EC, stalk cells, proliferate to further
elongate the sprout. Individual elongated sprouts will then
coalesce, forming a lumen and new vascular networks (6).
Therefore, cell migration, proliferation and increased vascular
permeability have a concerted contribution to successful
angiogenic responses. Despite this well-regulated process,
several paracrine or endocrine factors may impact on EC
angiogenic response. One emerging player in the modulation
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of angiogenesis dependent or independent of inflammatory
mediators are extracellular vesicles (EVs) (7, 8). EVs are a
heterogeneous population of lipid bilayer encapsulated cargo
that are secreted by virtually all cell types under both
basal and pathological conditions (9). These vesicles contain
cargo including lipids, proteins, microRNAs and other non-
coding RNAs which can contribute to the modulation of
biological function in recipient cells. Specifically, ECs are major
contributors to the EV pool in the systemic circulation and the
heterogeneity inherent to endothelium is reflected by their EVs
released in circulation (9). EC-derived EVs can deliver cargo
such as proteins, mRNA, and miRNA that may modulate the
proliferation, migration, and angiogenic capabilities of recipient
endothelial cells (8, 10, 11). Also, EVs from mesenchymal
stem cells released under hypoxic conditions were shown to
support the angiogenic process following myocardial ischemia
(12). Recent studies also emphasized the beneficial role of EVs
released after remote ischemic conditioning for myocardial
protection and angiogenesis (13). Despite evidence for the
beneficial roles of EVs from various cellular sources on cardiac
remodeling and repair in pre-clinical models, these were not
yet translated into effective therapies for patients with ML
A thorough understanding of the complex interplay between
EVs from various sources and the local microenvironment in
the heart are therefore of prime importance to ensure efficacy
and safety of promising therapeutic approaches using EVs. Some
evidence shows that EVs can also reduce angiogenesis in vitro
and in vivo (8). Direct and indirect evidence indicates that EV's
from adipose and other distant tissues can effectively reach the
cardiac coronary circulation and induce functional effects in
the endothelium and cardiomyocytes (13-15). Published data
from our laboratory showed that EV's released by human adipose
tissue ECs exposed to chronic inflammation have angiostatic
effects on naive, proliferating ECs from adipose tissue in vitro
(16). This paracrine effect can reduce vascular remodeling in
an expanding adipose tissue resulting in local inflammation
and insulin resistance. Angiostatic EVs could also impact on
coronary circulation and prevent effective post-ischemic re-
vascularization. Also, it is currently unclear whether this effect
is specific to EVs from adipose tissue endothelium or is also
a feature of coronary EC-EVs exposed to pro-inflammatory
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cues. The objective of this study was to investigate the
angiogenic effects of EVs produced by adipose microvasculature
(heterologous) or coronary artery (autologous) ECs exposed
to pro-inflammatory cytokines (PIC) on naive coronary artery
ECs. Specifically, we measured EVs effects on functional aspects
that support angiogenesis, such as barrier function, migration
and proliferation. We also determined the potential functional
miRNA cargo in the EVs that may provide mechanistic
hypotheses to the observed functional effects.

Materials and methods

Endothelial cell culture

Human coronary artery endothelial cells (HCAEC) were
cultured using either complete EGM-2MV Bullet Kit media
(Lonza, catalog no. CC-3202) or MesoEndo Cell Growth
Medium (Cell Application, catalog no. 212-500) in a 37°C, 5%
CO; incubator. Human adipose microvascular endothelial cells
(HAMVEC) were cultured on fibronectin-coated plates using
complete Endothelial Cell Media (ScienCell catalog no. 1001)
in a 37°C, 5% CO; incubator. Experiments were conducted
between passages 5-8 for both cell types. Endothelial cells were
treated with pro-inflammatory cytokines, 5 ng/mL of TGF-p,
IFN-vy, and TNF-a (designated as PIC) for 6 days, with a media
change and addition of fresh cytokines after 3 days, as previously
described (17). All culture conditions were performed in the
above respective media. The same media was used for all the
functional assays. Please note that media contained 2% FBS and
growth factors including VEGE for optimal cell growth and as
recommended by manufacturer.

Extracellular vesicles isolation and
characterization

The cell culture media from untreated or PIC-treated
HCAEC and HAMVEC seeded in T-150 flasks was collected
after 6 days of treatment. The conditioned media was
centrifuged at 500 x g for 10 min to remove dead cells,
and the supernatant was collected and further centrifuged at
9,100 x g for 40 min to remove small cellular debris and larger
particulates. The supernatant was retained, and vesicles were
isolated by subsequent ultracentrifugation at 100,000 x g for
90 min. The supernatant was removed, and pelleted vesicles
were resuspended in PBS and washed using an additional
ultracentrifugation at 100,000 x g for 90 min. The supernatant
was discarded, and the pellet containing purified EVs was
resuspended in 500 pL of PBS. To determine concentration
and size distribution, EVs were diluted 1:100 in PBS and
nanoparticle tracking analysis was performed using NanoSight
300 (Camera Level: 13-15, Screen Gain: 1, Capture Number:
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3, Capture Time Length: 10-s, Temperature: 25°C). Expression
of extracellular vesicle tetraspanin expression was determined
using the ExoView R100 platform (NanoView Biosciences,
Brighton, MA, United States).

Extracellular vesicles labeling

The lipophilic dye Vybrant DiD (Thermo Fisher Scientific,
catalog no. V22887) was used to label autologous or adipose
endothelial cell-derived EVs. Vybrant DiD dye was diluted
1:200 with PBS containing EVs and incubated for 20 min at
37°C. Unbound dye in the vesicle preparation was removed by
ultracentrifugation at 100,000 x g for 90 min. The labeled pellet
was then washed and resuspended in filtered PBS and spun again
at 100,000 x g. The final labeled EV pellet was kept in filtered
PBS, at 4°C for 24 h.

Uptake of extracellular vesicles using
imaging flow cytometry

Human coronary artery endothelial cell (100,000 cells) were
seeded onto a six-well plate and grown until approximately
70% confluency. Cells were then incubated for 24 h with
50,000 EVs/cell of DiD-labeled EV-C or EV-PIC derived from
autologous or heterologous ECs. The media was removed, and
wells were washed with PBS. Cells were then treated with
trypsin, pipetted through cell strainers into Eppendorf tubes,
and pelleted at 220 x g for 5 min. The supernatant was
discarded, and cell pellets were resuspended in 1 mL of PEB
Buffer (1X PBS, 0.5% BSA, 2 mM EDTA, pH 7.4) followed by
centrifugation at 220 x g for 5 min. Cells were then fixed on
ice in 2% formaldehyde/PBS for 20 min and protected from
light. After fixation, the cells were pelleted at 220 x g for
5 min, resuspended in 1:1000 DAPI solution, and incubated
for 5 min. Cells were then pelleted at 220 x g for 5 min,
supernatant was removed, and cells were resuspended in 30-
40 WL 2% Fetal Bovine Serum/PBS (FBS, ScienCell cat no.
#050). Cells were analyzed on an AMNIS ImageStream Mark
IT instrument and acquisition, and analyses were completed
using Ideas 6.2 software. Specifically, the Ideas internalization
wizard was utilized to determine the percentage of cells in each
population that internalized EVs. To do so, the wizard uses a
mask feature to calculate the intensity of DiD-stained EVs found
within the masks placed over the brightfield image cells.

In vitro tube formation
Human coronary artery endothelial cell were grown on six-

well plates until approximately 70% confluency was reached.
Cells were then incubated with either autologous or adipose
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EC-derived EV-C or EV-PIC for 24 h. Prior to seeding on
Matrigel, cells were >90% confluent, approaching quiescence.
Growth factor reduced Matrigel (Corning, catalog no. 356231)
was thawed overnight on ice at 4°C. The Matrigel was then
diluted 1:1 with EGM-2MV Bullet Kit Media or MesoEndo
Cell Growth Medium, and 150 pnL of the diluted Matrigel was
aliquoted into wells of a 48-well plate. Plates were then incubated
at 37°C, 5% CO2 for 35 min to allow the Matrigel to settle.
Following EV treatment, HCAEC were incubated with 1 g/mL
calcein AM in growth media for 30 min at 37°C, 5% CO2,
and excess dye was removed by 2 x PBS washes. Following
incubation with calcein AM, cells were treated with trypsin,
and each well was seeded with 35,000 HCAEC and allowed to
grow in a 37°C, 5% CO; incubator for 6 h. Cells were then
imaged using an Olympus 72 fluorescent microscope using
40x magnification. Average mesh formation was assessed using
Image] Angiogenesis Analyzer software.

Endothelial cell proliferation

50,000 HCAEC were seeded into four-well chambered
slides and grown until approximately 70% confluent. Cells
were incubated with EV-C or EV-PIC from autologous or
adipose ECs for 24 h. Following vesicle treatment, cells were
incubated with 10 wM BrdU (Abcam, catalog no. ab142567)
in growth media for 16-18 h. BrdU labeling solution was
removed from the wells, and cells were washed 3x with PBS.
The cells were then fixed with 2% paraformaldehyde/PBS at
room temperature for 30 min. Wells were washed 3 x with PBS,
and permeabilized with 0.1% Triton X-100 for 30 min. Wells
were then washed 3x with PBS, and cells were hydrolyzed with
2M hydrochloric acid for 20 min at 37°C. Hydrochloric acid
was removed and sodium tetraborate was added for 30 min
at room temperature. Wells were washed 3x with PBS, and
cells were blocked with 10% Normal Goat Serum (NGS; Vector
Labs, cat#: S-1000) for 1 h. After additional three washes with
PBS, the cells were incubated with anti-BrdU Alexa Fluor
488 antibody (Santa Cruz Biotechnology, catalog no. SC-32323
AF488) and 5 pg/mL DAPI prepared in 10% NGS. Wells were
washed 3x with PBS, and coverslipped with Fluoromount-G.
Three images/well in duplicate wells were captured and further
analyzed. Representative images were taken at 200x with an
Olympus BX50 fluorescence microscope.

Endothelial barrier function and
wounding

Human coronary artery endothelial cells (HCAEC) were
seeded on 96-well gold electrode arrays (96W10idf), and
endothelial barrier integrity was assessed by Electric Cell-
Substrate Impedance Sensing (ECIS) technique, using an
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ECIS model 1600R ¢6 instrument (Applied Biophysics).
Approximately 50,000-75,000 cells were seeded in each well,
let grow overnight and experiments were conducted when a
stable resistance was achieved above 800 Q, which is indicative
of a confluent monolayer (18). Cells were then exposed to
autologous or heterologous EVs isolated from conditioned
culture media of human coronary EC (HCA) or human adipose
tissue EC (HAM), cultured in presence or absence of pro-
inflammatory cytokines (EV-C or EV-PIC). For wounding
assays, cells were pre-treated with different types of EVs and
then pulsed with 3000 pwAmps for 30 s. A number of 3-5
EV preparations for each experimental condition were used.
Resistance values were collected and normalized to each well’s
value at t = 0. Data are represented as mean values (=SEM).
Results were considered significant when p < 0.05 with two-way
ANOVA and Bonferroni’s post hoc test. Also, time-dependent
resistivity was plotted for 3 discrete time points and the area
under the curve (AUC) of the normalized TER values was
computed and compared using the non-parametric Mann-
Whitney test.

Nanostring miRNA analysis

Human coronary artery endothelial cell and HAMVEC
were grown in T-150 flasks until they reached approximately
70% confluency. Cells were then treated with control or PIC
media. Following 6 days of treatment, conditioned media was
harvested, and EVs were isolated, as previously described (17).
Total RNA from vesicles was extracted using Norgen Single
Cell RNA Purification Kit (Biotek Corporation, catalog no.
51800). Extracellular vesicle RNA were analyzed for expression
of 800 miRNAs using Human v3 miRNA panel (Nanostring
Technologies, Seattle, WA, United States). Nanostring nCounter
software was used to normalize the results. Experimentally
validated miRNA targets and downstream pathways were
identified using Qiagen ingenuity pathway analysis (IPA)
miRNA target filter analysis tool in conjunction with PubMed
literature review.

Senescence assay

100,000 cells were seeded into six-well plates and allowed to
grow to 50-60% confluency, and cells were treated EV-C or EV-
PIC overnight. Cells were stained for B-galactosidase according
to the Senescence B-Galactosidase Staining Kit (Cell Signaling
Technology, cat#:9860). Briefly, the endothelial growth media
was removed from the plate and washed once with PBS. Wells
were incubated with 1X fixative for 15-min, and the plate was
washed twice with PBS. 1.0 mL of B-galactosidase staining
solution (pH 6) was added to each well, and the plate was
covered and wrapped in parafilm. The plate was stored for
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18-h in a non-CO; incubator. Cells were then washed with
PBS and stained with DAPI (1:1000 for 5 min) and washed
once more with PBS. B-galactosidase staining was recorded
using bright-field microscopy and DAPI staining was recorded
using fluorescent microscopy. Both images were taken using
an Olympus IX 73 microscope. Senescence was reported as the
percent beta-galactosidase positive cells relative to total number
of cells as detected by DAPI staining.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
Software v7.03 (GraphPad Software). Data is expressed as
the mean + standard deviation. Normality assumptions were
verified using Shapiro-Wilk tests. If data passed assumptions,
student’s ¢-test was performed for comparisons of two groups,
and ANOVA was performed for comparisons of three or
more groups. A Tukey’s HSD test was performed for post hoc
analysis of groups when utilizing ANOVA. If data failed either
assumption, non-parametric tests, such as Wilcoxon Rank,
Kruskal-Wallis, and Mann-Whitney tests were conducted to
determine significance. The null hypothesis was rejected for
p-value < 0.05.

Results

Endothelial cells release
heterogeneous extracellular vesicles
that are internalized by human
coronary artery endothelial cell

Coronary artery and adipose microvascular ECs were
treated for 6 days with a combination of TNF-a, IFN-y, and
TGF-8 (PIC) (5 ng/mL each). In our previous study, we used
this combination as it was shown to be increased in adipose
tissue of obese humans (19, 20). Furthermore, this combination
of cytokines has been shown to also be increased in CVD and
ischemic injuries, and was used at similar concentrations in
various in vitro studies involving coronary artery ECs (21-24).
EVs were collected from conditioned media of control (EV-C)
or PIC (EV-PIC) treated ECs and separated using differential
ultracentrifugation. We found that both coronary artery and
adipose microvascular ECs treated with PIC release ~2-3-fold
more EVs compared to untreated, control ECs (Figure 1A).
EVs from control ECs have similar size distributions with an
average peak around 140 nm, while ECs treated with PIC are
on average slightly larger, with an average peak between 150 and
158 nm (Figure 1A). EV size was confirmed by negative staining
electron microscopy and their morphology showed the typical
cup-shaped feature (Figure 1B).
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We further confirmed the presence of the typical tetraspanin
EV markers CD63, CD81, and CD9 using the ExoView
R100 platform and the proprietary antibody array chips
(Figures 1C,D). Specifically, EVs were captured on chips
containing CD63 antibodies, incubated with a fluorescent
antibody cocktail and imaged. While all EV subtypes displayed
various levels of expression of the three small EV markers,
there was a clear shift in their tetraspanin profile following
PIC treatment (Figure 1C). In the autologous EV population
from PIC conditioned media, 62% of the EVs expressed CD63
compared to only 25% of the control EV population. The
heterologous (adipose-derived) EV population from EC treated
with PIC showed CD63 positivity for ~95% of the EVs
compared to 25% for the EVs from control cells (Figure 1D).
These results show that the tetraspanin profile of EC-derived
EVs may change in response to proinflammatory cytokines,
which may play a role in EV uptake and by target cells and
possibly their functional outcome.

Next, we compared the cellular internalization of autologous
(HCA EV-C and HCA EV-PIC) and heterologous (HAM
EV-C and HAM EV-PIC) EVs by HCAEC at 70-80%
confluency, which mimics a low proliferative state for
ECs. The internalization of fluorescently labeled EVs was
determined by imaging flow cytometry after incubation
of coronary EC with 50,000 EVs/cell for 24 h (Figure 2).
Titration experiments were performed to determine the
kinetics of internalization and found a saturable effect
50,000 EVs/cell.
cells that show a positive signal for internalization for

reached for Comparison of percent

different EV populations showed that there were no
differences in the numbers of cells that internalized the
EVs (Figure 2B). This result indicates that the cells have a
similar internalization capacity regardless whether the EVs
originate from autologous or heterologous sources and, the
pro-inflammatory environment has no significant effects on EV
internalization.

Endothelial cell-derived vesicles have
angiostatic effects on human coronary
artery endothelial cell and reduced
their proliferation

To determine the angiogenic potential of the EVs on
coronary endothelium, we performed in vitro tube formation
assays in the presence of VEGFA. Coronary cells require VEGF
to proliferate in vitro and absence of VEGF from media
completely prevents tube formation. Following 24-h exposure
to 50,000 EVs/cell from either autologous or heterologous
sources in absence or presence of PIC, mesh formation was
measured and compared with control coronary cells without
EV treatment (Figure 3). Mesh formation is a measure of
coordinated development of tips and branches, and it illustrates
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FIGURE 1

Production and characterization of autologous (human coronary artery — HCAEC) and heterologous (human adipose tissue — HAMVEC)
endothelial cell EVs in response to pro-inflammatory cytokines (PIC) treatment. (A) Nanoparticle tracker analysis found similar size distribution
of EVs isolated from untreated cells (EV-C) and from PIC-treated cells (EV-PIC) for both autologous and heterologous EVs. Please note that PIC
treatment resulted in a 2—3-fold increase in EV numbers/cell compared to untreated controls for both populations of EVs. (B) Representative
micrographs of negative staining electron microscopy for EV-C and EV-PIC from HCAEC and HAMVEC sources. EM confirms the EV size range
calculated by nanoparticle tracking analysis in both preparations and illustrates the typical donut-shaped morphology of the EVs from both
cellular sources. (C) Fluorescent images of ExoView chips of EVs from HAMVEC (left) and HCAEC (right) showing expression of the EV marker
CD63. Please note that EVs from both cellular sources that were treated with PIC showed a strong increase in CD63 expression.

(D) Quantification of relative fluorescence for the tetraspanins CD63, CD9, and CD81 using the ExoView technology shows the different relative
expression of each EV population. Similar tetraspanin relative expression was found for EVs from control HAMVEC and HCAEC and increased

expression of CD63 was found on EVs from both type of endothelial cells treated with PIC.

an angiogenic response leading to a primitive network of
EC that forms vascular lumens. We found that in contrast
with control cells, HCAEC treated with EVs show varying
levels of incompleteness of mesh formation that suggests
an imbalance between sprouting, elongation and branching
of the network (Figure 3A). Heterologous EVs (HAM-EV),
regardless of PIC exposure of the parental cells, led to a
significant reduction by ~50% of the mesh compared to
control, untreated HCAECs (Figure 3C). Autologous EVs
(HCA EV) had a more dramatic effect leading to almost
complete abolition of the mesh structure and, the effect was
equally potent regardless exposure of parental cells to PIC
(~75% reduction in mesh formation compared to untreated
control) (Figure 3D). This effect was comparable with the
one resulting from direct addition to the media of the
PIC, in the absence of EVs (Figure 3B). Since EVs were
added to the HCAEC prior to their seeding in matrigel it is
unlikely that the EVs directly interfered with VEGF binding
to its receptor. However, other mechanisms that involve post-
receptor signaling may have direct or indirect impact on
functions such as cell proliferation or migration. Therefore,
this data led us to assess other functional parameters required
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for angiogenesis, such as proliferation, barrier function, and
cell migration to identify potential mechanisms underlying the
angiostatic effect.

Since mesh formation was significantly reduced by EVs,
we measured the impact of the latter on the proliferative
capacity of coronary endothelial cell measured by BrdU
incorporation (Figure 4). HCAEC at 60-70% confluency were
treated with 50,000 EVs/cell for 24 h prior to measurement
of proliferation. Heterologous EVs (HAM EV) significantly
reduced proliferation compared to untreated controls, on
average by 28 and 63% in the absence or presence of PIC
treatment of the parent cells, respectively (Figures 4A,B).
Autologous EVs produced by cells treated with PIC (HCA
EV-PIC) significantly decreased EC proliferation by ~50%
compared to controls, while HCA EV-C produced by cells in
absence of inflammatory cytokines had no significant effect
on coronary EC proliferation, although they displayed a trend
toward decreased proliferation (Figures 4A,B). Based on this
data, it appears that heterologous EVs may lead to a decreased
mesh formation by HCAEC, at least in part, due to slowing
down the rate of EC proliferation. This scenario is also
supported by data from HCAEC exposure to autologous EVs
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HCAEV-PIC HCAEV-C HAM EV-PIC HAMEVC >

FIGURE 2

EV uptake by human coronary endothelial cells (HCAEC) is independent of EV source. (A) HCAEC were incubated with DiD labeled HCAEC or
HAMVEC EV C or EV PIC for 24 h prior to imaging flow cytometry. The number of cells that showed a detectable positive signal was determined
using the IDEAS software internalization wizard. (B) Uptake was calculated as percentage of cells that were positive for the DiD fluorescence
following the background subtraction of control cells incubated with EV-free dye. Uptake was similar for all the EV populations (n = 3 individual
preparations). Non-parametric ANOVA found a p-value = 0.649. HAMVEC, human adipose tissue microvascular endothelial cells; EV C,
extracellular vesicles isolated from control cells; EV PIC, extracellular vesicles isolated from PIC-treated cells.
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from PIC treated cells, but not from cells in absence of an
inflammation. Since reduced rates of proliferation may be due
to an increase in the number of senescent cells within the EC
population, we also measured the effect of EVs on HCAEC
senescence. We have found that, regardless of their cellular
source and presence of PIC, EV did not have an effect on the
percent of senescent cells, compared to untreated controls, as
measured by a b-galactosidase assay (Supplementary Figure 1).

Endothelial cell-derived extracellular
vesicles modulated human coronary
artery endothelial cell response to
wounding and barrier function

The reduced potential of HCAEC exposed to EVs to
form a tubular network in vitro can be caused by impaired
migration of EC. It is recognized that the ability of tip cells
to migrate toward VEGF gradients is key for the initiation
of angiogenic sprouts in vivo. We used an indirect measure
of migratory function of HCAEC based on their capability
to restore the monolayer integrity in response to wounding.
HCAEC were seeded on a 96 wells 10idf array and connected
to ECIS 1600 R (zeta-theta) instrumentation until they reached
confluency. Autologous and heterologous EVs, obtained from
unstimulated or stimulated (PIC-treated) cells, were added to
HCAEC at a concentration of 50,000 EVs/cell and after 48 h
an electric pulse of 3000 wAmps was applied for 30 s in 10
discrete areas of the monolayer. Recovery from wound was
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measured over 24 h (Figure 5). Pre-treatment with autologous
EVs from control unstimulated cells (HAM EV-C) led to a
rapid and full recovery of the cell monolayer post-wounding
(Figures 5A,B). At the end of the 24-h measurements the cells
pre-treated with EVs from cytokine stimulated HCAEC (HCA
EV-PIC) had significantly lower normalized transendothelial
resistance than the HAM EV-C treated cells, indicating a
significant reduction in wound recovery due to reduced
migration (Figures 5A,B). Interestingly, control cells in the
absence of EV treatment did not fully recover from wounding,
compared to a no wound control. This suggests, that autologous
EVs may support endothelial repair following injury. Pre-
treatment with heterologous EVs (HAM EV-C and HAM EV-
PIC) did not change the wound recovery compared to control
non-treated ECs. None of the cell monolayers post-wounding
fully restored their integrity (Figures 5C,D). The integrated
wound response over 24 h, expressed as the area under curve
(AUC) of the normalized TER further indicates the unique
restorative response of HCAEC pre-treated with autologous
EVs from control, unstimulated cells (Figure 5E). However, the
angiostatic effect of EVs on the coronary endothelium cannot be
directly attributed to differences in EC migration, at least under
the methodological approaches used in these experiments.
Initiation of angiogenesis is associated with an increase in
EC monolayer permeability and the loosening of endothelial
junctions. Therefore, we measured endothelial barrier function
in response to EV treatment. Under basal conditions, the
vascular endothelium forms a semi-permeable barrier that
controls the transport and passage of molecules. However,
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Extracellular vesicles (EV) from control and pro-inflammatory cytokines (PIC) treated endothelial cells reduce in vitro tube formation.

(A) Coronary artery endothelial cells were incubated for 24 h with EV-free media containing VEGF, PIC + VEGF media, or EV from control or
PIC-treated HAMVEC (HAM EV-C or HAM EV-PIC) or HCAEC (HCA EV-C or HCA EV-PIC) in presence of VEGF. After treatment, cells were
labeled with calcein, seeded in growth factor reduced matrigel coated plates and incubated for 6 h before imaging. Representative micrographs
show reduced formation of complete mesh when treated with EVs from all cellular sources; Magnification 40x (Scale bar = 200 pm). (B—D)
Quantitative analysis of tube formation using the ImageJ software. Data is expressed as percent of mesh reduction relative to control (set at
100%) (n = 5). Statistical analysis was done using the Mann—Whitney non-parametric test. The null hypothesis was rejected for a p < 0.05

*p < 0.05; **p < 0.01

chronic inflammation and extracellular vesicles have both been
shown to contribute to vascular endothelial barrier dysfunction
(4, 25). Autologous EVs from PIC treated cells (HCA EV-PIC)
provoked a decrease in barrier function, indicating increased
permeability of the cell monolayer (Figures 6A,B). This effect
became significant 20 h after EV addition and was maintained
for the following 10 h (Figure 6B). The effect was unique to
the autologous HCA EV-PIC, as EVs from control autologous
cells (HCA EV-C) did not elicit any changes in barrier function
over 30 h of EV exposure, compared to untreated controls
(Figures 6A,B). Exposure to heterologous EVs from cells treated
with PIC (HAM EV-PIC) caused a transient decrease in barrier
function, starting as early as 5 h after exposure to EVs that
recovered after 15 h. Heterologous EVs from untreated cells
(HAM EV-C) did not significantly change the transendothelial
resistance throughout the experiment (Figures 6C,D). The
integrated normalized TER over 30 h, calculated as the AUC,
showed a significant decrease in response to autologous EVs
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from PIC stimulated cells only, suggesting a sustained long-
term response (Figure 6E). In addition to reduced proliferation,
reduced barrier function may be an independent contributor to
angiostatic effects of autologous EVs from PIC stimulated cells.

mMiRNA cargo composition in control
and pro-inflammatory
cytokines-treated endothelial cell
extracellular vesicles

Many of the functional effects of EVs on recipient cells are
attributed to their miRNA cargo. We employed an unbiased
analysis of the miRNA cargo of EVs using an 800 miRNA
panel of the Nanostring platform. A number of 18 miRNA were
detectable in the EV's, with 8 miRNA shared by EV's produced by
HCAEC and HAMCEYV cells (Figure 7A). HCAEC had 2 unique
miRNAs — miR-346 and miR-150, while HAMVEC had 8 unique
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B Proliferation of Coronary Artery EC
Following Adipose EC Vesicle Treatment

% Proliferation
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Proliferation of Coronary Artery EC
Following Autologous EV Treatment

% Proliferation
Relative to Control

EVs isolated from both PIC treated HAMVEC (heterologous) and HCAEC (autologous) conditioned media decrease HCAEC proliferation

(A) Representative micrograph of control cells. Cell nuclei are stained with DAPI (blue). Nuclei of the proliferating cells are labeled by a FITC-
BrdU antibody (green). Overlapping images of the same field show both proliferating cells (light blue nuclei) and non-proliferating cells (dark
blue, DAPI only). Magnification is 200 x. (B) Quantitative analysis of HCAEC proliferation expressed as percent cells showing BrdU incorporation
of total cells. Data is expressed as percentage of proliferation for EV-treated cells relative to untreated controls (set at 100%). Statistical analysis
was performed using the Mann—Whitney non-parametric test (**p = 0.0059; *p = 0.0459).

miRNAs (Figure 7A). Since both autologous and heterologous
EVs had angiostatic effects, IPA miRNA target filter tool was
used to identify experimentally validated target genes of the
shared miRNA, to identify functional miRNA cargo candidates
(Table 1). Eight miRNA were identified in both HCAEC
and HAMVEC EV C and EV PIC, let-7, miR-302, miR-548,
miR-126, miR-23a, miR-451, miR-3144, and miR-4454 + 7975
(Figure 7A). These miRNAs were segregated based on their
predicted functional impact on angiogenesis, proliferation and
barrier function (Figure 7B). Six of the eight miRNA had
predicted effects on angiogenesis (let-7, miR-302, miR-548, miR-
126, miR-23a, and miR-451), four on proliferation (let-7, miR-
302, miR-126, and miR-23a) and 3 on barrier function (let-7,
miR-302, and miR-126). The latter had predicted effects on all
the functional categories tested (Figure 7B).

Discussion

Endothelium is a major contributor to the maintenance
of vascular homeostasis and a hub that coordinates responses
to injury and repair in various vascular pathologies through
inherent plasticity (9, 26, 27). Coronary endothelium is of
prime importance for the maintenance of adequate vascular
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perfusion of the myocardium. Under- or over-perfusion may
both have pathological effects due to inadequate levels of
oxygen and nutrients. Importantly, partial or total occlusion
of coronaries leads to significant ischemic damage to the heart
that can result in pathologic remodeling or death. Timely re-
perfusion via collateral re-vascularization and angiogenesis are
key to restore cardiac function and physiologic remodeling of
the myocardium. Current therapeutic approaches have limited
success and are particularly challenging in aging populations
and in individuals with co-morbidities such as obesity and type
2 diabetes. A promising contemporary approach involves stem
cell therapy as a mean to repair the myocardium. However,
cellular therapies that involve heterologous cells are challenging
due to immune rejection and autologous cells may have
limited therapeutic benefits due to reduced potency in elderly
individuals or patients with obesity, or existing cardio-metabolic
pathologies. Extracellular vesicles produced by stem cells are a
more appealing alternative, as they can be generated in large
amounts in vitro from stem cells of healthy individuals and
are largely non-immunogenic (28). Some success has been
reported in various pre-clinical models, but the variability in
the response due to local and systemic microenvironment of
the recipient remains a challenge (28). Therefore, amongst other
variables, understanding better the complex interplay between
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FIGURE 5

Pretreatment with autologous and heterologous EVs modulates HCAEC response to wounding. Following 24 h of treatment with different EV
preparations, the cell monolayer was disrupted by the application of an electric pulse of 3000 wAmps for 30 s. A number of 3—5 EV preparations
were used in triplicates for each experimental condition. (A,B) Time-dependent recording of normalized TER indicates full recovery of coronary
cells treated with autologous EVs (HCA EV-C) 24 h after wounding. Control cells with no EV treatment and autologous EVs produced by PIC
treated cells (HCA EV-PIC) failed to fully recover 24 h post-wounding. (C,D) All coronary cells following wounding maintained significantly
lower barrier function at 12 h and up to 24 h post-wounding compared to control cells with no wound. (E) Area under the curve (AUC) was
calculated using the normalized TER data from the time of wounding and over the following 24 h. Resistance was recorded continuously at
600 s intervals and normalized to t = 0. Means + SEM; *p < 0.05; **p < 0.01 with 1- or 2-way ANOVA and Bonferroni's post hoc test (A) and

Mann—-Whitney non-parametric test (B,D,E)

endogenous EVs generated by different endothelia and the
exogenous therapeutic EVs, is of prime importance to optimize
such approaches. In this paper, we focused on understanding
the effects of autologous coronary endothelial EVs and adipose
tissue microvascular EVs, produced in physiologic or pro-
inflammatory conditions, on coronary EC function. We selected
these two human endothelial cell types due to relevance
for the myocardial repair of their EVs as contributors from
local microenvironment (coronary EC) as well as distant
sites, such as adipose tissue (adipose microvascular EC); and
representative of normal or obese conditions characterized by
low grade inflammation (with or without PIC stimulation).
We also built on previous data from our lab showing that
EVs from adipose tissue EC in proinflammatory conditions are
angiostatic for autologous naive cells (17). Under physiologic
conditions, ECs significantly contribute to the EVs in blood
circulation. Several studies have shown that inflammation
effectively increases EV release by ECs (29-32). In line with
our previously published data, we found that endothelial cells
from different vascular beds stimulated with proinflammatory
cytokines released more EVs compared to control cells. By
virtue of their higher numbers, EVs produced by ECs in an
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inflammatory environment may be more effective to transfer
functional cargo by competing for uptake with EVs from
other sources. However, we found that HCAEC internalized
both autologous and heterologous EVs from control and
PIC-stimulated cells at a similar rate, in a non-competing
setup when ECs were treated with individual and equal
numbers of each of the EVs populations. The exact mechanism
of EV internalization by HCAEC is yet to be confirmed
but likely involves receptor-mediated endocytosis (data not
shown). We also found that autologous and heterologous
EVs displayed the three tetraspanin exosomal markers, CD63,
CD81, and CD?9. Interestingly, when HAMVEC and HCAEC
were exposed to pro-inflammatory cytokine treatment, there
was a robust increase in CD63 expressing EVs (Figure 1).
Although not extensively explored, some studies have shown
that tetraspanins may interact with other transmembrane
proteins to promote EV docking and selective tissue- and cell-
dependent uptake (33, 34). ECs express transmembrane protein
such as integrins and ICAMs, commonly found in tetraspanin-
enriched microdomains (TEMs) that are used for immune cell
adhesion (8, 35). Thus, such molecules could also be utilized
by EVs for cellular targeting. Findings from animal models
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FIGURE 6

Effect of autologous and heterologous EVs on human coronary artery endothelium barrier function. HCAEC were seeded on 96W10idf array
until confluent, i.e., until stable resistance was achieved (>800 Q). Three to five EC preparations were measured in triplicates for each
experimental condition. (A,B) Treatment with autologous EVs from HCAEC exposed to PIC (HCA EV-PIC) significantly reduced barrier function
compared to untreated controls. This effect is time-dependent and becomes significant after 24 h. Autologous EVs from untreated cells (HCA
EV-C) did not have a significant effect on EC barrier function and the integrity of the cell monolayer was maintained throughout the experiment.
(C,D) Heterologous EVs produced by cells in the presence of pro-inflammatory cytokines (HAM EV-PIC) exhibit early and transient reduction in
barrier function at 5 and 15 h. EVs collected from adipose microvascular cells in the absence of cytokine treatment (HAM EV-C) did not have a
significant effect on barrier function. (E) Area under the curve (AUC) was computed using the normalized TER values over a 30-h interval.
Resistance was recorded continuously at 600 s intervals and normalized to t = 0. Means + SEM; *p < 0.05; **p < 0.01; ****p < 0.0001 with
two-way ANOVA for repeated measures and Bonferroni's post hoc test (A,C); Mann—Whitney non-parametric test (B,D,E).

have shown that EVs from adipose tissue functionally impact
the cardiomyocytes (15) and EVs from EC of peripheral beds
subject to remote ischemia reperfusion have beneficial effects
on cardiac pre-conditioning (13). Such studies provide an
indirect proof that peripheral EVs can successfully reach the
coronary endothelium. Conversely, EV produced by coronary
endothelium can be potent modulators of immunity and
inflammation post-MI and contribute to myocardial functional
restoration via mobilization of neutrophils from spleen, thereby
triggering an “autocrine” effect via an endocrine route (36).
Based on this proven accessibility of EVs between coronary
circulation and peripheral vascular beds, we speculate that our
in vitro data should bear functional significance in vivo, in a
pathologic context.

Effective angiogenesis is key to support an adequate repair
response following a post ischemic myocardial event. In
this study, we assessed the angiogenic potential of HCAEC
following treatment with EVs derived from coronary or
adipose endothelial cells stimulated with proinflammatory
cytokines. We found that regardless of parental cell treatment
and EC source, all EV preparations significantly impaired
in vitro HCAEC tubule formation, a surrogate for angiogenic
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potential. Evidence for anti-angiogenic effects of EVs are by
far less commonly reported compared to their pro-angiogenic
effects (7). In the context of ischemic diseases, the effects
of EVs on coronary ECs are reportedly pro-angiogenic and
emphasized as promising therapeutic interventions. However,
such EVs are primarily produced by stem or progenitor cells
from either endogenous or exogenous sources, not by EC
themselves (28). To our knowledge, the effect of autologous
EVs in normal or pro-inflammatory conditions on coronary
EC angiogenesis were not reported. Some of the mechanisms
underlying inhibitory effects of EVs on angiogenesis include
primarily mechanisms of uptake inhibition such as LDL
receptor endocytosis or CD36-independent uptake or induction
of oxidative stress [reviewed in Todorova., et al (7)]. Also,
published data suggested that high concentrations of EC-
derived EVs can induce apoptosis and impair angiogenesis
in recipient ECs (37-39). Specifically, Ou et al. found
that increased concentrations of EC-derived EV inhibited
angiogenesis by inducing endothelial nitric oxide synthase
(eNOS) dysfunction (39). Our data indicate that all the tested
EV populations are taken up in an indiscriminate fashion by
~65-70% of the HCAEC that approach confluence (Figure 2).
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Venn diagrams showing miRNA cargo and predicted functional effects of EVs from human coronary artery cells (HCAEC) and human adipose
tissue microvascular endothelial cells (HAMVEC). (A) HCAEC and HAMVEC EV C and EV PIC miRNA cargo was measured using the Nanostring
miRNA array. Three different EV preparations were used for each experimental condition and only the miRNA that were detectable in all three
EV preparations are shown. (B) Predicted gene targets for all the miRNA detected in the different EV populations were obtained using the IPA
miRNA target filter tool and further sorted by the number of their target genes into functional pathways that included angiogenesis,
proliferation, and barrier function. The greatest proportion of miRNA involvement was found to be in angiogenesis, followed by proliferation,

with the fewest miRNA targets involving barrier function.

Therefore, we focused our efforts to identify alternative
mechanisms that can explain EVs inhibitory effects on HCAEC
angiogenesis beyond their mechanism of uptake; specifically,
we assessed proliferation, barrier function, and migratory
response following EC monolayer wounding. Although all
EV preparations reduced EC proliferation, only autologous
EVs from PIC-stimulated cells reduced barrier function.
Furthermore, control autologous EVs appeared to have aid in
the reestablishment of the HCAEC monolayer following wound
induction. Thus, EC-derived EVs impair several parameters
required for mounting a sustainable angiogenic behavior.
Notably, the most consistent and robust effect of EVs across
all preparations was on EC proliferation. This included EVs
from both PIC-treated and control HAMVEC and HCAEC
cultures. Therefore, we propose that reduced proliferation may
be necessary and sufficient for reduced angiogenesis, even
in absence of a pro-inflammatory environment. As discussed
below, some of the shared miRNA cargo support a uniform
anti-proliferative effect of the EVs. In contrast with our
findings, several studies have shown that EC-derived EVs
promote angiogenesis and proliferation in recipient ECs (40-
42). In one such study, EVs released by ECs contained p1
integrin and enzymatically active matrix metalloproteinases;
these EVs were capable of inducing EC invasion and tubule
formation in vitro (40). Furthermore, Lombardo et al. showed
that EC stimulated with Interleukin-3 (IL-3) secreted EVs
that promoted angiogenesis through the transfer of miR-
126-3p and pSTAT5, and increased ERK1/2 activation in
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recipient EC (41). Nevertheless, further studies will be needed
to fully understand the impact of EVs on endothelial cell
proliferation and migration.

Extracellular vesicles are complexly involved in the
regulation of endothelial barrier and increased permeability
during infectious or inflammatory states (25). Indeed, chronic
vascular diseases like atherosclerosis and diabetes display
increased levels of plasma EVs originating from either platelet,
endothelial cells or leukocytes, that promote microvascular
leakage (43, 44). This has been further supported by the fact
that exosome generation blockade by GW4869, and subsequent
inhibition of EVs release, ameliorates systemic inflammation in
mice (45). EVs isolated during inflammatory states showed to
disrupt endothelial homeostasis and impair vasorelaxation and
eNOS production (46).

We investigated if autologous and heterologous EVs,
obtained in either unstimulated or inflammatory conditions,
would influence the permeability of a monolayer of HCAEC
and their response to wounding. Interestingly, autologous EVs,
obtained after incubation with inflammatory cytokines (PIC)
showed a time-dependent decrease in barrier function, not
observed with EVs isolated in basal conditions (Figure 6).
Furthermore, when cells were pretreated with EVs for 24 h and
then wounded, autologous EVs-derived in non-inflammatory
conditions showed to protect HCAEC from injury and
participate in the re-establishment of a proper barrier function.
Heterologous EV were shown to not influence the permeability
of a HCAEC monolayer. Therefore, EVs do not seem to
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be angiostatic due to reduction in migration or increase
in permeability of the HCAECs. However, we uncovered a
potential beneficial role of the physiologic autologous EVs
for recovery of injured endothelium and formation of a tight
monolayer barrier.

10.3389/fcvm.2022.923081

Although EVs are believed to participate in endothelial
inflammation, different reports suggest a protective role.
Clinical studies showed indeed that EVs isolated from septic
patients may also protect vascular tone and contractility and
that, EVs-leukocytes conjugates correlate negatively with organ

TABLE 1 miRNA cargo shared by HCAEC and HAMVEC extracellular vesicles and their validated gene targets involved in angiogenesis, proliferation,

and barrier function.

EV miRNA identified Mean expression values (Counts) Genes targeted
HCAEC HAMVEC Functional involvement
EVC EVPIC EVC EV PIC Angiogenesis Proliferation  Barrier function
let-7 33.51 36.82 31.80 38.31 ACP1 LOXL2 ACP1 F2
ADAMTS2 NRAS ADAMTS2 RHOB
ADGRG1 MTRR COL1A1
BSG MYC COL1A2
CASP3 PDGFA COL8A1
CCNDI1 PDGFB DICERI
CDK6 PRDM1 F2
COL1A1 PTGS2 HMOX1
COL1A2 RAS ITGB3
COL4A2 RHOB LOXL2
COL5A1 RHOG MYC
COL8A1 SPARC NRAS
DICER1 TGFBRI PDGFB
F2 TGFBR2 PTGS2
HMGA2 THBS1 RAS
HMOXI1 TLR4 SPARC
ITGB3 VIM TGFBRI
KRAS TGFBR2
LAMCI THBSI
miR-302 210.44 379.95 58.50 55.58 ADAMY LEFTY1 APP VEGFA
APP NR4A2 CD44
CCNDI PRKACB CDKNIA
CD44 RECK DKK1
CDKN1A RELA NR4A2
DKK1 STK4 VEGFA
ESRI VEGFA
LMNBI
miR-23a 3238 20.00 2633 21.84 CXCLI12 PLAU CXCLI12
HES1 PTEN PLAU
IL6R SMAD3 PTEN
LMNB1 SMAD4
MET SMAD5
NOTCH1 ~ TNFAIP3
miR-126 33.51 31.05 45.03 28.45 CRKL VCAMI SPREDI1 VEGFA
IRS1 VEGFA VEGFA
SPRED1
miR-451 46.36 33.86 38.70 32.95 MIF
miR-548 97.9 83.51 27.68 27.08 ERBB2
miR-3144 122.91 224.37 27.01 28.38 No experimentally validated targets
miR-4454 + miR-7975 30.58 31.05 35.76 26.80 No experimentally validated targets

HCAEC and HAMVEC EV miRNA target genes were identified using the IPA target filter tool and sorted by involvement in angiogenesis, proliferation, and barrier function.
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dysfunction and mortality (47, 48). Our data further suggest
a critical role of EVs in barrier regulation and homeostasis.
Indeed, while EVs produced under physiologic conditions may
help recover the tight junctions between endothelial cells,
EVs produced during inflammatory states may exert an effect
on capillaries increasing permeability and favoring diapedesis
and fluid leakage.

Extracellular vesicle cargo, to a certain extent, mirrors the
miRNA-expressed repertoire of the parent cell and can cause
biological changes to recipient cells. miRNAs are small non-
coding RNA that play a role in regulating gene expression
post-transcriptionally by repressing the expression of target
mRNA. Several literature reports substantiate that EVs can
deliver miRNAs to recipient cells, thus impacting the gene
expression of the latter. Amongst these physiologic effects, it
has been shown that miRNAs delivered by EVs can impair
angiogenesis (49). Therefore, we interrogated the miRNA cargo
of the autologous and heterologous EV's from control and PIC-
stimulated cells. miRNA target genes included multiple genes
known to mediate angiogenesis including those involved in
classical VEGF signaling, cell cycle, and extracellular matrix.
Extracellular vesicle miRNAs were found to target several
functions relevant to endothelial cell function and angiogenic
potential. Let-7 is integral to endothelial cell homeostasis
(50). The let-7 family is known to have proangiogenic effects
(51), but several instances of angiostatic activity have been
reported. Some of the anti-angiogenic effects of let-7 are due
to anti- proliferative effects. Since reduced proliferation was
the most consistent effect of EVs both from control and pro-
inflammatory cultures of ECs, we speculate that some of EV
miRNA cargo, such as let-7, uniformly expressed by all EVs
in this study, may have a key role via targeting multiple
genes involved in proliferation (Table 1). Expression of let-
7 has been shown to increase with age in cardiac stem-
like cells (CSLC). Following treatment of CSLC with a let-
7 mimic, their proliferation was significantly reduced (52).
Angiogenesis is repressed by overexpression of let-7 and by
silencing of the let-7 target gene HMGA2 in EC (53). miR-302
is a member of a cluster known to drive numerous functions
critical to cell homeostasis and function including proliferation,
differentiation, and pluripotency (54). MiR-302 has been shown
to inhibit tumor angiogenesis by targeting VEGFA (55), and
MACC1 (56). Circulating miR-302 has been identified as a
potential biomarker for acute heart failure (57). The miR-23
cluster is highly expressed in EC and has been implicated in
processes supporting angiogenesis (58-60). MiR-23 has also
been implicated in atherogenesis, potentially by supporting a
proinflammatory secretome in HCAEC (61) and has been linked
to cardiomyopathy in mice (62). miR-126 has been implicated in
the promotion of angiogenesis, however, numerous additional
functions have also been observed. miR-126 was shown to
downregulate NFkB-mediated PI3K/AKT/mTOR signaling (63)
and PI3K inhibition has been implicated as a therapeutic target
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to inhibit tumor angiogenesis in multiple malignancies (64).
Therefore, miR-126 delivered via EVs could exert a potential
anti-angiogenic effect in the HCAEC via modulation of the
latter pathway. miR-451, another miRNA detected in the EVs
in this study has been found to be elevated in the blood of
patients of coronary heart disease and inhibits proliferation
in HUVECs (65). Inhibition of miR-451 in HUVECs has
been demonstrated to promote tube formation and increase
migration and invasion (66). miR-548 is downregulated in
the pericoronary adipose tissue of coronary artery disease
patients (67). miR-548 downregulated HMGB1 in human
amniotic epithelial cells (68) and activation of HMGBI in bone
marrow stem cells stimulates proliferation and angiogenesis
(69). Therefore, delivery of miR-548 to recipient HCAEC may
engage the HMGBI pathways and therefore reduce proliferation
and tube formation, Our results also indicate that all of the
miRNAs that were reported to induce angiogenesis in coronary
endothelium post-ischemia (14) are, in fact, not detectable in
our EV populations and perhaps it is not surprising that the
functional miRNA cargo in our vesicles do not support pro-
angiogenic mechanisms (Figure 7). Future studies are granted
to validate the role of miRNA EVs in coronary angiogenesis and
to identify potential therapeutic targets.

In this study, we showed the angiostatic and anti-
proliferative effects of EVs from two EC sources in the
absence and presence of inflammation and described their
modulation of barrier function and recovery from wounding of
human coronary endothelial cells. Our findings are important
to consider when therapies with exogenous functionalized
EVs are contemplated for enhancing post-ischemic coronary
angiogenesis. Endogenous EVs from local or peripheral ECs
may compete for uptake and counteract the therapeutic effects
of the exogenous EVs. Therefore, short term treatment with
small EV release inhibitors prior to exogenous EV delivery may
maximize the potency of such therapeutic approaches.

Data availability statement

The original contributions presented in this study are
included in the article/Supplementary Material, further
inquiries can be directed to the corresponding author/s.

Author contributions

AD and RC conceived and designed the research. NC,
AM, MB, and NM performed the experiments. NC, AM, MB,
AD, and RC analyzed and interpreted the data. NC, AM,
NM, RC, and AD drafted the manuscript. AD and JC edited
and revised the manuscript. All authors approved the final
version of manuscript.

frontiersin.org


https://doi.org/10.3389/fcvm.2022.923081
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Carter et al.

Funding

This work was funded in part by an AHA AIREA grant to
AD and Old Dominion University Research Foundation.

Acknowledgments

We would like to acknowledge Cristina Risi for her
kind help with negative staining EM. Special thanks to
Leif Anderson, Application Scientist at NanoView Biosciences
(Brighton, MA, United States) for providing the tetraspanin
expression data using ExoView platform. We would also like
to acknowledge the excellent assistance of EVMS Biorepository
with Nanostring platform for miRNA profiling and the Flow
Cytometry Core at EVMS.

Conflict of interest

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

References

1. Virani SS, Alonso A, Benjamin EJ, Bittencourt MS, Callaway CW, Carson
AP, et al. Heart disease and stroke statistics-2020 update: a report from the
American heart association. Circulation. (2020) 141:¢139-596. doi: 10.1161/CIR.
0000000000000757

2. Thygesen K, Alpert JS, White HD, Joint ESC/ACCF/AHA/WHE Task Force
for the Redefinition of Myocardial Infarction, Jaffe AS, Apple FS, et al. Universal
definition of myocardial infarction. Circulation. (2007) 116:2634-53.

3. Cochain C, Channon KM, Silvestre JS. Angiogenesis in the infarcted
myocardium. Antioxid Redox Signal. (2013) 18:1100-13. doi: 10.1089/ars.2012.
4849

4. Pober JS, Sessa WC. Evolving functions of endothelial cells in inflammation.
Nat Rev Immunol. (2007) 7:803-15. doi: 10.1038/nri2171

5. Prabhu SD, Frangogiannis NG. The biological basis for cardiac repair after
myocardial infarction: from inflammation to fibrosis. Circ Res. (2016) 119:91-112.
doi: 10.1161/CIRCRESAHA.116.303577

6. Carmeliet P, Jain RK. Molecular mechanisms and clinical applications of
angiogenesis. Nature. (2011) 473:298-307. doi: 10.1038/nature10144

7. Todorova D, Simoncini S, Lacroix R, Sabatier F, Dignat-George F. Extracellular
vesicles in angiogenesis. Circ Res. (2017) 120:1658-73. doi: 10.1161/CIRCRESAHA.
117.309681

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

9. Mathiesen A, Hamilton T, Carter N, Brown M, McPheat W, Dobrian A.
Endothelial extracellular vesicles: from keepers of health to messengers of disease.
Int ] Mol Sci. (2021) 22:4640. doi: 10.3390/ijms22094640

10. Wang Q, Lu Q. Plasma membrane-derived extracellular microvesicles
mediate non-canonical intercellular NOTCH signaling. Nat Commun. (2017)
8:709. doi: 10.1038/s41467-017-00767-2

11. Zhang H, Liu ], Qu D, Wang L, Wong CM, Lau CW, et al. Serum exosomes
mediate delivery of arginase 1 as a novel mechanism for endothelial dysfunction
in diabetes. Proc Natl Acad Sci U S A. (2018) 115:E6927-36. doi: 10.1073/pnas.
1721521115

Frontiers in Cardiovascular Medicine

15

10.3389/fcvm.2022.923081

Publisher's note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be
found online at: https://www.frontiersin.org/articles/10.3389/
fcvm.2022.923081/full#supplementary-material

SUPPLEMENTARY FIGURE 1

HCAEC and HAMVEC EV C and EV PIC do not induce senescence in
HCAEC. HCAEC incubated overnight with HCAEC and HAMVEC EC C
and EV PIC were evaluated for senescence via detection of
pB-galactosidase. (A) HCAEC EV C and EV PIC did not induce senescence
relative to untreated control, p = 0.0679. (B) HAMVEC EV C and EV PIC
did not induce senescence relative to untreated control, p = 0.8179.

12. Sahoo S, Losordo DW. Exosomes and cardiac repair after myocardial
infarction. Circ Res. (2014) 114:333-44. doi: 10.1161/CIRCRESAHA.114.300639

13. Alfi E, Thairi C, Femmino S, Alloatti G, Moccia E Brizzi MF, et al.
Extracellular vesicles (EVs) in ischemic conditioning and angiogenesis: focus on
endothelial derived EVs. Vascul Pharmacol. (2021) 140:106873. doi: 10.1016/j.vph.
2021.106873

14. Wu C, Liu B, Wang R, Li G. The regulation mechanisms and clinical
application of MicroRNAs in myocardial infarction: a review of the recent 5 years.
Front Cardiovasc Med. (2021) 8:809580. doi: 10.3389/fcvm.2021.809580

15. Crewe C, Funcke JB, Li S, Joffin N, Gliniak CM, Ghaben AL, et al.
Extracellular vesicle-based interorgan transport of mitochondria from energetically
stressed adipocytes. Cell Metab. (2021) 33:1853-68.e11. doi: 10.1016/j.cmet.2021.
08.002

16. Matsuura Y, Wada H, Eguchi H, Gotoh K, Kobayashi S, Kinoshita M, et al.
Exosomal miR-155 derived from hepatocellular carcinoma cells under hypoxia
promotes angiogenesis in endothelial cells. Dig Dis Sci. (2019) 64:792-802. doi:
10.1007/s10620-018-5380-1

17. Haynes BA, Yang LE, Huyck RW, Lehrer EJ, Turner JM, Barabutis N, et al.
Endothelial-to-mesenchymal transition in human adipose tissue vasculature alters
the particulate secretome and induces endothelial dysfunction. Arterioscler Thromb
Vasc Biol. (2019) 39:2168-91. doi: 10.1161/ATVBAHA.119.312826

18. Colunga Biancatelli RML, Solopov PA, Gregory B, Khodour Y, Catravas JD.
HSP90 inhibitors modulate SARS-CoV-2 spike protein subunit 1-induced human
pulmonary microvascular endothelial activation and barrier dysfunction. Front
Physiol. (2022) 13:812199. doi: 10.3389/fphys.2022.812199

19. Reggio S, Rouault C, Poitou C, Bichet JC, Prifti E, Bouillot JL, et al. Increased
basement membrane components in adipose tissue during obesity: links with
TGFB and metabolic phenotypes. J Clin Endocrinol Metab. (2016) 101:2578-87.
doi: 10.1210/jc.2015-4304

20. Mathis D. Immunological goings-on in visceral adipose tissue. Cell Metab.
(2013) 17:851-9. doi: 10.1016/j.cmet.2013.05.008

21. Pinto MT, Covas DT, Kashima S, Rodrigues CO. Endothelial mesenchymal
transition: comparative analysis of different induction methods. Biol Proced Online.
(2016) 18:10. doi: 10.1186/s12575-016-0040-3

frontiersin.org


https://doi.org/10.3389/fcvm.2022.923081
https://www.frontiersin.org/articles/10.3389/fcvm.2022.923081/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcvm.2022.923081/full#supplementary-material
https://doi.org/10.1161/CIR.0000000000000757
https://doi.org/10.1161/CIR.0000000000000757
https://doi.org/10.1089/ars.2012.4849
 
https://doi.org/10.1089/ars.2012.4849
 
https://doi.org/10.1038/nri2171
https://doi.org/10.1161/CIRCRESAHA.116.303577
https://doi.org/10.1038/nature10144
https://doi.org/10.1161/CIRCRESAHA.117.309681
https://doi.org/10.1161/CIRCRESAHA.117.309681
https://doi.org/10.1038/nrcardio.2017.7
https://doi.org/10.1038/nrcardio.2017.7
https://doi.org/10.3390/ijms22094640
https://doi.org/10.1038/s41467-017-00767-2
https://doi.org/10.1073/pnas.1721521115
https://doi.org/10.1073/pnas.1721521115
https://doi.org/10.1161/CIRCRESAHA.114.300639
https://doi.org/10.1016/j.vph.2021.106873
https://doi.org/10.1016/j.vph.2021.106873
https://doi.org/10.3389/fcvm.2021.809580
https://doi.org/10.1016/j.cmet.2021.08.002
https://doi.org/10.1016/j.cmet.2021.08.002
https://doi.org/10.1007/s10620-018-5380-1
https://doi.org/10.1007/s10620-018-5380-1
https://doi.org/10.1161/ATVBAHA.119.312826
https://doi.org/10.3389/fphys.2022.812199
https://doi.org/10.1210/jc.2015-4304
https://doi.org/10.1016/j.cmet.2013.05.008
https://doi.org/10.1186/s12575-016-0040-3
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Carter et al.

22. Xue M, Qigige C, Zhang Q, Zhao H, Su L, Sun P, et al. Effects of tumor
necrosis factor o (TNF-a) and interleukina 10 (IL-10) on intercellular cell adhesion
molecule-1 (ICAM-1) and cluster of differentiation 31 (CD31) in human coronary
artery endothelial cells. Med Sci Monit Int Med ] Exp Clin Res. (2018) 24:4433-9.
doi: 10.12659/MSM.906838

23. Hanna A, Frangogiannis NG. The role of the TGF-B superfamily in
myocardial infarction. Front Cardiovasc Med. (2019) 6:140. doi: 10.3389/fcvm.2019.
00140

24. Voloshyna 1, Littlefield M]J, Reiss AB. Atherosclerosis and interferon-y: new
insights and therapeutic targets. Trends Cardiovasc Med. (2014) 24:45-51. doi:
10.1016/j.tcm.2013.06.003

25. Chatterjee V, Yang X, Ma Y, Wu MH, Yuan SY. Extracellular vesicles: new
players in regulating vascular barrier function. Am ] Physiol Heart Circ Physiol.
(2020) 319:H1181-96. doi: 10.1152/ajpheart.00579.2020

26. Aird WC. Endothelial cell heterogeneity. Cold Spring Harb Perspect Med.
(2012) 2:a006429. doi: 10.1101/cshperspect.a006429

27. Potente M, Mikinen T. Vascular heterogeneity and specialization in
development and disease. Nat Rev Mol Cell Biol. (2017) 18:477-94. doi: 10.1038/
nrm.2017.36

28. Bian X, Ma K, Zhang C, Fu X. Therapeutic angiogenesis using stem
cell-derived extracellular vesicles: an emerging approach for treatment of
ischemic diseases. Stem Cell Res Ther. (2019) 10:158. doi: 10.1186/s13287-019-
1276-z

29. Abid Hussein MN, Béing AN, Bir6 E, Hoek FJ, Vogel GMT, Meuleman DG,
et al. Phospholipid composition of in vitro endothelial microparticles and their
in vivo thrombogenic properties. Thromb Res. (2008) 121:865-71. doi: 10.1016/j.
thromres.2007.08.005

30. Combes V, Simon AC, Grau GE, Arnoux D, Camoin L, Sabatier F et al.
In vitro generation of endothelial microparticles and possible prothrombotic
activity in patients with lupus anticoagulant. J Clin Invest. (1999) 104:93-102.
doi: 10.1172/JCI4985

31. Lee SK, Yang SH, Kwon I, Lee OH, Heo JH. Role of tumour necrosis
factor receptor-1 and nuclear factor-kB in production of TNF-a-induced pro-
inflammatory microparticles in endothelial cells. Thromb Haemost. (2014)
112:580-8. doi: 10.1160/TH13-11-0975

32. JimenezJJ, Jy W, Mauro LM, Soderland C, Horstman LL, Ahn YS. Endothelial
cells release phenotypically and quantitatively distinct microparticles in activation
and apoptosis. Thromb Res. (2003) 109:175-80. doi: 10.1016/S0049-3848(03)
00064-1

33. Rana S, Yue S, Stadel D, Zoller M. Toward tailored exosomes: the exosomal
tetraspanin web contributes to target cell selection. Int J Biochem Cell Biol. (2012)
44:1574-84. doi: 10.1016/j.biocel.2012.06.018

34. Nazarenko I, Rana S, Baumann A, McAlear ], Hellwig A, Trendelenburg
M, et al. Cell surface tetraspanin Tspan8 contributes to molecular pathways of
exosome-induced endothelial cell activation. Cancer Res. (2010) 70:1668-78. doi:
10.1158/0008-5472.CAN-09-2470

35. Berditchevski F, Odintsova E. Characterization of integrin-tetraspanin
adhesion complexes. J Cell Biol. (1999) 146:477-92. doi: 10.1083/jcb.146.2.477

36. Akbar N, Braithwaite AT, Corr EM, Koelwyn GJ, van Solingen C, Cochain
C, et al. Rapid neutrophil mobilisation by VCAM-1+ endothelial extracellular
vesicles. Cardiovasc Res. (2022). [Epub ahead of print]. doi: 10.1093/cvr/cva
c012

37. Mezentsev A, Merks RMH, O’Riordan E, Chen ], Mendelev N, Goligorsky
MS, et al. Endothelial microparticles affect angiogenesis in vitro: role of oxidative
stress. Am J Physiol Heart Circ Physiol. (2005) 289:H1106-14. doi: 10.1152/ajpheart.
00265.2005

38. Lacroix R, Sabatier F, Mialhe A, Basire A, Pannell R, Borghi H, et al.
Activation of plasminogen into plasmin at the surface of endothelial microparticles:
a mechanism that modulates angiogenic properties of endothelial progenitor cells
in vitro. Blood. (2007) 110:2432-9. doi: 10.1182/blood-2007-02-069997

39. Ou ZJ, Chang FJ, Luo D, Liao XL, Wang ZP, Zhang X, et al. Endothelium-
derived microparticles inhibit angiogenesis in the heart and enhance the inhibitory
effects of hypercholesterolemia on angiogenesis. Am ] Physiol Endocrinol Metab.
(2011) 300:E661-8. doi: 10.1152/ajpendo.00611.2010

40. Taraboletti G, D’Ascenzo S, Borsotti P, Giavazzi R, Pavan A, Dolo V. Shedding
of the matrix metalloproteinases MMP-2, MMP-9, and MT1-MMP as membrane
vesicle-associated components by endothelial cells. Am J Pathol. (2002) 160:673-80.
doi: 10.1016/S0002-9440(10)64887-0

41. Lombardo G, Dentelli P, Togliatto G, Rosso A, Gili M, Gallo S, et al. Activated
Stat5 trafficking via endothelial cell-derived extracellular vesicles controls IL-3
pro-angiogenic paracrine action. Sci Rep. (2016) 6:25689. doi: 10.1038/srep25689

Frontiers in Cardiovascular Medicine

16

10.3389/fcvm.2022.923081

42. Jansen E, Yang X, Franklin BS, Hoelscher M, Schmitz T, Bedorf J, et al. High
glucose condition increases NADPH oxidase activity in endothelial microparticles
that promote vascular inflammation. Cardiovasc Res. (2013) 98:94-106. doi: 10.
1093/cvr/cvt013

43. Deng W, Tang T, Hou Y, Zeng Q, Wang Y, Fan W, et al. Extracellular
vesicles in atherosclerosis. Clin Chim Acta Int ] Clin Chem. (2019) 495:109-17.
doi: 10.1016/j.cca.2019.04.051

44. Huang C, Fisher KP, Hammer SS, Busik JV. Extracellular vesicle-induced
classical complement activation leads to retinal endothelial cell damage via MAC
deposition. Int J Mol Sci. (2020) 21:E1693. doi: 10.3390/ijms21051693

45. Essandoh K, Yang L, Wang X, Huang W, Qin D, Hao J, et al. Blockade of
exosome generation with GW4869 dampens the sepsis-induced inflammation and
cardiac dysfunction. Biochim Biophys Acta. (2015) 1852:2362-71. doi: 10.1016/j.
bbadis.2015.08.010

46. Agouni A, Lagrue-Lak-Hal AH, Ducluzeau PH, Mostefai HA,
Draunet-Busson  C, Leftheriotis G, et al. Endothelial dysfunction
caused by circulating microparticles from patients with metabolic

syndrome. Am ] Pathol.
0228

(2008) 173:1210-9. doi: 10.2353/ajpath.2008.08

47. Mostefai HA, Meziani F, Mastronardi ML, Agouni A, Heymes C, Sargentini
C, et al. Circulating microparticles from patients with septic shock exert protective
role in vascular function. Am ] Respir Crit Care Med. (2008) 178:1148-55. doi:
10.1164/rccm.200712-18350C

48. Soriano AO, Jy W, Chirinos JA, Valdivia MA, Velasquez HS, Jimenez JJ,
et al. Levels of endothelial and platelet microparticles and their interactions with
leukocytes negatively correlate with organ dysfunction and predict mortality in
severe sepsis. Crit Care Med. (2005) 33:2540-6. doi: 10.1097/01.CCM.0000186414.
86162.03

49. Andrade AC, Wolf M, Binder HM, Gomes FG, Manstein F, Ebner-Peking
P, et al. Hypoxic conditions promote the angiogenic potential of human induced
pluripotent stem cell-derived extracellular vesicles. Int J Mol Sci. (2021) 22:3890.
doi: 10.3390/ijms22083890

50. Xiang W, Tian C, Peng S, Zhou L, Pan S, Deng Z. Let-7i attenuates human
brain microvascular endothelial cell damage in oxygen glucose deprivation model
by decreasing toll-like receptor 4 expression. Biochem Biophys Res Commun. (2017)
493:788-93. doi: 10.1016/j.bbrc.2017.08.093

51. Kuehbacher A, Urbich C, Zeiher AM, Dimmeler S. Role of dicer and drosha
for endothelial MicroRNA expression and angiogenesis. Circ Res. (2007) 101:59-68.
doi: 10.1161/CIRCRESAHA.107.153916

52. Yuko AE, Carvalho Rigaud VO, Kurian J, Lee JH, Kasatkin N, Behanan M,
etal. LIN28a induced metabolic and redox regulation promotes cardiac cell survival
in the heart after ischemic injury. Redox Biol. (2021) 47:102162. doi: 10.1016/j.
redox.2021.102162

53. Zhou Q, Frost RJA, Anderson C, Zhao F, Ma ], Yu B, et al. let-7 contributes to
diabetic retinopathy but represses pathological ocular angiogenesis. Mol Cell Biol.
(2017) 37:€00001-17. doi: 10.1128/MCB.00001-17

54. Guo M, Gan L, Si J, Zhang J, Liu Z, Zhao J, et al. Role of miR-302/367 cluster
in human physiology and pathophysiology. Acta Biochim Biophys Sin. (2020)
52:791-800. doi: 10.1093/abbs/gmaa065

55. Cao J, Li L, Han X, Cheng H, Chen W, Qi K, et al. miR-302 cluster inhibits
angiogenesis and growth of K562 leukemia cells by targeting VEGFA. Onco Targets
Ther. (2019) 12:433-41. doi: 10.2147/OTT.S190146

56. Cao YP, Pan M, Song YL, Zhang HL, Sui HT, Shan BC, et al. MiR-302 a/b/c
suppresses tumor angiogenesis in hepatocellular carcinoma by targeting MACCI1.
Eur Rev Med Pharmacol Sci. (2019) 23:7863-73.

57. LiG, Song Y, Li YD, Jie L], Wu WY, Li JZ, et al. Circulating miRNA-302 family
members as potential biomarkers for the diagnosis of acute heart failure. Biomark
Med. (2018) 12:871-80. doi: 10.2217/bmm-2018-0132

58. Zhou Q, Gallagher R, Ufret-Vincenty R, Li X, Olson EN, Wang S. Regulation
of angiogenesis and choroidal neovascularization by members of microRNA-
23727724 clusters. Proc Natl Acad Sci U S A. (2011) 108:8287-92. doi: 10.1073/pnas.
1105254108

59. Bang C, Fiedler J, Thum T. Cardiovascular importance of the MicroRNA-
23/27/24 family. Microcirculation. (2012) 19:208-14. doi: 10.1111/j.1549-8719.
2011.00153.x

60. Oikawa S, Wada S, Lee M, Maeda S, Akimoto T. Role of endothelial
microRNA-23 clusters in angiogenesis in vivo. Am J Physiol Heart Circ Physiol.
(2018) 315:H838-46. doi: 10.1152/ajpheart.00742.2017

61. Guo J, Mei H, Sheng Z, Meng Q, Véniant MM, Yin H. Hsa-miRNA-23a-
3p promotes atherogenesis in a novel mouse model of atherosclerosis. J Lipid Res.
(2020) 61:1764-75. doi: 10.1194/jlr. RA120001121

frontiersin.org


https://doi.org/10.3389/fcvm.2022.923081
https://doi.org/10.12659/MSM.906838
https://doi.org/10.3389/fcvm.2019.00140
https://doi.org/10.3389/fcvm.2019.00140
https://doi.org/10.1016/j.tcm.2013.06.003
https://doi.org/10.1016/j.tcm.2013.06.003
https://doi.org/10.1152/ajpheart.00579.2020
https://doi.org/10.1101/cshperspect.a006429
https://doi.org/10.1038/nrm.2017.36
https://doi.org/10.1038/nrm.2017.36
https://doi.org/10.1186/s13287-019-1276-z
https://doi.org/10.1186/s13287-019-1276-z
https://doi.org/10.1016/j.thromres.2007.08.005
https://doi.org/10.1016/j.thromres.2007.08.005
https://doi.org/10.1172/JCI4985
https://doi.org/10.1160/TH13-11-0975
https://doi.org/10.1016/S0049-3848(03)00064-1
https://doi.org/10.1016/S0049-3848(03)00064-1
https://doi.org/10.1016/j.biocel.2012.06.018
https://doi.org/10.1158/0008-5472.CAN-09-2470
https://doi.org/10.1158/0008-5472.CAN-09-2470
https://doi.org/10.1083/jcb.146.2.477
https://doi.org/10.1093/cvr/cvac012
https://doi.org/10.1093/cvr/cvac012
https://doi.org/10.1152/ajpheart.00265.2005
https://doi.org/10.1152/ajpheart.00265.2005
https://doi.org/10.1182/blood-2007-02-069997
https://doi.org/10.1152/ajpendo.00611.2010
https://doi.org/10.1016/S0002-9440(10)64887-0
https://doi.org/10.1038/srep25689
https://doi.org/10.1093/cvr/cvt013
https://doi.org/10.1093/cvr/cvt013
https://doi.org/10.1016/j.cca.2019.04.051
https://doi.org/10.3390/ijms21051693
https://doi.org/10.1016/j.bbadis.2015.08.010
https://doi.org/10.1016/j.bbadis.2015.08.010
https://doi.org/10.2353/ajpath.2008.080228
https://doi.org/10.2353/ajpath.2008.080228
https://doi.org/10.1164/rccm.200712-1835OC
https://doi.org/10.1164/rccm.200712-1835OC
https://doi.org/10.1097/01.CCM.0000186414.86162.03
https://doi.org/10.1097/01.CCM.0000186414.86162.03
https://doi.org/10.3390/ijms22083890
https://doi.org/10.1016/j.bbrc.2017.08.093
https://doi.org/10.1161/CIRCRESAHA.107.153916
https://doi.org/10.1016/j.redox.2021.102162
https://doi.org/10.1016/j.redox.2021.102162
https://doi.org/10.1128/MCB.00001-17
https://doi.org/10.1093/abbs/gmaa065
https://doi.org/10.2147/OTT.S190146
https://doi.org/10.2217/bmm-2018-0132
https://doi.org/10.1073/pnas.1105254108
https://doi.org/10.1073/pnas.1105254108
https://doi.org/10.1111/j.1549-8719.2011.00153.x
https://doi.org/10.1111/j.1549-8719.2011.00153.x
https://doi.org/10.1152/ajpheart.00742.2017
https://doi.org/10.1194/jlr.RA120001121
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Carter et al.

62. Feyen E, Ricke-Hoch M, Van Fraeyenhove ], Vermeulen Z, Scherr
M, Dugaucquier L, et al. ERBB4 and multiple MicroRNAs that target
ERBB4 participate in pregnancy-related cardiomyopathy. Circ Heart
Fail. (2021) 14:€006898. doi: 10.1161/CIRCHEARTFAILURE.120.00
6898

63. Jia W, Liu J, Tian X, Jiang P, Cheng Z, Meng C. MircoRNA-126-5p inhibits
apoptosis of endothelial cell in vascular arterial walls via NF-kB/PI3K/AKT/mTOR
signaling pathway in atherosclerosis. ] Mol Histol. (2022) 53:51-62. doi: 10.1007/
$10735-021-10041-x

64. Zhu M, Jin Q, Xin Y. Recent clinical advances in PI3K inhibitors on colorectal
cancer. Pharmazie. (2021) 76:568-73. doi:

65. Lin J, Jiang J, Zhou R, Li X, Ye J. MicroRNA-451b participates in coronary
heart disease by targeting VEGFA. Open Med. (2019) 15:1-7. doi: 10.1515/med-
2020-0001

Frontiers in Cardiovascular Medicine

17

10.3389/fcvm.2022.923081

66. Li Q, Li Y, Zhang D, Gao H, Gao X. Downregulation of microRNA-451
improves cell migration, invasion and tube formation in hypoxia-treated HUVECs
by targeting MIF. Mol Med Rep. (2019) 20:1167-77. doi: 10.3892/mmr.2019.10357

67. Konwerski M, Gromadka A, Arendarczyk A, Koblowska M, Iwanicka-
Nowicka R, Wilimski R, et al. Atherosclerosis pathways are activated in
pericoronary adipose tissue of patients with coronary artery disease. J Inflamm Res.
(2021) 14:5419-31. doi: 10.2147/JIR.S326769

68. Son GH, Kim Y, Lee JJ, Lee KY, Ham H, Song JE, et al. MicroRNA-548
regulates high mobility group box 1 expression in patients with preterm birth and
chorioamnionitis. Sci Rep. (2019) 9:19746. doi: 10.1038/s41598-019-56327-9

69. Gao W, Liang T, He R, Ren J, Yao H, Wang K, et al. Exosomes from 3D
culture of marrow stem cells enhances endothelial cell proliferation, migration,
and angiogenesis via activation of the HMGB1/AKT pathway. Stem Cell Res. (2020)
50:102122. doi: 10.1016/j.scr.2020.102122

frontiersin.org


https://doi.org/10.3389/fcvm.2022.923081
https://doi.org/10.1161/CIRCHEARTFAILURE.120.006898
https://doi.org/10.1161/CIRCHEARTFAILURE.120.006898
https://doi.org/10.1007/s10735-021-10041-x
https://doi.org/10.1007/s10735-021-10041-x
https://doi.org/
https://doi.org/10.1515/med-2020-0001
https://doi.org/10.1515/med-2020-0001
https://doi.org/10.3892/mmr.2019.10357
https://doi.org/10.2147/JIR.S326769
https://doi.org/10.1038/s41598-019-56327-9
https://doi.org/10.1016/j.scr.2020.102122
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

	Endothelial cell-derived extracellular vesicles impair the angiogenic response of coronary artery endothelial cells
	Introduction
	Materials and methods
	Endothelial cell culture
	Extracellular vesicles isolation and characterization
	Extracellular vesicles labeling
	Uptake of extracellular vesicles using imaging flow cytometry
	In vitro tube formation
	Endothelial cell proliferation
	Endothelial barrier function and wounding
	Nanostring miRNA analysis
	Senescence assay
	Statistical analysis

	Results
	Endothelial cells release heterogeneous extracellular vesicles that are internalized by human coronary artery endothelial cell
	Endothelial cell-derived vesicles have angiostatic effects on human coronary artery endothelial cell and reduced their proliferation
	Endothelial cell-derived extracellular vesicles modulated human coronary artery endothelial cell response to wounding and barrier function
	miRNA cargo composition in control and pro-inflammatory cytokines-treated endothelial cell extracellular vesicles

	Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary Material

	References




