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Recent studies reported that vascular endothelial cells (ECs) secrete NLR family pyrin
domain-containing 3 (NLRP3) inflammasome products such as interleukin-1β (IL-1β) via
extracellular vesicles (EVs) under various pathological conditions. EVs represent one
of the critical mechanisms mediating the cell-to-cell communication between ECs and
vascular smooth muscle cells (VSMCs). However, whether or not the inflammasome-
dependent EVs directly participate in the regulation of VSMC function remains unknown.
In the present study, we found that in cultured carotid ECs, atherogenic stimulation
by oxysterol 7-ketocholesterol (7-Ket) induced NLRP3 inflammasome formation and
activation, reduced lysosome-multivesicular bodies (MVBs) fusion, and increased
secretion of EVs that contain inflammasome product IL-1β. These EC-derived IL-
1β-containing EVs promoted synthetic phenotype transition of co-cultured VSMCs,
whereas EVs from unstimulated ECs have the opposite effects. Moreover, acid
ceramidase (AC) deficiency or lysosome inhibition further exaggerated the 7-Ket-
induced release of IL-1β-containing EVs in ECs. Using a Western diet (WD)-induced
hypercholesterolemia mouse model, we found that endothelial-specific AC gene
knockout mice (Asah1fl/fl/ECCre) exhibited augmented WD-induced EV secretion with
IL-1β and more significantly decreased the interaction of MVBs with lysosomes in the
carotid arterial wall compared to their wild-type littermates (WT/WT). The endothelial AC
deficiency in Asah1fl/fl/ECCre mice also resulted in enhanced VSMC phenotype transition
and accelerated neointima formation. Together, these results suggest that NLRP3
inflammasome-dependent IL-1β production during hypercholesterolemia promotes
VSMC phenotype transition to synthetic status via EV machinery, which is controlled by
lysosomal AC activity. Our findings provide novel mechanistic insights into understanding
the pathogenic role of endothelial NLRP3 inflammasome in vascular injury through
EV-mediated EC-to-VSMC regulation.
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INTRODUCTION

Vascular endothelial cells (ECs) and vascular smooth muscle
cells (VSMCs) are two major cell types in the blood vessel
walls, and the interplay between two cell types is critical
in maintaining vascular homeostasis under physiological and
pathological conditions (Bergers and Song, 2005; Li et al., 2018;
Lyle and Taylor, 2019). Dysfunction of ECs is associated with
the VSMC phenotypic transition toward a synthetic phenotype
with enhanced proliferation and migration, which promotes
the initiation and development of atherosclerotic plaques (Peiro
et al., 1995; Chistiakov et al., 2015b; Kim et al., 2019). ECs
and VSMCs have evolved various modes of interaction to
regulate vascular function and maintain homeostasis. Theses
interactions are through direct contact (Liebner et al., 2006;
Pitulescu and Adams, 2014) or indirectly through releasing
various mediators such as endothelial NO synthase-derived nitric
oxide (eNOS-derived NO) (Yu et al., 2012), extracellular matrix
(ECM) (Wagenseil and Mecham, 2009; Lutter et al., 2012),
extracellular vesicles (EVs) (Hafiane and Daskalopoulou, 2018),
and other factors affecting VSMCs phenotype transition (Qi
et al., 2011; Korn et al., 2014). Among them, EVs describe
lipid membrane-enclosed vesicles released into the extracellular
space by most cell types, which plays an essential role in cell-to-
cell communication. EVs include three distinct particles such as
exosomes, microparticles or microvesicles, and apoptotic bodies
(Noble et al., 2020; Swatler et al., 2020). Recent studies reported
that VSMC proliferation and migration are regulated by EVs
derived from ECs (Ryu et al., 2019) as well as from other
sources including plasma (Otani et al., 2020), fibroblasts (Ren
et al., 2020), macrophages (Niu et al., 2016; Sharma et al., 2018),
and adipose mesenchymal stem cells (Liu et al., 2016). EVs
are known to contain and carry various bioactive molecules,
including proteins, lipids, and nucleic acids (Berezin and Berezin,
2020; Xing et al., 2020). It has been well documented that these
exosomal molecules are involved in executing the effects of EVs
on EC-to-VSMC regulation. For example, EVs derived from
human umbilical vein ECs can modulate VSMCs phenotype
via EV-containing microRNAs (Hergenreider et al., 2012).
Hyperglycemia stimulated vascular ECs to release exosomes,
which transfers a circular RNA (cirrcRNA-0077930) to VSMCs
causing senescence in VSMCs (Wang et al., 2020). In addition
to non-coding RNAs, exosomal protein Notch3 from high
glucose-stimulated ECs was also demonstrated to control VSMC
calcification and aging (Lin et al., 2019).

NLR family pyrin domain-containing 3 (NLRP3)
inflammasome is an intracellular multimeric protein complex
consisting of components including NLRP3, apoptosis-associated
speck-like protein (ASC), and pro-caspase-1. Once activated in
the cytoplasm, these NLRP3 inflammasome components are
aggregated and assembled to form a high-molecular-weight
protein complex that triggers cleavage of pro-caspase-1 to the
active caspase-1. The caspase-1 activity subsequently converts
its substrates such as interleukin-1β (IL-1β) and interleukin-18
(IL-18) to their bioactive forms. Our previous studies have
demonstrated that atherogenic stimulation of endothelial NLRP3
inflammasomes contributes the endothelial dysfunction and

injury and carotid atherosclerotic lesion formation (Zhang et al.,
2015; Wang et al., 2016; Yuan et al., 2018b; Xing et al., 2019;
Zhang et al., 2019). Interestingly, the NLRP3 inflammasome
products including IL-1β are shown to be secreted out of cells
from a pathway that is distinct from the conventional ER-Golgi
route of transport and secretion (Lopez-Castejon and Brough,
2011; Daniels and Brough, 2017). Accumulating evidence
indicates that EVs, in particular exosomes, are involved in the
release of NLRP3 inflammasome products including IL-1β

in mammalian cells (Hong et al., 2019; Yuan et al., 2019b).
However, it remains undermined whether or not atherogenic
stimulation could incite secretion of endothelial-derived NLRP3
inflammasome products through exosome machinery, and
thereby these EC-derived exosomes directly promote VSMC
phenotype transition.

Exosomes are nanosized membrane vesicles released by
fusion of the multivesicular body (MVB), an organelle of
the endocytic pathway, with the plasma membrane (Hessvik
and Llorente, 2018). MVB-based exosome release is finely
controlled by lysosome trafficking and associated with the
autophagic pathway due to lysosome fusion with mature
MVBs to degrade their contents via autophagy (Davies et al.,
2009; Huber and Teis, 2016; Buratta et al., 2020). Indeed,
lysosome dysfunction or injury by alkaline agent chloroquine
or lysosomal v-ATPase inhibitor bafilomycin A increased the
secretion of exosomes in different cells including neurons,
epithelial cells, and vascular cells (Akyurek et al., 2000; Price
et al., 2001; Piccoli et al., 2011). It has been reported that
neutral sphingomyelinase-mediated sphingolipids (ceramide and
S1P) participate in exosome biogenesis, sorting intraluminal
vesicles (ILVs) into multivesicular bodies (MVBs), membrane
invagination or budding of exosome into MVBs, or MVB fusion
to membrane for release of ILVs as exosomes (Huber and Teis,
2016). These findings suggest that sphingolipids produced by
neutral sphingomyelinase may be primarily involved in exosome
biogenesis and fusion with plasma membrane. MVBs can also
fuse with and deliver content to lysosomes for degradation.
Therefore, the lysosome function can determine the fate of MVBs
(i.e., secreted vs. disposed). Indeed, lysosomal sphingolipids are
classical regulators of lysosome function and therefore implicated
in the control of MVB fate. The lysosomal acid sphingomyelinase
(ASM) hydrolyze sphingomyelin into ceramide, which is further
converted to sphingosine by lysosomal acid ceramidase (AC). It
has been shown that abnormal lysosome sphingolipid signaling
is associated impaired lysosome function in ECs and VSMCs,
which may lead to dysregulation of autophagic flux and enhanced
exosome secretion (Zhang et al., 2014; Kapustin et al., 2015;
Serban et al., 2016). Our recent studies demonstrated that AC
gene deletion enhanced the release of exosomes in the coronary
arterial ECs (Yuan et al., 2019b) and podocytes (Hong et al.,
2019). These data suggest that lysosomeal ceramide accumulation
induced by AC inhibition may impair lysosome function and
thereby inhibit lysosome-mediated MVB degradation leading to
enhanced exosome secretion.

The present study aimed to test the hypothesis that under
atherogenic stimulation, ECs secrete NLRP3 inflammasome
products such as IL-1β in EVs, and these IL-1β-containing EVs
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trigger or promote synthetic phenotype transition of VSMCs.
Our in vitro studies demonstrated that EVs isolated from
unstimulated ECs inhibited VSMC proliferation and migration.
In contrast, atherogenic stimulation of ECs by oxysterol
7-ketocholesterol (7-Ket) induced NLRP3 inflammasome
formation and activation, reduced MVB-lysosome fusion and
increased secretion of IL-1β-containing EVs that promoted
VSMC proliferation and migration. Moreover, we found
that lysosome inhibition by bafilomycin or AC gene deletion
exaggerated 7-Ket-induced release of IL-1β-containing EVs in
ECs. In animal studies using endothelium-specific AC gene
knockout mice (Asah1fl/fl/ECCre) and their WT/WT littermates,
we observed that endothelial AC deficiency enhanced the
secretion of IL-1β-containing EVs by hypercholesterolemic diet
treatment in the arterial wall, which was accompanied by the
enhanced VSMC synthetic phenotype transition and accelerated
neointimal formation. Our findings provide novel mechanistic
insights into understanding the pathogenic role of endothelial
NLRP3 inflammasome in vascular injury through EVs-mediated
EC-to-VSMC regulation.

MATERIALS AND METHODS

Mice
Asah1fl/fl/ECcre [Cre transgenic mice are from B6.CgTg (Tek-cre)
1Ywa/J 008863)”] and wild-type (WT/WT) mice were generated
and characterizatied as previously described (Beckmann et al.,
2018; Yuan et al., 2019b). WT/WT and Asah1fl/fl/ECcre male and
female mice (12–20 weeks old) were used for the present study.
They were bred and maintained in an environmentally controlled
animal facility center (25◦C and 40∼50% humidity) with a
12 h light/dark cycle. WT/WT and Asah1fl/fl/ECcre mice were
randomly divided into four groups and fed a Western diet (WD)
or normal diet (ND) for 4 weeks. Then these mice were used for
partial ligated carotid artery (PLCA) model following by feeding
the mice with WD or ND for additional 3 weeks. At the end
of treatment, mice were sacrificed, and the blood was collected
for EVs analysis, and the carotid arteries were harvested for
HE staining and immunocytochemical analysis. All procedures
were carried out following the National Institutes of Health
guidelines for the care and use of laboratory animals. All animal
protocols were approved by the Institutional Animal Care and
Use Committee (IACUC) at Virginia Commonwealth University.

PLCA Model
PLCA was carried out as we described previously (Xia et al.,
2014; Yuan et al., 2019b). Briefly, 2% isoflurane was used
to anesthetize mice during surgery. The neck of the mouse
was sterilized with betadine solution with 5% povidone-iodine.
A sterile drape was used to cover the area. A midline incision
(1–2 cm) was made to expose the left carotid artery. The
carotid arteries were tightly ligated with 6.0 silk suture (external,
internal, and occipital) except the superior thyroid artery for
blood circulation. The incision was closed with a 5.0 silk suture
and disinfected with a betadine solution. After 3 weeks, half
of the arteries were isolated and frozen in liquid nitrogen for
immunofluorescence staining. Another half of the arteries were

stocked in 10% formalin to prepare wax slides for HE staining
and immunohistochemistry staining.

Isolation and Culture of ECs From the
Mouse Carotid Artery
Isolation of mouse carotid arterial ECs was performed and
characterized as previously described (Li et al., 2013; Kobayashi
et al., 2005). ECs were primed with a low dose of LPS (1 ng/ml) for
3 h before any experiments. For the proatherogenic stimulation,
cells were treated with 7-Ket (0–10 µg/ml) and then incubated
for 21 h. In the case of inhibitors used, the cells were pretreated
with carmofur (2 µM), rapamycin (Rap) (10 nM) for 30 min.

Isolation and Culture of Mouse VSMCs
Mouse VSMC isolation has been previously described (Adhikari
et al., 2015; Lu et al., 2019). Briefly, mice were anesthetized with
2% isoflurane. The carotid arteries were then removed and put
into PBS on ice. The adventitia was separated from the media
layer of the artery under the microscope. The tissue was washed
three times with PBS and cut into tiny pieces. The small pieces
were washed three times with cell culture medium and then
added into a cell culture dish without the medium. After 2 h,
fresh medium (FBS (10%) and DMEM supplemented with 2%
antibiotics) was then added into the culture dish. The tissues were
incubated in a humidified 37◦C, 5% CO2 incubator. After 5–
10 days, VSMCs were isolated when they grew out of the dissected
tissue, and VSMCs were cloned by the selection of those cells from
cell-growing islands in the dish. Passages 4–10 cells were used for
all the experiments.

Western Blot Analysis
Western blot was used to analyze vimentin and smooth muscle
22α (SM22α) protein expression as described previously (Mo
et al., 2018). ECs were collected and homogenized in lysis buffer
RIPA Lysis and Extraction Buffer (Thermo Scientific, 89900) for
30 min on ice. After centrifuge, the protein was measured using
Bio-Rad Protein Assay Dye (Bio-rad,500006, United States).
All samples were normalized to 1 µg/ml. About 20 µg of
protein was loaded into the wells of a 12% SDS-PAGE gel and
electrophoresis was conducted for 2–3 h at a voltage of 100 V.
Protein was transferred to nitrocellulose membranes (Millipore,
IPVH00110, United States) and run at a voltage of 100 V for
1 h in the cold room. After being blocked in 5% non-fat milk
(Bio-Rad, 1706404, United States) in Tris-buffered saline with
Tween-20 (TBST) buffer for 1 h at room temperature, the blot
was incubated with primary antibodies overnight at 4◦C. The
following antibodies were used for immunoblotting: vimentin
(1:5,000, Abcam, Cambridge, MA), SM22α (1:5,000, Abcam
Cambridge, MA) PCNA (1:5000, Abcam, Cambridge, MA) and
a-SMA (1:8000, Abcam, Cambridge, MA). The membrane was
incubated in a secondary antibody labeled with HRP for another
1 h at room temperature. The target bands were detected using
Odyssey FC Imaging. Anti-β-actin antibody (1:20,000 dilution,
Santa Cruz, United States) as a loading control was used to probe
this housekeeping gene expression. Image J 6.0 (NIH, Bethesda,
MD, United States) or Odyssey software was used to quantify the
intensity of the specific proteins.
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Immunofluorescence Staining
The carotid sections or ECs cultured on cover slides were fixed
in 4% paraformaldehyde (PFA) for 10–15 min on ice. After
being washed 3 times with PBS, the samples were incubated
for 2 h or overnight at 4◦C with the primary antibodies against
following proteins: lysosome marker, anti-lamp-1 antibody
(1:500, Abcam, ab25245); EVs marker, anti-CD63 antibody
(1:100, Santa Cruz, sc-15363) or MVB marker (Wartosch et al.,
2015) anti-VPS16 antibody (1:200, Abcam, ab172654); NLRP3
inflammasome product, anti-IL-1β antibody (1:200, BD, AF-401-
NA); inflammasome component, anti-NLRP3 (1:200, Abcam,
ab4207), anti-ASC (1:100, Santa Cruz, sc-22514), and anti-
procaspase-1 (1:100, Santa Cruz, sc-56036). After being washed
3 times with PBS, samples were further incubated with a
second antibody labeled with either Alexa-488- or Alexa-555
for 1 h at room temperature in the darkroom. A confocal laser
scanning microscope (Nikon Eclipse Ti confocal microscope,
NY, United States) (Fluoview FV1000; Olympus, Tokyo, Japan)
was used to take pictures and images were processed using
NIS Element imaging software. The fluorescence intensity of
the cells or tissues was measured and analyzed with Image J
6.0 (NIH, Bethesda, MD, United States). The colocalization was
detected the double staining and measured with Image-Pro Plus
version 6.0 software (Media Cybernetics, Bethesda, MD). Pearson
correlation coefficient (PCC) was used to show the colocalization
of different proteins as described previously (Chen et al., 2018).

Immunohistochemistry (IHC)
The paraffin sections were heated for 10 min at 65◦C.
Deparaffinization was performed twice in 100% xylene for
10 min. Hydration was carried out in a series of graded ethanol
(100%, 95%, 75%) for 5 min at room temperature. Next,
10 mM of sodium citrate buffer (pH 6.0) was used to retrieve
the antigen at over 95◦C for 15 min. 3% H2O2 in methanol
was used to quench the endogenous peroxidase activity. Non-
specific proteins were blocked with 2.5% horse serum for 1 h
at room temperature. The sections were incubated with primary
antibodies for 2 h or overnight at 4◦C: anti-vimentin (1:5,000,
Abcam, Cambridge, MA). The sections were incubated with
biotinylated secondary antibodies for 20 min and developed
with 3,3’-Diaminobenzidine (DAB) solution for 5 min. Finally,
the sections were counterstained in hematoxylin (Sigma, 51275,
United States) for 5 min, dehydrated in graded ethanol (75,
95, and 100%), and mounted with permount medium (Fisher
scientific, SP15-100). Negative controls were prepared without
the primary antibodies. The area percentage of the positive
staining was calculated in Image-Pro Plus 6.0 software.

Morphologic Examination and Medial
Thickening Analysis
HE staining of carotid sections was used to study the
morphological changes as described previously (Chen et al.,
2015). Briefly, the carotid was perfused with cold PBS for 5 min
and 4% cold PFA for another 5 min. Then the carotid was isolated
and immersed into 10% neutral buffered formalin. Next, the
formalin-fixed carotid was embedded in paraffin and then cut

into 7 µm serial sections for histopathological evaluation. For
HE staining, the sections were heated for 10 min at 65◦C and
deparaffinization was performed twice in 100% xylene for 10 min.
The samples were rehydrated with 100, 95, and 75% ethanol
to water and immersed in hematoxylin and hydrochloride
alcohol. Once the color turned to blue, the sections were stained
with eosin. After that, the sections were rinsed with running
water and dehydrated with different grades of ethanol. Finally,
Dibutyl phthalate Polystyrene Xylene (DPX) was used to mount
the slides. Intimal-medium thickening of carotid arteries was
examined using Image-Pro Plus 6.0 software (Media Cybernetics
Inc., United States).

Isolation of Extracellular Vesicles
To purify the EVs, we used differential ultracentrifugation as
described previously (Kapustin et al., 2015). Briefly, cell culture
medium or plasma from mice was collected and centrifuged at
300 g at 4◦C for 10 min to remove detached cells or debris. The
supernatant was collected and filtered through 0.22 µm filters
to remove contaminating apoptotic bodies, microvesicles, and
cell debris. EVs were spun down by ultracentrifugation of the
supernatant at 100, 000 g for 90 min at 4◦C (Beckman 70.1
T1 ultracentrifuge rotator), washed in ice-cold filtered PBS and
resuspended in 50 µl ice-cold filtered PBS. These EV samples are
ready for use or stored at −80◦C. For NanoSight microparticle
analysis, the samples are diluted into filtered PBS.

Nanoparticle Tracking Analysis
Nanoparticle Tracking Analysis (NTA) was used to characterize
EVs with the light scattering mode of the NanoSight LM10
(NanoSight Ltd., Amesbury, United Kingdom). Five frames
(30 s each) were captured for each sample with background
level 10, camera level 12, and shutter speed 30. Captured
EVs 3D distribution images were analyzed using NTA software
(Version 3.2 Build 16). Particle sizes ranged between 40-150 nm
were calculated.

Measurement of IL-1β Secretion
The culture medium or purified EVs were collected for IL-
1β quantification with an IL-1β ELISA kit according to the
manufacturer’s instructions (Li et al., 2014). In brief, 1 ml
of the culture medium or 50 µl of lysed EVs was added
to a microplate strip well and incubated for 2 h at room
temperature. Then, the solution was mixed with IL-1β conjugate
and incubated for another 2 h at room temperature. 5
times washing was performed between and after the two
incubations. 100 µl of substrate solution was applied to
generate chemiluminescence. Chemiluminescent absorbance was
determined using a microplate reader at 450 nm. The IL-1β

level was quantified by relating the sample readings to the
generated standard curve.

Scratch Wound-Healing Assay
Scratch wound-healing assay was used to assess the VSMC
migration as described (Liang et al., 2007). In brief, 1.5 × 106 of
VSMCs were cultured in a 3.5 cm cell culture dish for up to 2 days
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till 100% confluency. The VSMC monolayer was scratched off
with a 200 ul sterile pipette tip and the detached cells were washed
away with PBS. The VSMCs were cultured in DMEM containing
2% FBS for 24 h and imaged by an inverted microscope. The
VSMC migration ability was evaluated by the percentage of
wound-healing (migrated cell area in the wounded region/initial
area of wounded region× 100%).

Cell Proliferation Assay
The WST-1 Kit was used to measure VSMC proliferation. The
VSMCs were cultured at 0.5 × 104 cells in 24-well plates
containing 10% FBS supplemented DMEM overnight. On the
next day, VSMCs were replaced with fresh DMEM supplemented
2% FBS. On day 5, the proliferation of VSMCs was examined
using WST-Kit. Briefly, the medium was discarded and incubated
for 4–6 h with 200 µl of DMEM with WST-1 in the 37◦C
incubator. The medium was transferred to a 96-well plate to
measure the absorbance (OD Value) at 450 nm. The data were
expressed as ratios of the control value.

Statistics
Data were shown as means ± standard error (SE). Values
were analyzed for significant differences between and within
multiple groups using ANOVA for repeated measures, followed
by Duncan’s multiple range test. Significant differences between
the two groups of experiments were examined using the Student’s
t-test. The statistical analysis was performed with SigmaPlot 12.5
software (Systat Software, San Jose, CA, United States). Statistical
significance was defined when P < 0.05.

RESULTS

Extracellular Vesicles Isolated From ECs
Changed VSMCs Phenotype From
Contractile to the Synthetic Status
We first examined whether EC-derived EVs act on VSMCs
phenotype transition. EVs were isolated from mouse primary
cultured carotid ECs with or without 7-Ket treatment and
then co-cultured with VSMCs. VSMCs were treated with 7-
Ket at concentration of 2–10 µg/ml. This dose was chosen
to avoid cell death caused by higher concentration of 7-Ket
(50 µg/ml or above). It was found that EVs isolated control
ECs (EVs-Ctrl) dose-dependently decreased the vimentin and
proliferating cell nuclear antigen (PCNA) expression in VSMCs
(Figures 1A,B and Supplementary Figures 1A,B), whereas
EVs from 7-Ket-treated ECs (EVs-7-Ket) significantly increased
the expression of synthetic phenotype marker vimentin in
VSMCs (Figures 1C,D and Supplementary Figures 1D,E). In
contrast, ECs (EVs-Ctrl) dose-dependently increased the α-
SMA expression (Supplementary Figures 1A,C), whereas EVs
from 7-Ket-treated ECs (EVs-7-Ket) significantly decreased α-
SMA expression in VSMCs (Supplementary Figures 1D–F).
However, none of these EVs had any effects on the expression of
contractile phenotype marker SM22α (Figures 1A,D). Moreover,
the EVs from control ECs significantly reduced VSMC migration
(Figures 1E,F) and proliferation (Figure 1G). However, the EVs

from 7-Ket-treated ECs showed the opposite effects. It should
be noted that in wound-healing migration assay, VSMCs were
cultured in a low-serum medium (2% FBS) to minimize the
effects of proliferation on cell migration. Together, these results
suggest that under different conditions, EC-derived EVs have
distinct effects on the VSMC phenotype transition.

7-Ket Stimulated NLRP3 Inflammasome
Formation and Activation in ECs
The oxysterol 7-Ket was reported to stimulate NLRP3
inflammasome activation and formation in ECs (Shi et al.,
2015; Koka et al., 2017; Yuan et al., 2018b), VSMCs (Yuan et al.,
2018a; Chen et al., 2019), macrophage cells (Li et al., 2014; Calle
et al., 2019), leading to the release of proinflammatory cytokines
such as IL-1β and IL-18. Using confocal immunofluorescent
staining, we confirmed that 7-Ket dose-dependently increased
the colocalization of NLRP3 with ASC or caspase-1 in the
primary cultured ECs (Figures 2A,B). Consistently, 7-Ket
increased the release of IL-1β in the primary cultured ECs
(Figure 2C). Therefore, these results suggest that 7-Ket
stimulates NLRP3 inflammasome formation and activation as
well as IL-1β release in ECs.

7-Ket Induced the Release of
IL-1β-Containing Extracellular Vesicles in
ECs
Previous studies have demonstrated that the NLRP3 activators
[calcium oxalate and monosodium urate (MSU) crystals,
ATP, β-glucans, viral RNA], as well as caspase-4-dependent
activation, induce secretion of EVs and EV-associated proteins
(Cypryk et al., 2018). Here, using immunofluorescence confocal
microscopy, we observed that 7-Ket treatment increased
the interaction of MVB with IL-1β as shown by increased
colocalization between MVB marker VPS16 with IL-1β

(Figures 3A,B). In contrast, 7-Ket decreased the interaction of
MVBs with lysosomes as shown by decreased colocalization
of VPS16 with lysosome marker Lamp1 (Figures 3A,B)
(Supplementary Figures 3A,B). Quantification of EVs by NTA
revealed that 7-Ket increased the number of EVs (in size of
50–150 nm) released by ECs (Figure 3C). Moreover, after
normalizing the IL-1β content over the number of EVs, we found
that 7-Ket also increased the IL-1β level per EV (Figure 3D).
These results suggest that 7-Ket not only increases the number
of IL-1β-containing EVs released by ECs, but also increases the
relative IL-1β content in these EVs.

Role of Lysosomal AC in the Secretion of
IL-1β-Containing Extracellular Vesicles in
ECs
Recent studies have demonstrated that the lysosomal AC plays
a critical role in regulating lysosome trafficking (Park and
Schuchman, 2006; Laurier-Laurin et al., 2014), and its interaction
with MVBs, an event determines the fate of MVBs and thereby
EVs release (Eitan et al., 2016). We next examined whether
inhibition of AC or lysosome function could enhance 7-Ket-
induced secretion of IL-1β-containing EVs in ECs. In this regard,
the ECs were treated with an AC inhibitor carmofur or a
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FIGURE 1 | Phenotype transition of vascular smooth muscle cells (VSMCs) cocultured with extracellular vesicles (EVs) isolated from the primary cultured carotid
arterial endothelial cells (ECs). Primary cultured carotid arterial ECs were treated with 7-Ketocholesterol (7-Ket) (0-10 µg/ml) for 24 h. (A,C) Representative Western
blot gel documents showing the expression of vimentin and SM22α induced by EVs collected from the carotid arterial ECs with (EVs-7-Ket) or without 7-Ket
treatment (EVs-Ctrl). (B,D) The summarized data showing the ratio of vimentin with SM22α protein. (E) Representative wound healing assay images presenting the
(1,3,5 × 109 EVs) effects of EVs on CAMs migration. (F) Summarized data showing the dose effects of EVs on CAMs migration. (G) Summarized data showing the
dose effects of EVs on CAMs proliferation. Data are expressed as means ± SEM, n = 5. *p < 0.05 vs. Ctrl group.
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FIGURE 2 | NLRP3 inflammasome formation and activation
dose-dependently stimulated by 7-Ket in the primary cultured carotid arterial
ECs. (A) Representative fluorescent confocal microscope images displaying
the yellow dots or patches showing the colocalization of NLRP3 (green) with
ASC or caspase-1 (Red). (B) The summarized data (n = 5) showing the
colocalization coefficient of NLRP3 with ASC or caspase-1. (C) The
summarized data (n = 6) showing IL-1β secretion. Data are expressed as
means ± SEM. *p < 0.05 vs. Ctrl group.

lysosome inhibitor bafilomycin A. As shown in Figures 4A,B and
Supplementary Figure 4, the colocalization of VPS16 with IL-1β

by 7-Ket was further enhanced in ECs treated with camofur or
bafilomycin. In parallel, the colocalization of VPS16 with Lamp-1
by 7-Ket was further significantly attenuated in ECs by camofur
or bafilomycin (Figures 4C,D and Supplementary Figure 5).
Consistently, both carmofur and bafilomycin enhanced 7-Ket-
induced increases in the release of EVs (Figures 4E,F) and the
IL-1β levels in isolated EVs (Figure 4G).

FIGURE 3 | NLRP3 inflammasome-dependent IL-1β secretion
dose-dependently induced by 7-Ket via EVs in the primary cultured carotid
arterial ECs. (A) Representative fluorescent confocal microscope images
showing the colocalization of VPS16 (green) with IL-1β or Lamp-1 (Red).
(B) The summarized data showing the colocalization coefficient of VPS16 with
IL-1β or Lamp-1. (C) The summarized data showing the EVs released into the
cell culture medium as measured by nanoparticle tracking analysis (NTA) using
the NanoSight NS300 nanoparticle analyzer (50–150 nm). (D) The
summarized data showing IL-1β products in the EVs isolated from ECs
measured by ELISA Kit. Data are expressed as means ± SEM (n = 5).
*p < 0.05 vs. Ctrl group.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 7 December 2020 | Volume 8 | Article 597423

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-597423 December 15, 2020 Time: 14:38 # 8

Yuan et al. Extracellular Vesicles Mediate Phenotype Transition

FIGURE 4 | Effects of acid ceramidase (AC) and lysosome on the EVs release with IL-1β in the carotid arterial ECs. Primary cultured ECs were treated with AC
inhibitor carmofur (2 µM) or lysosome inhibitor bafilomycin (10 nM) for 2 h before being treated with 10 µg/ml of 7-Ket for another 24 h. (A) Representative
fluorescent confocal microscope images showing the colocalization of VPS16 (green) with IL-1β (Red). (B) The summarized data showing the colocalization
coefficient of VPS16 with IL-1β. (C) Representative fluorescent confocal microscope images showing the colocalization of VPS16 (green) with Lamp-1 (Red). (D) The
summarized data showing the colocalization coefficient of VPS16 with Lamp-1. (E) Representative 3D histograms showing the secretion of EVs in the cell culture
medium as measured by nanoparticle tracking analysis (NTA) using the NanoSight NS300 nanoparticle analyzer. (F) The summarized data showing the released EVs
from the cell culture medium (50–150 nm). (G) The summarized data showing the secretion of IL-1β via EVs. Data are expressed as means ± SEM, n = 5. *p < 0.05
vs. Vehl-Ctrl group; #p < 0.05 vs. 7-Ket-Ctrl group.

The role of AC in the secretion of IL-1β-containing EVs
was further investigated in AC-deficient ECs isolated from
EC-specific AC knockout (Asah1fl/fl/ECcre) mice. As shown in
Figures 5A–G, 7-Ket-induced increase in the colocalization

of VPS16 with IL-1β was further augmented by AC gene
deficiency (Figures 5A,B), whereas a 7-Ket-induced decrease
in the colocalization of VPS16 with Lamp-1 was further
attenuated in AC-deficient ECs (Figures 5C,D). Moreover, AC
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FIGURE 5 | Effects of AC deletion on the release of IL-1β via EVs in the carotid arterial ECs. (A) Representative fluorescent confocal microscope images showing the
colocalization of VPS16 (green) with IL-1β (Red). (B) The summarized data showing the colocalization coefficient of VPS16 with IL-1β. (C) Representative fluorescent
confocal microscope images showing the colocalization of VPS16 (green) with Lamp-1 (Red). (D) The summarized data showing the colocalization coefficient of
VPS16 with Lamp-1. (E) Representative 3D histograms showing the secretion of EVs in the cell culture medium as measured by nanoparticle tracking analysis (NTA)
using the NanoSight NS300 nanoparticle analyzer. (F) The summarized data showing the released EVs from the cell culture medium (50–150 nm). (G) The
summarized data showing the secretion of IL-1β via EVs. Data are expressed as means ± SEM, n = 5. *p < 0.05 vs. WT/WT-Ctrl group; #p < 0.05 vs. WT/WT-7-Ket
group.
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gene deficiency augmented 7-Ket-induced increases in EV release
(Figures 5E,F) and exosomal IL-1β levels (Figure 5G). Taken
together, these findings from pharmacological intervention and
genetic approaches suggest that lysosomal AC signaling plays
a critical role in governing the secretion of IL-1β through the
EV pathway in ECs.

Endothelial AC Gene Deletion Enhanced
IL-1β Secretion via Extracellular Vesicles
in the Carotid Arterial Endothelium
We next examined whether or not hypercholesterolemia
increases the release of IL-1β-containing EVs from the arterial
endothelium in vivo. To introduce neointimal injury in carotid
arteries, we established a mouse PLCA model in WT/WT and EC-
specific AC gene knockout (Asah1fl/fl/ECcre) mice fed ND or WD.
As shown in Figures 6A,B and Supplementary Figure 6A, the
confocal microscopic analysis demonstrated that WD treatment
increased the colocalization of IL-1β with EV marker CD63
in the arterial wall of WT/WT mice, whereas such effect was
further enhanced in Asah1fl/fl/ECcre mice. Figures 6C,D and
Supplementary Figure 6A demonstrated that WD significantly
decreased the colocalization of VPS16 with Lamp-1 in the
arterial wall of WT/WT mice, which was further reduced
in Asah1fl/fl/ECcre mice. We also found that WD treatment
increased the concentration of EVs and exosomal IL-1β levels
in the plasma of WT/WT mice, effects further augmented in
Asah1fl/fl/ECcre mice (Figures 6E–G).

Endothelial AC Deletion Accelerated
VSMC Phenotype Transition and
Neointima Formation in Partial Ligated
Carotid Arteries
As shown in Figures 7A,B, IHC staining showed that WD
treatment increased the vimentin expression in the media region
of carotid arteries in WT/WT mice, whereas such WD-induced
increases in vimentin expression were more pronounced in
Asah1fl/fl/ECcre mice, particularly in the neointimal region. HE
staining (Figure 7C) and quantification analysis of intima-
over-media ratio (Figure 7D) demonstrated that WD treatment
induced only a mild neointimal injury in the carotid arteries in
WT/WT mice, and a more severe neointima formation by WD
was observed in Asah1fl/fl/ECcre mice.

DISCUSSION

The present study indicated that endothelial NLRP3
inflammasome activation is critically involved in reversing
endothelial EV-induced VSMC phenotype transition by
hypercholesterolemia stimulation. Our studies demonstrated
that unstimulated ECs secreted EVs that prevent the transition
of VSMCs toward a synthetic phenotype, whereas 7-Ket-treated
ECs released an increased amount of EVs that contain NLRP3
inflammasome product IL-1β and these EVs promote synthetic
phenotype transition of VSMCs. Our results further proved
that AC gene deletion or inhibition significantly enhanced

the release of IL-1β-containing EVs, which was accompanied
by the accelerated VSMC synthetic phenotype transition
and enhanced medial thickening of carotid arteries during
hypercholesterolemia.

Vascular smooth muscle cells are a major cell type presented
at all stages of an atherosclerotic plaque, and the increased
VSMC proliferation is found during early atherogenesis or upon
vascular injury (Basatemur et al., 2019). VSMC migration occurs
during several critical physiological and pathological processes
ranging from vascular development and early remodeling,
response to injury as well as cardiovascular diseases (Tahir
et al., 2015; Afewerki et al., 2019). EC-VSMC communication is
critical for vascular repair and remodeling in the pathological
progression of atherogenesis (Bennett et al., 2016; Gimbrone
and Garcia-Cardena, 2016). Recent studies showed that EVs
carrying proteins, nucleic acids, and lipids shuttle back and
forth between ECs and VSMCs or other cells, which operates
in a coordinated manner to maintain the vascular homeostasis
(Zhao et al., 2017; Kim et al., 2019). In the present study, we
found that unstimulated ECs continuously secreted “control”
EVs that can reduce expression of vimentin, a dedifferentiation
marker, in co-cultured VSMCs and inhibit their proliferation
and migration (Figure 1). Conversely, ECs with atherogenic
stimulation by 7-Ket released “synthetic” EVs that upregulated
vimentin expression and increased proliferation and migration
of VSMCs. The distinct biological activity between “control” and
“synthetic” EVs may be reflected by different exosomal cargos
that modulate on VSMC functions. For example, overexpressing
Kruppel-like factor five induced VSMC phenotype by released
EVs that are enriched in miR-155 (Zheng et al., 2017). Similarly,
expression of Kruppel-like factor 2 or exposure to laminar
shear stress enhances release of EC EVs which contained miR-
143/145, which also was reported to switch VSMC phenotype
via EVs (Vacante et al., 2019). It should be noted that both
“control” and “synthetic” EVs did not change the expression
of typical contractile protein SM22α in our experimental
settings suggesting that only a subset of signaling pathways
are modulated in an EV-dependent manner. Collectively, our
results demonstrated a reversal of endothelial EV-induced VSMC
phenotype transition upon atherogenic stimulation when ECs
release “synthetic” EVs instead of “control” EVs.

NLRP3 inflammasome formation and activation initiate the
secretion of inflammasome products such as IL-1β. NLRP3
inflammasome activation has been implicated in the initiation
or development of different inflammatory diseases such as gout
(Kingsbury et al., 2011), myocardial infarction (Jalil and Ghazi,
2020), and diabetes (Wan et al., 2019), obesity (Sokolova et al.,
2019), glomerular injury (Li et al., 2017), and atherosclerosis
(Zhuang et al., 2019). The inflammatory cytokine IL-1β has been
reported to repress expression of multiple SMCs differentiation
marker genes and induce expression of proinflammatory genes
such as prostaglandin-endoperoxide synthase 2and chemokine
(C–C) motif ligand 2 in cultured SMCs (Alexander et al., 2012).
Recent studies reported that inflammasome products such as
IL-1β could directly affect the VSMC phenotype transition. For
example, IL-1β enhanced VSMC proliferation and migration
via P2Y2 receptor-mediated RAGE expression and HMGB1

Frontiers in Cell and Developmental Biology | www.frontiersin.org 10 December 2020 | Volume 8 | Article 597423

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-597423 December 15, 2020 Time: 14:38 # 11

Yuan et al. Extracellular Vesicles Mediate Phenotype Transition

FIGURE 6 | Effects of endothelial AC deficiency on the EV secretion in the carotid arterial wall of mice. (A) Representative fluorescent confocal microscope images
displaying the yellow dots or patches showing the colocalization of CD63 (green) with IL-1β (Red). (B) The summarized data showing the colocalization coefficient of
CD63 with IL-1β. (C) Representative fluorescent confocal microscope images showing the colocalization of VPS16 (green) with Lamp-1 (Red). (D) The summarized
data showing the colocalization coefficient of VPS16 with Lamp-1. (E) Representative 3D histograms showing the secretion of EVs in plasma as measured by
nanoparticle tracking analysis (NTA) using the NanoSight NS300 nanoparticle analyzer. (F) The summarized data showing the secretion of EVs in the plasma
(50–150 nm). (G) The summarized data showing the IL-1β secretion in the EVs from plasma. Data are expressed as means ± SEM, n = 5. *p < 0.05 vs. WT/WT-ND
group; #p < 0.05 vs. WT/WT-WD group.
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FIGURE 7 | Effects of endothelial AC deficiency in the carotid arterial smooth muscle on phenotype changes and neointima formation. (A) Representative
microscope images of tissue slides with IHC staining showing the expression of vimentin on the mouse carotid arterial wall. (B) The summarized data showing the
density of vimentin stained with the anti-vimentin antibody. (C) HE staining showing the neointima and media on the mouse carotid arterial wall. AOI: the media area
(black arrowheads) and the intima area (white arrowheads). (D) Quantitative analysis of vascular lesions in PLCA represented by calculation of the ratio between
arterial intima and media area. Data are expressed as means ± SEM, n = 5. *p < 0.05 vs. WT/WT-ND group; #p < 0.05 vs. WT/WT-WD group.

release (Eun et al., 2015). IL-1β may also modulate VSMC
phenotype to a distinct inflammatory state relative to PDGF-
DD via NF-κB-dependent mechanisms (Alexander et al., 2012).
The secretion of NLRP3 inflammasome products including IL-
1β depends upon the processing of a precursor form following
the assembly of the multi-molecular inflammasome complex
(Martin-Sanchez et al., 2016; Arriola Benitez et al., 2019).
Intriguingly, IL-1β is not secreted through the conventional ER–
Golgi route of protein secretion and the precise mechanism
of IL-1β release remains unknown. Recent studies highlight
the role of exosomes/EVs in mediating the release of NLRP3
inflammasome products such as IL-1β. For example, IL-1β

secretion stimulated by P2 × 7 receptors is dependent on
inflammasome activation (Karmakar et al., 2016) and correlated
with exosome release in murine macrophages (Qu et al., 2007).
Cinzia Pizzirani also reported stimulation of plasma membrane
receptors for extracellular nucleotides named P2 receptors caused
the release of IL-1β-loaded EVs from human dendritic cells
(Pizzirani et al., 2007). EVs mediated IL-1β secretion also
were found in human THP-1 monocytes and microglial cells
(MacKenzie et al., 2001; Bianco et al., 2005). Our recent studies
indeed demonstrated that exosomes mediate the release of IL-
1β in ECs and podocytes (Hong et al., 2019; Yuan et al.,
2019b). However, the pathophysiological action of these NLRP3
inflammasome-related EVs release on VSMCs is not investigated.
In the present study, we proved that in ECs, 7-Ket induced

the NLRP3 inflammasome assembly and activation followed by
increased release of IL-1β (Figure 2). We further revealed that 7-
Ket-induced NLRP3 inflammasome activation was accompanied
by increased inclusion of IL-1β proteins in MVBs, reduced
lysosome-MVB interaction, enhanced EV release, and elevated
exosomal IL-1β levels (Figure 3). These results support the view
that these IL-1β-containing EVs belong to, at least a subset, of
“synthetic” EVs released by ECs during atherogenic stimulation.
Because EVs carry a varite of contents such as microRNAs,
proteins, and lipids, our studies did not exclude the possibility
that these EV contents alone or in combination with IL-1β

contribute to the action of “synthetic” EV on VSMCs. The precise
mechanism deserves further elucidation.

The exosome secretion is dependent on a dynamic regulation
between exosome biogenesis from ILVs in MVBs and lysosome-
mediated disposal of MVBs (Chistiakov et al., 2015a; Boulanger
et al., 2017; Hafiane and Daskalopoulou, 2018). MVBs can fuse
with autophagosomes to form amphisomes that subsequently
fuse with lysosomes for their degradation (Fader et al.,
2008; Baixauli et al., 2014). Therefore, the lysosome function
determines the fate of MVBs and thereby controls exosome
release. Indeed, lysosome dysfunction or injury by various
lysosomotropic agents such as bafilomycin A and chloroquine
are reported to increase the exosome release. Recently, we
demonstrated that inhibition of lysosomal AC causes the
lysosome trafficking dysfunction leading to impaired fusion of
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lysosomes with MVBs (Li et al., 2019; Yuan et al., 2019b; Bhat
et al., 2020). AC inhibition blocks the lysosomal TRPML1-
Ca2+ channel activity and disturbs lysosome-MVB interaction
resulting in increased exosome release in podocytes and VSMC
(Li et al., 2019; Bhat et al., 2020). Here, we demonstrated that
7-Ket-induced increase in IL-1β inclusion in MVB, decrease
in lysosome-MVB interaction, EV release, and elevation of
exosomal IL-1β levels were more significantly changed in AC-
deficient ECs than WT/WT control ECs (Figure 5). These effects
of AC deficiency were mimicked by AC inhibitor carmofur or
lysosome inhibitor bafilomycin A (Figure 4). These data indicate
that lysosomal AC critically controls 7-Ket-induced secretion of
IL-1β-containing EVs in ECs.

In our animal studies, we examined whether AC deficiency
in the endothelium could augment the release of IL-1β-
containing EVs into the arterial wall that contribute to
hypercholesterolemia-induced vascular remodeling. Our
previous studies have demonstrated that in the PLCA
model, hypercholesterolemic injury by WD promotes
VSMC dedifferentiation into synthetic phenotypes, leading
to VSMC proliferation and migration, which are essential to
the development of neointima (Yuan et al., 2018a; Yuan et al.,
2019a). To this end, we generated endothelium-specific AC gene
knockout mice (Asah1fl/fl/ECcre) and used these mice and their
WT littermates to produce the PLCA model with ND or WD.
It was found that the deficiency of AC significantly enhanced
WD-induced expression of EV marker CD63 and its association
with IL-1β in the carotid arterial wall in Asah1fl/fl/ECcre mice
compared to those in WT/WT mice. In contrast, the WD-
induced more significant reduction of MVB (VPS16) interaction
with lysosomes (Lamp1) in Asah1fl/fl/ECcre mice compared to
WT/WT mice. Importantly, we also found that WD increased
the concentration of IL-1β-containing EVs in the plasma of
WT/WT mice, and this plasma EV release was further enhanced
in Asah1fl/fl/ECcre. Together, these results support the view that
under hypercholesterolemic condition, endothelium secretes
IL-1β-containing EVs into the arterial wall to mediate the
proximal EC-to-VSMC interaction. In the meantime, these EVs
are secreted into plasma possibly for distal communication
with other cells. Importantly, our results showed that the
augmented secretion of IL-1β-containing EVs in Asah1fl/fl/ECcre

mice was correlated with higher expression of vimentin and
more severe neointimal injury in the carotid arterial wall
compared to WT/WT mice. It should be noted that under the
control condition (ND), Asah1fl/fl/ECcre mice exhibited reduced
MVB-lysosome interaction and mildly increased vimentin
expression compared to WT/WT mice. However, there was
no difference observed in the secretion of IL-1β-containing
EVs and neointima formation in these mice. Consistently, AC
inhibition did not elicit the release of IL-1β-containing EVs in
cultured unstimulated ECs. Therefore, these data further indicate
that hypercholesterolemic condition is required to produce
IL-1β-containing EVs in vitro and in vivo.

In summary, the present study demonstrated that atherogenic
stimulation induces NLRP3 inflammasome activation in ECs
and reverses the endothelial EV-induced VSMC phenotypic
transition. Mechanistically, unstimulated ECs secrete “control”

EVs that tend to prevent VSMC synthetic phenotype transition.
However, upon atherogenic stimulation, ECs increasingly
release EVs that carry NLRP3 inflammasome products such
as IL-1β, and these IL-1β-containing EVs are considered as
“synthetic” EVs promoting VSMC synthetic phenotypes, leading
to VSMC proliferation and migration, which are essential in
the development of neointima. Lysosomal AC critically controls
the release of IL-1β-containing EVs in the arterial wall during
the development of vascular complications associated with
hypercholesterolemia. Targeting EV-mediated release of NLRP3
inflammasome products regulated by AC may represent a novel
strategy for the prevention and treatment of vasculopathy with
hypercholesterolemia.
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Supplementary Figure 1 | Phenotype transition of vascular smooth muscle cells
(VSMCs) cocultured with extracellular vesicles (EVs) isolated from the primary
cultured carotid arterial endothelial cells (ECs). (A and D) Representative Western
blot gel documents showing the expression of PCNA and α-SMA induced by EVs
collected from the carotid arterial ECs with (EVs-7-Ket) or without 7-Ket treatment
(EVs-Ctrl). (B,C,E,F) showing the expression of PCNA and α-SMA induced by
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EVs collected from the carotid arterial ECs with (EVs-7-Ket) or without 7-Ket
treatment (EVs-Ctrl).

Supplementary Figure 2 | NLRP3 inflammasome formation and activation
dose-dependently stimulated by 7-Ket) in the primary cultured carotid arterial ECs.
(A,B) Representative fluorescent confocal microscope images displaying splite
channel and the colocalization of NLRP3 (green) with ASC or caspase-1 (Red).

Supplementary Figure 3 | NLRP3 inflammasome-dependent IL-1β secretion
dose-dependently induced by 7-Ket via EVs in the primary cultured carotid arterial
ECs. (A,B) Representative fluorescent confocal microscope images showing the
colocalization of VPS16 (green) with IL-1β or Lamp-1 (Red).

Supplementary Figure 4 | Effects of acid ceramidase (AC) and lysosome on the
EVs release with IL-1β in the carotid arterial ECs. (A) Representative fluorescent

confocal microscope images showing the colocalization of VPS16 (green) with
IL-1β (Red).

Supplementary Figure 5 | Effects of acid ceramidase (AC) and lysosome on the
EVs release with IL-1β in the carotid arterial ECs. (A) Representative fluorescent
confocal microscope images showing the colocalization of VPS16 (green)
with Lamp-1 (Red).

Supplementary Figure 6 | Effects of endothelial AC deficiency on the EVs
secretion in the carotid arterial wall of mice. (A) Representative fluorescent
confocal microscope images displaying the yellow dots or patches showing the
colocalization of CD63 (green) with IL-1β (Red). (B) Representative fluorescent
confocal microscope images showing the colocalization of VPS16 (green)
with Lamp-1 (Red).
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