GeroScience (2022) 44:2863-2884
https://doi.org/10.1007/s11357-022-00625-0

ORIGINAL ARTICLE

®

Check for
updates

Unbiased proteomic analysis of extracellular vesicles
secreted by senescent human vascular smooth muscle cells
reveals their ability to modulate immune cell functions

Agata Gluchowska - Dominik Cysewski - Monika Baj-Krzyworzeka - Rafal Szatanek -
Kazimierz Weglarczyk - Paulina Podszywalow-Bartnicka - Piotr Sunderland - Ewa Kozlowska -
Malgorzata A. Sliwiniska - Michal Dabrowski - Ewa Sikora - Grazyna Mosieniak

Received: 18 March 2022 / Accepted: 12 July 2022 / Published online: 28 July 2022

© The Author(s) 2022

Abstract Atherosclerosis, a common age-related dis-
ease, is characterized by intense immunological activ-
ity. Atherosclerotic plaque is composed of endothelial
cells, vascular smooth muscle cells (VSMCs), lipids
and immune cells infiltrating from the blood. During
progression of the disease, VSMCs undergo senescence
within the plaque and secrete SASP (senescence-asso-
ciated secretory phenotype) factors that can actively
modulate plaque microenvironment. We demonstrated
that senescent VSMCs secrete increased number of
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extracellular vesicles (senEVs). Based on unbiased
proteomic analysis of VMSC-derived EVs and of the
soluble fraction of SASP (sSASP), more than 900 pro-
teins were identified in each of SASP compartments.
Comparison of the composition of VMSC-derived EVs
with the SASP atlas revealed several proteins, including
Serpin Family F Member 1 (SERPINF1) and Throm-
bospondin 1 (THBS1), as commonly upregulated com-
ponents of EVs secreted by senescent VSMCs and
fibroblasts. Among soluble SASP factors, only Growth
Differentiation Factor 15 (GDF15) was universally
increased in the secretome of senescent VSMCs, fibro-
blasts, and epithelial cells. Bioinformatics analysis of

P. Podszywatow-Bartnicka

Laboratory of Flow Cytometry, Nencki Institute

of Experimental Biology, Polish Academy of Sciences,
‘Warsaw, Poland

E. Koztowska

Department of Immunology, Institute of Functional
Biology and Ecology, Faculty of Biology University
of Warsaw, Warsaw, Poland

M. A. Sliwiriska

Laboratory of Imaging Tissue Structure and Function,
Nencki Institute of Experimental Biology Polish Academy
of Sciences, Warsaw, Poland

M. Dabrowski

Laboratory of Bioinformatics, Neurobiology Centre,
Nencki Institute of Experimental Biology of Polish
Academy of Sciences, Warsaw, Poland

@ Springer


http://orcid.org/0000-0001-7957-1241
http://crossmark.crossref.org/dialog/?doi=10.1007/s11357-022-00625-0&domain=pdf
https://doi.org/10.1007/s11357-022-00625-0
https://doi.org/10.1007/s11357-022-00625-0

2864

GeroScience (2022) 44:2863-2884

EV proteins distinguished functionally organized pro-
tein networks involved in immune cell function regula-
tion. Accordingly, EVs released by senescent VSMCs
induced secretion of IL-17, INFy, and IL-10 by T
cells and of TNFa produced by monocytes. Moreover
senEVs influenced differentiation of monocytes favor-
ing mix M1/M2 polarization with proinflammatory
characteristics. Altogether, our studies provide a com-
plex, unbiased analysis of VSMC SASP and prove
that EVs derived from senescent VSMCs influence the
cytokine milieu by modulating immune cell activity.
Our results strengthen the role of senescent cells as an
important inducer of inflammation in atherosclerosis.

Keywords Senescence - Human smooth muscle
cells - Extracellular vesicles - Exosomes - Secretome -
Immune cells

Introduction

Atherosclerosis represents an age-related disease, which
remains one of the leading causes of death in developed
countries. It begins with a local deposition of lipids in
the innermost part of the artery — the intima. Thereaf-
ter, a number of immune cells are attracted and infiltrate
into the artery wall where, together with endothelia and
smooth muscle cells, they form an atherosclerotic plaque.
Thus, atherosclerosis is considered as an inflammatory
disease, characterized by intense immunological activ-
ity [1]. One of the main risk factors for atherosclerosis
is aging. It was demonstrated that senescent cells accu-
mulate within atherosclerotic plaques [2]. Accordingly,
vascular smooth muscle cells (VSMCs) derived from the
lesion demonstrate a phenotype characteristic for senes-
cent cells: diminished proliferative potential, shorter tel-
omeres, increased level of DNA damage, and upregula-
tion of SA-B-gal activity [3]. Accumulation of senescent
VSMCs within the area of plaque formation promotes its
instability due to lack of proliferation and impaired pro-
duction of extracellular matrix, both leading to the weak-
ening of the fibrous cap [4]. Moreover, elimination of
senescent cells in the atherosclerosis-prone low-density
lipoprotein receptor-deficient (Ldlr-/-) mice slowed down
the disease progression [5]. One of the most important
features of senescent cells, that has the biggest impact
on tissue microenvironment, is their ability to secrete a
number of cytokines, chemokines, matrix metallopro-
teinases, and growth factors, collectively known as the

@ Springer

senescence-associated secretory phenotype (SASP) [6].
Apart from soluble factors, senescent cells also secrete an
increased number of extracellular vesicles (EVs), which
have begun to be studied only recently [7]. EVs are small
membranous vesicles that can be categorized, based on
their size and origin, into exosomes, microvesicles, and
apoptotic bodies. EVs play crucial role as carriers of
proteins, different types of RNA and DNA, lipids, and
metabolites that take part in intercellular communication
[8]. They were shown to participate in many physiologi-
cal but also pathological processes.

Studies performed over the last decade proved that
EVs affect atherosclerosis progression at different stages
by several distinct mechanisms [9]. Increased concentra-
tions of EVs have been found in plasma and atheroscle-
rotic plaque of patients [10, 11]. However, the role of
EVs derived from senescent cells in atherosclerosis, par-
ticularly in the context of plaque development, remains
unknown. The functioning of immune cells within an
atherosclerotic plaque is modulated by a local milieu.
Thus, senescent cells present in the lesion can influence
plaque formation by a non-cell autonomous mechanism.
Indeed, it has been demonstrated recently that SASP fac-
tors secreted by senescent VSMCs promote recruitment
of monocytes, induce expression of adhesion receptors on
endothelial cells, and activate adjacent normal VSMCs,
promoting inflammation in the plaque [12]. However, the
role of EVs in this context has not been studied. Thus, we
have undertaken research aimed at investigating the role
of senescent cell-derived EVs in immune cell activity.

To this end, we isolated and characterized the EVs
secreted by human VSMCs undergoing senescence.
We performed an unbiased quantitative proteomic
analysis of both soluble and insoluble SASP compo-
nents. Moreover, we analyzed the influence of EVs
derived from senescent and non-senescent cells on
T lymphocytes and monocytes. Altogether our stud-
ies revealed that EVs produced by senescent VSMCs
strengthen the inflammatory response of the immune
cells, which could have a tremendous significance for
atherosclerotic plaque development.

Materials and methods

Culture of vascular smooth muscle cells

Primary human vascular smooth muscle cells (VSMCs)
were purchased from Lonza or from ATCC. Cells were
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cultured in SmBM medium (Lonza, Switzerland) or
vascular cell basal medium (ATCC, LGC, Poland) sup-
plemented as defined by the manufacturer, and kept in
humidified atmosphere (37 °C and 5% CO, in the air). To
obtain population of cells that underwent stress-induced
premature senescence (SIPS), VSMCs were seeded at a
density of 8000 cells/cm?, were treated with one dose of
H,0, (150 uM) 24 h later, and cultured for 7 days. Simul-
taneously, VSMCs were passaged every 3—4 days till
they lost proliferative potential and reached the state of
replicative senescence (RS). For further experiments, we
used only VSMC cultures, in which the amount of SA--
gal positive and BrdU negative cells was higher than
80%. As a control we used cells in the phase of intensive
growth (passage 4-9).

EV isolation

EVs were isolated according to a commonly used
protocol with some modifications [13]. In brief,
VSMC cultures (control and senescent) were washed
one time with PBS and cells were incubated for 24 h
in serum free medium to obtain conditioned medium
(CM). After 24 h, CM was collected and centrifuged
using a MPW-350R centrifuge at 1280 g at 4 °C for
10 min. Then, the supernatant was collected and
centrifuged in a Beckman Coulter Optima XPN-100
Ultracentrifuge at 26.200 g at 4 °C for 40 min in a
Type 45 Ti rotor (k-Factor 133). After that, the super-
natant was transferred to fresh polycarbonate centri-
fuge bottles and centrifuged at 142,000 g at 4 °C for
100 min in a Type 45 Ti rotor. After centrifugation,
the supernatant was collected and stored at—80 °C
for further analysis as EV-free medium. The obtained
EV pellet was suspended in 50 ul of PBS and stored
under the same conditions.

Extracellular vesicles characterization
TEM visualization

Freshly isolated EVs were fixed with 2% paraformal-
dehyde (Sigma Aldrich,) in PBS, and 5 pl of the sus-
pension was transferred onto formvar-coated cooper
EM grids and incubated for 20 min. A 200-ul drop
of ddH,O was placed on a parafilm and grids trans-
ferred with the sample membrane side facing down,
for 1 min. Then, the grids were transferred to a 100-
pl drop of 4% aqueous uranyl acetate for 10 min on

ice. Finally, the grids were gently blotted from excess
fluid on a Whatman filter paper and stored in appro-
priate grid storage boxes. EVs were visualized using
transmission electron microscopy JEM 1400 (JEOL
Co.)

Size measurement

The mean size and concentration of EVs were ana-
lyzed using NanoSight NS500 (Malvern Instruments
Ltd.). For each measurement, nine 1-min videos were
captured and analyzed by the in-build NanoSight Soft-
ware NTA 3.2 Build 3.2.16. Before measurement,
each sample was diluted 1:500 in PBS. EVs from at
least 9 independent isolations from each experimental
conditions, control, SIPS, and RS, cells were analyzed.

Western blot analysis

EVs were lysed in reducing sample buffer: 125 mM
Tris—HCI (pH 6.8), 4% SDS, 20% glycerol, 100 mM
DTT, and 0.2% bromophenol blue or non-reducing
sample buffer (without DTT) and denaturated for
10 min at 95 °C. Total protein concentration was esti-
mated using bicinchoninic acid (BCA) protein assay
kit, and 20 pg of each sample was loaded on a gel.
Alternatively, proteins isolated from EVs, that were
secreted by the same number of cells, were loaded
on the gel. Proteins were resolved by SDS-PAGE,
transferred to nitrocellulose, and blocked in 5% non-
fat powdered milk in TBS containing 0.1% Tween-20
(TBST) or in 5% BSA in TBST for 1 h and probed
with antibodies overnight at 4 °C. The primary anti-
bodies used were anti-Flotilin-1 (BD Transduction
Laboratories, 1:500), anti-CD63 (Abcam 1:1000),
anti-CD81 (Abcam, 1:500), anti-GM130 (Cell Sign-
aling 1:1000), and anti-TOM20 (GeneTex, 1:500).
After incubation with the horseradish peroxidase-con-
jugated secondary antibodies (Dako, 1:2000), protein
bands were detected using X-ray film and enhanced
by ECL reagent (Thermo Scientific).

ExoElisa

The number of CD63 expressing EVs secreted by
VSMCs was analyzed using ExoElisa-Ultra Complete
Kit (System Biosciences) according to the manufac-
turer procedure. Absorbance was measured at 450 nm
using a Tecan Sunrise spectrophotometer (Tecan) and
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analyzed with the X-fluor 4 software. EVs from at
least 8 independent isolations from each experimen-
tal conditions — control, SIPS, and RS cells — were
analyzed.

T cell isolation and activation

Human T cells were isolated from buffy coats of
blood samples obtained from healthy volunteer
donors, in accordance with local ethical regula-
tions, and provided by the Domestic Blood Center in
Warsaw, Poland. Isolation was performed using the
RosetteSep Human T cell enrichment cocktail (Stem-
Cell Technologies,), according to the manufacturer
procedure.

To activate isolated T cells, T cell Activation/
Expansion Kit human (Miltenyi Biotec) was used.
The Anti-biotin MACSiBead particles were loaded
with CD2, CD3, and CD28 antibodies according to
the manufacturer protocol and purified T cells were
activated using one loaded anti-biotin particle per two
T cells. T cells were seeded at a density of 1x10°
cells per 1 ml of medium and kept in humidified
atmosphere.

Uptake of VSMC-EVs by human T cells

EVs were isolated using the ultracentrifugation
method as described above. After 142,000 X g ultra-
centrifugation, EVs were incubated with 7.5 pM
CFSE (Invitrogen) for 30 min at 37 °C in PBS con-
taining 0.5% BSA. Labeled EVs were diluted with
vascular cell basal medium without FBS and ultra-
centrifuged for 100 min at 142,000 x g. Pelleted EVs
(~30 pg) were resuspended in medium and incubated
with activated T cells at 37 °C for 4 h. The uptake
of EVs was visualized in bright-field and fluorescence
(Ex 488 nm) under confocal microscopy (Leica SP8).

Measurement of the level of T cell activation

Activation of T cells was estimated based on expres-
sion of CD25, CD69, and CD38. The measurements
were performed 24 h after culturing the cells in the
presence of activation beads in culture medium
as described: conditioned medium (CM), EV-free
medium, and fresh medium supplemented with EVs.
Media were collected from the same number of con-
trol, SIPS, and RS VSMCs. Cells were fluorescently

@ Springer

stained using Viability dye-DAPI (eBioscience),
anti-Hu CD4-Alexa Fluor 700 (eBioscience), anti-
Hu CDB8a-PE (eBioscience), anti-Hu CD25-APC
(eBioscience), anti-Hu CD69-PerCP (eBioscience),
and anti-Hu CD38-PE-Cyanine 7 (eBioscience) and
measured in a BD LSRFortessa flow cytometer. Data
were analyzed using FlowJo software. T cells isolated
from at least 9 donors were analyzed.

Determination of cytokine secretion by T cells

The amount of cytokines secreted by T cells upon dif-
ferent culture conditions was measured using Cyto-
metric Bead Array (CBA) Human Th1/Th2/Th17
Cytokine kit (BD Biosciences). 200 ul of medium
was collected 72 h after activation, centrifuged at
300x g for 5 min, and kept at -80 °C until cytokine
measurement. The assay was performed according
to a dedicated protocol. Cytokines IL-17a, IL-10,
IL-2, IL-4, TNF, and IFN-y were estimated using a
BD LSRFortessa flow cytometer. Data were analyzed
with BD FCAP Array TM 3.0 software. T cells iso-
lated from at least 8 donors were analyzed.

Isolation of monocytes

Monocytes were separated from mononuclear cells
by counter-flow centrifugal elutriation with the JE-5.0
elutriation system equipped with a 5-ml Sanderson
separation chamber (Beckman, Palo Alto CA) as
described before [14].

Differentiation of monocytes into MDM

Blood monocytes were differentiated in the presence
of EVs (control, SIPS and RS) added to the culture
at the ratio 1000:1 (EVs to monocytes) for 7 days.
The efficiency of differentiation was evaluated as
described before [14]. Monocytes isolated from at
least 8 donors were analyzed .

Isolation of monocyte subpopulations

The CDI14++CD16-, CDI14++CDI16+, and
CD14+CD16+ +monocyte subsets were isolated from
whole population of monocytes by cell sorting (FACS
Aria cell sorter, BD Biosciences Immunocytometry Sys-
tems, San Jose CA) after labeling with anti- CD14 APC
and anti-CD16 PE (BD Pharmingen, San Diego CA).
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Determination of cytokine secretion by monocytes

Monocyte subsets were cultured in RPMI medium with
or without addition of EVs overnight at 37 °C, 5% CO, in
humidified atmosphere. After 18 h, culture supernatants
were collected and concentration of TNF and IL-10 was
measured using the Flex Set system (BD Bioscience, San
Diego CA) according to the manufacturer protocol. Mono-
cytes isolated from at least 11 donors were analyzed.

Proteomic sample preparation and mass spectrometry
analysis

Collected samples were lysed in 2% SDS, 100 mM
TRIS, 50 mM TCEP, 96C for 5 min. Lysates were
subjected to sonication at high amplitude with 30 s
on/30 s off cycle for 30 min (Diagenode Bioruptor
XL). Materials from three independent biological
experiments for each condition (control, SIPS, and
RS) were subjected into proteomic analysis.

Samples were then prepared based on a modified
FASP protocol [15]. Briefly, supernatant was placed
at a Vivacon 30 kDa filter, centrifuged, and washed 3
times with 200 ul of 8 M Urea in 100 mM NH,HCO,.
Afterwards, the supernatant was reduced (DTT, RT,
30 min) and alkylated (IAA, RT, 15 min), digested
overnight with trypsin (Promega), and acidified with
TFA to a final concentration of 0.1%. The final pep-
tide mixture was measured and labeled with isobaric
tags. Samples were then labeled using the standard
TMT10 (Thermo Fisher Scientific) protocol accord-
ing to manufacturer recommendations. The labeled
peptide mixture was speed-vaced to dry and then dis-
solved in 100 pl of 2% MeCN/0.1% TFA.

Samples were analyzed at the Laboratory of Mass
Spectrometry (IBB PAS, Warsaw) using a nanoAc-
quity UPLC system (Waters) coupled to an Orbitrap Q
Exactive mass spectrometer (Thermo Fisher Scientific).
The mass spectrometer was operated in the data-depend-
ent MS2 mode, and data were acquired in the m/z range
of 300-1600. Peptides were separated by a 180-min lin-
ear gradient of 95% solution A (0.1% v/v formic acid in
water) to 35% solution B (acetonitrile and 0.1% formic
acid). The measurement of each sample was preceded
by three washing runs to avoid cross-contamination. The
final MS washing run was searched for the presence of
cross-contamination between samples. The working
parameters were capillary voltage 3 kV, capillary temper-
ature 250 °C, MS1 resolving power: 70,000, AGC 10e6,

MS2 resolving power 35,000 for TMT samples, AGC
5e5, collision energy 27%, loop count 12, and isolation
window 1.2 m/z,

Data were searched with the MaxQuant (1.6.0.16)
against the UniProt database reference proteome
(human proteome, 75,004 entries). Search param-
eters: variable modification: oxidation (M), acetyl
(N-term), minimal peptide length 7-25 aa, peptide
mass tolerance 20 ppm, fragment mass tolerance
0.5 Da, digestion trypsin/specific, and FDR 1% on
peptide and protein identification level.

For TMT10-plex labeled samples, reporter mass
tolerance is 0.003 Da.

Results were statistically and quantitatively ana-
lyzed using the Scaffold 4 platform (Proteome Soft-
ware); normalized TMT reporter intensities were
used for quantitative data interpretation. Groups
were compared by Whitney-Mann statistical test with
Benjamin-Hochberg correction for p-value 0.05. Due
to the nature of sample, i.e., the presence of many
short proteins, identification was performed also for
proteins identified with one peptide at 1% FDR con-
fidence. Fold change (FC) was calculated at the pro-
tein level. Data were plotted in a volcano-plot format
(—log10(p-value) vs log10FC.

For TMT10-plex labeled samples, reporter mass
tolerance is 0.003 Da.

The mass spectrometry proteomics data are availa-
ble via ProteomeXchange with identifier PXD030955.

Reviewer account details: Username: reviewer_
pxd030955 @ebi.ac.uk; Password: 6StTOOyk.

Proteomic data visualization

Venn diagrams were constructed using the Functional
Enrichment Analysis tool FunRich 3.1.3 (http://www.
funrich.org/). Selected pathways for enrichment analysis
were referenced from Reactome Pathways database using
g:Profiler (https:/biit.cs.ut.ee/gprofiler/gost). The sta-
tistical threshold for enriched pathways was Bonferroni
adjusted p-values <0.05. Pathway and network analysis
and visualizations were performed and modified using
the ClueGo package, version 2.5.8 in Cytoscape version
3.8.2 (https://cytoscape.org/).

Statistical analysis

Statistical analysis was performed using GraphPad
Prism version 8.3.1 (San Diego, California USA).
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Data were presented as the means+SEM. Samples
were analyzed using unpaired Student’s 7-test or one-
way ANOVA with post hoc Bonferroni’s test as indi-
cated; with p<0.05 deemed statistically significant
and denoted by asterisks; p<0.05, *; p<0.01, **;
p<0.001, ***; p<0.0001, ****

Results

senVSMCs secrete increased number of EVs that are
enriched in exosomes

In order to study the role of EVs secreted by senes-
cent VSMCs, we took advantage of two experi-
mental setups that we described previously [16]. In
the model of stress induced premature senescence
(SIPS), human VSMCs were treated with a single
dose of H,0, and cultured for subsequent 7 days. In
the alternative model, the cells were cultured until
they lost the replication potential and underwent rep-
licative senescence (RS). Analysis of SA-p-gal activ-
ity and Ki-67 expression confirmed that majority of
cells became senescent (Fig. S1).

Our previous data have shown that senescent
VSMCs secrete increased amount of SASP factors,
such as IL-6, IL-8, and VEGF [16]. In the current
studies we analyzed the vesicular components of
SASP-EVs. EVs secreted by VSMCs were isolated
from non-serum cell culture medium by ultracen-
trifugation after 24 h of conditioning. Isolated vesi-
cles were visualized using transmission electron
microscopy (TEM) (Fig. 1a). Based on Western blot
analysis of CD63, CD81, and Flotilin-1, the protein
markers of exosomes, we confirmed that the isolated
fraction of vesicles is enriched in exosomes. The
purity of isolated EVs was also verified by the lack
of cis-Golgi (GM130) and mitochondrial (TOM20)
markers (Fig. 1b). We did not observe any differ-
ences in the size of EVs derived from non-senescent
and senescent cells (Fig. lc). However, VSMCs
senescing due to SIPS or RS were shown to secrete
significantly more EVs than control cells (Fig. 1d).
Moreover, senEVs contained significantly more
exosomes than EVs from control cells as demon-
strated by ExoElisa analysis of the number of CD63
positive vesicles (Fig. le) and WB of exosome
markers in the EV fraction secreted by the same
number of cells (Fig. 1f).

@ Springer

The diversity of secretomes of VSMCs undergoing
H,0,-induced (SIPS) and replicative (RS) senescence
revealed by unbiased proteomic analysis

To get further insight into differences and similari-
ties between EVs secreted by non-senescent (control)
and senescent cells, we performed proteomic analy-
sis of isolated EVs using the tandem mass tag (TMT)
method. We analyzed the proteome of EVs and of
the soluble fraction of SASP (sSASP), i.e., proteins
present in the supernatant separated from EVs by the
last ultracentrifugation. A similar number of proteins
were identified (975 in EVs and 875 in sSASP). We
compared the relative amount of proteins present in
EVs secreted by senescent and control cells. The level
of most proteins identified in EVs changed only mod-
erately or slightly (FC between 0.5 and 2) (Fig. 2a).
Contrary to EVs, changes in the level of soluble pro-
teins (sSASP) were more remarkable (proteins with
FC>2 or FC <0.5). Moreover, we noticed that major-
ity of proteins were decreased in SSASP comparing to
control. This decrease was more pronounced among
proteins secreted by cells undergoing replicative
senescence (Fig. S2).

The proteomic composition of secretomes differed
between SIPS and RS cells. We plotted differentially
abundant proteins across the EVs samples using the
first two PCA dimensions. The mass spectrometry
(MS) samples separated into distinct categories —
control, SIPS, and RS, although there was one outlier
(sample H2) (Fig. S3). Among significantly increased
proteins, 30% were common to EVs secreted by both
types of senescent cells, while almost two times more
proteins were upregulated only in EVs secreted by
SIPS cells. More than 40% of proteins, the level of
which decreased in senEVs, were common to EVs
secreted by cells undergoing either type of senes-
cence (SIPS and RS). However, two times more of
decreased proteins were found exclusively in SIPS-
EVs (Fig. 2b). Similar number of significantly upreg-
ulated and downregulated proteins were identified in
SSASP of SIPS and RS, and half of those proteins
were common to both types of senescence (Fig. S2).
For both, EVs and sSASP proteomes, there were
very few proteins common for SIPS and RS cells that
change inversely (Fig. S4).

To get insight into the detailed protein com-
position of EVs and sSASP, we defined groups
of proteins called “TOP proteins,” that represent
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Fig. 1 Characterization of extracellular vesicles secreted by
VSMCs. a Isolated EVs, obtained after ultracentrifugation of
conditioned medium, observed in TEM; b Western blot analy-
sis of common exosome markers (CD81, CD63, and Flotilin-1)
in EV fraction (20ug of each sample). The purity of isolated
EVs was confirmed by lack of expression of Golgi (GM130)
and mitochondrial (TOM20) markers, TLC — total cell lysate;
¢ Size measurement of EVs using NanoSight nanoparticle
tracking analysis (NTA). d The total number of EVs secreted

components common for both types or unique for
each type of senescence. We selected those proteins
that were identified only in EVs or sSASP and the
level of which increased at least 2 times comparing
to control. We also included those that changed less
(fold change > 1.3) but with the highest significance
(p<0.001) (Table S1-S6).
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by young and senescent cells measured by NTA; EVs from at
least 9 independent isolations from each experimental condi-
tions, control, SIPS and RS, cells were analyzed. e Compari-
son of the number of CD63 positive EVs secreted by VSMCs
(ExoElisa); EVs from at least 9 independent isolations were
analyzed. f Representative blots presenting the differences
in the level of CD81, CD63, and Flotilin-1 protein in EVs
secreted by 2 10° young and senescent cells

Reactome bioinformatics analysis of more than
200 proteins that were significantly increased
(FC>1.3) in senEVs revealed marked differences
between EVs secreted by VSMCs undergoing SIPS
and RS (Fig. 2c). Pathways that were the most highly
represented in SIPS EVs were associated with plate-
let activation, signaling, and aggregation but also
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Fig. 2 Comparative proteomic analysis of proteomes of EVs
secreted by control and senescent VSMCs. a Pie charts pre-
senting the distribution of fold changes (FC) in the level of
proteins identified in EVs secreted by senescent cells relative
to EVs from control cells (p<0.05). b Venn diagrams of up
and downregulated proteins identified in EVs from SIPS and
RS cells that were significantly changed (p <0.05); ¢ Reactome
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pathway analysis of proteins that were upregulated (FC>1.3)
or downregulated (FC<0.7) in EVs secreted by senes-
cent VSMCs (SIPS and RS) comparing to EVs from young
VSMCs. EVs from three independent biological experiments
for each condition (control, SIPS, and RS) were subjected into
proteomic analysis
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collagen formation and MHC class II antigen presen-
tation, while in EVs from RS cells, they were associ-
ated with protein metabolism, scavenging by class A
receptor and aggrephagy. Interestingly, proteins that
were decreased in senEVs were mostly common for
both types of senescence reactome pathways. More-
over, ribosomal proteins were the most numerous
group of downregulated protein in senEVs (Fig. S5).
Among proteins increased in EVs secreted by senes-
cent cells, we distinguished functionally organized
networks of proteins involved in immune cell func-
tion regulation (Fig. 3). The proteins assigned to
ClueGO Gene Ontology Biological Process included
in the networks are listed in Table S7 and S8. Based
on g:Profiler tool, we distinguished proteins assigned
to GO Biological Processes: Immune System Process,
which increased in senEVs (Table 1).
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Recently, Basisty and coworkers [17] have pub-
lished the results of proteomic analysis of EVs and
sSASP secreted by fibroblasts and epithelial cells
induced to senesce by different agents. Thus, we took
the advantage of broadening our study by comparing
results of proteomic analysis of the VSMC secretome
with the secretome of senescent fibroblasts and epi-
thelial cells induced to senesce by irradiation (IR).
We used the same isolation procedure as Basisty et al.
[17].

We found that more proteins were present in EVs
secreted by fibroblasts induced to senesce by irra-
diation than in EVs from senescent VSMCs. About
60% of proteins present in EVs secreted by senescent
VSMC were also common for senescent fibroblasts
(Fig. 4a). Among 574 proteins that changed sig-
nificantly in senescent cells versus control, only 150
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Fig. 3 ClueGO pathway enrichment and network analysis of proteins, the level of which significantly increased in EVs secreted by
VSMCs undergoing replicative (a) or stress induced premature senescence (b) and involved in immune system regulation
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Table 1 List of significantly upregulated proteins, identified in EVs secreted by senescent VSMCs, that were annotated to Immune System Process (GO:0,002,376) category; pro-

teins that are upregulated at> 1.3- fold level are marked in bold; SIPS — stress induced premature senescence, RS — replicative senescence
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Immune System Process

only RS

only SIPS

SIPS and RS

PARK?7, PRNP, PSMD4, APOB, PBEF1, SEC22B,
PRDX3, VCP, HSPA9, PGM3, FLNB, VCL, APEH

ARG1, PRSS3, TXNDCS5, CAT, HRNR, CALR, PDIA3,
CANX, CTSD, DSG1, CTSA, HEXB, PRDX1,

PRKG1, CAPN1, PTX3, PSMBS, AIMP1, PXDN,

ACTN1, RRAS, COL1A1, ZYX, DSC1, PFKL,
GREM1, KLC1, FTL, ALDOC, COL1A2, APOA4,

WNTS5A, A2M, DNM2, CLU, C5, HBB, THBS4,

PRDX2, PGM1, GSN, GLB1, CTSB, KIF5B, DPP4,
GPX1, DYNCIHI, LRP1, ACTRI1A, CLTC, NEC-

SERPINCI1, KRT-16, HTRA1, THBS1, GAS6, FGB,
DYNCI1LI2, MME, PYGL, VIM, SERPINE1,

AP2B1, CIR, SEC31L1, FTHI, CI1S, TUBB, DCTN2,
PKM, XRCC6, DYNCILII, C3, OXSR1, ANPEP,
AHCY, SSC5D, MTHFD1, PSMC2, PSMDI,

TIN2, RAB6A, ITGB3, DCTN1, TNFRSF10B, FLNA,

CKAP4

PSMD12, EMILIN1, CCT2, PSMC5, VAT1

bold:FC>1,3

were present in EVs from VSMCs and fibroblasts.
Moreover, the proteomes of EVs secreted by VSMCs
undergoing SIPS and RS were more similar to each
other than the proteomes of EVs secreted by VSMCs
and fibroblasts that underwent premature senescence.
Of note, only 7 proteins — Serpin Family F Mem-
ber 1 (SERPINF1), Thrombospondin 1 (THBS1),
Glutathione Peroxidase 1 (GPX1), DNA Polymerase
Delta 1 (POLD1), Tenascin C (TNC), LDL Receptor
Related Protein 1 (LRP1), and Clathrin Heavy Chain
(CLTC) — were upregulated in all three models of
senescence (Fig. 4b). Similar comparative analysis
was performed for soluble proteins (sSASP) secreted
by VSMCs undergoing H,0,-induced senescence
and replicative senescence and by epithelial cells
and fibroblasts induced to senesce by IR. We demon-
strated that about one-third of all identified proteins
present in VSMC sSASP were common to sSASP of
fibroblasts and epithelial cells; however, the proteome
of VSMCs were considerably more similar to the
proteome of epithelial cells (Fig. 4c). Interestingly,
less than 10% of proteins common to all three types
of senescent cells changed significantly, furthermore
only few of them were upregulated and listed on the
Venn diagram (Fig. 4d). Detailed information about
proteins common to EVs and sSASP secretomes of
VSMCs, fibroblasts, and epithelial cells is presented
in Table S9.

EVs derived from senescent cells decrease activation
of T lymphocytes

Our proteomic analysis identified proteins upregu-
lated in senEVs that are involved in the regulation
of immune cell function; therefore, we analyzed
the influence of senEVs on T cells and monocytes.
To visualize the interaction of VSMC-derived EVs
with lymphocytes, T cells were isolated from buffy
coats and the purity of isolated CD3 + cell fraction
was confirmed by flow cytometry (Fig. S6). EVs
were stained with CFSE and co-cultured with T
cells for 4 h at 37 °C; thereafter, live imaging was
performed. We observed CFSE positive vesicles on
the surface of T cells (black arrowhead) (Fig. 5a).
Phase contrast analysis of the cells revealed altered
structure of cytoplasmic membrane at the site of
EV-cell contact, suggesting that there was a direct
interaction between them (black arrows) (Fig. 5a).
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a
EVs
Fibro IR
VSMC :
(H202, RS) (Basisty et al., 2020)
371 574 918
Cc
sSASP
Fibro IR
(Basisty et al.,
2020) Epithelial IR
(Basisty et al.,
e 2020)
274
44 259 553
VSMC
(H202, RS) 181

391

Fig. 4 Comparison of secretome derived from senescent
VSMCs with secretome of senescent fibroblast and epithelial
cells (SASP atlas). a Venn diagram of all proteins identified
in EVs secreted by senescent (RS and H,0,-induced) VSMCs
and fibroblasts induced to senesce by IR (Basisty et al., 2020).
b Venn diagram presenting proteins identified in EVs, the
level of which was significantly changed (p <0.05) compar-
ing to control (young) cells. Serpin Family F Member 1 (SER-
PINF1), Thrombospondin 1 (THBS1), Glutathione Peroxidase
1 (GPX1), DNA Polymerase Delta 1 (POLD1), Tenascin C
(TNC), LDL Receptor Related Protein 1 (LRP1), and Clathrin
Heavy Chain (CLTC) are proteins that are upregulated under
all conditions. ¢ Venn diagram of all proteins identified in

Moreover, we were able to visualize time-dependent
internalization of EVs into T cells (Fig. 5b).
Thereafter, we analyzed the influence of EVs on
T cell activation. T cells were activated in (i) con-
ditioned medium (medium obtained after 24 h cul-
ture of control or senescent VSMCs); (ii) medium

b
EVs
VSMC H202 ;
Fibro IR
i SERPINF1
(Basisty et al., 2020) THBS1
158 GPX1
PLOD1
TNC
LRP1
169 CLTC
33
72
VSMC RS
p<0.05
d
sSASP
VSMC RS Epithelial IR
(Basisty et al., 2020)
VSMC H202 7 449
Fibro IR
(Basisty et al.,
53 3 114 2020)
59 18 16 239
25 25 9
ARSA
17 14
/ : _\ T
GDF15 ALDOC
p<0.05

sSASP secreted by senescent (RS and H,0,-induced) VSMCs,
fibroblasts induced to senesce by IR, and epithelial cells
induced to senesce by IR; d Venn diagram presenting proteins
identified in sSASP, the level of which is significantly changed
(p<0.05) comparing to control (young) cells. Common pro-
teins that are upregulated under indicated conditions are listed,
i.e., insulin-like growth factor-binding protein 5 (IGFBS5) and
fructose-bisphosphate aldolase C (ALDOC) are upregulated in
fibro IR, VSMC RS, and VSMC H,0,; growth/differentiation
factor 15 (GDF15) is upregulated in fibro IR, epithelial IR, and
VSMC H,0,; Arylsulfatase A (ARSA) is upregulated in epi-
thelial IR, VSMC RS, VSMC H,0,

containing only soluble factors, devoid of EVs (EV-
free medium); or (iii) fresh medium supplemented
with EVs secreted by control or senescent cells.
The percentage of cells expressing a given activa-
tion marker was measured after 24 h of culture using
flow cytometry (Figs. S7, S8) and relativized to the
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«Fig. 5 The influence of VSMCs-EVs on T cell activation. a
Visualization of the uptake of VSMC-EVs by CD3+cells.
T cells were cocultured with CFSE stained EVs for 4 h in
37 °C and analyzed in bright-field merged with fluorescence
microscopy. b Time laps analysis of CFSE stained EVs incor-
porated by T cells; ¢ Expression of CD25, CD69, and CD38
in CD4+and CD8+subsets of T cells activated in the pres-
ence of EV-free medium or medium supplemented with EVs
collected from control and senescent VSMCs. The number of
cells expressing CD25, CD69, or CD38 was measured after
24 h of activation and normalized to the number of activated T
cells in full conditioned medium (medium containing EVs). T
cells isolated from at least 9 donors were analyzed; for statisti-
cal analysis 7-test was used

percentage of CD25+4, CD69+, or CD38+cells in
conditioned medium (CM). We observed that acti-
vation of T cells in EV-free medium led to increased
expression of CD25 in CD4 + and CDS8 + cells as well
as CD69 in CD4 cells. Importantly, EV-free medium
from control cells slightly decreased the number
of lymphocytes that expressed activation mark-
ers. Enrichment of fresh medium with EVs secreted
by RS VSMCs caused decrease in the number of
CD4 + CD69 +and CD4 + CD38 +cells, while no sig-
nificant influence of SIPS EVs and control EVs was
observed (Fig. 5¢).

EVs derived from senescent VSMCs increase
secretion of proinflammatory cytokines produced by
T cells and monocytes

We examined the effect of EVs on secretion of
cytokines by CD3+lymphocytes. To this end, we first
checked the level of cytokines (IL17A, IL-10, INFy,
TNFa, IL-4, IL-2) using Cytometric Bead Array
(CBA) in the CM collected from VSMC culture and
found they were undetectable either in control cells
or senescent cells CM (data not shown). Thereafter, T
cells were activated in the presence of CM from con-
trol and senescent VSMCs, EV-free medium, or fresh
medium supplemented with EVs. After 72 h, medium
from the T cell culture was collected and the amount
of secreted cytokines was measured using CBA. Both
SIPS and RS conditioned medium led to increased
secretion of cytokines when compared to T cells cul-
tured in the control cells conditioned medium (Fig. 6a).
The most consistent results were obtained for IL-17A,
the level of which increased to 150% (SIPS CM) and
120% (RS CM) of that in control cells CM. Apart from
that, T cells cultured in SIPS CM secreted significantly

more IL-10. To estimate the role of EVs in the induc-
tion of cytokine secretion, we compared changes in
the secretion of cytokines when T cells were cultured
in conditioned medium devoid of EVs or in the fresh
medium supplemented with EVs derived from control,
SIPS, or RS cells. Our studies revealed that removal of
EVs from conditioned medium decreased the secretion
level of most tested cytokines (IL17A, IL-10, INFy,
TNFa, IL-2), while culturing T cells in the presence of
EVs led to upregulation of cytokine secretion (Fig. 6b).
Importantly, senEVs (both SIPS and RS) have a clearly
higher impact than control EVs (Fig. 6b). Of note,
changes observed in the level of cytokines secreted
by T cells cultured in EV-free medium, or EVs from
SIPS and RS VSMCs, were statistically significant for
IL-17A (Fig. 6¢). When T cells were cultured in EVs
free medium from senescent VSMCs, the amount of
IL-17 secreted by T cells was decreased by half (56%)
for SIPS and by 75% for RS comparing to conditioned
medium (medium containing EVs and soluble factors).
Re-application of senEVs into the fresh medium led
to statistically significant upregulation of IL-17 secre-
tion to the level of 75% (SIPS EVs) and 72% (RS EVs)
of that measured for T cells cultured in conditioned
medium. IL-10 secretion was significantly modified
when T cells were cultured in the presence or absence
of EVs collected form RS cells, while the level of INFy
decreased significantly when T cells were cultured in
EV-free medium from SIPS cells (Fig. 6¢).

We also estimated the influence of senEVs on
cytokine production by monocytes. Secretion of
cytokines was determined after 18 h culture of sorted
monocyte subpopulations with control or senescent
EVs. Control EVs did not induce secretion of TNF
in any of the monocyte subpopulations, while senes-
cent EVs significantly elevated secretion of TNF by
CD14+ +CDIl6+and CD14+CDI16+ +cells. In
contrast, IL-10 was secreted mainly by an interme-
diate (CD14+ +CD16+) subpopulation of mono-
cytes to a similar extent in response to control EVs
and senEVs (Fig. 6d).

EVs derived from VSCMs increase expression of
CCR2 and CD16 by MDM

To estimate the influence of EVs derived from
senescent VSMCs, MDM were differentiated in the
medium supplemented with EVs derived from con-
trol and senescent VSMCs. MDM differentiated in
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«Fig. 6 Influence of EVs secreted by VSMCs on cytokine pro-
duced by T cells and monocytes. a Relative amount of IL-17A,
IL-10, INFy, TNF, IL-2, and IL-4 secreted by T cells activated
in the presence of senescent cells (SIPS and RS) conditioned
medium (CM). The amount of each cytokine was relativized to
the amount of this cytokine produced by T cells activated in
control VSMC conditioned medium. Cytokines were analyzed
after 72 h of culture of T cells using Cytometric Bead Array
(CBA). b The heatmap presenting relationship between the
levels of cytokines secreted by T cells upon culture in VSMC
medium (CM, EV-free, and EV-enriched medium form con-
trol and senescent VSMCs). CM, EVs free medium, and EVs
were collected from the same number of control, SIPS, and
RS VSMCs. Original data points were standardized into the
z-score. ¢ The amount of selected cytokines secreted by T cells
upon different culture conditions. T cells isolated from at least
8 donors were subjected into cytokine secretion measurement.
Samples were analyzed using one-way ANOVA and post hoc
Bonferroni test. d The CD14+ +CD16-, CD14+ +CD16+,
and CD14+4CD16 + 4+ monocyte subpopulations were isolated
from the whole population of monocytes by cell sorting and
cultured overnight in the presence of EVs derived from con-
trol and senescent VSMCs added to the culture medium. The
amount of TNF and IL-10 was estimated after 18 h of culture
in the medium. Monocytes isolated from at least 8 donors
were subjected into cytokine secretion measurement. Samples
were analyzed using one-way ANOVA and post hoc Bonfer-
roni test, ##p<0.01, *p<0.05, **p<0.01, ***p<0.001,
*##*%%p <0.0001 compared to medium

the presence of EVs derived from senescent VSCMs
(SIPS EVs, RS EVs) expressed significantly more
CCR2 than MDM exposed to control EVs. Expres-
sion of CD16 was significantly elevated when MDM
were cultured in the presence of SIPS EVs in compar-
ison with control EVs. Altogether, this finding shows
that senEVs influenced expression of selected differ-
entiation markers without unequivocally promoting
either the M1 or M2 phenotype (Fig. S9). We also
noticed increased secretion, however without statisti-
cal significance, of TNF in MDM differentiated in the
presence of SIPS EVs (not shown).

Discussion

Secretion of bioactive factors by senescent cells has
been widely recognized as one of the major contribu-
tors to the development of aging and age-related dis-
eases. Although senescence associated secretory phe-
notype (SASP) is a hallmark of cellular senescence,
we have just started to realize its complexity and
diversity as well as its role in the modulation of the
microenvironment in a given cellular context.

In 2008, Lehmann et al. demonstrated for the first
time increased EV secretion by senescent prostate
cancer cells. Later on, subsequent studies confirmed
a similar phenomenon in other cell types, mostly
fibroblasts [17, 18] and HUVEC [19]. We are the first
to show that VSMCs, which underwent SIPS or RS,
released higher number of EVs than non-senescent
cells. Moreover, based on the expression of protein
markers, we were able to prove that a fraction of
secreted EVs is enriched in exosomes. Similar obser-
vation has been described recently by Mensa et al.
(2020) [20], who showed that senescent endothelial
cells secret more exosomes than non-senescent cells.
Altogether, those results prove that increased secre-
tion of exosomes is a universal feature of SASP.

Here, we demonstrate the results of an unbiased
proteomic analysis of senescent VSMC secretome.
Since EVs have already been shown to contribute to
SASP, we separated vesicular and soluble fraction
of the secretome to perform mass spec analysis. Our
studies revealed significant differences in proteomic
composition of SASP depending on the type of senes-
cence (H,0,-induced versus replicative senescence).
Interestingly, we have demonstrated that at least half
or more proteins identified in SASP are downregu-
lated comparing to the secretome of control cells.
This observation proves that increased level of secre-
tion by senescent cells is not always accompanied by
an increased level of proteins that participate in SASP.
This phenomenon may reflect a drop in the global
translation level, which was described for mouse
fibroblasts undergoing replicative senescence [21].
On the contrary, studies performed on human fibro-
blasts induced to senescence by Ras overexpression
or etoposide treatment demonstrated that majority
of the identified proteins were upregulated compar-
ing to EVs secreted by control cells [22]. Moreover,
we found out that majority of the most significantly
downregulated proteins in SASP were ribosomal pro-
teins and those assigned to translation and ribosomes’
function reactome pathways. Since a decrease in
ribosomal biogenesis [23] and expression of riboso-
mal proteins [24] in senescent cells has already been
recognized, the apparent decline of their content in
SASP confirms reorganization of the translation appa-
ratus in senescent VSMCs. Interestingly ribosomal
proteins have been recognized by others as an EVs
cargo [25]. For instance EVs secreted by LPS-medi-
ated microglia were enriched in ribosomal proteins
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[26]. Different ribosomal proteins were also identified
in the exosomes of ischemia challenged epicardial
adipose tissue—derived stem cells [27]. The biological
meaning of those proteins present in EVs is still unre-
vealed. However, there are a number of papers con-
firming the extraribosomal function of proteins build-
ing ribosomes. Ribosomal protein L13a was shown to
negatively regulate transcription of pro-inflammatory
cytokine encoding mRINA [28, 29] leading to attenu-
ation of inflammation. Another ribosomal protein —
RPS19 has been shown to exert anti-inflammatory
function by blocking a pro-inflammatory macrophage
cytokine — MIF, which in consequence, modulated
important immune cell functions studied in a mouse
model of severe inflammatory renal injury [30]. Thus
we consider that changes in the ribosomal protein
content of senEVs, that were recognized by us, may
influence immune cell function as well as exert a pro-
inflammatory response. Moreover, we noticed that
the protein composition of EVs secreted by VSMCs
undergoing RS is more similar to that of control cells
than to that of SIPS cells. This observation indicates
that the rapid and timely coordinated process of SIPS
is reflected in more pronounced changes in secretome
composition.

We compared the composition of VSMC
secretome with SASP atlas data created by Basisty
[17] for fibroblasts and epithelial cells and demon-
strated marked differences in SASP composition
between different cell types. Nevertheless, we identi-
fied seven proteins that were commonly increased in
EVs secreted by senescent fibroblasts and VSMCs.
Among them were SERPIN F1 and thrombospondin
1 (THBS1). Importantly, serine protease inhibitors —
Serpins as well as thrombospondin 1 — have recently
been shown to belong to the SASP factors that facili-
tate increased blood clotting in mice treated with dox-
orubicin to induce cell senescence [31]. Accordingly,
elimination of senescent cells in dox-treated pl6-
3MR mice led to reversion of the hemostatic effect.
Moreover, proteomic analysis of secretom of senes-
cent fibroblasts confirmed the presence of proteins
involved in blood coagulation in senEVs [22]. SER-
PIN F1 represents a member of the Serpin family that
does not possess serine protease inhibitory function.
Instead, it was demonstrated that SERPIN F1 has
anti-angiogenic, pro-apoptotic and cell cycle inhibi-
tory activity involving several distinct pathways [32].
The role of thrombospondin in aging might also go
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beyond blood clotting regulation, since its increased
expression has been correlated with several age-
related diseases such as myocardial infraction, heart
failure, pulmonary arterial hypertension, and glau-
coma [33]. Moreover, THBS1 may activate TGFp and
both were shown to be secreted by senescent perito-
neal mesothelial cells leading to TGFp-dependent
spreading of the senescence phenotype [34]. Beside
TGFp activation, THSB1 might upregulate expres-
sion and activity of IL-1p, as it was demonstrated
in LPS-stimulated monocyte-derived macrophages
[35]. On the other hand IL-1p induce p16 expression
due to miR-24 repression leading to cell senescence
[36]. THBSI1 can also induce senescence by upregu-
lating Nox1-produced ROS, triggering DNA damage
and DDR activation in human endothelial cells [37].
Thus, THBS1 might represent a common SASP fac-
tor that acts as a mediator of aging.

Comparison of soluble factors secreted by senes-
cent VSMCs with the secretome of fibroblasts
and epithelial cells analyzed by Basisty et al. [17]
allowed us to reveal GDF15 as the only protein
commonly increased in the secretome of those dif-
ferent cell types induced to senesce by H,O, or IR.
Importantly, GDF15 was also indicated as one out
of four proteins that were identified as common
SASP components for fibroblasts to senesce by
diverse factors [17] and a protein marker of human
aging detected in the plasma [38]. GDF15 expres-
sion is highly upregulated in the atherosclerotic ves-
sel wall and lack of GDF15 resulted in a significant
long-term reduction of atherosclerotic lesion for-
mation [39]. Altogether, our proteomic analysis of
the VSMC secretome, complemented by the SASP
atlas data [17], allowed us to point out the univer-
sal components of SASP present in EVs or secreted
as soluble proteins, that might be tested as mark-
ers of senescence and aging. On the other hand, we
assigned a group of proteins (“top” proteins) most
remarkably and significantly altered in EVs and
sSASP of senescent VSMCs, which might repre-
sent more cell type specific components of SASP.
Still, few among those proteins (SERPINC1, SER-
PINA7, Complement factor I CFI, Prothrombin F2)
represent factors involved in hemostasis regulation.
Accordingly, reactome pathway analysis confirmed
marked enrichment of pathways involved in platelet
activation and coagulation in senEVs derived pro-
teins. Importantly, in the course of atherosclerosis
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development, increased thrombosis at the site of
vulnerable plaques increases the risk of ischemic
events. Therefore, medical recommendations of
therapy for the prevention of recurrent athero-
thrombosis include anti-thrombotic drugs [40].
Since senescent cells were shown to accumulate in
the atherosclerotic plaque we might speculate, on
the basis of the analysis of VSMC SASP composi-
tion, that another important and deleterious role
of senescent cells would be local enhancement of
thrombosis.

Atherosclerosis is an inflammatory disease
characterized by intense immunological activ-
ity. Immune cells infiltrate from the blood into the
plaque and contribute to plaque development, pro-
moting local inflammation. Numerous studies have
indicated T cells as critical drivers and modifiers
of the pathogenesis of atherosclerosis. Importantly,
EVs released by leukocytes, platelets, smooth mus-
cle cells (SMCs), and endothelial cells have been
shown to promote vascular inflammation and ath-
erosclerosis [41]. There is also a growing body of
evidence that EVs secreted by senescent cells can
modulate the functioning of other cells. Recently,
an elegant study performed by Borghesan et al. [22]
have demonstrated that senEVs secreted by senes-
cent human dermal fibroblasts are responsible for
induction of paracrine senescence in other cells.
This phenomenon was attributed to Interferon-
induced transmembrane protein 3 (IFITM3), the
level of which is increased in senEVs. Thus, we
analyzed the impact of EVs derived from senes-
cent VSMCs on T cell activation. Recent studies
revealed that the CD4 +and CD8+ T cell subsets in
the plaque are more activated than their blood coun-
terparts, presenting a heterogeneous spectrum of
activation [42]. Significant differences were noted
for CD8 +cells expressing CD25 and CD38 mark-
ers, while in the case of CD4+cells only CD38
expression was discriminative between plaque and
blood lymphocytes [43]. Unexpectedly, our studies
revealed that depletion of EVs from senescent cell
conditioned medium increased the level of activa-
tion markers suggesting that senEVs restrict T cell
activation.

We estimated the influence of control and senEVs
on lymphocyte polarization, based on their cytokine
production. Numerous studies performed on mouse
experimental models, as well as ex vivo samples from

patients, revealed the presence in the plaque of differ-
ent subpopulations of T cells that had either proather-
ogenic or antiatherogenic potential. In this context
the influence of factors secreted by senescent VSMCs
that participate in plaque development remains
unknown. We demonstrated that factors released by
senescent VSMCs and present in conditioned medium
increase the level of IL-17 secreted by CD3+cells.
Furthermore, analysis performed with conditioned
medium deprived of EVs as well as fresh medium
supplemented with EVs proved that EVs secreted by
senescent VSMCs upregulate the production of IL-17
by T cells. Interestingly, higher level of IL-17A and
IFN-y was also demonstrated in the culture of human
T cells derived from the plaque comparing to T cells
isolated from non-diseased vessels after polyclonal
stimulation [44]. The proatherogenic role of IL-17 in
mouse models has been revealed; however, there are
also opposite results proving antiatherogenic activity
of IL-17 [45]. Studies performed in humans are also
ambiguous, indicating either detrimental [46, 47] or
beneficial [48] role of this cytokine in atherosclerosis.
Of note, EVs derived from senescent VSMCs were
shown to induce also the secretion of INF-y (SIPS)
and IL-10 (RS). Those two cytokines exert opposite
effects. INF-y is a proinflammatory cytokine. Accord-
ingly, a proatherogenic function is ascribed to the
IFN-y-producing T helper 1 (Thl) subset, whereas
the interleukin IL-10-producing regulatory T cells
(Tregs) are atheroprotective [49]. Although in-depth
analysis is needed to unequivocally prove that EVs
secreted by senescent VSMCs promote differentiation
into a particular T cell subtype, we demonstrated that
senEVs might influence production of cytokines by T
cells and, in this way, actively modulate the cytokine
milieu of the plaque. The final outcome of this intra-
cellular communication will certainly depend on the
complex interaction between plaque building cells.
Although there are a number of proteins identified
in senEVs that might potentially regulate immune cell
function, alone or in combination, one of the poten-
tial candidates responsible for the observed effect is
thrombospondin-1 (THSB1). Its level was increased
in EVs secreted by SIPS and RS VSMCs. Thrombos-
pondin can play pro-inflammatory but also an anti-
inflammatory role in several diseases, depending on
its interaction with multiple receptors as well as the
presence of specific matricellular proteins [50]. Inter-
estingly, THSB1 was shown to act as an inhibitor of
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TCR-mediated T cell activation. Treatment of CD3-
stimulated human T cells with THSB1 resulted in
downregulation of CD69 expression and IL-2 level
[51]. However, a contradictory effect of THSB1 on T
cell activation has also been reported [52]. Further-
more, it was demonstrated that exosomes secreted
by LPS-treated human thymic mesenchymal stromal
cells (tMSCs) contain increased level of THSB1 com-
paring to untreated tMSCs. Culturing of CD4 +lym-
phocytes with LPS-tMSC-derived exosomes caused
inhibition of T cell proliferation and promoted differ-
entiation of CD4 +into Th1 and Th17 cells [53].

Monocytes and macrophages are the most com-
mon immune cells in an expanding atherosclerotic
plaque. They play a role in cholesterol accumulation,
lesion matrix remodeling, cytokine production, and
clearance of dead cell debris. Monocytes from the
blood infiltrate into the plaque and might differentiate
into inflammatory or anti-inflammatory macrophages
depending on the cytokine availability and some local
metabolic cues. Still little is known about tissue-spe-
cific adaptation of monocytes within the atheroscle-
rotic plaque. We demonstrated that senescent EVs
significantly increase expression of CCR2—receptor
for monocyte chemoattractant protein-1 (MCP-1),
on the surface of MDMs. Interestingly, expression of
CCR2 has been shown to play a critical role in ath-
erosclerosis development. It was demonstrated that
there is a significant decrease of lesion formation
in ApoE-/- mice that lack the expression of CCR2
(ApoE-/- CCR2-/-). CCR2 was important in recruit-
ment of monocytes/macrophages into the vessel wall
[54]. Moreover, EVs derived from SIPS VSMCs also
induce the expression of CD16 on MDMs. Thus,
results of our studies suggest that EVs secreted by
senescent VSMCs favor differentiation of monocytes
with mixed M1/M2 polarization with proinflamma-
tory characteristics.

We also analyzed the influence of EVs on
cytokine production in different subtypes of
monocytes and demonstrated that senEVs sig-
nificantly enhanced secretion of TNF-«a in inter-
mediate (CD14+ +CD16+) and non-classical
(CD14+CD16++) monocytes. The TNF-a
cytokine was previously shown to a play criti-
cal role in atherosclerosis development [55]
while TNF-a deficiency has been associated with
decreased plaque inflammation [56]. Among
different monocyte subtypes, CD16+ (both
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intermediate and non-classical) are the main
producers of TNF-a [57]. The expansion of the
CD16 + monocytes has been documented in
many different diseases, mostly in infection or
inflammatory conditions [58-62]. Expansion
of intermediate and non-classical monocytes
during aging has been also reported [63, 64].
Moreover CD16+ monocytes from aged indi-
viduals were shown to produce higher level of
TNFa upon LPS stimulation compared to young
individuals [65]. There is also a growing body
of evidence demonstrating a significant role of
CD16 + monocytes (both intermediate and non-
classical) in the development of atherosclerosis
[66]. CD14 + CD16 + monocyte increased number
was associated with diagnosis of coronary ath-
erosclerosis. Also, patients with the highest lev-
els of CD14+4+CD16+ monocytes had increased
serum concentrations of TNF-a [67]. Other stud-
ies revealed, that there is a relationship between
enhanced levels of CDI16+ monocytes and the
presence of vulnerable atherosclerotic plaques,
either in patients with stable or unstable angina
pectoris [68]. Studies performed on a group of
over 900 subjects from the general population at
cardiovascular risk revealed that, after full adjust-
ment for cardiovascular risk factors, only the
CD14 + +CD16 +intermediate monocyte sub-
type remained an independent predictor of adverse
cardiovascular outcomes [69]. On the other hand,
there are also studies showing contradictory
results [70]; thus, the role of particular mono-
cyte subsets needs further investigation. In sum,
our results support the inflammatory potential of
senEVs secreted by VSMCs by way of influencing
monocyte activity.

Altogether, we have demonstrated for the first time
that EVs secreted by senescent VSMCs can modify
functioning of different types of immune cells that play a
prominent role in atherosclerosis development and pro-
gression. Our studies broaden and enrich the observation
of Gardner et al. [12], who revealed that factors secreted
by senescent cells induced chemotaxis of monocyte-
like cells (THP-1) in vitro. The effect was dependent on
IL-1oe and MCP-1 secreted by senescent VSMCs. They
also demonstrated that senescent VSMCs injected into
the mouse cavity led to recruitment of higher number
of leukocytes and monocytes/macrophages. Moreover,
immunocytochemical analysis of human carotid plaques
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revealed that CD68-positive cells accumulate in close
proximity to senescent cells, suggesting that those cells
attract monocytes/macrophages. Further studies per-
formed in mouse that stably expressed mutated telo-
meric repeat-binding factor 2 protein (TRF2T!384) in
VSMCs showed increased number of senescent cells in
the vessel wall after injury. In consequence, SASP fac-
tors secreted by senescent VSMCs caused increased
recruitment of immune cells [71]. Results of our study
indicate that SASP components secreted by senescent
VSMCs may facilitate inflammation also by stimulat-
ing proinflammatory cytokine production by T cells and
monocytes as well as by triggering a proinflammatory
phenotype of macrophages. Altogether, these results
strengthen the role of senescent cells as an important
contributor to inflammation in atherosclerosis.
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