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Abstract: Extracellular vesicles (EVs), comprising microvesicles (MVs) and exosomes (Exos), are
membranous vesicles secreted by cells which mediate the repair of cellular and tissue damage via
paracrine mechanisms. The action of EVs under normative and morbid conditions in the context
of ageing remains largely unexplored. We demonstrate that MVs, but not Exos, from Pathfinder
cells (PCs), a putative stem cell regulatory cell type, enhance the repair of human dermal fibroblast
(HDF) and mesenchymal stem cell (MSC) co-cultures, following both mechanical and genotoxic stress.
Critically, this effect was found to be both cellular age and stress specific. Notably, MV treatment
was unable to repair mechanical injury in older co-cultures but remained therapeutic following
genotoxic stress. These observations were further confirmed in human dermal fibroblast (HDF) and
vascular smooth muscle cell (VSMC) co-cultures of increasing cellular age. In a model of comorbidity
comprising co-cultures of HDFs and highly senescent abdominal aortic aneurysm (AAA) VSMCs,
MV administration appeared to be senotherapeutic, following both mechanical and genotoxic stress.
Our data provide insights into EVs and the specific roles they play during tissue repair and ageing.
These data will potentiate the development of novel cell-free therapeutic interventions capable of
attenuating age-associated morbidities and avoiding undesired effects.

Keywords: ageing; regenerative medicine; stem cells; extracellular vesicles; microvesicles; exosomes;
wound healing

1. Introduction

The burden of age-related morbidities is expected to increase as a direct consequence
of an expanding aged global population [1,2]. One’s capacity for tissue regeneration
and wound healing diminishes with age [3]. Indeed, these processes are affected by the
diseasome of ageing and are thus consequently impaired [4,5]. Mitigating the effects of
the diseasome of ageing [6,7] is challenging, and a range of therapeutic interventions
have been implemented to address this problem, including senolytic drugs designed to
remove senescent cells from ageing or damaged tissue to restore normative physiological
function [8–10]. The elimination of senescent cells by a range of senolytic agents has already
been demonstrated to increase the health span and lifespan of mice [10–13]. However, it
is unknown whether senolytic agents will function equivalently across one’s life course
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or how they will function in a multi-morbid milieu [14]. Alternative senotherapies are
also in development. These include cellular therapeutics to restore or replace damaged
tissue [15–22]. However, many of these cell-based therapies have technical and logistical
hurdles associated with them, including an increased cancer risk, appropriate cell selection
and differentiation, targeted delivery, costs, and scalability [23,24]. Such therapies have
had varied success in practice, and their exact mechanism of action is not yet completely
understood [25].

Notably, the recovery of tissue function following the administration of cell-based
therapies has not typically been the result of the incorporation of cellular therapeutics
directly into regenerated tissue [26], consistent with a model of paracrine-mediated tissue
regeneration. Recently, this paracrine effect has been identified and characterised for
Pathfinder cells (PC), a putative stem cell regulatory cell type that displays overlapping
features with mesenchymal stem cells [27,28]. Rat PCs can stimulate the recovery of
tissue structure and function across a species barrier in both concordant and discordant
xenotransplant models of acute tissue damage, including streptozotocin (SZT)-induced
damage to the pancreas and ischaemia/reperfusion damage to the kidney [27,28], with
further studies consistently demonstrating a paracrine mode of action in mice [29].

Extracellular vesicles (EVs), including microvesicles (MVs) and exosomes (Exos), have
been proposed experimentally as plausible candidates for facilitating paracrine-mediated
tissue regeneration through the transfer of bioactive cargo, including proteins, mRNA, and
miRNA [30,31], for both cellular and rodent models of organ damage [32–34]. Interest-
ingly, several studies have provided evidence that links EVs with cell proliferation [35–37],
migration [35,38–40], and angiogenesis [41,42] during wound healing. Nevertheless, an age-
associated deterioration in one’s wound healing capacity has been well documented [43],
and therefore cellular ageing might impair the efficacy of EV-mediated wound healing.
However, the capacity of EVs to mediate wound repair has yet to be investigated in the
context of cellular ageing. Additionally, the identity and nature of any EVs involved in
tissue regeneration in vivo remain to be fully defined. Significantly, in an in vivo streptozo-
tocin (STZ)-induced mouse model of diabetes, only MVs and not Exos were demonstrated
to facilitate improved glycaemia [29]. The mechanistic basis of this remains unresolved.
Consequently, understanding EV mechanisms of action during the maintenance of organis-
mal homeostasis and tissue regeneration throughout one’s lifespan could prove beneficial
for the development of novel senotherapies for the extension of human health span.

We have therefore investigated the therapeutic capacity of PC-derived EVs to facilitate
tissue regeneration in the context of cellular ageing and disease. MVs and Exos were
investigated and cross-compared for their capacity to facilitate repair in human dermal
fibroblast (HDF) and mesenchymal stem cell (MSC) co-cultures of increasing cellular
age, following mechanical stress induced by wounding and genotoxic stress induced by
uraemic serum derived from patients with chronic kidney disease (CKD). In these tissue
regeneration models, the effect of cellular ageing and underlying pathology were further
investigated in HDF and human vascular smooth muscle cell (VSMC) co-cultures of both
healthy and diseased abdominal aortic aneurysm (AAA) origins, with the VMSC and AAA
cells derived from the same patient.

2. Materials and Methods
2.1. Extracellular Vesicle (EV) Isolation

Rat PCs were cultured for the purpose of isolating MVs and Exos. The PCs were
initially plated on Corning® T75 flasks (Merck, UK). Once the cells reached 70% confluency,
they were transferred to bigger Corning® T150 flasks (Merck, UK). When the PCs reached
70% confluency once again, they were used to prepare a 50 mL cell suspension in MV-free
CMRL 1066 complete media. For this type of cell media, we used 10% heat-inactivated
FBS that was centrifuged at 16,000× g for 3 h to remove MVs potentially present within it.
The cell suspension was then transferred to a Corning® HYPERFlask® cell culture vessel
(Merck, UK), which was then completely filled with MV-free CMRL 1066 complete media.
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When the PCs reached 70% confluency, the culture media was collected and immediately
transferred to Corning® 50 mL centrifuge tubes (Merck, UK) and centrifuged at 1000× g
for 10 min to remove cell debris. The PC culture media supernatant was then transferred to
a Corning® Easy-Grip round plastic storage bottle (Merck, UK) and stored at 4 ◦C, before it
was used for MV and Exo isolation.

The PC culture media were split into Corning® 50 mL centrifuge tubes (Merck, UK)
and centrifuged at 1000× g for 10 min to remove further cell debris. The supernatant was
then carefully transferred to sterile Beckman Coulter® tubes (Beckman Coulter Life Sciences,
USA) and centrifuged at 16,000× g for 3 h at 4 ◦C in an Avanti J-25 centrifuge (Beckman
Coulter Life Sciences, USA) with a JA-25.50 fixed-angle aluminium rotor (Beckman Coulter
Life Sciences, USA). The supernatant was used for Exo isolation (see next paragraph), while
the MV pellets were resuspended in 1 mL sterile PBS. All of the resuspended MVs were
then transferred to a single Beckman Coulter® tube, in order to concentrate the MV sample.
The single tube was then filled completely with sterile PBS and was centrifuged again at
16,000× g for 3 h. The supernatant was discarded, and the MV pellet was resuspended in
1 mL sterile PBS. MV isolates were finally filtered twice with the use of MicroKros® hollow
fiber filters (Spectrum Laboratories, Inc., USA) 0.1 µm filters, to ensure removal of Exo
contaminants. The MV isolates were finally stored at −20 ◦C.

The supernatant that contained the Exos was transferred to sterile Beckman Coulter®

tubes and centrifuged at 120,000× g for 3 h at 4 ◦C. The supernatant was removed, and
the Exo pellets were resuspended in 1 mL sterile PBS. All the resuspended Exos were then
transferred to a single Beckman Coulter® tube, to concentrate the Exo sample. The single
tube was then filled completely with sterile PBS and was centrifuged again at 120,000× g
for 3 h. The supernatant was discarded, and the Exo pellet was resuspended in 1 mL
sterile PBS. Exo isolates were then filtered twice through 0.1 µm Minisart® syringe filters
(Sartorius AG, Germany) to remove MV contaminants, which are larger than 0.1 µm in size.
The Exo isolates were finally stored at −20 ◦C.

2.2. Cell Culture

The cells used in this study were adherent and cultured in Corning® T75 flasks (Merck,
UK) at 37 ◦C in a humidified incubator atmosphere maintained at 5% CO2. For passaging,
the cells were washed twice with phosphate buffered saline (PBS) (Thermo Fisher Scientific,
UK) and trypsinised at 37 ◦C for 5 min with Trypsin-EDTA (0.05%) (Thermo Fisher Scientific,
UK). Complete cell media were used to deactivate the Trypsin, and the cells were then
seeded with a ratio of 1:3 in new Corning® T75 flasks.

2.3. Pathfinder Cells (PCs)

Rat PCs of pancreatic origin were cultured in CMRL 1066 medium with no glutamine
(Thermo Fisher Scientific, UK) supplemented with 10% heat-inactivated fetal bovine serum
(FBS) (Thermo Fisher Scientific, UK), 1% penicillin-streptomycin (Thermo Fisher Scientific,
UK), 1% Amphotericin B (fungizone®) (Thermo Fisher Scientific, UK), and 1% GlutaMAX™
(Thermo Fisher Scientific, UK). The PCs originated from pancreatic tissue of 12-month-
old Albino Swiss (Glasgow) rats. Their cytotype has been described extensively (28, 72).
The pancreatic tissue was minced prior to culturing in serum-free medium, and the PCs
emerged as a confluent monolayer after approximately 5 weeks in culture.

2.4. Human Dermal Fibroblasts (HDFs)

HDFs were cultured in Dulbecco’s modified Eagle’s medium (DMEM) with GlutaMAX™-
I (Thermo Fisher Scientific, UK), supplemented with 10% heat-inactivated FBS (Thermo
Fisher Scientific, UK), 1% penicillin-streptomycin (Thermo Fisher Scientific, UK), and 1%
Amphotericin B (fungizone®) (Thermo Fisher Scientific, UK).
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2.5. Mesenchymal Stem Cells (MSCs)

Human MSCs were cultured in MSCBM™ mesenchymal stem cell basal medium
(MSCBM hMSC Basal Medium) (Lonza, UK) with necessary supplements (MSCGM hMSC
SingleQuot Kit) (Lonza, UK). According to the manufacturer, the serum that was used
neither promotes spontaneous differentiation of cells nor inhibits cell differentiation to
osteogenic, chondrogenic, or adipogenic lineages when properly stimulated.

2.6. Vascular Smooth Muscle Cells (VSMCs)

Collection, storage, and use of tissue and human aortic samples were in agreement
with the Dutch Code for Proper Secondary Use of Human Tissue. VSMCs were cultured in
Medium 199 (Thermo Fisher Scientific, UK), supplemented with 10% heat-inactivated FBS
(Thermo Fisher Scientific, UK), 1% penicillin-streptomycin (Thermo Fisher Scientific, UK),
and 1% Amphotericin B (fungizone®) (Thermo Fisher Scientific, UK) and 1% GlutaMAX™
(Thermo Fisher Scientific, UK). The VSMCs originated from patients who had suffered
a non-genetic abdominal aortic aneurysm. Specifically, the VSMCs were isolated by a
surgeon from healthy and aneurysmal aorta of the same patient.

2.7. Co-Cultures

To prepare the co-cultures, cell suspensions in complete DMEM were prepared for
HDFs and MSCs or VSMCs. HDFs and MSCs or VSMCs were counted, and then plated as
a co-culture, at a ratio of 5:1 HDFs to MSCs or HDFs to VSMCs. Co-culturing, wounding,
uraemic treatment protocol, and EV concentrations are described in the relevant method
sections below or in the Supplementary Materials.

2.8. Effect of EVs Relative to Cell Age

EVs were derived from young PCs, passages 1–4 (with 1–12 cell duplications, respec-
tively) and from old PCs, passage 17 (51 cell duplications) and tested on HDF–MSC wound
healing assays (Figure S8).

2.9. Flow Cytometry

A series of drops using the Flow Cytometry Sub-Micron Size Reference Kit (Life
Technologies, UK) with bead sizes of 0.2 µm, 0.5 µm, 1 µm, and 2 µm were added to
1 mL of PBS in 5 mL round-bottom polystyrene test tubes (BD Biosciences, UK) for flow
cytometry and were run on a BD FACSVerse™ (BD Biosciences, UK) flow cytometer. A
total of 200 µL of the EV isolates was added directly into flow cytometry tubes and run on
the flow cytometer. The BD FACSuite™ (BD Biosciences, UK) software was used for the
purposes of system setup, data acquisition, initial analysis, and shutdown. The data that
were collected were analysed with the use of FlowJo® Version 10.1 (FlowJo LCC, USA).

2.10. Senescence-Associated β-Galactosidase (SA β-gal) Assay

The cells were stained for SA β-gal 72 h after plating 50,000 cells per well, in 6-well
plates. Initially, the Senescence Cells Histochemical Staining Kit (Merck, UK) was used
according to the manufacturer’s guidelines. Briefly, the cell media were aspirated, and the
cells were washed twice with PBS. The fixation buffer was then added, and the cells were
incubated for 7 min at room temperature. The cells were washed 3 times with PBS, and
1.5 mL of the staining mixture (for 10 mL mixture: 8.5 mL milli-Q water, 1 mL staining
solution, 125 µL Reagent B, 125 µL Reagent C, and 250 µL X-gal Solution, filtered through
membrane with a pore size of 0.2 µm) was added. The cells were incubated in the staining
mixture overnight at 37 ◦C without CO2 at a pH of 6 until they were stained blue. The
cells were then washed three times with PBS and stained with 1.43 µM DAPI (Thermo
Fisher Scientific, UK), diluted in PBS, at room temperature for 1 h on a moving platform
and covered from light. The DAPI staining step was followed by three washes with PBS.
The cells were finally covered with 2 mL of 70% glycerol solution diluted in milli-Q water.
Visualisation was achieved with brightfield microscopy, and pictures were taken using a
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Zeiss Axio Observer microscope (Carl Zeiss Ltd., UK). Total cell number and cells positive
for SA β-gal were scored. At least 1000 cells were counted per well.

2.11. γH2A.X Staining

The cells were stained for γH2A.X and DAPI 72 h after plating. The cell media were
initially aspirated, and the cells were washed 2 times with PBS. The cells were then fixed
with 100% methanol (Merck, UK) at room temperature for 5 min. The cells were washed
another 2 times and permeabilised with 0.1% Triton™ X-100 (Merck, UK) diluted in PBS
and incubated at room temperature for 5 min. The cells were washed another 2 times with
PBS before addition of blocking solution. The blocking solution consisted of 1% bovine
serum albumin, 10% goat serum, and 0.3 M glycine in 0.1% PBS-Tween® 20 (all from Merck,
UK). Incubation took place at room temperature for 5 min. The primary rabbit antibody
anti-γH2A.X (phospho S139) (cat. No. ab2893, Abcam, UK) was added in a concentration
of 1 µg mL−1, and the cells were incubated at 4 ◦C on a moving platform overnight. After
removal of the primary antibody and 3 washes with PBS, the secondary goat anti-rabbit
Alexa Fluor® 488 antibody (1:1000; cat. no. ab150081, Abcam, UK) was added and allowed
to bind at room temperature for 1 h on a moving platform. The secondary antibody was
then removed, and the cells washed thrice with PBS. Finally, the cells were stained with
1.43 µM DAPI (Thermo Fisher Scientific, UK), diluted in PBS at room temperature for 1 h
on a moving platform that was sheltered from light. The DAPI staining step was followed
by three washes with PBS, and the cells were covered with 70% glycerol diluted in milli-Q
water. Pictures were then taken with fluorescence microscopy using a Zeiss Axio Observer
microscope (Carl Zeiss Ltd., UK). Total cell number and the number of cells expressing
cytoplasmic chromatin fragment (CCF) events, i.e., γH2A.X positive in the cytoplasm, were
recorded. At least 1000 cells were counted per well.

2.12. CDKN2A and CDKN1A Expression

RNA extraction: Cell samples (HDFs, MSCs, or VSMCs) were extracted before stress
(wounding or uraemic serum addition) and 72 h after stress in 1 mL TRIzol™ reagent
(Thermo Fisher Scientific, UK) with the use of a cell scraper. The samples were stored at
−20 ◦C overnight. The samples were then centrifuged at 12,000× g for 10 min at 4 ◦C, and
the supernatants were transferred to fresh tubes on ice. For every 1 mL of TRIzol™, 200 µL
of chloroform (Thermo Fisher Scientific, UK) was added. Hence, 200 µL chloroform was
used. The samples were mixed by hand for 15 s and incubated at room temperature for
3 min. They were then centrifuged at 12,500× g for 15 min at 4 ◦C. The aqueous phase was
transferred to fresh tubes on ice. For one volume of aqueous phase, an equal volume of
95% ethanol (Merck, UK) diluted in milli-Q water was added.

The RNA Clean & Concentrator™-25 kit (Zymo Research, USA) was then used. Briefly,
the samples were transferred to Zymo-Spin™ IIC columns in collection tubes and spun at
14,000× g for 30 s. After the flow-through was discarded, the column was pre-washed with
400 µL of RNA wash buffer and centrifuged at 14000× g for 30 s. The flow-through was
then discarded. DNase I mix (75 µL DNA digestion buffer and 5 µL DNase I per sample)
was added to each column, and the columns were then incubated at room temperature for
15 min. A total of 400 µL RNA Prep buffer was added, and the columns were centrifuged
at 14,000× g for 30 s. The flow-through was discarded. Then, 700 µL of RNA wash buffer
was added, and the columns were centrifuged at 14,000× g for 30 s. The flow-through was
discarded. This step was repeated once more with 400 µL of RNA wash buffer which was
centrifuged for 2 min this time. The flow-through was discarded, and each sample was
transferred to a new Eppendorf tube. A total of 15 µL DNase/RNase-free water was added
to each column and centrifuged at 14,000× g for 30 s. This step was repeated once more,
and 30 µL of total flow-through was collected and placed on ice for 15 min.

Finally, 1.6 µL of the RNA extracts were used for RNA measurement with the use of
the NanoDrop™ 2000 Spectrophotometer (Thermo Fisher Scientific, UK). The RNA samples
were then stored at −80 ◦C.
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RT-PCR: A total of 2.5 µL of random primers (3 µg µL−1) (Thermo Fisher Scientific, UK)
and 2.5 µL of Deoxynucleotide mix (10 mM) (Thermo Fisher Scientific, UK) were added to
125 ng of RNA per sample. Nuclease-free water (Thermo Fisher Scientific, UK) was added
to a final volume of 19 µL. The samples were mixed well by pipetting and incubated at 67 ◦C
for 5 min. The tubes were then placed on ice before adding 16 µL of the prepared pre-mix,
including 8 µL of 5× first-strand buffer, 2 µL of RNaseOUT™ recombinant ribonuclease
inhibitor (40 U µL−1), 4 µL of 0.1M DTT, and 2 µL of SuperScript® II Reverse Transcriptase
(200 U µL−1) per well. The samples were then mixed well by pipetting.

qPCR: The qPCR mastermix was prepared following the manufacturer’s guidelines
(Thermo Fisher Scientific, UK). Briefly, each reaction contained 5 µL of TaqMan™ Universal
PCR mastermix II (no UNG), 3.5 µL of nuclease-free water, 0.5 µL of 20× TaqMan™ Assays
qPCR primers (all from Thermo Fisher Scientific, UK) and 1 µL of product of RT-PCR
reaction. Relative quantity of RNA was analysed using comparative threshold (Ct) method.
Negative controls included a no-template control (no RNA at cDNA generation step) and
an amplification control (no cDNA added).

2.13. Real-Time Cell Analysis (RTCA)

Wound healing and uraemic serum assays were performed in E-Plate VIEW 96 (ACEA
Biosciences, Inc., USA), which is a specific type of 96-well plate, fused with gold micro-
electrodes that can detect the presence of adherent cells. Cell growth was recorded with
the xCELLigence® RTCA MP (ACEA Biosciences, Inc., USA). A total of 100 µL DMEM
medium per well was added, and the plate was placed in the RTCA instrument in the
incubator (37 ◦C, 5% CO2) to measure the background impedance. Additionally, a cell
suspension in complete DMEM was prepared for HDFs and MSCs (or VSMCs). HDFs
and MSCs (or VSMCs) were counted, and 5000 cells were plated as a co-culture, at a ratio
of 5:1 HDFs to MSCs (or HDFs to VSMCs). The plate was filled to 200 µL per well with
addition of the mixed cell suspension, and the cells were allowed to sediment for 30 min in
the tissue culture hood. The plate was then placed in the RTCA instrument in the incubator
for overnight incubation. Twenty-four hours later, after allowing for overnight attachment,
a scratch wound was performed with a 20 µL sterile pipette tip for each well for the wound
healing assays. For the uraemic serum assays, the media were gently removed and replaced
with 150 µL fresh MV-free DMEM media, 20 µL of uraemic serum (10% final concentration),
and 30 µL MVs (or Exos) (0.1 ng µL−1 of total RNA). For control, the wells were replaced
with media containing equal volume of PBS instead of MVs. The plate was returned to the
RTCA instrument in the incubator, and wound closure was recorded during a three-day
period. Wells containing no cells and wells containing only media or media with MVs were
also used as controls.

Cell proliferation assays in the absence of stress were also performed in E-Plate VIEW
96, and cell growth was recorded with the xCELLigence® RTCA MP. A total of 100 µL of MV-
free DMEM medium per well was added, and the plate was placed in the RTCA instrument
in the incubator (37 ◦C, 5% CO2) to measure the background impedance. Additionally, a
cell suspension in MV-free DMEM media was prepared for HDFs and MSCs. HDFs and
MSCs were counted, and 5000 cells were plated as a co-culture, at a ratio of 5:1 HDFs to
MSCs. The plate was filled to 200 µL per well with addition of the mixed cell suspension
and MVs (0.1 ng µL−1) or a similar volume of PBS instead of MVs as a control. The cells
were allowed to sediment for 30 min in the tissue culture hood. The plate was then placed
in the RTCA instrument in the incubator, and cell proliferation was monitored for 72 h.
Wells containing no cells and wells containing only media or media with MVs were also
used as controls.

Cell migration assays in the absence of stress were performed in CIM-Plate 16 (ACEA
Biosciences, Inc., USA), which is a specific type of 16-well plate comprising an upper
chamber with a microporous membrane (8 µm pore diameter) and a bottom chamber. Gold
electrodes on the underside of the upper membrane detect the presence of cells migrating
through the pores. Cell migration was recorded with the xCELLigence® RTCA DP (ACEA
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Biosciences, Inc., USA). The bottom chamber of the 16-well plate was completely filled with
MV-free DMEM. The upper chamber was locked on top of the bottom chamber, and it was
filled with 50 µL of MV-free DMEM medium. The fully assembled plate was placed in the
RTCA instrument in the incubator (37 ◦C, 5% CO2) to measure the background impedance.
A cell suspension in MV-free DMEM was prepared for HDFs and MSCs. Cells were then
counted and the two cell types were mixed at a 5:1 ratio of HDFs to MSCs. A total of
5000 cells were then added to the upper chamber at a total volume of 170 µL per well, along
with 30 µL of MVs (0.1 ng µL−1) or a similar volume of PBS instead of MVs as a control.
Cells were allowed to sediment for 30 min in the incubator. The plate was then placed in
the RTCA instrument in the incubator, and cell migration was monitored for 72 h. This
experiment was also repeated with addition of a similar dose of MVs (or PBS as a control)
at the bottom chamber. Wells containing no cells and wells containing only media or media
with MVs were also used as controls.

Data of the RTCA normalized cell index over time were collected and analysed with
the use of a slope analysis by RTCA software, version 1.2.1 (ACEA Biosciences, Inc., USA).

2.14. 5-Bromo-2′-Deoxyuridine (BrdU) Labelling

Stress assays (wounding or uraemic serum addition) were performed in Corning®

6-well plates (Merck, UK). The HDFs, MSCs, and VSMCs (healthy and aneurysmal) were
counted and used immediately for plating on 6-well plates as monocultures. After allowing
for overnight attachment in the incubator at 37 ◦C and 5% CO2, a scratch wound was
performed with a cell scraper for the wound healing assays. The media were then gently
removed and replaced with fresh MV-free DMEM media. For the uraemic serum assays, the
media were gently removed and replaced with fresh MV-free DMEM media, 10% uraemic
serum, and MVs. MVs were administered at a dose of 0.1 ng µL−1 of RNA per well. For
control, the wells were replaced with MV-free media containing equal volume of PBS,
instead of MVs.

The cells were stained with BrdU before stress and 72 h after stress. Initially, the
5-Bromo-2′-deoxyuridine Labelling and Detection Kit II (Roche, UK) was used as per
manufacturer’s protocol. The cell media were aspirated, and the cells were washed twice
with PBS before the BrdU labelling medium (1:1000 dilution in MV-free complete media,
filtered through a membrane with a pore size of 0.2) was added for the labelling of DNA.
The cells were incubated with the BrdU labelling medium at 37 ◦C for 30 min. They were
then washed 3 times with washing buffer (diluted 1:10 in milli-Q water). The cells were
then fixed in ethanol fixative (30 mL of 50 mM glycin solution and 70 mL absolute ethanol,
with a pH of 2.0) for 10 min at −20 ◦C. The cells were then washed 3 more times with
washing buffer, and the Anti-BrdU solution was added and allowed to act at 37 ◦C for
30 min. The cells were washed 3 times again, and the Anti-mouse-Ig-AP solution was
added to the cells for 30 min at 37 ◦C. Finally, the cells were washed 3 times with washing
buffer, and freshly prepared colour substrate buffer solution (100 mM Tris HCl, 100 mM
NaCl, 50 mM MgCl2, at a pH of 9.5) was added at room temperature for 15 min before it
was washed with washing buffer 2 times as well. The cells were then covered with 70%
glycerol diluted in milli-Q water.

The cells were visualised with brightfield microscopy, using a Zeiss Axio Observer
microscope (Carl Zeiss Ltd., UK). Total cell number and cells positive for BrdU were
counted. At least 1000 cells were counted per well.

2.15. Time Lapse Fluorescence Microscopy

Wound healing assays were performed in Corning® 6-well plates (Merck, UK). HDFs
and MSCs were individually labelled with cell tracking dyes eBioscience™ CFSE (Thermo
Fisher Scientific, UK) and PKH26 (Merck, UK), respectively. Optimised protocol was used
for both cell types. After preparing serum-free cell suspension, the fluorescent cell tracking
dyes were added at a final concentration of 5 µM for both dyes, and the cells were incubated
in the dark at 37 ◦C for 10 min. Labelling was stopped by addition of 5 volumes of cold
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complete media and incubation on ice for a further 5 min. The cells were then washed
3 times with complete media to remove excess of the cell tracking dyes.

The cells were counted and used immediately for plating on 6-well plates as a co-
culture with a 5:1 ratio of HDFs to MSCs. After allowing for overnight attachment in the
incubator at 37 ◦C and 5% CO2, a scratch wound was performed with a cell scraper. The
media were then gently removed and replaced with fresh MV-free DMEM media. MVs
were administered at a dose of 0.1 ng µL−1 RNA per well. For control, the wells were
replaced with MV-free media containing equal volume of PBS, instead of MVs.

Pictures were taken every 12 h over a 3-day period with fluorescence microscopy, using
a Zeiss Axio Observer microscope (Carl Zeiss Ltd., UK). The number of cells migrating into
the wound site during repair were counted.

2.16. Statistical Analysis

Comparisons were performed using GraphPad Prism and the most suitable method,
which was either t-test or one-way ANOVA with Tukey’s or Dunnett’s test. Data are
presented as means ± SD. p ≤ 0.05 was considered statistically significant. In figure
legends, N corresponds to independent biological replicates of an experiment, and n
corresponds to technical replicates.

3. Results
3.1. Only PC-Derived MVs and Not Exos Are Able to Accelerate Wound Healing

We explored the regenerative properties of PC-derived EVs to mediate wound healing
in an HDF–MSC co-culture model, incorporating a scratch assay in vitro. The ageing
characteristics of all of the cells used in subsequent studies, including senescence-associated
(SA) β-galactosidase, cytoplasmic chromatin fragments (CCF), and CDKN2A and CDKN1A
expression, are shown in Figure S1. All the biomarkers of ageing demonstrated an increase
in expression with increasing cellular age. For the purposes of this investigation, co-cultures
comprising HDFs and MSCs were employed to provide a basic surrogate for the tissue
microenvironment [44]. Specifically, we investigated and cross-compared MVs and Exos
for their therapeutic efficacy to facilitate wound repair. MVs and Exos were isolated from
cell culture media of rat PCs through a series of sequential centrifugation and ultrafiltration
steps [29]. They were then characterized by their size and surface markers. The MV isolates
ranged between 0.1 and 1 µm in size, as expected [45], while the Exos were undetected
via flow cytometry, as a consequence of their significantly smaller size and the triggering
threshold of the instrument (Figure S2). We have previously shown Integrin β1, CD40,
Rab5b, and CD63 to be expressed on these MV isolates, while CD9 was found to be
expressed only in Exo preparations [29], as others have also reported [46,47].

We monitored wound repair with real-time cell analysis (RTCA) proliferation assays
over a three-day period following wounding. The administration of Exos directly after
wounding had no significant beneficial effect on wound healing, while the addition of
MVs significantly enhanced the efficiency of cells in proliferating in response to wounding.
Additionally, the MV-treated co-cultures were capable of complete wound closure, whereas
the Exo treatment and non-treated controls failed to achieve this (Figure 1A,B).

3.2. MV-Mediated Wound Healing Capacity Declines in HDF–MSC Co-Cultures with Increased
Cellular Age

The individual cell types within the co-cultures were characterized by age (passage
number) as young (passages 1–4), middle-age (passages 8–12), and old (passages 16–20),
respectively. Their proliferative capacity was then determined by an RTCA slope analysis
in response to the mechanical stress (scratch wounds). Both the young and middle-age
co-cultures displayed increased growth slopes following the addition of MVs and were able
to completely close the wound over the course of the experiment. However, the older co-
cultures were refractory to the MV treatment and were not able to fully close the wound over
the 72-h time period of the experiment, equivalent to the untreated controls (Figure 1C). A
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further analysis indicated that the unassisted wound closure rate decreased with increased
cellular age (Figure S3A), and this cellular age effect resulted in a significantly more rapid
decrease in MV-mediated wound healing (Figure S3B,C). 5-bromo-2′-deoxyuridine (BrdU)
staining was then employed to further confirm that any MV-associated increase in the
wound closure rate was due to enhanced cell proliferation. The staining was performed
individually for the HDF and MSC monocultures. The MV administration resulted in an
increased number of actively proliferating HDFs and MSCs in the young and middle-age
cultures. No difference was observed between the treated old HDFs, treated old MSCs, and
controls (Figure 1D,E).

Figure 1. MV treatment improves cellular proliferative capacity following wounding, while old
cellular age inhibits the MVs’ beneficial effect. (A) RTCA proliferation assay of a wound healing
assay on a young HDF–MSC co-culture. Data are presented as mean ± SD (n = 6). (B) Wound healing
rate of young HDF–MSC co-cultures treated with MVs and Exo, from 0 to 72 h. Data are presented as
mean ± SD using one-way ANOVA with Tukey’s test (N = 3). (C) Wound healing rate of HDF–MSC
co-cultures of increasing cellular age, after wounding and under MV treatment. Data are presented as
mean ± SD; t-test (N = 3). (D) Percentage of BrdU+ HDFs of increasing cellular age, after wounding
and under MV treatment. Data are presented as mean ± SD; t-test (N = 3). (E) Percentage of BrdU+

MSCs of increasing cellular age, after wounding and under MV treatment. Data are presented as
mean ± SD; t-test (N = 3). * p < 0.05, ** p ≤ 0.01, **** p ≤ 0.0001.
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To further understand the potential processes through which MVs facilitate wound
healing in HDF–MSC co-cultures, time-lapse fluorescence microscopy was utilized to
observe the migration of these cells to the wound site, in response to the MV treatment
during the wound’s closure. The HDFs and MSCs were differentially stained with CFSE
and PKH26, respectively, and observed at 24-h intervals over a 3-day period. In the presence
of the MVs, significantly more cells migrated to the site of mechanical damage, and this
response was observed from as early as 24 h post wounding. The positive effect of the MV
treatment also resulted in a higher number of cells after 48 and 72 h (Figure 2A,B). As the
cellular age increased, the migratory efficacy of the cells diminished during MV-mediated
wound healing. More precisely, in the middle-cellular-age co-cultures, a 24-h delay was
observed in MV-mediated cell migration, comparing to that of the young co-cultures
(Figure 2C). The old co-cultures were non-responsive to the treatment (Figure 2D).

Figure 2. MVs improve the migration of HDFs and MSCs in the wound site but in an age-dependent
manner. (A) Time-lapse fluorescence microscopy of a wound healing assay in a young HDF–MSC
co-culture, treated with MVs. Wounding and MV administration took place at time point 0. HDFs
labelled with CFSE (green) and MSCs with PKH26 (orange). Magnification 50×, scale bar 100 µm.
Effect of MV administration on cell migration into the wound site; 24, 48, and 72 h after wounding in
(B) young, (C) middle-age, and (D) old HDF–MSC co-cultures. Data are presented as mean ± SD;
t-test (N = 3). * p < 0.05, ** p ≤ 0.01.

The responses of each of the two co-cultured cell types to the MV treatment during
the wound closure were then studied individually. The MV addition had a positive effect
on young the HDFs, increasing cell migration into the wound site from 24 h onwards
(Figure S4A). This response was delayed in middle-cellular-age HDFs and significantly
more HDFs migrated to the wound site from 48 h onwards (Figure S4B). Finally, no
differences were detected in the number of HDFs that migrated to the site of damage at an
old cellular age (Figure S4C). Similarly, the young MSCs responded in a positive manner
to MV administration and migrated to the wound site at 24, 48, and 72 h (Figure S4D).
In the middle-cellular-aged MSCs, as in HDFs, the MVs’ positive effects, in terms of cell
migration, were only apparent from 48 h onwards (Figure S4E). Finally, there were no
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observable differences in the number of cells that migrated to the site of damage, between
the old MV-treated MSCs and the controls (Figure S4F).

Overall, these data suggest that MVs have the capacity to enhance the migration rate
of both HDFs and MSCs in response to mechanical stress and repair wounds in vitro. This
effect occurred in a time-dependent manner that was negatively affected by cellular ageing.
Explicitly, the therapeutic effect was delayed in middle-age co-cultures and not observed
in old co-cultures. Hence, these observations further validate that cellular ageing has a
negative impact on the MV-mediated repair of mechanical stress. Interestingly, MVs did not
increase the proliferative or migratory capacity in the control unwounded HDF–MSC co-
cultures of increasing cellular age (Figure S5), indicating that they enhance cell proliferation
and migration only in the presence of cellular damage.

3.3. Cellular Age Does Not Impact MV Efficacy under Morbid Conditions

As premature ageing is a common feature of the diseasome of ageing, including
CKD [48,49], we sought to determine if the features of morbidity (i.e., uraemia) affected
MV efficacy in the context of cellular age. Co-cultures comprising HDFs and MSCs were
employed to assess the regenerative properties of PC-derived MVs and Exos in facilitating
the repair of genotoxic stress caused by uraemia derived from CKD stage-3 patients.
During the first 24 h following the addition of uraemic serum, there was a distinct period
of decreased cell growth. Interestingly, the RTCA data suggested that MV administration
resulted in a significant decrease in cell growth, in comparison to both the control and Exo
treatment, during this period of genotoxicity (Figures 3A and S6A). Nevertheless, over
the subsequent 48 h, an increase was observed in cell growth for the MV-treated samples.
This time window was termed as a healing period because the cells were able to recover
from the genotoxic stress and proliferate. During the healing period, the data indicated
that MV addition had a positive effect on cell growth, while the control cell index did not
significantly increase. In the control, this is indicative of a cytostatic effect in response to
the presence of uraemic serum. Conversely, MVs were subsequently able to facilitate a
positive response, and the cell growth significantly surpassed that of the control by the end
of the experiment (Figure 3A). During the healing period, the slope analysis indicated that
the administration of MVs significantly enhanced the rate of cell growth (Figure 3B). This
was also true for the co-cultures of all the cellular ages that were investigated. Hence, the
MV-associated therapeutic effect was not only recorded in young and middle-cellular-age
mixed cultures, as was the case with the wound healing assays, but also in co-cultures of an
old cellular age (Figure 3C). Furthermore, the increased MV-mediated cell loss during the
genotoxicity period was also observed at all cellular ages (Figure S6B). The administration
of Exos directly after the induction of genotoxicity had a protective effect during the
initial 24-h genotoxicity period. The Exo-treated samples retained a higher cell index and
significantly reduced cell loss compared to both the untreated controls and the MV-treated
samples (Figures 3A and S6A). Nevertheless, there was no significant Exo-associated effect
during the healing period. The cell growth rate remained at similar levels to that of the
untreated controls and at significantly lower levels to the MV-treated samples (Figure 3B).

These data are consistent with the MV treatment being a senotherapeutic. MVs may
thus act as a putative senolytic agent in these assays, initially enabling the removal of
senescent cells resulting from morbid conditions and subsequently promoting the repair
of damaged tissue. This hypothesis builds upon previous studies that have demonstrated
the ability of apoptotic cells to induce proliferation in neighbouring cells through compen-
satory proliferation signaling [50,51], mediated by the production and release of MVs that
stimulate proliferation [52]. Other studies have also indicated that MVs are responsible
for inducing apoptosis and cell proliferation following stress stimuli [53–55]. Thus, PC-
derived MVs may play a key role in assisting and enhancing compensatory proliferation
signaling following uraemic stress, initially inducing cell loss and subsequently increasing
cell proliferation.
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Figure 3. MV treatment improves cellular proliferation following uraemic stress, irrespective of
cellular age. (A) RTCA proliferation assay of a genotoxicity assay on a young HDF–MSC co-culture.
Data are presented as mean± SD (n = 6). (B) Cell growth rate of young HDF–MSC co-cultures treated
with MVs and Exos, from 0 to 72 h. Data are presented as mean ± SD; one-way ANOVA with Tukey’s
test (N = 3). (C) Cell growth rate of HDF–MSC co-cultures of increasing cellular age, after genotoxic
stress and under MV treatment. Data are presented as mean ± SD; t-test (N = 3). (D) Percentage
of BrdU+ HDFs of increasing cellular age, after genotoxic stress and under MV treatment. Data are
presented as mean ± SD; t-test (N = 3). (E) Percentage of BrdU+ MSCs of increasing cellular age, after
genotoxic stress and under MV treatment. Data are presented as mean ± SD; t-test (N = 3). * p < 0.05,
**** p ≤ 0.0001.

3.4. MV Treatment in the Context of Cellular Abnormality

Senotherapeutic strategies, such as those employing senolytic drugs, enable the re-
moval of senescent cells for the purposes of improving age-related physiological functional
capacity, as a means of extending one’s health span [9,11,56]. Senolytic activity, however,
could have an adverse consequence, as a result of the removal of senescent cells whose
presence is essential for maintaining tissue integrity. For instance, human vascular smooth
muscle cells (VSMCs) in aneurysmal tissues have been identified to comprise populations
of senescent cells [57–62], and their removal could hypothetically result in an undesirable
aneurysmal rupture with dire physiological consequences. An abdominal aortic aneurysm
(AAA) is an important health problem with a prevalence of up to 9% in adults over the
age of 65 [63–65]; thus, the risk of AAAs in response to senotherapies merits further in-
vestigation. Here, we assessed the effect of MV administration to mediate repair in the
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presence of comorbidity, associated with increased levels of cellular senescence. For this
reason, AAA VSMCs were compared with healthy VSMCs derived from the same patient
and co-cultured with HDFs, due to their ability to repair mechanical and genotoxic stress
in vitro, in response to MV treatment and with respect to cellular ageing.

For normal (i.e., non-aneurysmal) VSMC co-cultures, the addition of MVs significantly
enhanced the efficiency of cells to proliferate in response to wounding, in comparison to
the non-treated controls in young and middle-aged co-cultures (Figure 4A,B). However, the
addition of MVs did not have an observable effect on the wound closure rate in old mixed
cell cultures. These co-cultures were refractory to the MV treatment during the 72 h of the
experiment (Figure 4B). The actively proliferating healthy VSMCs (BrdU positive) were
quantified, and it was observed that the MV administration resulted in complete wound
closure and an increased number of actively proliferating cells, in comparison to that of the
untreated controls. This was only true for young VSMCs, while middle-age and old-age
VSMCs showed no difference from the controls (Figure 4C).

Figure 4. MVs improve the proliferation of HDF–VSMC co-cultures in response to wounding and
uraemia in a stress- and age-dependent manner. (A) RTCA proliferation assay of a wound healing
assay on a young HDF–VSMC co-culture. Data are presented as mean ± SD (n = 6). (B) Wound
healing rate of HDF–VSMC co-cultures of increasing cellular age, after wounding and under MV
treatment. Data are presented as mean ± SD; t-test (N = 3). (C) Percentage of BrdU+ VSMCs of
increasing cellular age, after wounding and under MV treatment. Data are presented as mean ± SD;
t-test (N = 3). (D) RTCA proliferation assay of a genotoxicity assay on a young HDF–VSMC co-culture.
Data are presented as mean± SD (n = 6). (E) Cell growth rate of HDF–VSMC co-cultures of increasing
cellular age, after genotoxic stress and under MV treatment. Data are presented as mean ± SD; t-test
(N = 3). (F) Percentage of BrdU+ VSMCs of increasing cellular age, after genotoxic stress and under
MV treatment. Data are presented as mean ± SD; t-test (N = 3). * p < 0.05, ** p ≤ 0.01.
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In uraemic genotoxicity assays, MV administration resulted in a significant decrease
in the cell index (thus reduced cell growth), relative to that of the controls during the geno-
toxicity period from 0 to 24 h after the uraemic serum addition. Following the genotoxicity
period, an increase was detected in the cell index in the MV-treated samples. Specifically,
the cell index surpassed that of the untreated controls. Hence, the elevated cell growth
during the healing period from 24 to 72 h of the experiment was attributed to MV action,
with these cells able to recover from the genotoxic stress and proliferate. The untreated
controls were unable to recover from the same genotoxic stress, and after an initial re-
duction in the cell index (0–24 h), the cell growth remained unchanged from 24 h until
the end of the experiment (Figure 4D). During the initial 24-h genotoxicity period, the
slope analysis indicated that the presence of MVs significantly reduced the cell index and
cell growth relative to that of the controls. Consequently, MV administration following
genotoxicity appeared to increase cell loss in comparison to that of the non-treated controls.
Cell loss was elevated as the cellular age of the co-cultured cells increased (Figure S7A).
This is consistent with senescent cell accumulation with cellular age and their subsequent
removal following repair after genotoxic damage. During the healing period, from 24 to
72 h, the slope analysis indicated that the administration of MVs significantly enhanced
the rate of cell growth in all age classes, in comparison to that of the controls (Figure 4E).
However, the rate of cell growth associated with the old cellular age was lower than that
of the young- and middle-cellular-age co-cultures. Additionally, 72 h after the addition
of uraemic serum, it was observed that the MV administration enhanced the number of
healthy, actively proliferating BrdU-positive VSMCs compared to that of the untreated
controls. This observation remained unchanged, irrespective of the cellular age in the assay
(Figure 4F).

In the AAA VSMC co-cultures, the addition of MVs significantly reduced the efficiency
of the cells to proliferate in response to wounding, in comparison to that of the controls
(Figure 5A). The slope analysis from 0 to 72 h indicated that the proliferative capacity
of young-cellular-aged co-cultures, in response to mechanical stress, was significantly
decreased after the addition of MV. Additionally, these co-cultures retained a negative slope
over the 72-h period and did not display signs of recovery. These data suggest that the
addition of MVs resulted in cell loss. However, middle-cellular-age co-cultures were able
to respond positively to MV administration and the rate of wound repair was significantly
enhanced, in comparison to the controls, while the addition of MVs in old co-cultures did
not have an observable effect on the rate of wound closure (Figure 5B). Three days post
wounding, BrdU staining indicated that the MV administration resulted in reduced cell
proliferation in the young AAA VSMC cultures. Nonetheless, complete wound closure and
an increased number of actively proliferating cells were observed with middle-age AAA
VSMC cultures, in comparison to the untreated controls. We hypothesised that through
the cell culture and continuous passaging of cells, non-senescent cell selection happened
naturally, and thus senescent cells numbers dropped, as confirmed by the significantly
lower levels of SA β-gal and CCF that were observed in the middle-age AAA VSMCs,
compared to the young, highly senescenct AAA VSMCs (Figure S1A,B). Finally, the MV-
treated old-cellular-aged cultures from the AAA-derived cells were indistinguishable from
the controls (Figure 5C), indicating that proliferative senescence occurred (Figure S1), and
hence an increased cellular age was a factor in cells becoming refractory to the treatment.

In the genotoxicity assays, the addition of MVs had a significant negative impact on
cell growth (Figure 5D). The slope analysis from 0 to 24 h indicated that the proliferative
capacity of young co-cultures, in response to genotoxic stress, was significantly decreased
after the addition of MVs (Figure S7B). Interestingly, the young co-cultures retained a
negative slope over the 72-h period and did not display any signs of recovery, while the
middle-aged co-cultures that were treated with MVs were able to respond positively to MV
administration and recover by the end of the experiment, through a significant increase
in cell growth compared to that of the untreated controls. No effect was observed in the
old-cellular-age co-cultures (Figure 5E). In the AAA VSMC mono-cultures, a quantification
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of BrdU-positive cells revealed that the MVs decreased the ability of the cells to proliferate
in the presence of uraemic serum at a young cellular age. Nevertheless, MV administration
was associated with an increased percentage of actively proliferating cells in middle- and
old-cellular-age AAA VSMCs (Figure 5F).

Figure 5. HDF-AAA VSMC co-cultures in response to MV treatment following wounding and
uraemia. (A) RTCA proliferation assay of a wound healing assay on a young HDF-AAA VSMC
co-culture. Data are presented as mean ± SD (n = 6). (B) Wound healing rate of HDF-AAA VSMC
co-cultures of increasing cellular age, after wounding and under MV treatment. Data are presented
as mean ± SD; t-test (N = 3). (C) Percentage of BrdU+ AAA VSMCs of increasing cellular age, after
wounding and under MV treatment. Data are presented as mean ± SD; t-test (N = 3). (D) RTCA
proliferation assay of a genotoxicity assay on a young HDF-AAA VSMC co-culture. Data are presented
as mean ± SD (n = 6). (E) Cell growth rate of HDF-AAA VSMC co-cultures of increasing cellular
age, after genotoxic stress and under MV treatment. Data are presented as mean ± SD; t-test (N = 3).
(F) Percentage of BrdU+ AAA VSMCs of increasing cellular age, after genotoxic stress and under MV
treatment. Data are presented as mean ± SD; t-test (N = 3). * p < 0.05, **** p ≤ 0.0001.

4. Discussion

Due to population ageing, there is an ongoing demographic shift which will lead to
a significant increase in the number of elderly individuals around the world [66]. This
represents a major societal and global health challenge with massive economic implica-
tions, due to the elevated burden of age-related morbidities that is estimated to increase
accordingly [1,2,67]. Thus, measures are sought to improve one’s health span and increase
the number of years of healthy old age [32]. The ageing trajectory can be altered by genetic,
dietary, and pharmacological interventions, as demonstrated in model organisms [68–71].
However, the likelihood that these interventions can be directly translatable in humans is
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limited by unwanted side-effects or because they are impractical to undertake [68]. Conse-
quently, there is a need to identify novel, safe, and practical interventions that ultimately
improve late-life health in humans.

Therapeutic strategies that activate relevant repair processes in severely or termi-
nally non-functional tissue are arguably the best approach for dealing with age-related
pathophysiology [32]. Cell-based therapies, using a number of different cell types, such
as induced pluripotent stem cells (iPSCs) [15,16], mesenchymal stem cells (MSCs) [17–20],
very small embryonic-like stem cells [21,22], Pathfinder cells (PCs) [27,28,72], and others,
are actively being developed [73,74]. Nevertheless, they are beset by logistical, technical,
and ethical hurdles [23,24]. These therapies have had varied success and their exact mech-
anism of action remains poorly understood. Critically, the recovery of tissue function by
particular cellular therapies has typically been suggested to occur without the incorporation
of cellular therapeutics directly into the tissue being investigated [26]. These observations
are consistent with a paracrine-mediated tissue regeneration model. Extracellular vesi-
cles (EVs) have been experimentally proposed as strong candidates for mediating such a
paracrine effect, as they are involved in cell-to-cell communication [30,31]. EVs have previ-
ously been explored for their capacity to facilitate paracrine-mediated tissue regeneration
in cellular and rodent models of organ damage [32,33,45,75–78]. Such therapeutic strategies
that enable severely or terminally non-functional tissue to activate relevant repair processes
are arguably the best approach for dealing with the age-related loss of one’s physiological
functional capability [32].

In this study, we have demonstrated that only the microvesicle (MV) component of
EVs derived from PCs demonstrate a regenerative capability and therapeutic efficacy to
initiate and enhance the repair process in vitro, following both wounding and uraemic
serum-induced genotoxicity. This observation is consistent with a previous report linking
PC-derived MVs with tissue repair in vivo, in a model of streptozotocin (STZ)-induced
diabetes [29]. While MVs were shown to be therapeutically superior, exosome (Exo)
treatment was associated here with an anti-apoptotic effect following the uraemic serum
addition. Although Exo action alone was not sufficient to enhance repair and its effects
were short-term, acting together with MVs might prove to be an effective therapeutic
strategy worth exploring in the future.

Additionally, our in vitro data indicate that MVs significantly enhance wound repair,
associated with increased proliferation and the cellular migration of both HDFs and MSCs
into the wound site following mechanical injury, but this effect was negatively affected
by cellular ageing. Thus, an interplay has been indicated to exist between MV-mediated
regeneration and ageing and appears to be context dependent. Specifically, ageing appeared
to interplay and negatively impact the MV-mediated repair of mechanical, but not genotoxic,
stress. This suggests that MV-facilitated repair processes deteriorate with age at a different
rate with respect to the type of stress that induces cellular repair. Notably, MVs did not
increase the proliferative or migratory capacity in the unwounded controls, irrespective of
cellular age. Hence this effect is only observed in the presence of cellular damage.

Our data are consistent with a scenario in which MVs can act as senotherapeutic
and senolytic agents, promoting cell loss and enabling the restoration of physiological
homeostasis in damaged tissue. This is in keeping with previous studies that demonstrated
the ability of MVs derived from apoptotic cells to induce proliferation in neighbouring
cells through compensatory proliferation signalling [52–55]. This is also consistent with
PC-derived MVs enabling compensatory proliferation signalling in the presence of uraemic
stress. In the genotoxicity assays, we observed that MVs improved cellular growth re-
sponses and enhanced the recovery of aged cells, unlike when grown under normative
conditions, or when subject to mechanical stress. Notably, the addition of MVs initially
resulted in increased cell loss before enhancing cell growth, consistent with the hypothesis
of an MVS-induced senolytic effect in which senescent cell removal is enabled.

This was further validated in AAA VSMCs, which were highly senescent, as others
have also demonstrated for both abdominal and thoracic aortic aneurysms [57–60,79].
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The MV administration led to significantly increased cell loss in the presence of both
wounding and uraemic serum at a young cellular age. In contrast, the MV administration
was associated with an increased percentage of actively proliferating cells following stress
in both middle-age and old AAA VSMCs, in which the senescent cell presence was lower in
comparison to that of the young cellular age. These findings suggest that an MV-associated
putative senolytic effect could have negative implications in the presence of an underlying
pathology, such as an AAA, that is associated with elevated levels of cellular senescence
and in the presence of a secondary stressor (i.e., wounding or uraemia). As others have
discussed recently with regards to senotherapies, a cautionary approach should be adopted
to avoid adverse events [80], such as the one reported in this study. Overall, highly
senescent populations of cells which have resulted from comorbidity, such as AAA VSMCs,
are less capable of responding to subsequent stress, while MV-mediated regeneration
demonstrates a deleterious effect, causing cell removal and a reduced capacity for tissue
repair. These observations need to be further investigated in animal models of aneurysms
and comorbid conditions, for which senescent cells play an essential role in maintaining
tissue homeostasis, and their removal could putatively lead to undesirable consequences
for the organism, such as an aneurysm rupture. Additionally, our data indicate that the
exploration of MV payloads is essential to understanding the mechanistic basis of our
observations and thus merits investigation.

Overall, under normative growth conditions, MVs appear inert with respect to their
effects on cell proliferation and migration. However, they are therapeutically efficacious
and show an age-dependent effect in the presence of mechanical wounding, but not in the
presence of genotoxicity. Explicitly, MV treatment repaired middle-aged co-cultures at a
slower rate and was unable to repair mechanical injury in old co-cultures; nevertheless,
it was therapeutically efficacious following genotoxic stress. Thus, MV-mediated repair
interplays with ageing in a stress-specific manner. The reasons for this are unclear. There is
a significant paucity of information on the role of EVs in ageing, and our data help address
some aspects of this, specifically with respect to cell type (primary versus regenerative) and
how they behave in the face of exposome stressors (physical versus physiological stress).
One benefit of such a therapeutic approach is that it minimises the series of risks associated
with cell-based interventions, including the risk of oncogenesis and small-vessel blockages;
additionally, it has less variability in terms of therapeutic entities, easier quality assurance
and quality control for clinical usage, and improved scalability, logistics, and cost.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cells12131707/s1, Figure S1: Ageing markers track cellular ageing
in vitro. (A) Percentage of SA β-gal+ cells with increasing cellular age. Data are presented as
mean ± SD; One-way ANOVA with Dunnett’s test (N = 3). (B) Percentage of CCF+ cells with
increasing cellular age. Data are presented as mean ± SD; One-way ANOVA with Dunnett’s test
(N = 3). (C) CDKN2A expression with increasing cellular age. Data are presented as mean ± SD;
One-way ANOVA with Dunnett’s test (N = 3). (D) CDKN1A expression with increasing cellular age.
Data are presented as mean± SD; One-way ANOVA with Dunnett’s test (N = 3). * p≤ 0.05, ** p≤ 0.01,
*** p ≤ 0.001, **** p ≤ 0.0001; Figure S2: Size characterisation of PC-derived MVs. Size profile of PC
MVs characterised by forward-scatter (FSC-A) vs. side-scatter (SSC-A) flow cytometry in comparison
to a series of beads of known sizes, including 0.2 µm, 0.5 µm, 1 µm, and 2 µm; Figure S3: Wound
closure rate with increasing cellular age. (A) Physiological wound closure rate in HDF–MSC mixed
cultures of increasing cellular age. Data are presented as mean ± SD; one-way ANOVA with Tukey’s
HSD test (N = 3). (B) Effect of MV administration during wound repair in HDF–MSC co-cultures of
increasing cellular age. Data are presented as mean ± SD; one-way ANOVA with Tukey’s HSD test
(N = 3). (C) Combined. MV administration (red). PBS administration instead of MV (blue). Data are
presented as mean ± SD; t-test (N = 3). * p < 0.05, ** p < 0.01; Figure S4: Quantification of HDF and
MSC migration into the wound site. Effect of MV administration on HDF migration into the wound
site; 24, 48, and 72 h after wounding in (A) young, (B) middle, and (C) old HDF–MSC co-cultures.
Data are presented as mean ± SD; t test (N = 3). Effect of MV administration on MSC migration into
the wound site; 24, 48, and 72 h after wounding in (D) young, (E) middle, and (F) old HDF–MSC
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co-cultures. Data are presented as mean ± SD; t-test (N = 3). * p ≤ 0.05, ** p ≤ 0.01; Figure S5: The
proliferative and migratory capacity of HDF–MSC co-cultures declines with cellular age, while MVs
do not affect these processes in the absence of cellular damage. (A) RTCA proliferation assay on
a young HDF–MSC co-culture. Data are presented as mean ± SD (n = 6). (B) Cell growth rate of
HDF–MSC co-cultures with cellular age. Data are presented as mean ± SD; t-test (N = 3). (C) RTCA
migration assay on a young HDF–MSC co-culture. Data are presented as mean ± SD (n = 6). (D)
Cell migration rate of HDF–MSC co-cultures with cellular age. Data are presented as mean ± SD;
t-test (N = 3); Figure S6: Rate of cell growth in HDF–MSC genotoxicity assays from 0 to 24 h. (A)
Cell growth rate of young HDF–MSC co-cultures treated with MVs and Exos, 24 h after uraemic
serum addition. Data are presented as mean ± SD; One-way ANOVA with Tukey’s test (N = 3).
(B) Effect of MV administration during the first 24 h of genotoxic stress in HDF–MSC co-cultures
of increasing cellular age. Data are presented as mean ± SD; t-test (N = 3). *** p ≤ 0.001, **** p ≤
0.0001; Figure S7: Rate of cell growth in HDF–VSMC and HDF-AAA VSMC genotoxicity assays from
0 to 24 h. (A) Effect of MV administration during the first 24 h of genotoxic stress in HDF–VSMC
co-cultures of increasing cellular age. Data are presented as mean± SD; t-test (N = 3). (B) Effect of MV
administration during the first 24 h of genotoxic stress in HDF-AAA VSMC co-cultures of increasing
cellular age. Data are presented as mean ± SD; t-test (N = 3). ** p ≤ 0.01, *** p ≤ 0.001; Figure S8:
Effect of young- versus old-cellular-age Pathfinder cell MV administration during wound repair in
HDF–MSC co-cultures of increasing cellular age. MVs derived from young Pathfinder cells (passage
1–4 (cell duplications 1–12)) or from old Pathfinder cells (passage 17 (cell duplications 51)) were
tested for their efficacy on HDF–MSC wound healing assays. No differential effects on efficacy were
observed relative to donor cell replication age. PBS was administered instead of MVs for controls.
Data are presented as mean ± SD; One-way ANOVA with Tukey’s test (N = 3). ** corresponds to p <
0.01.

Author Contributions: P.G.S., N.P., C.S. and L.S. conceptualised the study. N.P. conducted exper-
iments and analysed data. D.M. contributed to study design. N.P. and D.M.: EV isolation and
characterisation. A.M.G.J. and B.M.: VSMC and AAA VSMC isolation and preparation. N.P., P.G.S.
and C.S. wrote the manuscript. All authors read and edited the manuscript. Project administration:
P.G.S. and C.S. Funding acquisition: P.G.S., C.S., D.M. and N.P. All authors have read and agreed to
the published version of the manuscript.

Funding: N.P. was supported by a studentship award from the Biotechnology and Biological Sciences
Research Council (BBSRC). N.P. and D.M. were supported by endowment awards from NHSGGC. A.J.,
B.M. and L.S. were supported by the public–private partnership RegMed-XB. L.S. was supported by
the European Union’s Horizon 2020 research and innovation Program under the Marie Skłodowska-
Curie grant agreement No 722609; www.intricare.eu.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: hVSMCs were isolated from non-atherosclerotic abdominal aortas
of surgical biopsies in accordance with MUMC+ research and diagnostic procedures. Collection,
storage and use of tissue and patient data were performed in agreement with the Dutch Code
for Proper Secondary Use of Human Tissue (https://www.federa.org/codes-conduct accessed on
30 July 2021). This study complies with the Declaration of Helsinki. Ethicsal approval was granted by
the METC (medisch-ethische toetsingscommissie) of Maastricht University Medical Center (MUMC)
and Maastricht University. Approval Code: METC 2020-2271 Approval Date: 12-November-2020.

Data Availability Statement: All the data that support the figures and the other findings are available
upon request to the corresponding author.

Conflicts of Interest: The authors declare that they have no competing interests. L.S. receives grants
from Gnosis by Lesaffre, Bayer, Boehringer Ingelheim, and is a consultant for IDS and is a shareholder
of Coagulation Profile. P.G.S. is funded by awards from 4D Pharma, Constant Pharma, and acts as a
consultant for Mars UK. The other authors declare that they have no other competing interests.

www.intricare.eu
https://www.federa.org/codes-conduct


Cells 2023, 12, 1707 19 of 22

References
1. Gems, D. The aging-disease false dichotomy: Understanding senescence as pathology. Front. Genet. 2015, 6, 212. [CrossRef]

[PubMed]
2. Divo, M.J.; Martinez, C.H.; Mannino, D.M. Ageing and the epidemiology of multimorbidity. Eur. Respir. J. 2014, 44, 1055–1068.

[CrossRef] [PubMed]
3. Gould, L.; Abadir, P.; Brem, H.; Carter, M.; Conner-Kerr, T.; Davidson, J.; DiPietro, L.A.; Falanga, V.; Fife, C.E.; Gardner, S.E.; et al.

Chronic Wound Repair and Healing in Older Adults: Current Status and Future Research. J. Am. Geriatr. Soc. 2015, 63, 427–438.
[CrossRef]

4. Shiels, P.G.; Painer, J.; Natterson-Horowitz, B.; Johnson, R.J.; Miranda, J.J.; Stenvinkel, P. Manipulating the exposome to enable
better ageing. Biochem. J. 2021, 478, 2889–2898. [CrossRef] [PubMed]

5. Stenvinkel, P.; Painer, J.; Kuro-o, M.; Lanaspa, M.; Arnold, W.; Ruf, T.; Shiels, P.G.; Johnson, R.J. Novel treatment strategies for
chronic kidney disease: Insights from the animal kingdom. Nat. Rev. Nephrol. 2018, 14, 265–284. [CrossRef]

6. Stenvinkel, P.; Shiels, P.G. Long-lived animals with negligible senescence: Clues for ageing research. Biochem. Soc. Trans. 2019, 47,
1157–1164. [CrossRef]

7. Shiels, P.G.; Stenvinkel, P.; Kooman, J.P.; McGuinness, D. Circulating markers of ageing and allostatic load: A slow train coming.
Pract. Lab. Med. 2016, 7, 49–54. [CrossRef]

8. Dolgin, E. Send in the senolytics. Nat. Biotechnol. 2020, 38, 1371–1377. [CrossRef]
9. Baker, D.J.; Wijshake, T.; Tchkonia, T.; Lebrasseur, N.K.; Childs, B.G.; Van De Sluis, B.; Kirkland, J.L.; Van Deursen, J.M. Clearance

of p16Ink4a-positive senescent cells delays ageing-associated disorders. Nature 2011, 479, 232–236. [CrossRef]
10. Zhu, Y.I.; Tchkonia, T.; Pirtskhalava, T.; Gower, A.C.; Ding, H.; Giorgadze, N.; Kirkland, J.L. The Achilles’ heel of senescent cells:

From transcriptome to senolytic drugs. Aging Cell 2015, 14, 644–658.
11. Xu, M.; Pirtskhalava, T.; Farr, J.N.; Weigand, B.M.; Palmer, A.K.; Weivoda, M.M.; Inman, C.L.; Ogrodnik, M.B.; Hachfeld, C.M.;

Fraser, D.G.; et al. Senolytics improve physical function and increase lifespan in old age. Nat. Med. 2018, 24, 1246–1256. [CrossRef]
12. Kirkland, J.L.; Tchkonia, T. Senolytic drugs: From discovery to translation. J. Intern. Med. 2020, 288, 518–536. [CrossRef]
13. Chang, J.; Wang, Y.; Shao, L.; Laberge, R.-M.; DeMaria, M.; Campisi, J.; Janakiraman, K.; Sharpless, N.E.; Ding, S.; Feng, W.; et al.

Clearance of senescent cells by ABT263 rejuvenates aged hematopoietic stem cells in mice. Nat. Med. 2016, 22, 78–83. [CrossRef]
14. Shiels, P.G.; Buchanan, S.; Selman, C.; Stenvinkel, P. Allostatic load and ageing: Linking the microbiome and nutrition with

age-related health. Biochem. Soc. Trans. 2019, 47, 1165–1172. [CrossRef]
15. Li, Y.-C.; Zhu, K.; Young, T.-H. Induced pluripotent stem cells, form in vitro tissue engineering to in vivo allogeneic transplantation.

J. Thorac. Dis. 2017, 9, 455–459. [CrossRef]
16. Takahashi, K.; Yamanaka, S. Induction of pluripotent stem cells from mouse embryonic and adult fibroblast cultures by defined

factors. Cell 2006, 126, 663–676.
17. Chen, W.; Kimura, M.; Kim, S.; Cao, X.; Srinivasan, S.R.; Berenson, G.S.; Kark, J.D.; Aviv, A. Longitudinal versus Cross-sectional

Evaluations of Leukocyte Telomere Length Dynamics: Age-Dependent Telomere Shortening is the Rule. J. Gerontol. Ser. A 2011,
66, 312–319. [CrossRef]

18. Otto, W.R.; Wright, N.A. Mesenchymal stem cells: From experiment to clinic. Fibrogenes. Tissue Repair 2011, 4, 20. [CrossRef]
19. Zhuo, W.; Liao, L.; Xu, T.; Wu, W.; Yang, S.; Tan, J. Mesenchymal Stem Cells Ameliorate Ischemia-Reperfusion-Induced Renal

Dysfunction by Improving the Antioxidant/Oxidant Balance in the Ischemic Kidney. Urol. Int. 2011, 86, 191–196. [CrossRef]
20. Ezquer, F.E.; Ezquer, M.E.; Parrau, D.B.; Carpio, D.; Yañez, A.J.; Conget, P.A. Systemic Administration of Multipotent Mesenchymal

Stromal Cells Reverts Hyperglycemia and Prevents Nephropathy in Type 1 Diabetic Mice. Biol. Blood Marrow Transplant. 2008, 14,
631–640. [CrossRef]

21. Havens, A.M.; Shiozawa, Y.; Jung, Y.; Sun, H.; Wang, J.; McGee, S.; Mishra, A.; Taichman, L.S.; Danciu, T.; Jiang, Y.; et al. Human
Very Small Embryonic-Like Cells Generate Skeletal Structures, In Vivo. Stem Cells Dev. 2013, 22, 622–630. [CrossRef]

22. Ratajczak, M.Z.; Liu, R.; Ratajczak, J.; Kucia, M.; Shin, D.-M. The role of pluripotent embryonic-like stem cells residing in adult
tissues in regeneration and longevity. Differentiation 2011, 81, 153–161. [CrossRef] [PubMed]

23. Steinbeck, J.A.; Studer, L. Moving Stem Cells to the Clinic: Potential and Limitations for Brain Repair. Neuron 2015, 86, 187–206.
[CrossRef] [PubMed]

24. Yamanaka, S. Pluripotent Stem Cell-Based Cell Therapy—Promise and Challenges. Cell Stem Cell 2020, 27, 523–531. [CrossRef]
[PubMed]

25. Kwon, S.G.; Kwon, Y.W.; Lee, T.W.; Park, G.T.; Kim, J.H. Recent advances in stem cell therapeutics and tissue engineering
strategies. Biomater. Res. 2018, 22, 36.

26. Anthony, D.F.; Shiels, P.G. Exploiting paracrine mechanisms of tissue regeneration to repair damaged organs. Transplant. Res.
2013, 2, 10. [CrossRef]

27. McGlynn, L.M.; Eller, K.; MacDonald, A.I.; MacIntyre, A.; Russell, D.; Koppelstaetter, C.; Davies, R.; Shiels, P.G. Pathfinder Cells
Provide a Novel Therapeutic Intervention for Acute Kidney Injury. Rejuvenation Res. 2013, 16, 11–20. [CrossRef]

28. Stevenson, K.S.; Chen, D.; MacIntyre, A.; McGlynn, L.M.; Montague, P.; Charif, R.; Subramaniam, M.; George, W.D.; Payne, A.P.;
Davies, R.W.; et al. Pancreatic-Derived Pathfinder Cells Enable Regeneration of Critically Damaged Adult Pancreatic Tissue and
Completely Reverse Streptozotocin-Induced Diabetes. Rejuvenation Res. 2011, 14, 163–171. [CrossRef]

https://doi.org/10.3389/fgene.2015.00212
https://www.ncbi.nlm.nih.gov/pubmed/26136770
https://doi.org/10.1183/09031936.00059814
https://www.ncbi.nlm.nih.gov/pubmed/25142482
https://doi.org/10.1111/jgs.13332
https://doi.org/10.1042/bcj20200958
https://www.ncbi.nlm.nih.gov/pubmed/34319404
https://doi.org/10.1038/nrneph.2017.169
https://doi.org/10.1042/bst20190105
https://doi.org/10.1016/j.plabm.2016.04.002
https://doi.org/10.1038/s41587-020-00750-1
https://doi.org/10.1038/nature10600
https://doi.org/10.1038/s41591-018-0092-9
https://doi.org/10.1111/joim.13141
https://doi.org/10.1038/nm.4010
https://doi.org/10.1042/bst20190110
https://doi.org/10.21037/jtd.2017.02.77
https://doi.org/10.1093/gerona/glq223
https://doi.org/10.1186/1755-1536-4-20
https://doi.org/10.1159/000319366
https://doi.org/10.1016/j.bbmt.2008.01.006
https://doi.org/10.1089/scd.2012.0327
https://doi.org/10.1016/j.diff.2011.01.006
https://www.ncbi.nlm.nih.gov/pubmed/21339038
https://doi.org/10.1016/j.neuron.2015.03.002
https://www.ncbi.nlm.nih.gov/pubmed/25856494
https://doi.org/10.1016/j.stem.2020.09.014
https://www.ncbi.nlm.nih.gov/pubmed/33007237
https://doi.org/10.1186/2047-1440-2-10
https://doi.org/10.1089/rej.2012.1350
https://doi.org/10.1089/rej.2010.1099


Cells 2023, 12, 1707 20 of 22

29. McGuinness, D.; Anthony, D.F.; Moulisova, V.; MacDonald, A.I.; MacIntyre, A.; Thomson, J.; Nag, A.; Davies, R.W.; Shiels, P.G.
Microvesicles but Not Exosomes from Pathfinder Cells Stimulate Functional Recovery of the Pancreas in a Mouse Streptozotocin-
Induced Diabetes Model. Rejuvenation Res. 2016, 19, 223–232. [CrossRef]

30. Ratajczak, M.Z.; Ratajczak, J. Horizontal transfer of RNA and proteins between cells by extracellular microvesicles: 14 years later.
Clin. Transl. Med. 2016, 5, 7. [CrossRef]

31. Turturici, G.; Tinnirello, R.; Sconzo, G.; Geraci, F. Extracellular membrane vesicles as a mechanism of cell-to-cell communication:
Advantages and disadvantages. Am. J. Physiol. Physiol. 2014, 306, C621–C633. [CrossRef]

32. Panagiotou, N.; Neytchev, O.; Selman, C.; Shiels, P. Extracellular Vesicles, Ageing, and Therapeutic Interventions. Cells 2018, 7, 110.
33. Holm, M.M.; Kaiser, J.; Schwab, M.E. Extracellular Vesicles: Multimodal Envoys in Neural Maintenance and Repair. Trends

Neurosci. 2018, 41, 360–372. [CrossRef]
34. Chen, W.X.; Yan, Y.B.; Song, C.D.; Ding, Y.; Du, T. Microvesicles derived from human Wharton’s Jelly mesenchymal stem cells

ameliorate ischemia-reperfusion-induced renal fibrosis by releasing from G2/M cell cycle arrest. Biochem. J. 2017, 474, 4207–4218.
35. Shabbir, A.; Cox, A.; Rodriguez-Menocal, L.; Salgado, M.; Van Badiavas, E. Mesenchymal Stem Cell Exosomes Induce Proliferation

and Migration of Normal and Chronic Wound Fibroblasts, and Enhance Angiogenesis In Vitro. Stem Cells Dev. 2015, 24, 1635–1647.
[CrossRef]

36. Jeong, D.; Jo, W.; Yoon, J.; Kim, J.; Gianchandani, S.; Gho, Y.S.; Park, J. Nanovesicles engineered from ES cells for enhanced cell
proliferation. Biomaterials 2014, 35, 9302–9310. [CrossRef]

37. Moulin, V.J.; Mayrand, D.; Messier, H.; Martinez, M.C.; Lopez-Vallé, C.A.; Genest, H. Shedding of microparticles by myofibroblasts
as mediator of cellular cross-talk during normal wound healing. J. Cell. Physiol. 2010, 225, 734–740. [CrossRef]

38. Li, X.; Jiang, C.; Zhao, J. Human endothelial progenitor cells-derived exosomes accelerate cutaneous wound healing in diabetic
rats by promoting endothelial function. J. Diabetes Complicat. 2016, 30, 986–992. [CrossRef]

39. Leoni, G.; Neumann, P.-A.; Kamaly, N.; Quiros, M.; Nishio, H.; Jones, H.R.; Sumagin, R.; Hilgarth, R.S.; Alam, A.; Fredman, G.;
et al. Annexin A1–containing extracellular vesicles and polymeric nanoparticles promote epithelial wound repair. J. Clin. Investig.
2015, 125, 1215–1227. [CrossRef]

40. Cheng, C.F.; Fan, J.; Fedesco, M.; Guan, S.; Li, Y.; Bandyopadhyay, B.; Li, W. Transforming growth factor alpha (TGFalpha)-
stimulated secretion of HSP90alpha: Using the receptor LRP-1/CD91 to promote human skin cell migration against a TGFbeta-rich
environment during wound healing. Mol. Cell. Biol. 2008, 28, 3344–3358.

41. Guo, S.-C.; Tao, S.-C.; Yin, W.-J.; Qi, X.; Yuan, T.; Zhang, C.-Q. Exosomes derived from platelet-rich plasma promote the re-
epithelization of chronic cutaneous wounds via activation of YAP in a diabetic rat model. Theranostics 2017, 7, 81–96. [CrossRef]
[PubMed]

42. Vrijsen, K.R.; Maring, J.A.; Chamuleau, S.A.J.; Verhage, V.; Mol, E.A.; Deddens, J.C.; Metz, C.H.G.; Lodder, K.; Van Eeuwijk,
E.C.M.; Van Dommelen, S.M.; et al. Exosomes from Cardiomyocyte Progenitor Cells and Mesenchymal Stem Cells Stimulate
Angiogenesis Via EMMPRIN. Adv. Health Mater. 2016, 5, 2555–2565. [CrossRef]

43. Gerstein, A.D.; Phillips, T.; Rogers, G.S.; Gilchrest, B.A. Wound healing and aging. Dermatol. Clin. 1993, 11, 749–757.
44. Kook, Y.-M.; Jeong, Y.; Lee, K.; Koh, W.-G. Design of biomimetic cellular scaffolds for co-culture system and their application. J.

Tissue Eng. 2017, 8, 2041731417724640. [CrossRef] [PubMed]
45. Panagiotou, N.; Davies, R.W.; Selman, C.; Shiels, P.G. Microvesicles as Vehicles for Tissue Regeneration: Changing of the Guards.

Curr. Pathobiol. Rep. 2016, 4, 181–187. [CrossRef]
46. Shah, T.; Qin, S.; Vashi, M.; Predescu, D.N.; Jeganathan, N.; Bardita, C.; Predescu, S.A. Alk5/Runx1 signaling mediated by

extracellular vesicles promotes vascular repair in acute respiratory distress syndrome. Clin. Transl. Med. 2018, 7, 19.
47. Van Der Pol, E.; Coumans, F.A.W.; Grootemaat, A.E.; Gardiner, C.; Sargent, I.L.; Harrison, P.; Sturk, A.; van Leeuwen, T.G.;

Nieuwland, R. Particle size distribution of exosomes and microvesicles determined by transmission electron microscopy, flow
cytometry, nanoparticle tracking analysis, and resistive pulse sensing. J. Thromb. Haemost. 2014, 12, 1182–1192. [CrossRef]

48. Shiels, P.G.; Ritzau-Reid, K. Biological Ageing, Inflammation and Nutrition: How Might They Impact on Systemic Sclerosis? Curr.
Aging Sci. 2015, 8, 123–130. [CrossRef]

49. Kooman, J.P.; Kotanko, P.; Schols, A.M.W.J.; Shiels, P.; Stenvinkel, P. Chronic kidney disease and premature ageing. Nat. Rev.
Nephrol. 2014, 10, 732–742. [CrossRef]

50. Fuchs, Y.; Steller, H. Live to die another way: Modes of programmed cell death and the signals emanating from dying cells. Nat.
Rev. Mol. Cell Biol. 2015, 16, 329–344. [CrossRef]

51. Fan, Y.; Bergmann, A. Apoptosis-induced compensatory proliferation. The Cell is dead. Long live the Cell! Trends Cell Biol. 2008,
18, 467–473. [CrossRef]

52. Gupta, K.H.; Goldufsky, J.W.; Wood, S.J.; Tardi, N.J.; Moorthy, G.S.; Gilbert, D.Z.; Shafikhani, S.H. Apoptosis and Compensatory
Proliferation Signaling Are Coupled by CrkI-Containing Microvesicles. Dev. Cell 2017, 41, 674–684.e5.

53. Ranghino, A.; Bruno, S.; Bussolati, B.; Moggio, A.; DiMuccio, V.; Tapparo, M.; Biancone, L.; Gontero, P.; Frea, B.; Camussi, G. The
effects of glomerular and tubular renal progenitors and derived extracellular vesicles on recovery from acute kidney injury. Stem
Cell Res. Ther. 2017, 8, 24. [CrossRef]

54. Bruno, S.; Camussi, G. Role of mesenchymal stem cell-derived microvesicles in tissue repair. Pediatr. Nephrol. 2013, 28, 2249–2254.
[CrossRef]

https://doi.org/10.1089/rej.2015.1723
https://doi.org/10.1186/s40169-016-0087-4
https://doi.org/10.1152/ajpcell.00228.2013
https://doi.org/10.1016/j.tins.2018.03.006
https://doi.org/10.1089/scd.2014.0316
https://doi.org/10.1016/j.biomaterials.2014.07.047
https://doi.org/10.1002/jcp.22268
https://doi.org/10.1016/j.jdiacomp.2016.05.009
https://doi.org/10.1172/jci76693
https://doi.org/10.7150/thno.16803
https://www.ncbi.nlm.nih.gov/pubmed/28042318
https://doi.org/10.1002/adhm.201600308
https://doi.org/10.1177/2041731417724640
https://www.ncbi.nlm.nih.gov/pubmed/29081966
https://doi.org/10.1007/s40139-016-0115-5
https://doi.org/10.1111/jth.12602
https://doi.org/10.2174/187460980801150727110353
https://doi.org/10.1038/nrneph.2014.185
https://doi.org/10.1038/nrm3999
https://doi.org/10.1016/j.tcb.2008.08.001
https://doi.org/10.1186/s13287-017-0478-5
https://doi.org/10.1007/s00467-013-2413-z


Cells 2023, 12, 1707 21 of 22

55. Camussi, G.; Deregibus, M.C.; Cantaluppi, V. Role of stem-cell-derived microvesicles in the paracrine action of stem cells. Biochem.
Soc. Trans. 2013, 41, 283–287. [CrossRef]

56. Baker, D.J.; Childs, B.G.; Durik, M.; Wijers, M.E.; Sieben, C.J.; Zhong, J.; Saltness, R.A.; Jeganathan, K.B.; Verzosa, G.C.; Pezeshki,
A.; et al. Naturally occurring p16Ink4a-positive cells shorten healthy lifespan. Nature 2016, 530, 184–189. [CrossRef]

57. Chen, H.-Z.; Wang, F.; Gao, P.; Pei, J.-F.; Liu, Y.; Xu, T.-T.; Tang, X.; Fu, W.-Y.; Lu, J.; Yan, Y.-F.; et al. Age-Associated Sirtuin 1
Reduction in Vascular Smooth Muscle Links Vascular Senescence and Inflammation to Abdominal Aortic Aneurysm. Circ. Res.
2016, 119, 1076–1088. [CrossRef]

58. Zhang, W.-M.; Liu, Y.; Li, T.-T.; Piao, C.-M.; Liu, O.; Liu, J.-L.; Qi, Y.-F.; Jia, L.-X.; Du, J. Sustained activation of ADP/P2ry12
signaling induces SMC senescence contributing to thoracic aortic aneurysm/dissection. J. Mol. Cell. Cardiol. 2016, 99, 76–86.
[CrossRef]

59. Riches, K.; Angelini, T.G.; Mudhar, G.S.; Kaye, J.; Clark, E.; Bailey, M.A.; Sohrabi, S.; Korossis, S.; Walker, P.G.; Scott, D.J.A.; et al.
Exploring smooth muscle phenotype and function in a bioreactor model of abdominal aortic aneurysm. J. Transl. Med. 2013, 11, 208.
[CrossRef]

60. Lacolley, P.; Regnault, V.; Nicoletti, A.; Li, Z.; Michel, J.-B. The vascular smooth muscle cell in arterial pathology: A cell that can
take on multiple roles. Cardiovasc. Res. 2012, 95, 194–204. [CrossRef]

61. Liao, S.; Curci, J.A.; Kelley, B.J.; Sicard, G.A.; Thompson, R.W. Accelerated Replicative Senescence of Medial Smooth Muscle Cells
Derived from Abdominal Aortic Aneurysms Compared to the Adjacent Inferior Mesenteric Artery. J. Surg. Res. 2000, 92, 85–95.
[CrossRef] [PubMed]

62. Teti, G.; Chiarini, F.; Mazzotti, E.; Ruggeri, A.; Carano, F.; Falconi, M. Cellular senescence in vascular wall mesenchymal stromal
cells, a possible contribution to the development of aortic aneurysm. Mech. Ageing Dev. 2021, 197, 111515. [CrossRef] [PubMed]

63. Fernandez-García, C.; Burillo, E.; Lindholt, J.S.; Martinez-Lopez, D.; Pilely, K.; Mazzeo, C.; Michel, J.; Egido, J.; Garred, P.;
Blanco-Colio, L.M.; et al. Association of ficolin-3 with abdominal aortic aneurysm presence and progression. J. Thromb. Haemost.
2016, 15, 575–585. [CrossRef]

64. Weintraub, N.L. Understanding Abdominal Aortic Aneurysm. N. Engl. J. Med. 2009, 361, 1114–1116. [CrossRef]
65. Sakalihasan, N.; Limet, R.; Defawe, O.D. Abdominal aortic aneurysm. Lancet 2005, 365, 1577–1589.
66. Bloom, D.E.; Chatterji, S.; Kowal, P.; Lloyd-Sherlock, P.; McKee, M.; Rechel, B.; Rosenberg, L.; Smith, J.P. Macroeconomic

implications of population ageing and selected policy responses. Lancet 2015, 385, 649–657. [CrossRef]
67. Beard, J.R.; Bloom, D.E. Towards a comprehensive public health response to population ageing. Lancet 2015, 385, 658–661.
68. Selman, C. Dietary restriction and the pursuit of effective mimetics. Proc. Nutr. Soc. 2014, 73, 260–270. [CrossRef]
69. Selman, C.; Lingard, S.; Choudhury, A.I.; Batterham, R.L.; Claret, M.; Clements, M.; Ramadani, F.; Okkenhaug, K.; Schuster, E.;

Blanc, E.; et al. Evidence for lifespan extension and delayed age–related biomarkers in insulin receptor substrate 1 null mice.
FASEB J. 2008, 22, 807–818. [CrossRef]

70. Selman, C.; Lingard, S.; Gems, D.; Partridge, L.; Withers, D.J. Comment on “Brain IRS2 Signaling Coordinates Life Span and
Nutrient Homeostasis”. Science 2008, 320, 1012. [CrossRef]

71. Kenyon, C. The Plasticity of Aging: Insights from Long-Lived Mutants. Cell 2005, 120, 449–460. [CrossRef]
72. Stevenson, K.S.; Hodge, M.; McLinden, H.; George, W.D.; Davies, R.W.; Shiels, P.G.; McGuinness, D.; Anthony, D.F.; Moulisova,

V.; MacDonald, A.I.; et al. Isolation, Characterization, and Differentiation of Thy1.1-Sorted Pancreatic Adult Progenitor Cell
Populations. Stem Cells Dev. 2009, 18, 1389–1398. [CrossRef]

73. Browder, K.C.; Reddy, P.; Yamamoto, M.; Haghani, A.; Guillen, I.G.; Sahu, S.; Wang, C.; Luque, Y.; Prieto, J.; Shi, L.; et al. In Vivo
partial reprogramming alters age-associated molecular changes during physiological aging in mice. Nat. Aging 2022, 2, 243–253.
[CrossRef]

74. Lu, Y.; Brommer, B.; Tian, X.; Krishnan, A.; Meer, M.; Wang, C.; Vera, D.L.; Zeng, Q.; Yu, D.; Bonkowski, M.S.; et al. Reprogramming
to recover youthful epigenetic information and restore vision. Nature 2020, 588, 124–129. [CrossRef]

75. Chen, B.; Li, Q.; Zhao, B.; Wang, Y. Stem Cell-Derived Extracellular Vesicles as a Novel Potential Therapeutic Tool for Tissue
Repair. Stem Cells Transl. Med. 2017, 6, 1753–1758. [CrossRef]

76. Lovisolo, F.; Carton, F.; Gino, S.; Migliario, M.; Renò, F. Platelet rich plasma-derived microvesicles increased in vitro wound
healing. Eur. Rev. Med. Pharmacol. Sci. 2020, 24, 9658–9664.

77. Merjaneh, M.; Langlois, A.; Larochelle, S.; Cloutier, C.B.; Ricard-Blum, S.; Moulin, V.J. Pro-angiogenic capacities of microvesicles
produced by skin wound myofibroblasts. Angiogenesis 2017, 20, 385–398. [CrossRef]

78. Ren, S.; Chen, J.; Duscher, D.; Liu, Y.; Guo, G.; Kang, Y.; Xiong, H.; Zhan, P.; Wang, Y.; Wang, C.; et al. Microvesicles from human
adipose stem cells promote wound healing by optimizing cellular functions via AKT and ERK signaling pathways. Stem Cell Res.
Ther. 2019, 10, 47. [CrossRef]

https://doi.org/10.1042/bst20120192
https://doi.org/10.1038/nature16932
https://doi.org/10.1161/circresaha.116.308895
https://doi.org/10.1016/j.yjmcc.2016.08.008
https://doi.org/10.1186/1479-5876-11-208
https://doi.org/10.1093/cvr/cvs135
https://doi.org/10.1006/jsre.2000.5878
https://www.ncbi.nlm.nih.gov/pubmed/10864487
https://doi.org/10.1016/j.mad.2021.111515
https://www.ncbi.nlm.nih.gov/pubmed/34062172
https://doi.org/10.1111/jth.13608
https://doi.org/10.1056/NEJMcibr0905244
https://doi.org/10.1016/s0140-6736(14)61464-1
https://doi.org/10.1017/s0029665113003832
https://doi.org/10.1096/fj.07-9261com
https://doi.org/10.1126/science.1152366
https://doi.org/10.1016/j.cell.2005.02.002
https://doi.org/10.1089/scd.2008.0301
https://doi.org/10.1038/s43587-022-00183-2
https://doi.org/10.1038/s41586-020-2975-4
https://doi.org/10.1002/sctm.16-0477
https://doi.org/10.1007/s10456-017-9554-9
https://doi.org/10.1186/s13287-019-1152-x


Cells 2023, 12, 1707 22 of 22

79. Blunder, S.; Messner, B.; Scharinger, B.; Doppler, C.; Zeller, I.; Zierer, A.; Laufer, G.; Bernhard, D. Targeted gene expression
analyses and immunohistology suggest a pro-proliferative state in tricuspid aortic valve-, and senescence and viral infections in
bicuspid aortic valve-associated thoracic aortic aneurysms. Atherosclerosis 2018, 271, 111–119. [CrossRef]

80. Raffaele, M.; Vinciguerra, M. The costs and benefits of senotherapeutics for human health. Lancet Health Longev. 2022, 3, e67–e77.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.atherosclerosis.2018.02.007
https://doi.org/10.1016/s2666-7568(21)00300-7

	Introduction 
	Materials and Methods 
	Extracellular Vesicle (EV) Isolation 
	Cell Culture 
	Pathfinder Cells (PCs) 
	Human Dermal Fibroblasts (HDFs) 
	Mesenchymal Stem Cells (MSCs) 
	Vascular Smooth Muscle Cells (VSMCs) 
	Co-Cultures 
	Effect of EVs Relative to Cell Age 
	Flow Cytometry 
	Senescence-Associated -Galactosidase (SA -gal) Assay 
	H2A.X Staining 
	CDKN2A and CDKN1A Expression 
	Real-Time Cell Analysis (RTCA) 
	5-Bromo-2'-Deoxyuridine (BrdU) Labelling 
	Time Lapse Fluorescence Microscopy 
	Statistical Analysis 

	Results 
	Only PC-Derived MVs and Not Exos Are Able to Accelerate Wound Healing 
	MV-Mediated Wound Healing Capacity Declines in HDF–MSC Co-Cultures with Increased Cellular Age 
	Cellular Age Does Not Impact MV Efficacy under Morbid Conditions 
	MV Treatment in the Context of Cellular Abnormality 

	Discussion 
	References

