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A B S T R A C T

Background aims: Despite intensive research, to date, there is no effective treatment for neurodegenerative
diseases. Among the different therapeutic approaches, recently, the use of extracellular vesicles (EVs) derived
frommesenchymal stromal cells (MSCs) has gained attention.
Methods: In the present work, we focused on medium/large extracellular vesicles (m/lEVs) derived from hair
follicle�-derived (HF) MSCs, comparing their potential neuroprotective and anti-inflammatory effect against
adipose tissue (AT)-MSC�derived m/lEVs.
Results: The obtained m/lEVs were similar in size with comparable expression of surface protein markers. The
neuroprotective effect of both HF-m/lEVs and AT-m/lEVs was statistically significant in dopaminergic pri-
mary cell cultures, increasing cell viability after the incubation with 6-hidroxydopamine neurotoxin. More-
over, the administration of HF-m/lEVs and AT-m/lEVs counteracted the lipopolysaccharide-induced
inflammation in primary microglial cell cultures, decreasing the levels of pro-inflammatory cytokines, tumor
necrosis factor-a and interleukin-1b.
Conclusions: Taken together, HF-m/lEVs demonstrated comparable potential with that of AT-m/lEVs as multi-
faceted biopharmaceuticals for neurodegenerative disease treatment.

© 2023 International Society for Cell & Gene Therapy. Published by Elsevier Inc.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Introduction

Neurodegenerative diseases (NDs) such as Alzheimer disease (AD)
and Parkinson disease (PD) are complex neurological conditions
resulting in progressive neuronal loss within the affected brain areas
[1]. Despite intensive research, the cause of neuronal loss is not fully
understood. However, several molecular and cellular changes have
been identified as key factors in neurodegeneration, which include
abnormal protein handling, oxidative stress, mitochondrial dysfunc-
tion or neuroinflammation as well as microglia response to local
damage [2]. Despite their significant burden in public health systems,
to date, all new drug candidates have failed in phase 2 and 3 clinical
trials, without meeting the minimal clinical requirements [3,4].

Indeed, various approaches including anti-inflammatory drugs
and neurotrophic factors are being tested in preclinical models as
novel treatments for PD. [5]. In line with these increasing efforts to
improve the efficacy of PD treatment, cell-based therapy has been
raised as a promising alternative approach. Among all of them, mes-
enchymal stromal cell (MSC)-based therapy is by far the most-used
cell therapy. MSCs exhibit immunomodulatory effects, migratory
ability and regenerative potential due to the secretion of cytokines,
neurotrophins and angiogenesis regulatory factors [6]. Moreover,
extensive scientific evidence points to the paracrine action of their
secretome, which includes extracellular vesicles (EVs), as the main
responsible agent for the therapeutic effects observed [7]. These
nanometer-sized lipid membrane-enclosed vesicles are secreted by
most cells and contain lipids, proteins and various nucleic acid spe-
cies depending on the source cell [8]. Following the MISEV 2018
guidelines, EVs cannot be assigned to a particular biogenesis pathway
due to the lack of consensus on specific markers for EV subtypes.
Therefore, EV subtypes are classified in terms of (i) physical
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characteristic (size or density), (ii) biochemical composition (pres-
ence of some proteins i.e., CD63+/CD81+ annexin) or (iii) descriptions
of culture conditions or cell of origin (i.e., hypoxic EVs or apoptotic
bodies). In the present research article, we classify the EVs according
to their size; therefore, small extracellular vesicles (sEVs) will be
those presenting range values of <100 nm or <200 nm and medium/
large extracellular vesicles (m/lEVs) of >200 nm [9].

Among the different tissue sources to obtain MSCs, adipose tis-
sue�derived (AT)-MSCs have been commonly used for cell-therapy
purposes. However, some of the procedures to harvest these cells are
still relatively harmful, painful and invasive for the patient. As the
result of these drawbacks, more easily accessible sources for MSC col-
lection have been investigated. In this regard, Hernaez-Estrada et al.
[10] fully evaluated the immunomodulatory function of hair follicle-
derived (HF) MSCs with results comparable with AT-MSC. Moreover,
recent research by Las Heras et al. [11] concluded that the EVs derived
from HF-MSC (HF-EVs) exhibited comparable results with the EVs
released from AT-MSC (AT-EVs) in terms of characterization and
functional assays for wound healing. Moreover, the previously men-
tioned research article showed comparable results between m/lEVs
and sEVs with the same therapeutic action for wound healing.

With regard to ND treatments, various studies have evaluated the
therapeutic potential of MSC-derived EVs [12]. In 2013, Katsuda et al.
[13] were among the first to assess the efficacy of AT-EVs in AD
pathology using mouse neuroblastoma N2a cells. More recently, Nar-
bute et al. [14] confirmed the therapeutic potential of EVs derived
from human teeth stem cells in a 6-hydroxydopamine (6-OHDA)-
induced animal model of PD. However, in all those research papers,
the authors focus on sEVs, discarding the m/lEVs fraction.

Herein, we focused on the m/IEVs fraction because of the compa-
rable results obtained in the previously cited wok by Las Heras et al.
[11] in the sEVs and the m/l EVs fractions. Moreover, the more uni-
versal accessibility of m/lEVs could fortunately increase the clinical
translation of these new biopharmaceuticals. To summarize, we iso-
lated m-lEVs from HF-MSCs to compare their potential neuroprotec-
tive and anti-inflammatory effect to AT-MSC�derived m/lEVs. For
such aim, HF-m/lEvs and AT-m/lEVs were tested in neurotoxin-
treated primary dopaminergic neurons and lipopolysaccharide (LPS)-
challenged primary microglia.

Methods

EVs isolation and characterization

Cell culture conditions
HF-MSCs were isolated and characterized from HFs as previously

described by Hernaez-Estrada et al. [10]. They were further cultured
in Dulbecco’s modified Eagle’s medium (DMEM) (49166029; Gibco,
Billings, MT, USA) supplemented with 10% of fetal bovine serum
(10270106; Gibco) and 1% (v/v) penicillin/streptomycin (P/S)
(15140122; Gibco). AT-MSCs (PCS-500 011; ATCC, Manassas, VA,
USA) were cultured following the previous cited conditions. For EVs
production, DMEM medium was used with 10% of EV-depleted fetal
bovine serum (A2720801; Gibco). HF-MSCs and AT-MSCs were used
at passages from 5 to 9 for EVs isolation.

EVs isolation
EVs were isolated and purified from the supernatant of HF-MSCs

and AT-MSCs as previously described [11]. At 70�80% of confluence,
cells were washed three times with phosphate-buffered saline (PBS)
(10010015; Gibco) and the culture medium was substituted with EVs
depleted DMEM. After 72 h, the culture medium was collected and
new EV-depleted medium was added. After three collections of EV,
cells were trypsinized, counted and further re-cultured at 12 000
cell/cm2 cell density. The collected medium was first centrifuged at
2000 £ g for 10 min at 4°C to discard cell debris and then stored
frozen at �80°C until the isolation and purification was done. All fur-
ther centrifugation processes were performed at 4°C. Thawed culture
supernatants were centrifuged at 10 000 £ g for 30 min to obtain m/
lEVs. All pellets were immediately re-suspended in 120 mL of ice-
cold PBS and frozen at �80°C until use. As a negative control—named
as Blank CTRL in the manuscript—the same exact process with EVs
depleted media was performed in flasks without cells to determine
the possible carry-over of fluorescence by the culture medium.

Nanoparticle tracking analysis
Particle concentration and size distribution within EV prepara-

tions was analyzed using the nanoparticle-tracking analysis by mea-
suring the rate of Brownian motion in a NanoSight LM10 system
(Malvern Panalytical, Malvern, UK). For measurement, original EV
suspension was diluted from 1:70 to 1:100 with PBS and a volume of
1000 mL was loaded on the camera, and three consecutive video
recordings of 40 s each were taken for every sample quantified.

Bead-based multiplex flow cytometry assay
All isolated EVs were subjected to a surface-marker characterization

by using a flow cytometry bead-based multiplex analysis (130-108-
813; MACSPlex Exosome Kit, human, Miltenyi Biotec, Bergisch Glad-
bach). Samples were processed according to manufacturer’s protocol.
The flow cytometry analysis was performed using the MACSQuant Ana-
lyzer 10 (Miltenyi Biotec) and results were processed with the MACS-
Quant Analyzer 10 software (Miltenyi Biotec). The 39 single-bead
populations were gated to determine the APC signal intensity on each
bead population and the median fluorescence intensity for each capture
bead was measured. Values of the corresponding isotype control were
subtracted. Only positive markers are shown in the graphics.

Cryo-electron microscopy (cryo‑EM)
Freshly glow-discharged 200-mesh grids (R2/1; QUANTIFOIL)

were placed inside the chamber of an EM GP2 Automatic Plunge
Freezing (Leica Company, Wetzlar, Germany), which was maintained
at 8°C temperature and relative humidity close to saturation (90%
rH). Then, 4 mL of the sample was dropped onto the grid for 30 sec-
onds. After incubation, most of the liquid on the grid was removed by
blotting (blot time was 2 seconds, number of blots was set to 1 and
no extra movement was applied) with absorbent standard filter
paper (Ø55 mm, Grade 595; Hahnem€uhle, Dassel, Germany). After
the blotting step, the grid was abruptly plunged into a liquid ethane
bath, automatically set to �184°C. Once the specimen was frozen, the
vitrified grid was removed from the plunger and stored under liquid
nitrogen inside a cryo-grid storage box. Cryo-TEM analysis of the
samples was performed on a JEM-2200FS/CR (JEOL Europe, Croissy-
sur-Seine, France) transmission electron microscope.

EVs functional assays in rat primary cell cultures

Primary cell cultures
All Animal procedures were reviewed and approved by the Local Eth-

ical Committee for Animal Research of the University of the Basque
Country (UPV/EHU); (CEEA, ref. M20/2021/345 and M20/2021/347). All
of the experiments were performed in accordance with the European
Community Council Directive on “The Protection of Animals Used for Sci-
entific Purposes” (2010/63/EU) and with Spanish Law (RD 53/2013) for
the care and use of laboratory animals. In summary, dopaminergic neu-
ronal cultures were prepared from Wistar rat embryos at 15, 16 or
17 days of gestation (E15�E17). To obtain primary dopaminergic cell
cultures, the protocol was followed as described in this previous publica-
tion [15] (supplementary Figure 1A). The obtained dopaminergic cell
suspension was seeded at 40 £ 103 cells/well density to carry out the
neuroprotective assay. In addition, microglial cell cultures were prepared
from Wistar rat puppets at day 0 to 2 (P0�P2). The protocol was fol-
lowed as described before [15] (supplementary Figure 1B) and microglia



Figure 1. m/lEV characterization. (A) Nanoparticle-tracking analysis size-profile of HF-
m/lEVs and AT-m/lEvs. (B) Cryo-EM images of EVs. Scale bars are 100 nm. (C) Multiplex
bead-based flow cytometry assay for detection of EV surface markers. (All data are rep-
resented with two different batches; n = 3 technical replicates in each batch). Two-way
analysis of variance followed by Bonferroni multiple comparison test—comparison
between cell type and surface marker (P > 0.05)—(****P < 0.0001; ***P < 0.001; **P <

0.01). (Color version of figure is available online.)
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cell suspension was employed at 50£ 103 cells/well density for cytokine
release assay.

Neuroprotective assay
After 7�10 days of maintaining dopaminergic culture, neuroprotec-

tive assay was carried out with HF-MSC and AT-MSC derived EVs (HF-
m/lEVs and AT-m/lEVs) (supplementary Figure 2A). The media were
removed and the EV dose equivalent to a total protein content of 20
mg was re-suspended in PBS (microBCA determined, 23235; Thermo
Fisher Scientific, Waltham, MA, USA) and added to the culture 24 h
before the incubation with the 6-OHDA neurotoxin. 24 h after, the
media was removed and fresh media was added, with a final concen-
tration of 25 mmol/L 6-OHDA neurotoxin and the previously tested
concentrations for HF-m/lEVs and AT-m/lEVs, 20 mg. In the case of the
Blank Control group, the same volume of PBS corresponding to the
non-EVs control group was added to the cell culture. To assess the neu-
roprotective effect against 6-OHDA neurotoxin, the media were
removed 24 h later and cells were fixed with 3.7% paraformaldehyde
for 10 min and then washed three times in PBS. DAPI (40,6-diamidino-
2-fenilindol, dihidrocloruro) (D1306; Thermo Fisher Scientific) staining
(1:10 000) in PBS for 15 min was used to determine viable cells. For
cell viability quantification, fluorescence microscopy images were
obtained by means of an inverted microscope (Nikon TMS, Hampton,
NH, USA). Three images per well and four wells were used for each
group; in total, 12 images were taken per group. Dopaminergic cells
were scored as positive if they exhibited defined nuclear counterstain-
ing. The data are expressed as the percentage of the cells group with
no treatment but just media change, which was set as 100%.

Pro-inflammatory cytokine release quantification: tumor necrosis factor
(TNF)-a and interleukin (IL)-1b

The effect modulating the inflammation of HF-m/lEVs and AT-m/
lEVs was carried out in LPS (Ultrapure, tlrl-3pelps; InvivoGen, San Diego,
CA, USA) activated microglia primary cells (supplementary Figure 2B).
To perform the assay, cells were pretreated for 24 h with 20 mg of pro-
tein content of HF-m/lEVs or AT-m/lEVs (microBCA determined). After
that treatment, media were removed and cells were incubated for
another 24 h with 50 ng/mL LPS and a second dose of EVs (20mg). After
24 h, the cell media supernatant was collected and stored at �80°C. The
levels of TNF-a and IL-1b pro-inflammatory cytokines were analyzed
with ELISA assay (900-K73 and 900-K91; PeproTech, Cranbury, NJ, USA).
The total amount of cytokine release was normalized according to cell
viability measured with CCK-8 assay at the same time point.

Statistical analysis
All results are expressed as mean § standard deviation. The

experiments were n = 2 biological replicates; indeed, each experi-
ment was repeated in two different cultures, two dopaminergic cul-
tures and two microglia cultures. In each experiment of those
cultures, at least n = 3 technical replicates were performed with two
different batches of EVs. Experimental data were analyzed using the
computer program GraphPad Prism (version 6.01; GraphPad Soft-
ware, San Diego, CA, USA). Two-way analysis of variance followed by
Bonferroni’s multiple comparison test was used to analyze the data
regarding the surface marker evaluated by flow cytometry. One-way
analysis of variance followed Turkey’s multiple comparison test was
used for analyzing all the data regarding the functional assays of EVs,
neuroprotective and anti-inflammatory assay. P values <0.05 were
considered significant.

Results

EV isolation and characterization

For both cell types, nanoparticle-tracking analysis measurements
showed sizes ranging from 100 nm to nearly 400 nm for the m/lEVs
in both cell types (Figure 1A). HF-ml/EVs mean size (242.5 § 2.6 nm)
was similar to the values obtained in AT-m/lEVs (255.8 § 3.4 nm).
The size distribution of EVs from cryo-EM images revealed popula-
tions approximately 200�300 nm. Moreover, the EV cryo-images
revealed a lipid bilayer structure, typical from cellular interior enve-
lope (Figure 1B). EVs were also evaluated by flow cytometry for the
expression of 37 surface markers. We analyzed two different batches
for each group and found populations positive for CD105, SSE-4, CD9,
CD63, CD81, CD29, CD49e, CD11c, CD41b, MCSP, CD56, CD44, CD146,
HLA-ABC and CD142 (Figure 1C). As observed, AT-EVs showed statis-
tically significant greater levels for CD105, SSEA-4, CD63, CD29 and
CD44 than HF-EVs.
HF-m/lEVs and AT-m/lEVs exhibited a neuroprotective effect

The selected 25 mmol/L dose of 6-OHDA generated approximately
50% of dopaminergic cell death (6-OHDA vs cells, ***P < 0.001)
(Figure 2A). The incubation of the dopaminergic neuron culture with
HF-m/lEVs and AT-m/lEVs before and after 6-OHDA addition resulted
in a neuroprotective effect in comparison with the neurotoxin alone.



Figure 3. Anti-inflammatory assay. (A) Cytokine levels of TNF-a (pg/mL). (****P < 0.0001;
**P < 0.01; *P < 0.05) One-way analysis of variance, Turkey’s multiple comparison test. (B)
Cytokine levels of IL-1b (pg/mL). (**P < 0.01 Cells vs LPS and Blank CTRL; **P < 0.01 HF-m/
lsEVs vs LPS and Blank CTRL. One-way analysis of variance, Turkey’s multiple comparison
test. All data are represented with two different batches of EVs, two different microglia cell
cultures and at least n = 3 technical replicates. (Color version of figure is available online.)
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The values for the remaining living cells in HF-m/lEVs group were
almost similar to the cells, which was set as 100%. The obtained val-
ues where statistically significant when compared with the 6-OHDA
or Blank CTRL group (*P < 0.05). Improvement in cell viability was
also significant in the AT-m/IEVs group vs 6-OHDA (***P < 0.001) and
Blank CTRL group (****P < 0.0001). In contrast, the treatment with
the Blank CTRL group did not increase cell viability, with the remain-
ing living cell values similar to those obtained with the sole neuro-
toxin incubation. In this regard, no statistical differences were
observed between 6-OHDA and the Blank CTRL group. The images
taken with fluorescence microscopy showed the difference in living
cells between the different groups (Figure 2B).

HF-m/lEVs and AT-m/lEVs decreased cytokine pro-inflammatory release
in microglial culture

In order to assess the anti-inflammatory effect of m/l-EVs from two
different cell sources—HF-MSC and AT-MSC—microglia cell culture
supernatant levels of pro-inflammatory cytokines after LPS stimuli (with
or without treatment) were quantified by ELISA technique (Figure 3).

Regarding TNF-a ELISA (Figure 3A), the basal levels of TNF-a stati-
cally increased (****P < 0.0001) after LPS treatment (50 ng/mL). The
incubation with HF-m/lEVs and AT-m/lEVs decreased almost to con-
trol levels the values for this cytokine. This anti-inflammatory effect
was not seen in the case of Blank CTRL group, highlighting the posi-
tive effect of HF-m/lEVs and AT-m/lEVs modulating the inflammatory
condition. Moreover, no statistical difference was observed between
two groups of treatment of m/lEVs.

Similarly, LPS stimulation also significantly increased IL-1b levels
compared with non-stimulated microglia cells (Figure 3B). However,
in this case, only treatment with HF-m/IEVs significantly ameliorated
LPS-induced IL-1b secretion. However, an obvious reduction in the
levels of this cytokine after the treatment with AT-m/lEVs can be
observed. In the case of Blank CTRL group, no positive effect was
observed decreasing the levels of IL-1b pro-inflammatory cytokine.

Discussion

Although MSC-based therapies have been widely investigated for
treating NDs [6], the use of MSC-derived EVs is still in its infancy as a fea-
sible solution for NDs treatment. In this research paper, we aimed to
study and compare the effect of EVs derived from HF-MSCs and AT-
MSCs. More concretely, in this case we have focused on m/lEVs. In fact,
this population of EVs has garnered attention as the result of their ability
to deliver healthy and functional mitochondria, allowing the transfer of
mitochondrial proteins, lipids and mitochondrial DNA [16], thus leading
Figure 2. Neuroprotective assay. (A) Graphic representation of the neuroprotective effect of
m/l-EVs for the two different cell populations, HF-MSC and AT-MSC. (****P < 0.0001 ***P <

0.001; *P < 0.05. One-way analysis of variance, Turkey’s multiple comparison test. (B) Rep-
resentative fluorescence images of the neuroprotective assay with DAPI (40 ,6-diamidino-2-
fenilindol, dihidrocloruro) staining. The scale bar indicates 50 mmol/L. All data are repre-
sented with two different batches of EVs, two different dopaminergic cell cultures and at
least n = 3 technical replicates. (Color version of figure is available online.)
the repair of potentially damaged cells in plenty of diseases. The m/lEVs
may activate the endogenous cellular stress response pathways to allow
for repair and metabolic recovery, via revival of mitochondrial function
due to the transfer of healthymitochondria through this EV fraction [17].
Indeed, m/lEV-mediated mitochondrial delivery could be a key step in
addressing the unmet clinical challenges for NDs. Moreover, as showed
in the previous work conducted by Las Heras et al. [11], the regenerative
potential of m/lEVs was comparable with that of sEVs for both HF-MSCs
and AT-MSCs. According to these data, we performed experiments with
only the m/lEVs fraction, to assess, as a first approach, the potential ther-
apeutic effect of this emerging biotherapeutical for NDs.

The obtained values for m/lEVs size were similar to the previous
data [11], with values ranging from 70 to 700 nm (Figure 1A,B). In
addition, according to surface marker analysis (Figure 1C), EVs were
confirmed to be enriched in a collection of proteins, including integ-
rins and tetraspanins (CD9, CD63, CD81) [18] for both batches—more
expressed in AT-ml/EVs than in HF-ml/EVs—as well as MSC typical
markers (CD105) [19] or several adhesion markers (CD29, CD44 and
CD49e) [20], among others.

In this research paper, dopaminergic neuron cell cultures were
employed as an in vitro model of PD to study the therapeutic effect of
HF-ml/EVs and AT-ml/EVs. In this regard, the addition of 6-OHDA
neurotoxin—one of the most widely used neurotoxins to model PD
[21]—led to a decrease of 50% in neuron cell viability. The treatment
with HF-m/lEVs and AT-m/lEVs induced neuroprotection with values
of remaining living cells up to 80% compared with the cells without
the neurotoxin (Figure 2). These data are in line with the effect of EVs
derived from human umbilical cord-MSC (hUC-MSC) [22], where the
intravenous administration of hUC-MSC-EVs to a 6-OHDA animal
model of the disease improved motor performance increasing brain
dopamine levels. In the case of EVs harvested from AT-MSC, the posi-
tive effect was only obtained after the modification in cell culture
conditions with hypoxia [23]. The same was the case for EVs derived
from dental pulp stem cells, in which cell culture condition was mod-
ified to stimulate their therapeutic effect in vitro [24]. In this case, no
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modifications on cell culture media were required to elicit the thera-
peutic effect of HF-m/lEVs or AT-m/lEVs.

One of the most exciting observations of the past 20 years is that
glia plays a central role in NDs, contributing not only to PD pathogen-
esis and progression but also to the subsequent neuroinflammation
[25]. Indeed, neuroinflammation and associated “reactive” microglia
have long been recognized as key elements of PD [26]. Hence, the
ability of m/lEVs to modulate microglia was studied in the present
article. As seen in Figure 3, AT-m/lEVs and, more concretely HF-m/
lEVs, decreased two well-known pro-inflammatory cytokines, TNF-a
and IL-1b. The potential of EVs to modulate microglia has previously
been described with hUC-EVs in status epilepticus [27] or in an AD
animal model [28]. In contrast, the EVs derived from bone mar-
row�MSC have also demonstrated their ability to modulate microglia
activation in a hypoxia�ischemia-injured animal model [29] or a
3xTg model of AD [30]. Regarding AT-EVs, the recently published
paper by Ma et al. [31] showed a decrease on microglial reactive cells
levels in APP/PS1 model of AD. In this case, the employed dose for
AT-EVs was the same as the one we use in the present research arti-
cle. Moreover, 20mg of EVs was also the dose employed in the results
reported by Garcia-Contreras et al. [32]. Thus, we can conclude that
the reported results in this work, with the same dose of EVs, are com-
parable with those previously reported with MSC source or different
in vitro or in vivomodel.

In summary, we showed that m-lEVs derived from HF-MSCs
appear to exhibit a neuroprotective and anti-inflammatory poten-
tial comparable with that shown by EVs derived from AT-MSC in
primary cell cultures of neurotoxin-treated dopaminergic neurons
and LPS-challenged microglia. The effect of AT-EVs on NDs has
been studied as explained before, with the first research studies
conducted by Katsuda et al. [13], as well as with the more
recently published results in APP/PS1 mice model of AD [31].
However, none of the previously cited research papers focused on
the m/l-EVs fraction. Moreover, as far as we know, the effect of
HF-MSC or HF-EVs has not been tested before this research article
as a therapeutic option for NDs. The positive results presented in
this research article for HF-EVs could have a promising effect on
the clinical translation of MSC-based therapies. In fact, the less
harmful, painful and invasive technique of obtaining HF-MSCs
could be beneficial for patients, thus increasing the chances of
obtaining a greater number of MSCs for cell therapies or MSC
derived EVs-based therapies purposes. Although still-intense
research needs to be performed, altogether, we demonstrated
that m/lEVs derived from HF-MSC and AT-MSC showed equal
potential as new biopharmaceuticals for NDs treatment, opening
the field for new MSC sources for EVs-based therapies for ND
treatment.
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