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Parkinson’s disease is a neurodegenerative disease character-
ized by the loss of dopaminergic neurons in the substantia
nigra with no effective cure available. MicroRNA-124 has
been regarded as a promising therapeutic entity for Parkin-
son’s disease due to its pro-neurogenic and neuroprotective
roles. However, its efficient delivery to the brain remains
challenging. Here, we used umbilical cord blood mononuclear
cell-derived extracellular vesicles as a biological vehicle to
deliver microRNA (miR)-124-3p and evaluate its therapeutic
effects in a mouse model of Parkinson’s disease. In vitro,
miR-124-3p-loaded small extracellular vesicles induced
neuronal differentiation in subventricular zone neural stem
cell cultures and protected N27 dopaminergic cells against
6-hydroxydopamine-induced toxicity. In vivo, intracerebro-
ventricularly administered small extracellular vesicles were de-
tected in the subventricular zone lining the lateral ventricles
and in the striatum and substantia nigra, the brain regions
most affected by the disease. Most importantly, although
miR-124-3p-loaded small extracellular vesicles did not increase
the number of new neurons in the 6-hydroxydopamine-
lesioned striatum, the formulation protected dopaminergic
neurons in the substantia nigra and striatal fibers, which fully
counteracted motor behavior symptoms. Our findings reveal a
novel promising therapeutic application of small extracellular
vesicles as delivery agents for miR-124-3p in the context of
Parkinson’s disease.

INTRODUCTION

Parkinson’s disease (PD) is the second most common neurodegener-
ative disease and currently has no effective treatment available. PD is
mainly characterized by the progressive degeneration of dopaminergic
(DA) neurons in the substantia nigra (SN) of the midbrain, which re-
sults in the depletion of dopamine in the striatum. The deficiency of
dopamine signaling contributes to motor deficits such as resting
tremor, muscle rigidity, and bradykinesia.' Recent evidence highlight
microRNAs (miRNA), small non-coding RNAs that regulate gene
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expression at the post-transcriptional level, as promising therapeutic
targets for neurodegenerative diseases, including PD.”

In particular, the levels of microRNA-124 (miR-124) are decreased in
the lesioned brain regions (SN) of PD models and the plasma of pa-
tients with PD,> suggesting that it could be a potential biomarker for
the diagnosis of PD. At the molecular level, 24% of miR-124-validated
target genes are deregulated in PD, stressing the relevance of miR-124
in the regulation of PD.’ In in vivo PD models, miR-124 overexpres-
sion counteracted oxidative stress, impaired autophagy, and
apoptosis of DA cells, while its knockdown had the opposite effect.
These effects were associated with the modulation of AMPK/
mTOR, p62/p38, annexinA5 (ANXA5), and Bim signaling path-
ways.®”® Despite this characterization of the cellular and molecular
mechanisms that potentially delay/halt disease progression, its thera-
peutic use is hampered due to its limited and inefficient ability to
reach lesioned brain regions. Previously, we have shown that the in-
tracerebroventricular (i.c.v.) delivery of miR-124-loaded polymeric
nanoparticles (miR-124 NPs) boosts endogenous neurogenesis in
the subventricular zone (SVZ) and increases the number of new neu-
rons in the lesioned striatum, which were associated with the amelio-
ration of PD-related motor deficits.” However, polymeric delivery
systems still have limitations for the delivery of miRNA to DA neu-
rons. In fact, i.c.v.-injected polymeric NPs remain in the SVZ, lining
the lateral ventricles, and were not able to migrate to the SN.? Due to
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Figure 1. sEV characterization

(A) Size and particle concentration of sEVs collected from human umbilical cord blood-derived mononuclear cells (hUCB-MNCs), evaluated by NTA. (B) Zeta potential
analysis of sEVs before and after loading with miR-124-3p (miR-124-3p sEVs). (C) Representative TEM images of native sEVs and sEVs enriched with miR-124-3p. Scale bar:
200 nm. (D) Common native sEV markers (CD63, CD9, and HSP70) and potential contaminants (calnexin and ApoA-1) were further analyzed by western blot, where each
lane represents a different donor (n = 2). (E) Non-EV markers were found in hUCB-MNC samples but not in (D) native sEV samples. One donor was used. For all other an-
alyzes, n = 3 biological replicates. Statistical significance was calculated using two-way ANOVA with Sidak’s correction, ***p < 0.0001. sV, small extracellular vesicles; NTA,
nanoparticle tracking analysis; miR-124-3p sEV, miR-124-enriched small extracellular vesicles; TEM, transmission electron microscopy.

their biocompatibility, safety, and intrinsic ability to target lesioned
tissues/cells, small extracellular vesicles (SEVs), also commonly
referred to as exosomes, are likely a superior choice, overcoming
the limitations observed with viral, liposomal or polymeric drug-de-
livery systems (e.g., bioaccumulation and toxicity).'°"* Accordingly,
recent strategies based on native or modulated sEVs have been pro-
posed for treating PD.'"'*'*> Nevertheless, the therapeutic use of
sEVs enriched with miR-124 in PD has not been addressed yet.

Herein, we used sEVs as a biological carrier of the therapeutic entity,
miR-124, to boost neuroprotection, neurogenesis, and functional mo-
tor recovery in PD preclinical models. In this work, SEVs were isolated
from human umbilical cord blood-derived mononuclear cells (hUCB-
MNCs) and enriched with miR-124-3p (miR-124-3p sEVs) as a strat-
egy to deliver miR-124-3p to the brain and induce therapeutic effects in
PD. sEVs derived from hUCB-MNCs are well characterized in compo-

sition, have low immunogenicity, and are easily accessible in cord
blood banks.'*'® Several clinical trials are using umbilical cord blood
cells to treat neurologic diseases, supporting their safety.'® We found
that miR-124-3p sEVs protect DA neurons from 6-hydroxydopamine
(6-OHDA)-induced toxicity both in vitro and in vivo, culminating in a
full motor function recovery in vivo. This study provides a new and effi-
cient biological sEV-based delivery system for miR-124-3p capable of
halting the progression of PD neurodegeneration.

RESULTS

Characterization of hUCB-MNC-derived sEVs

Native sEVs were collected from hUCB-MNCs by differential
ultracentrifugation method.'” NP tracking analysis (NTA) showed a
canonical size-distribution profile of the native sEVs with an average
size of 131 nm (Figure 1A). Native sEVs showed an average zeta po-
tential of -25 mV, while sEVs transfected with the Exo-Fect Exosome
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Figure 2. Modulation and loading of sEVs with miR-124-3p by transfection

with Exo-Fect

(A) sEVs (non-loaded or loaded with miR-124-3p-Cy5) were purified, and the fluorescence of the pellet (SEVs) and supernatant (leftover probe) were quantified. (B) After the
loading protocol, the signal intensity in the sEV fraction (pellet) corresponded to over 74% of the total fluorescence observed in the sample. Loading efficiency in (B) was
calculated using the following formula: fluorescence intensity of the pellet/(fluorescence intensity of the pellet + fluorescence intensity of the supernatant). (C) gPCR against
miR-124-3p in modified sEVs showed an increase in miR-124-3p of over 1,000,000 times the control. (D) sEVs loaded with Exo-Fect and miR-124-3p were treated with

RNase and re-purified, and miR-124-3p levels in the vesicles were quantified by gPC

R. RNase treatment does not change miR-124-3p levels in SEVs. For all the experiments,

n = 3. For the gPCR analysis, U6 was used as housekeeping gene. sEV, small extracellular vesicles; miR-124-3p sEV, miR-124-enriched small extracellular vesicles.

Transfection Reagent and a fluorescently labeled miR-124-3p-Cy5
had a zeta potential of -15 mV (Figure 1B). The sEV structure was
also characterized by transmission electron microscopy (TEM).
Native sEV structure was found to be canonical, with the double-
membrane structure clearly observable around cup-shaped particles.
The transfection of sEVs with Exo-Fect and miR-124-3p-Cy5 pre-
served its morphological structure but induced some aggregation
(Figure 1C), probably due to the Exo-Fect treatment, as recently re-
ported by us."” To confirm that samples were enriched in sEVs, we
performed western blot analysis for common EV markers and poten-
tial contaminants in hUCB-MNC and native sEV samples. Figure 1D
shows that sEVs derived from two donors expressed the common EV
markers CD9, CD63, and heat shock protein 70 (HSP70), although
their expression level seems to be donor dependent. Calnexin, a
marker of endoplasmic reticulum and ApoA-1, a component of
high-density lipoproteins, were not detected in sEV samples (Fig-
ure 1D) but, as expected, were detected in hUCB-MNC samples (Fig-
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ure 1E). Altogether, these results showed that our samples were en-
riched in sEVs. Next, the loading efficiency of the sEVs with miR-
124-3p-Cy5 was assessed via fluorescence measurement. After the pu-
rification step, the sample was separated into a pellet (where sEVs are
localized) and a supernatant (where non-bound miR-124-3p-Cy5 is
found). Note that only a residual signal was detected in the pellet
and supernatant of samples of non-loaded sEVs. When comparing
the overall proportion of fluorescence in sEV + miR-124-3p-Cy5 pel-
let and SEV + miR-124-3p-Cy5 supernatant fractions, we found that
the signal intensity present in the sEV pellet is higher than that of the
supernatant (Figure 2A). When comparing the overall proportion of
fluorescence in each fraction, we found that 74% of the signal was pre-
sent in the sEV fraction, whereas the remainder was in the superna-
tant (Figure 2B). Therefore, most of the miR-124-3p was immobilized
in sEVs. Then, we quantified miR-124-3p in the loaded sEVs by qRT-
PCR (Figure 2C). Relative to native sEVs, there was a fold-change in-
crease in enriched sEV of over 1,000,000 times. Note that the amount
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of miR-124-3p in the native sEVs is residual (Figures 2C and 2D). We
also estimated that the number of miR-124-3p copies in 6.90 x 10° or
1.38 x 10" sEVs is 6.022 x 10°and 1.2 x 107 copies for native sEVs
(not transfected by Exo-Fect) or 1.39 x 10" and 2.78 x 10" copies
for miR-124-3p sEVs, respectively (Figure S1). Thus, the number of
miR-124-3p copies per native sEV is approximately 8.7 x 107, i.e.,
8.7 copies per 10,000 sEVs, while the number of miR-124-3p copies
per miR-124-3p-transfected sEV is approximately 20 copies per
sEV. To assess whether the loaded miR-124-3p was exposed or acces-
sible to nucleases after Exo-Fect transfection, sEV's loaded with miR-
124-3p were treated with RNase. The RNase treatment did not change
miR-124-3p levels in Exo-Fect-modulated miR-124-3p sEVs (Fig-
ure 2D). These data suggest that miR-124-3p was either incorporated
into the lumen or was entrapped in the membrane of sEVs, therefore
inaccessible to nucleases.

miR-124-3p sEVs induced neuronal differentiation in vitro

Previously, we have shown that miR-124 loaded into polymeric NPs was
able to boost neurogenesis and the migration of new neurons into the
6-OHDA-lesioned striatum.’ Based on these findings, we first evaluated
the ability of miR-124-3p sEVs to induce neurogenesis in vitro by using
primary SVZ neural stem cell (NSC) cultures. Based on preliminary
studies on endothelial cells, we tested two doses, 1.5 x 10° and
3 x 10 particles (part)/mL of native sEVs, miR-124-3p sEVs, or scram-
bled (SCR) sEVs. First, we found that both sEVs (3 x 10° part/mL:
p < 0.05; n = 6) and miR-124-3p sEVs (1.5 x 10° part/mL: p < 0.05;
3 x 10° part/mL: p < 0.01; n = 7) significantly reduced basal cell death
(Figures 3A and 3E; mean absolute value in untreated control cultures:
22.4%, standard error of the mean [SEM]: 1.1), as detected by the pro-
pidium iodide (PI) assay. The SVZ NSC culture is a mixed primary cell
culture containing immature neural stem cells/progenitor cells (NSCs/
NPCs) in distinct neuronal and glial lineages stages.”'®'® In the NSC
untreated cultures used in this study (controls), proliferating cells
labeled with Ki-67 represent about 16.6% (mean absolute value; Fig-
ure S2, SEM: 2.6) of the total number of cells. Among the Ki-67-positive
cell pool, immature NSCs/NPCs labeled with Nestin represent about
53.2% (mean absolute value; Figure 3B; SEM: 1.5), and immature neu-
rons labeled with doublecortin (DCX) represent about 34.3% (mean ab-
solute value; Figure 3C; SEM: 3.6). Moreover, control cultures showed
about 20.6% NeuN-labeled mature neurons (mean absolute value; Fig-
ure 3D; SEM: 1.5) of the total number of cells. The mean absolute values
of untreated cultures were then set to 100% in Figures 3B-3D. Next, we
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evaluated the effects of SEVs on SVZ cell proliferation and neuronal dif-
ferentiation. Overall, total cell proliferation, analyzed by the labeling
against Ki-67, was not affected by sEV's or miR-124-3p sEVs compared
with control cultures (Figure S2). Then, we analyzed the effect of sSEVsin
the proliferation of immature cells by performing co-labeling against
Nestin or DCX, a marker for newly born neurons, 48 h after treatments.
As shown in Figure 3, miR-124-3p sEVs reduced significantly the pro-
liferation of NSCs/NPCs at both doses (Nestin/Ki-67"; Figures 3B and
3F;1.5 x 10° part/mL; n=6:p <0.05and 3 x 10° part/mL; p <0.001;n =
3), while native sEVs significantly reduced the proliferation of NSCs/
NPCs at the dose of 3 x 10° part/mL (Nestin*/Ki-67"; Figure 3B;
p < 0.001; n = 3). Regarding the proliferation of newly born neurons,
we found no significant effect in SVZ cells treated with miR-124-3p
sEVs (DCX'/Ki-67"; Figures 3C and 3G; n = 5) compared with control
cultures (n = 6), while native sEVs significantly reduced the proliferation
at both doses (DCX"/Ki-67"; Figures 3C and 3G; 1.5 X 10° part/mL:
p <001 and 3 x 10° part/mL: p < 0.05; n = 5). No significant effect
was observed in the proliferation of NSCs/NPCs or newly born neurons
in SVZ cells treated with SCR sEVs (Figures 3B and 3C, respectively;
n = 3) compared with control cultures. Then, to evaluate the effect on
neuronal differentiation, SVZ cells were cultured in the presence of
sEVs for 7 days and processed for immunostaining against NeuN, a
neuronal-specific nuclear protein. We have found that miR-124-3p
sEVs increased the percentage of NeuN-positive cells compared with
control cells (n = 7) (Figures 3D and 3H; 1.5 X 10° part/mL, n = 6,
and 3 x 10° part/mL, n = 5: p < 0.0001) or SCR sEV- (Figure 3D;
1.5 x 10° part/mL, n = 3: p < 0.01 and 3 x 10° part/mL, n = 3:
p < 0.05) or sEV-treated cells (Figure 3D; 1.5 x 10° part/mL:
p <0.001, n =3) by about 1.8-fold. This effect in neuronal differentiation
was dependent on miR-124-3p because native sEVs and SCR sEVs did
not alter the number of NeuN-positive cells (Figure 3D). To exclude the
effect of the transfection agent per se, SVZ cultures were also treated
with Exo-Fect and miR-124-3p in the absence of sEV. This treatment
did not change cell survival (Figure 3A), cell commitment (Figures 3B
and 3C), and neuronal differentiation (Figure 3D) compared with the
control cultures. Altogether, data suggest that miR-124-3p sEV's induce
neuronal differentiation of SVZ NSCs in vitro.

miR-124-3p sEVs do not increase the number of newly born
neurons found in the 6-OHDA-lesioned striatum in vivo

To evaluate the functional effects of miR-124-3p sEVs in vivo, 20
pmol of miR-124-3p per 2.3 x 10" particles (10 pg sEVs) were

Figure 3. miR-124-3p sEVs reduce NSCs basal death and immature cell proliferation while increasing neuronal differentiation

Cell survival (A and E), commitment (B, C, F, and G), and neuronal differentiation (D and H) were evaluated in SVZ cells treated with sEVs transfected or not with miR-124-3p or
scramble (SCR) using Exo-Fect. Two doses of sEVs were used: 1.5 x 10° (gray symbols) or 3 x 10° particles/mL (black symbols). An additional control was done by
incubating cells with Exo-Fect and miR-124-3p in the absence of sEVs (ExoF + miR-124-3p). Representative fluorescence photomicrographs of dead NSCs (E; white
arrows), proliferating NSCs stained against Nestin/Ki-67 (F; red arrows), proliferating neuroblasts stained against DCX/Ki-67 (G; white arrows), and (H) mature neurons
stained against NeuN in control (CTR) cultures and in 3 x 10° particles/mL of SEVs or miR-124-3p sEV-treated cultures. Nuclei are shown in blue, Ki-67 in green, Nestin
in gray, and PIl, DCX, and NeuN in red. Scale bar: 20 um. Cell viability (E) was evaluated by Pl incorporation and proliferation of (F) NSCs and (G) neuroblasts was evaluated
by colocalization against Ki-67 and Nestin or DCX, respectively, 2 days after treatments. (H) Neuronal differentiation was evaluated by staining against NeuN 7 days after
treatments. (B-D) Data are expressed as a percentage of control (mean + SEM; n = 3-7). ***p < 0.0001, **p < 0.01, and *p < 0.05 versus control; *p < 0.05 versus
1.5 x 10° particles/mL sEVs; **p < 0.001, and **p < 0.01 versus 1.5 x 10° particles/mL miR-124-3p sEVs; and ®p < 0.05 versus 3 x 10° particles/mL miR-124-3p
sEVs, using unpaired, two-tailed t test. SVZ NSCs, subventricular zone neural stem cells; CTR, control; sEV, non-loaded small extracellular vesicles; miR-124-3p sEV,
miR-124-3p-loaded small extracellular vesicles; SCR, scramble miRNA; ExoF, Exo-Fect; PI, propidium iodide; DCX, doublecortin.
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(A) Design and timeline of the animal experimental procedure. Male C57BI/6 mice were subjected to unilateral injection of 6-OHDA into the right striatum followed by ani.c.v.
injection with miR-124-3p sEVs, SCR sEVs, sEVs, or saline. Then, mice received BrdU injections (every 12 h) during the following 3 days after surgery. Behavioral tests were
performed on day -1 and on weeks 1, 2, and 4 after stereotaxic injections. After 4 weeks, mice brains were collected for histological processing. (B) Representative confocal
photomicrographs of (B.1) SVZ, striatal and (B.2, B.3) midbrain parenchyma 24 h after i.c.v. injection of non-loaded sEVs labeled with PKHE7 (SEV-PKHB7; shown in green).
White arrows show sEV-PKH67 close to the cell nuclei. TH labeling (red) depicts DA neurons in the SN and nuclei are counterstained with Hoechst (blue). Scale bar: 20 um.
(C) Representative confocal digital images of BrdU (green), NeuN (red), and Hoechst (blue) staining observed in the striatum of saline-treated mice, 6-OHDA-treated mice, or
miR-124-3p sEV-treated 6-OHDA mice. Scale bar: 20 pm; white arrows highlight NeuN*/BrdU™ cells. (D) The bar graph depicts the total number of NeuN*BrdU* cells found
in the striatum of mice 4 weeks after treatments. Data are expressed as mean = SEM, n = 3 mice. *p < 0.01 and *p < 0.05 versus saline-treated mice (control); “p < 0.05
versus miR-124-3p sEV-treated 6-OHDA-lesioned mice group using one-way ANOVA followed by Tukey’s multiple comparison test. 6-OHDA, 6-hydroxydopamine; SCR
sEV, scramble-loaded small extracellular vesicles; sEV, non-loaded small extracellular vesicles; miR-124-3p sEV, miR-124-3p-loaded small extracellular vesicles; i.c.v., intra-
cerebroventricular; DA, dopaminergic; BrdU, 5-bromo-2’-deoxyuridine; SN, substantia nigra; TH, tyrosine hydroxylase; SVZ, subventricular zone.

injected into the right lateral ventricles of adult C57BL/6 mice
(Figure 4A), as previously described by us.” In accordance with
Figure S1B, the number of miR-124-3p copies in 2.3 x 10'° sEVs
of native sEVs or miR-124-3p sEVs (10 pg sEV) is 2 x 107 and

4.6 x 10" copies, respectively.

First, we performed a qualitative evaluation of the biodistribution of
sEVs 24 h after the injection of hUCB-MNC-derived sEVs labeled
with PKH67, a fluorescent membrane lipophilic dye commonly
used to label sEVs.'”? PKH67-labeled sEVs were detected lining
the SVZ (Figure 4B.1) of both lateral ventricles and in the striatal
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parenchyma at the vicinity of the intraventricular injection. Impor-
tantly, sEVs were also detected in midbrain sections (Figure 4B.2),
mainly in the aqueduct but also in the SN co-localizing with tyrosine
hydroxylase (TH)-positive DA neurons (Figure 4B.3), the most sus-
ceptible neuronal population in PD. Then, we evaluated the ability
of miR-124-3p sEVs to trigger the migration of new neurons likely
derived from SVZ into the 6-OHDA-lesioned striatum, the most
likely regenerative response in PD.” Consistent with our previous
study,9 the striatal administration of 6-OHDA increased the number
of newly born neurons (NeuN"/BrdU") found in the lesioned stria-
tum compared with saline-treated mice (Figures 4C and 4D; mean ab-
solute value in saline-treated mice: 9.37%, SEM: 1.2; p < 0.05,n = 3). A
similar increase was observed in 6-OHDA-lesioned mice adm-
inistered with SCR sEVs (p < 0.01, n = 3). However, the i.c.v. admin-
istration of miR-124-3p sEVs did not alter the number of newly born
neurons in the lesioned striatum compared with saline-treated mice
(n = 3) (Figures 4C and 4D). These results suggest that our formula-
tion does not increase the number of newly born neurons in the
lesioned striatum of 6-OHDA-treated mice.

miR-124-3p sEVs promote neuroprotection against 6-OHDA-
induced toxicity in PD models

Before proceeding to the in vivo studies, we first evaluated the putative
neuroprotective effect of miR-124-3p sEVs in an in vitro model of PD
using the Cell Counting Kit-8 (CCK-8) assay. The viability of N27 DA
cells decreased about 30% after exposure to 50 pM 6-OHDA for 24 h,
while 3 x 10° part/mL miR-124-3p sEVs were able to protect cells
from 6-OHDA-induced toxicity (Figure S3; p < 0.05, n = 3). Native
sEVs (1.5 x 10° part/mL: n = 3; 3 x 10° part/mL: n = 2) did not pro-
mote neuroprotection, suggesting that the protective effect was due to
miR-124-3p and not to the sEV itself. Moreover, none of the sEV for-
mulations per se were toxic to DA cells (Figure S3). Next, we validated
these results using the 6-OHDA-induced PD model in vivo. In accor-
dance with in vitro studies, miR-124-3p sEV treatment fostered sig-
nificant neuroprotection of DA neurons, as detected by the number
of TH-positive neurons compared with the 6-OHDA-lesioned group
(Figures 5A and 5B; p < 0.001, n = 4). Also, the 6-OHDA injection
caused a significant decrease in the intensity and percentage of
area occupied by TH-positive fibers in the striatum compared with
saline-treated animals (set to 100%, n = 4; Figures 5A and 5C;
p < 0.0001), while the exposure to miR-124-3p sEVs significantly
reduced the loss of TH staining in striatal fibers (Figures 5A and
5C; intensity and percentage of area: p < 0.01, n = 4). As expected,
the treatment with SCR sEVs did not protect striatal TH-positive fi-
bers and TH-positive neurons in SN from 6-OHDA-induced toxicity,
suggesting that miR-124-3p is responsible for the neuroprotection of
the nigrostriatal pathway in lesioned animals. Altogether, these re-
sults suggest that the administration of miR-124-3p sEVs effectively
protected DA neurons against the toxicity induced by 6-OHDA.

miR-124-3p sEVs counteracted PD-related motor deficits in the
6-OHDA mouse model

To unveil if our formulation counteracts the motor symptoms of
6-OHDA-lesioned mice, we performed the rotarod and apomor-
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phine-induced rotation behavioral tests (Figure 4A). These tests,
widely used in PD models, evaluate motor function, balance, and
grip strength (rotarod) and nigrostriatal dopamine depletion
(apomorphine-induced rotation test). In the rotarod test, the latency
time to fall off from the rod was reduced in 6-OHDA-lesioned mice
(n = 5) compared with saline-treated mice (n = 4) (about 70% of sa-
line) (Figure 6A; p <0.0001). Notably, the treatment with miR-124-3p
sEVs significantly increased the latency time to fall off from the rod by
about 70% compared with 6-OHDA-lesioned animals (p < 0.0001,
n = 5), resulting in no difference with saline-treated mice (Figure 6A).
These results indicate that miR-124-3p sEVs fully counteracted
6-OHDA-induced motor performance and coordination deficits.
We further evaluated motor behavior by the apomorphine-induced
rotation test. Apomorphine is a dopamine receptor agonist that can
uncover asymmetrical dopamine loss (occurring with the presently
used unilateral 6-OHDA administration) through its induction of
contralateral rotations. As expected, saline-treated mice exhibited a
net rotation near zero, while 6-OHDA -lesioned mice showed a signif-
icant increase (p < 0.0001, n = 4 for saline and n = 5 for the 6-OHDA
group) in the contralateral net rotations that was reverted by the miR-
124-3p sEVs treatment (Figure 6B; week 2: p < 0.05; week 4: p < 0.01,
n = 4). The treatment of lesioned animals with SCR sEVs (n = 5) or
sEVs (n = 3) showed significant differences compared with miR-124-
3p sEVs treatment; however, they did not reveal any differences when
compared with 6-OHDA-injured animals in both rotarod (Figure 6A)
and apomorphine (Figure 6B) tests. Overall, the behavior data attest
to the therapeutic efficacy of miR-124-3p sEVs in counteracting
motor deficits in the PD mouse model.

DISCUSSION

To the best of our knowledge, this is the first study using hUCB-MNC-
derived sEVs as a biological vehicle to deliver miR-124 in the context of
PD. miRNAs are increasingly considered impactful molecular agents
for the treatment of this neurodegenerative disease. miR-124 is partic-
ularly attractive as it is downregulated in the SN of PD models and
plasma of patients with PD, and enhancing its expression boosts
neuroprotection and neurogenesis in PD models.”*%"**"** We
have previously found that miR-124-loaded NPs induce SVZ neuro-
genesis and counteract motor deficits in a 6-OHDA PD model in vivo.’
miR-124 regulates several stages of neuronal differentiation, from
early neuronal commitment to maturation by targeting jagged canon-
ical Notch ligand 1 (JAG1),”** enhancer of zeste homolog 2
(EZH2),”” signal transducer and activator of transcription 3
(STAT3),%° and SRY-box transcription factor 9 (SOX9).>*> Moreover,
miR-124 enhances axonogenesis and neurite maturation by regulating
cytoskeleton proteins and ras homology growth-related (RhoG)
pathway, respectively.””*® In our mixed SVZ cell culture, containing
distinct cell populations at different stages of development, miR-124
may regulate various steps during neuronal lineage differentiation
and maturation. Interestingly, overexpression of miR-124 (among
other factors) can also be involved in transforming human fibroblasts
into functional mature neurons.*” Some reports also suggest a syner-
gistic role for miR-9 and miR-124 on the specification and survival of
DA neurons in mice.*® Additionally, several other studies have also
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Figure 5. miR-124-3p sEVs counteract dopaminergic degeneration induced by 6-OHDA

(A) Representative photomicrographs of SN and striatal sections immunostained for TH. Scale bars: 200 and 500 um, respectively.

(B and C) Quantitative analysis of (B) TH* cells in the SN and (C) intensity and area occupied by TH* fibers 4 weeks after stereotaxic injections (black symbols: intensity; gray
symbols: percentage of area). Data are expressed as mean + SEM, n = 4 mice. ***p < 0.0001; **p < 0.001 versus saline-treated mice (control; C, set to 100%); **p < 0.001
and #**p < 0.01 versus 6-OHDA-lesioned mice group; $$$p <0.001 and $p < 0.05 versus miR-124-3p sEV + 6-OHDA-lesioned mice group using one-way ANOVA followed by
Tukey’s multiple comparison test. 6-OHDA, 6-hydroxydopamine; SCR sEV, scramble-loaded small extracellular vesicles; sEV, non-loaded small extracellular vesicles; miR-
124-3p sEV, miR-124-3p-loaded small extracellular vesicles; TH, tyrosine hydroxylase; SN, substantia nigra; ST, striatum; PD, Parkinson’s disease.

reported the neuroprotective role of miR-124 in PD. miR-124-3p was
reported to attenuate DA degeneration found in in vitro and in vivo PD
models by targeting several signaling pathways, including the
ANXAS5/ERK pathway,’ STAT3,”’ AMPK/mTOR pathway,” the
calpain 1/p25/cdk5 signaling,” EDN2,*” and Bim.””

Altogether, these evidence highlights the relevance of increasing miR-
124 levels as a novel therapeutic strategy for PD. However, miRNAs
are easily degraded by nucleases, and their delivery presents poor up-
take efficiency due to their hydrophilic nature and negative charge.™
To overcome these challenges, we previously developed polymeric
NPs able to release miR-124.” Knowing the limitations of the previ-
ously developed NP-based delivery carriers, such as degradation,
bioaccumulation, retention in the basal lamina, and toxicity, we

developed a new and biological sEV-based carrier to deliver miR-
124 in the brain. sEVs have attracted considerable attention as
drug-delivery vehicles for treating several brain diseases. It has been
previously reported that the administration of sEVs loaded with
anti-inflammatory or antioxidant drugs (curcumin and catalase,
respectively) significantly decreased brain inflammation® and
increased neuronal survival in a 6-OHDA PD mouse model.'! Also,
blood-derived sEVs loaded with dopamine were shown to reach the
striatum and SN, thus promoting the amelioration of the disease
phenotype in the same model."*

In this study, native sEV's were obtained from hUCB-MNCs and then
loaded with miR-124-3p or SCR using the Exo-Fect Exosome Trans-
fection Reagent.'” The native sEVs obtained had an average size of
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Figure 6. miR-124-3p sEVs ameliorate motor symptoms in a mouse model
of Parkinson’s disease.

(A and B) Behavioral data. (A) Latency remaining on the rotarod was tested in the
first 2 weeks post 6-OHDA lesion. Data shown represent the four-trial average
time on the rotarod. Data are expressed as mean of latency to fall from rod +
SEM; saline: n = 4; 6-OHDA and miR-124-3p sEV + 6-OHDA: n = 5; SCR
SEV + 6-OHDA: n = 6 and stV + 6-OHDA: n = 3. (B) Number of contralateral ro-
tations induced by apomorphine were measured for 45 min, 2 and 4 weeks after
6-OHDA lesion. Data are expressed as mean of contralateral net turns + SEM; sa-
line and miR-124-3p sEV + 6-OHDA: n = 4; 6-OHDA and SCR sEV + 6-OHDA:
n = 5; and sV + 6-OHDA: n = 3. ***p < 0.0001, **p < 0.001, and “*p < 0.01
versus saline-treated mice (control); ***p < 0.0001, **p < 0.001, *p < 0.01,
and *p < 0.05 versus 6-OHDA-lesioned mice group; 3*mp < 0.0001,
838y < 0.001, ¥¥p < 0.01, and ¥p < 0.05 versus miR-124-3p SEV + 6-OHDA-
lesioned mice group using one-way ANOVA followed by Tukey’s multiple compar-
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131 nm and an average zeta potential of around -25 mV, while
miR-124-loaded sEVs had a zeta potential of -15 mV. This shift in
zeta potential is likely due to the adsorption of some Exo-Fect mole-
cules to the membrane of SEVs. These results agree with our recent
study showing that Exo-Fect interferes with sEV membrane structure,
albeit not promoting the disruption of SEV membrane integrity,'” as
well as other studies showing that Exo-Fect was an efficient strategy to
load sEVs with small nucleic acids.’® Because residual non-absorbed
Exo-Fect onto sEVs may have the ability to transfect cells in a similar
way as it does to EV's, we have treated SVZ cell cultures with Exo-Fect
and miR-124-3p in the absence of SEVs. Our results showed that in
contrast to Exo-Fect-modulated miR-124-3p sEVs, a mixture of
Exo-Fect and miR-124-3p per se did not alter cell survival, cell
commitment/proliferation, and neuronal differentiation compared
with the control cultures. Therefore, our data indicate that the miR-
124-3p was delivered to cells via sEVs. Using fluorescent-labeled
miRNA, we found that 74% of the signal was present in the sEV frac-
tion, suggesting that most miR-124-3p-Cy5 was immobilized in sEVs.
Other studies used a similar quantification strategy, showing that
upon transfection of sEVs with Exo-Fect, around 80% of the fluores-
cent signal remained in the sEV fraction of the reaction.'””” Alto-
gether, these data confirm that Exo-Fect treatment efficiently trans-
fect sEVs with miR-124-3p. However, the exact location of the
miR-124-3p in the SEV remains unknown. Importantly, Exo-Fect-
modulated miR-124-3p sEVs and those treated with RNase had no
change in miR-124-3p levels, showing that the miR-124-3p was inac-
cessible to nucleases. Further tests are needed to disclose whether
miR-124-3p is entrapped in the SEV membrane or its lumen.

Then, we evaluated the effect of native sEVs or sEVs loaded with
miR-124-3p or SCR in SVZ neurogenesis. We found that native
sEVs are able to counteract basal cell death and reduce the prolifera-
tion of NSCs/NPCs and neuroblasts in SVZ cell cultures. sEV cargo
includes several bioactive molecules, namely proteins, mRNA,
miRNA, and lipids, among others. Some evidence suggests that the
biological effects of SEV's are mainly dependent on the intravesicular
miRNA signature. We have previously characterized the cargo of the
sEVs used in this study in terms of miRNA by RNA sequencing
(RNA-seq)."’ Importantly, miR-124 was not found in the heatmap
of miRNA in these sEVs. Some of the enriched miRNAs were re-
ported to decrease proliferation in cancer cells, such as miR-let-
7a.”>® Interestingly, Ohno and colleagues showed that intravenously
injected GE11-targeted exosomes containing miR-let-7a inhibit tu-
mor growth in mice.”” Other miRNAs enriched in the sEV's were re-
ported to increase cell survival, such as miR-223 and miR-21.%%4!
These putative miRNA feedback loops may be responsible for the
bioactivity of sEVs found in our study. In addition, these miRNAs
may have selectivity toward a specific cell phenotype. The SVZ cell
culture is a mixed primary cell culture containing immature NSCs/
NPCs, cells in distinct stages of the neuronal, oligodendroglial, and

ison test. 6-OHDA, 6-hydroxydopamine; SCR sEV, scramble-loaded small extra-
cellular vesicles; sEV, non-loaded small extracellular vesicles; miR-124-3p sEV,
miR-124-3p-loaded small extracellular vesicles.
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astrocytic lineages. Therefore, differences in the dynamics on other
cell populations, not studied in this work, could justify the prolifera-
tion data that we obtained. In the particular case of miR-124-3p sEVs,
we found a reduction of the population of proliferative immature cells
(Nestin*/Ki-67") and an increase in the number of mature neurons
(NeuN) without any significant effect on neuroblast proliferation
(DCX'/Ki-67"). One possibility is that some NSCs/NPCs undergo
direct neuronal differentiation without proliferating, as reported by
others.*” This process is accompanied by a decrease in the NSCs
pool. The loaded miR-124-3p may cooperate with intrinsic sEV
miRNA cargo, fostering neuronal differentiation.”® For example, it
was shown that miR-21-5p and miR-124-3p delivered by NPs may
cooperate to induced a pro-osteogenic differentiation effect, which
might impact the regeneration of osteoporotic bone.** We hypothe-
size that some feedback loops may also occur when loading sEVs
with miR-124-3p, boosting neuronal differentiation. Moreover, we
cannot exclude the involvement of other components in sEVs in their
biological activities (e.g., growth factor-associated proteins, mRNA,
lipids, etc.). Better knowledge about the cargo of these vesicles may
help design more efficient bioengineering drug-delivery platforms us-
ing sEVSs as a biological vehicle of therapeutic molecules. In terms of a
gene or RNA delivery, an innovative approach would be to empty
sEVs of their cargo before loading them with the therapeutic agent
of interest. These innovative drug-delivery approaches should be
explored in future studies. The in vivo data regarding neurogenesis
disagrees with the in vitro data and our previous data using
miR-124-loaded NPs.” While in our previous report, we performed
the overall analysis of neurogenesis in the SVZ, olfactory bulb, and
striatum, in the current work, our analysis focused on pathologically
relevant brain regions only, namely the striatum. Therefore, we
cannot exclude that miR-124-3p sEVs may also impact olfactory
bulb neurogenesis in vivo. On the other side, we also showed that
miR-124-loaded NPs increase SVZ neurogenesis in vitro but not in
the in vivo model of ischemic stroke.” The net effect in SVZ
neurogenesis in vivo may depend on the pathology, experimental
conditions, and the type of drug-delivery system used.

Regarding biodistribution in vivo, we found previously that polymeric
NPs were detected only in the SVZ, meaning they were easily trapped
inside the basal lamina, thus limiting their diffusion across the brain
parenchyma.*® sEVs were found in the SVZ, striatum, and SN,
particularly DA neurons. Due to their biological nature, sEVs have
the exceptional ability to interact with recipient cell proteins having
a specific cell tropism that can target them to disease tissues, which
contrasts to a relatively lower penetration efficiency of polymeric
NPs. For example, the intranasal administration of mesenchymal
stem cell-derived sEVs loaded with glucose-coated gold NPs led to
a higher brain accumulation/distribution than free gold NPs.*’
Furthermore, the mesenchymal stem cell-derived sEVs accumulated
preferentially in injured brain regions, including the striatum of
6-OHDA PD rat model, and the large majority of the SEVs were
found in neurons.'” Interestingly, Haney and collaborators developed
macrophage-derived exosomes loaded with catalase, a potent antiox-
idant, to treat PD.!! These exosomes showed superior intraneuronal

accumulation (PC12 cells) compared with the considerably lower
uptake of polymeric PLGA NPs or liposomes. Ultimately, intranasal
delivery of catalase-loaded exosomes exerted neuroprotective effects
in in vivo 6-OHDA model of PD. Other studies suggest that
membrane vesicles fused more effectively with the plasma membrane
of cancer cells than polymeric NPs and enabled the delivery of
hydrophobic photosensitizers in spheroids and in vivo tumors more
efficiently, thereby enhancing the therapeutic efficacy.*® This superior
uptake of sEVs occurs mainly due to adhesion proteins, tetraspanins,
and integrins, which are absent in synthetic NPs. Moreover, sEVs may
comprise additional advantages over synthetic nanocarriers and cell-
mediated drug delivery, avoiding the rapid clearance by phagocytosis
and engulfment by lysosomes and toxicity.*’ sEVs can also cross the
blood-brain barrier and reach their targets. In fact, sEVs loaded with
catalase, dopamine, or GAPDH small interfering RNA (siRNA) were
detected in PD mouse brain after intravenous administration." "'
Altogether, these evidence suggest that sEVs have a superior ability
than polymeric NPs to enhance the delivery of incorporated drugs
to target lesioned brain regions/cells, ultimately increasing therapeu-
tic drug efficacy. Future research should better investigate in vivo
trafficking and biodistribution of sSEVs and their impact on patholog-
ical lesioned brain regions/cells for efficient and specific drug delivery.

Importantly, our study shows that miR-124-3p sEVs counteract DA
degeneration and PD-related motor deficits in the 6-OHDA mouse
model of PD. Some have demonstrated the bioactivity of sEVs them-
selves in the context of neurodegenerative diseases, including PD. For
example, Chen and collaborators showed that sEVs isolated from hu-
man umbilical cord mesenchymal stem cells promoted the prolifera-
tion of 6-OHDA-intoxicated SH-SY5Y cells while inhibiting
apoptosis. In vivo, these sEVs reduced DA neuronal loss in the SN
while increasing dopamine levels in the striatum, alleviating the
apomorphine-induced rotational behavior in a 6-OHDA rat model
of PD.”" In our study, native sEVs and SCR sEVs did not protect
against 6-OHDA-induced lesion both in vitro and in vivo. Thus,
the therapeutic neuroprotective effect promoted by miR-124-3p
sEVs in the in vivo PD model is likely mediated specifically by the
miR-124-3p.

In our study, striatal injection of 6-OHDA caused ~80% cell death in
SN and a strong DA denervation in the striatum. However, the
6-OHDA model does not fully mimic all the pathophysiologic
mechanisms in PD. The toxin 6-OHDA induces mitochondrial
impairment, proteasomal and lysosomal dysfunction, and neuroin-
flammation. Before moving on to clinical trials, it is imperative to
test the therapeutic effect of miR-124-3p sEVs in other relevant pre-
clinical models that address distinct but complementary aspects of PD
pathophysiology. Toxin-induced models (e.g., 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine [MPTP], paraquat, and rotenone) also
induce oxidative stress and DA neurodegeneration but cause a severe
and fast DA death, which does not resemble the disease’s evolution in
humans and fails to induce alpha-synuclein accumulation and
aggregation. Alternatively, genetic models targeting PD-related genes,
such as SNCA, LRRK2, and PINK1, could mimic other pathologic
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aspects of the disease.”> While neurotoxins can be used to evaluate
neuroprotective mechanisms, genetic models may be used to study
mechanisms associated with alpha-synuclein aggregation and pro-
dromal symptoms. Moreover, to approach the clinic translation,
sEVs should be administered ideally after the lesion and delivered

. - : 11,1247
using a non-invasive approach, such as the intranasal route. !

Conclusions

Herein, we reported for the first time the therapeutic potential of miR-
124-3p-enriched sEVs for PD treatment. The delivery of miR-124-3p
by sEVs induced neuronal differentiation of SVZ NSCs under phys-
iological conditions in vitro. In vivo, we showed that i.c.v. injection
of miR-124-3p sEVs protected the nigrostriatal pathway against
6-OHDA-induced neurodegeneration and significantly improved
motor performance of lesioned mice. Our findings support the use
of miR-124-3p sEVs as a new and efficient therapeutic approach to
halt PD pathogenesis progression and open new perspectives for
the treatment of other neurodegenerative diseases.

MATERIALS AND METHODS

sEV isolation

sEVs were isolated from conditioned medium of hUCB-derived MNC
culture. All hUCB samples were obtained upon signed informed con-
sent, in compliance with Portuguese legislation. The collection was
approved by the ethics committee of Centro Hospitalar e Universitario
de Coimbra, Portugal (HUC-01-11, approved on March 3,2011). The
samples were stored and transported to the laboratory in sterile bags
with anticoagulant solution (citrate-phosphate-dextrose) and pro-
cessed within 48 h after collection. Briefly, MNCs were isolated by den-
sity gradient separation (Lymphoprep - STEMCELL Technologies
SARL, Grenoble, France). To obtain MNC-derived sEVs, hUCB
MNC:s were cultured in X-VIVO 15 serum-free cell culture medium
(Lonza Group, Basel, Switzerland) supplemented with Flt-3 (100 ng/
mL, PeproTech) and stem cell factor (100 ng/mL, PeproTech) under
hypoxia (0.5% O,) conditions for 18 h. Conditioned medium was
collected and centrifuged at 300 x g, for 10 min, at 4°C to remove cells
(pellet). Supernatant was collected for a new tube and centrifuged at
2,000 x g, for 20 min, at 4°C to deplete cellular debris. Then, sEVs
were purified by differential centrifugation as described previously.'”
Briefly, samples were ultracentrifuged twice at 10,000 x g, for
30 min, at 4°C, and the pellet was discarded. The supernatant was
ultracentrifuged at 100,000 x g, for 2 h, at 4°C, to pellet sEVs. Finally,
the pellet obtained was washed with cold PBS, ultracentrifuged again
at 100,000 x g, for 2 h, at 4°C, resuspended in 150 pL of cold PBS, and
stored at -80°C. Ultracentrifugation steps were performed using
Optima XPN 100K ultracentrifuge (Beckman Coulter, Brea, CA,
USA) with a swinging bucket rotor SW 32 Tiand 28.7 mL polyallomer
conical tubes (Beckman Coulter). We have submitted all relevant data
of our experiments to the EV-TRACK knowledgebase (EV-TRACK:
EV210107).*

sEV characterization by NTA
Analysis of sEV size distribution and concentration was performed
through NTA by NanoSight NS300 (Malvern Instruments, Malvern,
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UK). The system used an O-Ring Top Plate, and the sample was
injected manually at an approximate flow of 1 mL every 20 s. SEVs
were diluted in PBS until they reached a concentration between 15
and 45 particles/frame. Five 30 s measurements were done for each
sample with the camera level set at 16. All the videos were processed
with NTA 3.2 analytical software, using the software threshold
between 2 and 4 depending on the quality of the videos.

sEV characterization by protein quantification

The total protein content of sEVs was measured by Micro BCA
protein assay kit (Thermo Fisher Scientific, Waltham, MA, USA),
according to the manufacturer’s instructions. Briefly, sEV samples
were diluted 22 times in 2% (v/v) sodium dodecyl sulfate (SDS) to
disrupt the sEV membrane, and subsequently, 50 pL of the previous
mix was pipetted, in duplicate, into 96-well cell culture plates. Reac-
tion solution provided in the kit was added and incubated for 2 h at
37°C. Next, the plates were equilibrated at room temperature (RT) for
15 min, and the absorbance was read at 562 nm in the microplate
reader Synergy H1 (Biotek, Winooski, VT, USA). Total protein con-
centration was determined using a linear standard curve established
with bovine serum albumin (BSA).

sEV characterization by zeta potential

NanoBrook ZetaPALS Potential Analyzer (Brookhaven Instruments,
Holtsville, NY, USA) was used for sEV surface-charge measurement.
Briefly, 5 uL purified sEVs were diluted in 1,500 pL of biological grade
ultrapure water (Thermo Fisher Scientific, Portsmouth, NH, USA)
and filtered twice through a 0.2 pM filter. sEVs were then placed in
a disposable polystyrene cuvette, and the electrode was immersed
within the cuvette. Each sample was measured five times (using
Smoluchowski module) at RT.

Western blot analysis

Western blot analysis was performed to detect EV markers and contam-
inants in EV samples, as previously described.'” Briefly, up to 15 uL of
concentrated EV preparations in PBS (0.5 to 4pg) were mixed with 5 pL
4x Laemmli buffer (0.25 M Tris base, 8% SDS, 40% glycerol, 200 mg
bromophenol blue, 10% 2-mercaptoethanol) and boiled at 96°C for
10 min. For the analysis of tetraspanins, Laemmli buffer was prepared
without reducing agents. Samples were loaded in 30 uL wells of Any
kD Mini-PROTEAN TGX Stain-Free Protein Gel (Bio-Rad) and gel
electrophoresis was performed in 1x Tris/Glycine/SDS buffer prepared
from a commercial 10x concentrated stock (10x Tris/Glycine/SDS
Electrophoresis Buffer; Bio-Rad) at a constant voltage of 120 V for
75 min. Afterward, gels were placed in blotting buffer (25 mM Tris,
192 mM glycine, 20% methanol in water) for 10 min to equilibrate.
Then, the gel was stacked on top of a nitrocellulose membrane (GE
Healthcare), and both were assembled within a transfer system. The
transfer was performed in wet conditions at 200 mA for 90 min.
Then, the membrane was blocked in a 1:1 PBS-Tween 20 (PBS-T;
0.2% (v/v)) with Intercept Blocking Buffer (Li-cor) solution for 1 h at
RT. Afterward, membranes were incubated overnight at 4°C with the
appropriate primary antibodies and according to the manufacturer
recommendation (antibody details below). Then, membranes were
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incubated for 1 h at RT with secondary antibodies. Membranes were
viewed in the Odyssey CLx system (Li-cor) at the 700 and 800 nm wave-
lengths. Antibodies used in this study were as follows: CD63 (BD Phar-
mingen, Franklin Lakes, NJ, USA), ApoA-1 (Santa Cruz Biotech-
nology), Calnexin (Santa Cruz Biotechnology), HSP70 (Enzo Life
Sciences), CD9 (BD Pharmingen), and IRDye 800CW Goat anti-Mouse
IgG Secondary Antibody (Li-cor). To detect non-EV markers in hUCB-
MNC samples, MNCs were lysed in 2x RIPA buffer for 30 min in ice.
The cellular extracts were centrifuged at 16,000 RPM for 10 min at 4°C,
and the supernatant containing the proteins was stored at -80°C. The
protein (4 mg) was boiled in 1x Laemmli buffer for 5 min and then
loaded in a 12% SDS-polyacrylamide gel electrophoresis and transferred
to PVDF membranes (Amersham Hybond 045 PVDF). The
membranes were blocked with 5% BSA in TBS-T for 1 h. Then, the
membranes were incubated with the monoclonal antibodies against
calnexin (Abcam) or ApoA-1 (Affinity Biosciences) overnight at 4°C.
The next day, the membranes were washed (3 times for 5 min in
TBS-T) and then incubated with polyclonal goat anti-mouse immuno-
globulins/HRP (Cell Signaling) for 1 h at RT. Proteins were visualized
using the enhanced chemiluminescence detection system (ECL,
Advansta).

sEV characterization by TEM

TEM analyses of sEVs were performed as previously described.'”
Briefly, samples were diluted 1:1 in 4% (v/v) paraformaldehyde
(PFA) and placed on Formvar-carbon-coated grids (TAAB Technol-
ogies) for 20 min at RT. After washing 4 times with PBS, grids were
placed on a drop of 1% (v/v) glutaraldehyde for 5 min, followed by
5 washes with distilled water, for 1 min each. The grids were incu-
bated in the dark with uranyl-oxalate solution (pH = 7) for 5 min
and then placed on ice in contact with a solution of methyl cellulose
(9:1) for 10 min. sEV imaging was obtained using a Tecnai G2 Spirit
BioTWIN electron microscope (FEI) at 80 kV.

Exo-Fect loading of sEVs

sEVs were loaded with miR-124-3p or SCR (GE Healthcare Dharma-
con, Lafayette, CO, USA) by Exo-Fect Exosome Transfection Reagent
(10 pL; System Biosciences, Palo Alto, CA, USA) for 10 min at 37°C.
Samples were purified using ExoQuick, according to the manufac-
turer’s instructions. Briefly, samples were incubated with ExoQuick
reagent in 1:5 (v/v) for 30 min on ice and centrifuged at 13,000 x g
for 3 min, the supernatant was discarded, and the pellets were resus-
pended in PBS. For in vitro studies, final samples contained 20 pmol
(0.27 ng) of miR-124-3p or SCR per 3.5 x 10'°-7.5 x 10'° particles
(80-90 pg sEVs), whereas for in vivo studies, the final samples con-
tained 20 pmol (0.27 pg) of miR-124-3p or SCR per 2.3 x 10'° part
(10 pg sEVs) in a total volume of 5 pL. Twenty pmol miR-124-3p
was incubated with Exo-Fect in the absence of sEVs and was used
as control. sEV, SCR sEV, and miR-124-3p sEV formulations were
eventually stored at -80°C for the next experiments. The emission
spectra of all samples, excited at Aex = 5 nm, was measured from
Aem = 5 nm until Aem = 700 nm in a microplate reader Synergy
H1 (Biotek), and the highest point for each sample was considered
to calculate the loading efficiency of each method. The loading effi-

ciency on each condition, including the control without sEVs, was
calculated using the following formula: fluorescence intensity of the
pellet/(fluorescence intensity of the pellet + fluorescence intensity of
the supernatant). For each condition and each type of sEV, the fluo-
rescence value of the respective control was subtracted from the
measured value, and this number was expressed, in percentage, as
the loading efficiency.

qPCR analysis

To evaluate miR-124-3p expression in sEVs, total RNA was extracted
using the RNeasy Micro Kit (Qiagen) as per the manufacturer’s instruc-
tions and quantified using the Qubit 2.0 system (Thermo Fisher Scien-
tific). cDNA was synthesized for each sample from the amount of RNA
extracted from 40 pg (9.2 x 10" particles) of sEVs using the Mir-X
miRNA First-Strand Synthesis Kit (Takara), from which the amount
corresponding to roughly 3 g (6.9 x 10° particles) of EVs was used
per qPCR reaction. Finally, qPCR was performed on the CFX Connect
Real-Time System (Bio-Rad) using the NZYSpeedy qPCR Green Master
Mix (2x) (Nzytech). The reverse primer was the universal 3’ mRQ
primer (Takara). The forward primer sequence for miR-124-3p was
5'-TAAGGCACGCGGTGAATGCC-3, and for RNU6 (RNA, U6
small nuclear) amplification, the forward primer 5'-TCGGCAGCACA
TATACTAA-3' and the reverse primer 5-GAATTTGCGTGTCAT
CCT-3" were used. U6 RNA served as housekeeping control, and the
native EV samples (non-transfected) as a sample control. To estimate
the number of copies of miR-124-3p in sEVs, serial dilutions were pre-
pared from miR-124-3p standards ranging from 2 x 10 to 20 pmol,
being then correlated with respective Cq values. The resultant value,
obtained in pmol, was converted to copy number by multiplication
through Avogadro’s constant (6.022 x 10°> mol™).

Treatment of sEVs with RNase

sEVs (2 x 10" total particles) were loaded with miR-124-Cy5 (10
pmol) through Exo-Fect. Samples where then purified via
ExoQuick as described above. Subsequently, purified sEV pellets
were exposed to 2 pug/mL RNase (Sigma- Aldrich), in a final volume
of 150 pL, for 30 min at RT and re-purified via ExoQuick. Finally,
qPCR was performed on the RNase treated and non-treated samples.

sEV labeling with PKH67

sEVs were labeled with PKH67 (Sigma-Aldrich, St. Louis, MO,
USA) according to the manufacturer’s instructions. Briefly, 20 pg
sEVs were diluted in the kit buffer (diluent C) 1:1, and then
PKH67 in diluent C (1:75) was mixed with the diluted sample. Sub-
sequently, samples were incubated at RT for 3 min, following puri-
fication by ultracentrifugation.

Primary SVZ cell cultures and experimental treatments

One- to three-day-old C57BL/6] mice were used to obtain SVZ cell
cultures as previously described by us.” Briefly, SVZ fragments were
dissected from 450-pum-thick coronal brain sections and digested in
0.025% trypsin and 0.265 mM EDTA (all from Life Technologies),
followed by mechanical dissociation. The cell suspension was diluted
in serum-free medium (SFM) composed of Dulbecco’s modified
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Eagle medium ((DMEM)/F12 + GlutaMAX-1)) supplemented with
100 U/mL penicillin, 100 pg/mL streptomycin, 1% B27 supplement,
10 ng/mL epidermal growth factor, and 5 ng/mL basic fibroblast
growth factor 2 (all from Life Technologies) and plated onto uncoated
petri dishes (Corning Life Sciences, Corning, NY, USA). Five- to six-
day-old neurospheres were then seeded onto 0.1 mg/mL poly-D-
lysine (PDL; Sigma-Aldrich)-coated glass coverslips in 24-well plates
in SFM devoid of growth factors. SVZ cells were allowed to form a cell
monolayer for 2 days and then were treated with 1.5 (3 ng/mL sEVs)
or 3 x 10’ part/mL (6 pg/mL sEVs) of sEVs loaded or not with
miR-124-3p or SCR or Exo-Fect plus miR-124-3p (the same volume
as the miR-124-3p sEV condition was added). Two or 7 days after the
treatments, cell death and commitment or neuronal differentiation
were evaluated by immunocytochemistry, respectively.

Propidium iodide incorporation

Propidium iodide (PI; 5 png/mL; Sigma-Aldrich) was used to quantify
the number of necrotic and late apoptotic cells. PT was added to SVZ
cells 10 min before the end of the 48 h treatments at 37°C. Thereafter,
cells were fixed using 10% formalin solution, for 15 min, at RT and
then rinsed with PBS. Cell nuclei were stained with Hoechst-33342
(1:500; Life Technologies) for 5 min and then mounted in Fluorosh-
ield Mounting Medium (Abcam). Five random microscopic fields
were acquired per replicate using an Axio Imager microscope (from
Carl Zeiss) under a magnification of 40x.

Immunocytochemistry

SVZ cells were fixed with 10% formalin, washed with PBS, and
then incubated in PBS containing 0.3% Triton X-100 and 3%
BSA (cytoplasmatic staining) or 6% BSA (nuclear staining) for
30 min or 1 h at RT, respectively. Cells were subsequently incu-
bated overnight at 4°C with the following primary antibodies: rab-
bit polyclonal anti-Ki-67 (1:50; Abcam); goat polyclonal anti-DCX
(1:200; Santa Cruz Biotechnology); mouse monoclonal anti-Nestin
(1:100; Abcam); and mouse monoclonal anti-NeuN (1:100; Merck
Millipore, Darmstadt, Germany), all prepared in 0.3% BSA and
0.1% Triton X-100. On the next day, after washing with PBS, cells
were incubated for 1 h with the corresponding secondary antibody
followed by Hoechst-33342 nuclear staining and then mounted in
Fluoroshield mounting medium (Abcam). Secondary antibodies
used were Alexa Fluor 488 donkey anti-rabbit, Alexa Fluor 546
donkey anti-goat, and Alexa Fluor 594 or 647 donkey anti-mouse
(all 1:200; Life Technologies), all prepared in PBS. Photomicro-
graphs were taken using LSM 710 confocal microscope (Carl
Zeiss). Analysis of immunocytochemistry experiments was per-
formed at the border of seeded neurospheres, where cells formed
a pseudo-monolayer. The experiments were performed in three in-
dependent SVZ cultures from C57BL/6 pups, and for each exper-
imental condition, at least 2 coverslips were analyzed per culture.
Percentage of PI", Nestin™/Ki-67%, DCX"/Ki-67", and NeuN" cells
were calculated from cell counts in five independent microscopic
fields (an average of 150 cells per field) from each coverslip with
a 40 x magnification.
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N27 cell line and experimental treatments

Immortalized N27 cell line, derived from rat mesencephalon, were
grown in RPMI 1640 medium containing 2 g/L sodium bicarbonate
and supplemented with 10% fetal bovine serum (FBS; Millipore),
100 TU/L penicillin, and 10 g/mL streptomycin in humidified 95%
air and 5% CO,, at 37°C. For experiments, the cells were seeded at
adensity of 1 x 10* cells/well in 96-well culture plates. After 24 h, cells
were fed with fresh medium and treated with 50 uM 6-OHDA
(Sigma-Aldrich) and/or 1.5 (3 pg/mL) or 3 x 10° part/mL (6 ng/
mL) of miR-124-3p sEVs or sEVs for 24 h.

Cell viability assay in N27 cells

Viability of N27 cells was evaluated by using CCK-8 (Dojindo
Laboratories, Kumamoto, Japan) following the manufacturer’s in-
structions with modifications. Briefly, 24 h after the treatments,
5 uL CCK-8 solution was added to each well. Cells were incubated
in humidified 95% air and 5% CO,, for 3 h at 37°C. The absorbance
was measured at 450 nm using a microplate reader XMark Microplate
Spectrophotometer (Bio-Rad).

Animals

Young adult (2- to 3-month-old) male C57BL/6 were used for this
study. The experimental procedures were performed following proto-
cols approved by the Directorate-General for Food and Veterinary
(DGAYV), the Portuguese National Authority for Animal Health
(21/01/2019; reference number 0421/000/000/2019), and by the
Directive 2010/63/EU of the European Parliament and the Council
on the protection of animals used for scientific purposes. All animals
were kept in appropriate cages in the same room under temperature-
controlled conditions with a fixed 12 h light/dark cycle with free
access to food and water. All efforts were made to reduce the number
of animals used and to minimize their suffering.

Stereotaxic injections and BrdU administration

Mice were anesthetized with an intraperitoneal (i.p.) injection of
ketamine (90 mg/kg of mouse weight) and xylazine (10 mg/kg of
mouse weight) and placed in a stereotaxic apparatus (51900 Stoelt-
ing, Dublin, Ireland). The skull was exposed, and the scales were
defined after setting the zero at the bregma point. Mice were then
injected in the right lateral ventricle with 10 pg miR-124-3p sEVs
(2.3 x 10" particles loaded with 20 pmol of miR-124-3p/mouse),
SCR sEVs (2.3 x 10'° particles loaded with 20 pmol of SCR/mouse),
non-loaded sEVs (2.3 x 10'° particles/mouse), or sterile 0.1 M PBS
(saline) (anteroposterior [AP]: -0.5 mm; mediolateral [ML]:
-0.7 mm; dorsoventral [DV]: -2.9 mm from bregma) through a
10 pL Hamilton syringe at a speed of 0.5 pL/min in a total volume
of 5 uL.” To find out the effect of the miR sEV formulation in a
mouse model of PD, mice were subjected to another stereotaxic in-
jection to deliver 10 pg 6-OHDA (dissolved in 0.02% of ascorbic
acid) into the right striatum (AP: -0.6 mm; ML: -2.0 mm, DV:
-3.0 mm from bregma) using a 10 pL Hamilton syringe at a speed
of 0.2 pL/min, in a total volume of 2 pL.° The needle was left in
place for an additional 5 min before being slowly withdrawn. After
the injections, mice were kept warm (37°C) until they fully
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recovered from the surgery. Four experimental groups were tested:
(1) “saline mice” injected with saline both in the right striatum
and in the lateral ventricle; (2) “6-OHDA” mice injected with
6-OHDA in the right striatum and saline in the lateral ventricle;
(3) “sEV + 6-OHDA” mice injected with 6-OHDA in the right stria-
tum and sEVs in the lateral ventricle; (4) “miR-124-3p sEV +
6-OHDA” mice injected with 6-OHDA in the right striatum and
miR-124-3p sEVs in the lateral ventricle; and (5) “SCR sEV +
6-OHDA” mice injected with 6-OHDA in the right striatum and
SCR sEVs in the lateral ventricle. To label dividing cells, BrdU dis-
solved in a sterile solution of 0.9% NaCl was administered i.p.
(50 mg/kg of animal weight) for 3 days (every 12 h) after the stereo-
taxic procedure. Then, animals were maintained in appropriate
cages for 4 weeks until they were euthanized. To evaluate the distri-
bution of the sEVs in the brain, mice were injected ic.v. with
PKH67-labeled sEVs (2.3 x 10%° particles), as described above,
and 24 h after stereotaxic injections, mice were euthanized, and
the brain removed for posterior analysis.

Behavioral studies

All behavioral tests were performed during the light cycle. Mice were
transferred to the experimental room at least 20 min before the test to
let them acclimatize to the environment.

Rotarod

Motor coordination, balance and grip strength function were
analyzed using a mice rotarod apparatus (Ugo Basile, Gemonio,
Italy). The rotarod test was performed at weeks 1 and 2 after stereo-
taxic injections under an accelerating protocol, starting at 4 RPM and
reaching 40 RPM over 5 min, and the latency to fall was recorded. The
trial stopped when the mouse fell (activating a switch that automati-
cally stopped the timer) or when 5 min had been completed. Each an-
imal was given four independent trials with a 30 min inter-trial period
to reduce stress and fatigue. All mice were pretrained on the rotarod
to reach a stable performance. The training consisted of one session
per day during 2 consecutive days under a fixed accelerating protocol.
Each session included 4 separate test trials, each lasting 5 min. Mice
were trained at 12 RPM on day 1 and 22 RPM on day 2. The animals
were allowed to rest 30 min between each trial. Each full passive rota-
tion performed by mice onto the rod was considered a fall.

Apomorphine-induced rotation test

Apomorphine-induced rotation was measured at weeks 2 and 4 after
stereotaxic injections. Mice received a subcutaneous injection of
freshly prepared apomorphine hydrochloride (Sigma-Aldrich)
(0.5 mg/kg), a dopamine D1/D2 receptor agonist, dissolved in 1% as-
corbic acid, and 0.9% NaCl. They were placed in individual round
glass bowls and were allowed to adapt to their environment for
5 min before the test. After apomorphine administration, full body
ipsilateral and contralateral turns were recorded using a digital cam-
era for 45 min. Subsequently, each 360° rotation of the body axes was
manually counted as a rotation. Values were expressed as a mean of
net contralateral turns (equal to the number of contralateral turns
minus ipsilateral turns).

Tissue preparation

Four weeks post-injections, mice were deeply anesthetized through
i.p. injection of ketamine (90 mg/kg of mouse weight) and xylazine
(10 mg/kg of mouse weight) and euthanized by transcardial perfusion
with saline followed by 4% PFA. Following perfusion, brains were
removed, post-fixed overnight with 4% PFA, and cryoprotected in
30% sucrose solution. Thereafter, brains were snap frozen in liquid
nitrogen and stored at -80°C until further use. Brains were cut into
40-um-thick coronal sections on a cryostat (Leica CM 30508, Leica
Microsystems, Wetzlar, Germany). The sections corresponding to
the striatum and SN of each animal were collected sequentially in 6
compartments of 24-well plates containing cryopreservation solution
and stored at -20°C until processing for immunohistostaining.

Immunohistochemistry

Free-floating coronal brain sections were rinsed in PBS-T and then
incubated with 10% FBS and 0.1% Triton X-100 in PBS for at least
1 h at RT. Endogenous peroxidase activity was inhibited by incuba-
tion with 3% hydrogen peroxide (H,0,) in water for 10 min at RT,
and the sections were then washed with PBS-T. Sections were incu-
bated with primary antibody mouse anti-TH (1:2,500; BD Biosci-
ences) diluted in PBS containing 5% FBS overnight at 4°C. After
several rinses with PBS-T, sections were incubated with a biotinylated
goat anti-mouse secondary antibody (dilution 1:200; Vector Labora-
tories, Burlingame, CA, USA) diluted in PBS containing 1% FBS for
1 h at RT. The avidin-biotin peroxidase complex reagent (Vectastain
ABC KIT, Vector Laboratories, Burlingame, CA, USA) was then
added for at least 30 min at RT. The reaction product was visualized
using DAB chromogen/HRP substrate-buffer (Dako) until color de-
velops (5-10 min). The reaction was stopped by adding TBS. Sections
were mounted on slides, dried, and dehydrated in graded ethanol di-
lutions, cleared in xylene, and cover slipped using a permanent
mounting medium (Entellan, Merck, Branchburg, NJ, USA). Quanti-
tative analysis of DA neurons in SN was carried out by serial section
analysis of the total number of TH-positive neurons throughout the
rostro-caudal axis. The region corresponding to the ipsilateral SN
pars compacta was carefully delineated, and the total number of
TH-positive neurons in the full extent of this structure was counted
per section. The total number of TH-positive neurons for each repre-
sentative mesencephalic section was quantified in four coronal sec-
tions per mouse from -2.80 to -3.88 mm relative to bregma, under
the magnification of 10x at the Axio Imager Al microscope (Carl
Zeiss, Heidenheim, Germany). Quantitative analysis of the intensity
and area occupied by TH-positive fibers staining in striatum was car-
ried out in 4 coronal sections of ipsilateral striatum, from 1.34 to
0.38 mm relative to bregma of each mouse, selected throughout the
rostro-caudal axis, under the magnification of 5x at the Axio Imager
Al microscope.

For BrdU staining, tissue sections were rinsed in PBS and incubated
with 2 M HCI for 25 min at 37°C to induce DNA denaturation and
exposure of BrdU. Tissue sections were then incubated in blocking so-
lution 2% of horse serum (Life Technologies) and 0.3% Triton X-100
in PBS for 2 h at RT, followed by a 48 h incubation at 4°C with the
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following primary antibodies: rat monoclonal anti-BrdU (1:500, AbD
Serotec, Raleigh, NC, USA) and mouse monoclonal anti-NeuN
(1:1000, Merck Millipore). Thereafter, sections were incubated for
2h at RT with Hoechst-33342 (1:10,000) and the respective secondary
antibodies: Alexa Fluor 488 donkey anti-rat and Alexa Fluor 594
donkey anti-mouse (all 1:1000; from Life Technologies). Then, a
simplified version of this protocol was used for sEV distribution/loca-
tion studies. Briefly, 40-pum-thick coronal sections were incubated in a
blocking solution for 2 h at RT and then incubated for 48 h at 4°C
with the mouse anti-TH (1:1,000, BD Biosciences). Thereafter, sec-
tions were incubated for 2 h at RT with Hoechst (1:10,000) and the
secondary antibody Alexa Fluor 594 donkey anti-mouse (1:1,000, Ab-
cam). Finally, sections were mounted in Fluoroshield mounting me-
dium (Abcam). Photomicrographs were obtained using LSM 710
confocal microscope. Quantification of NeuN/BrdU-double positive
cell number was performed in the striatum of 3 animals, as described
previously by us.” Two different z axis positions (40 x magnification)
from 9 fields from 4 slices spaced by 240 um each were counted per
animal.

Statistical analysis

The software used for cell counting and quantification of TH staining
in the striatum was FIJI Image] (NIH Image, Bethesda, MD, USA).
Data were expressed as mean + SEM of at least three independent
experiments performed in triplicate (in vitro experiments) or at least
three different animals (in vivo experiments). The percentages of the
number of PI* cells (Figure 3A), NeuN™ cells (Figure 3D), and Ki-67"
cells (Figure S2) were calculated relative to the number of total
cells; the percentages of Nestin® cells (Figure 3B) and of DCX" cells
(Figure 3C) were calculated relative to the total number Ki-67" cells.
The controls (untreated cultures) were set to 100% in all analysis
except for the evaluation of cell viability (PI; Figure 3A). Statistical
analysis was performed using GraphPad Prism 7 software
(GraphPad, San Diego, CA, USA) by using one- or two-way
ANOVA followed by Tukey’s or Sidak’s test, respectively, or by un-
paired, two-tailed t test. Values of p < 0.05 were considered
significant.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
1016/j.ymthe.2022.06.003.
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