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Herein, we investigate the bioactivity of small extracellular vesicles
(sEVs), focusing on their local effect in the brain. sEVs from mono-
nuclear cells (MNCs) showed superior effects in vitro to sEVs from
mesenchymal stem cells (MSCs) and were able to promote neuro-
protection and decrease microglia reactivity in a stroke mouse
model.

Stroke is the second leading cause of both disability and death
worldwide." Current standard-of-care procedures for the treat-
ment of ischemic stroke are intravenous injection of recombi-
nant tissue plasminogen activator (rtPA) to dissolve blood clots
or thrombectomy, an intervention that includes the adminis-
tration of a catheter through the artery to remove the clot by
aspiration or fragmentation.>® Unfortunately, in many cases,
patients who survive a stroke event have limited functional
recovery due to a limited remodelling and restorative process
in the lesion area. Neuroprotective strategies targeting the
cascade of cellular and molecular events that leads to ischemic
damage, and strategies to promote post-ischemic regeneration,
have been pursued in the last few years, although with little or
no efficacy in clinical trials.® In this regard, most of the
pharmacological interventions (e.g. free-radical trapping
agents; magnesium; NA-1) target a single molecular target.*
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Since post-ischemic brain damage involves multiple molecular
events, one of the factors that might be contributing to the
failure of neuroprotection strategies is related to the use of
therapeutics that have a single target instead of drugs targeting
multiple pathways.’

In the past 20 years, therapeutic interventions based on cell
therapies have been pursued, including neural stem cells,®
bone marrow MNCs,” and MSCs.® Mostly in preclinical
models, these therapies have shown positive effects by redu-
cing the infarct size, promoting functional recovery and modu-
lating the immune response.

Recently, the evidence that part of the effects observed in
cell therapies are due to paracrine effects has led to increased
interest in SEVs as a therapeutic strategy for ischemic stroke.’
sEVs are lipidic vesicles released by cells with sizes between 50
and 200 nm, carrying a cocktail of bioactive molecules
(microRNAs, mRNAs, proteins, and lipids) that can target mul-
tiple pathways at the same time. Functional benefits of sEVs
secreted by MSCs'®™* and neural stem cells (NSCs)">™"” have
been observed after systemic administration in mice,'*"?
rats'"'>'*1® and pigs,'® with cerebral ischemia induced by the
occlusion of the middle cerebral artery (MCAO). sEVs have

been reported to reduce the infarct volume, improve angio-
10,11

genesis and neovascularization, reduce astrocyte
activation'>”  and  modulate  peripheral  immune
responses.’”"*°

Although recent evidence shows that sEVs have the ability
to cross the blood-brain barrier,® brain accumulation of sEVs
administered systemically is relatively low (in some cases,
below 1% of the initial dose injected®'). This suggests that
most of the effects that have been observed in ischemic stroke
models might be systemic and not local effects. Indeed, sEVs
from different sources have a therapeutic effect by altering the
systemic immune response."” In line with this, it has recently
been demonstrated that MSC-derived sEVs have an immuno-
modulatory activity, reducing leukocyte infiltration and its
deleterious effect in the brain."® These reports suggest that the
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peripheral immunomodulatory effect could contribute
indirectly to brain regeneration. Nevertheless, an exacerbation
of the stroke-induced immunosuppression might be detrimen-
tal.>* In addition, it is unclear whether a systemic effect would
be enough to provide long-term neuroprotection and induce
brain regeneration. The therapeutic effect of sEVs adminis-
tered locally in the brain, by intracerebral administration,
remains elusive. Although the direct administration of sEVs by
stereotaxic injection into the brain parenchyma has been
reported,’? the interaction of sEVs with different brain cells
and the consequent effects have not been investigated yet.
Herein, we investigate in vitro and in vivo the therapeutic
activity of sEVs, focusing on their local effect in the brain par-
enchyma, specifically their role in neuroprotection and the
local immune response. We started by evaluating the prosurvi-
val effect of SEVs secreted by MSCs isolated from the Wharton
Jelly or by human umbilical cord blood MNCs (hUC-MNCs) in
endothelial cells, microglia and neurons as well as their effect
in the modulation of microglia polarization. We further inves-
tigated the interaction of sEVs with different cell types after
stereotaxic injection in the brain and assessed the degree of
neuroprotection, angiogenesis and modulation of microglia
polarization 3 days after treatment with sEVs. sEVs isolated
from cell sources available in cell banks (i.e. MNCs and MSCs)
have been used in the current study (Scheme 1). Due to their
immunomodulatory properties, MSCs have been one of the
sources usually used in preclinical models of ischemic
stroke.'"'® The regenerative properties of sEVs secreted by
hUCB-MNCs have been reported by us,> but their bioactivity
in the context of stroke has not been explored yet.
Nonetheless, it has been shown that hUCB-MNCs have neuro-
protective activity and improve motor function in animal
models of ischemic stroke,>*** and thus are a relevant sEV
source for clinical applications in this context. In order to
minimize donor-related heterogeneity, cells from different
donors have been used in this study (WJ-MSCs from 3

different donors and HUCB-MNCs from 6 donors).
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Scheme 1 Experimental design. sEVs were isolated from MSCs col-
lected from human Wharton jelly and mononuclear cells from umbilical
cord blood. The bioactivity of these sEVs was tested in vitro in different
brain cells and then in vivo in a MCAO mouse model.
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HUCB-MNCs expressed the hematopoietic markers CD45 and
HLA-DR while WJ-MSCs expressed CD73, CD90 and CD105
and were negative for CD45 and HLA-DR (ESI Fig. 1}). sEVs
were isolated by differential centrifugation, purified by size
exclusion chromatography and characterized by nanoparticle
tracking analysis (NTA), transmission electron microscopy
(TEM) and flow cytometry (ESI Fig. 21). NTA analyses showed
that the majority of sEVs had a size in the range of
100-200 nm. TEM analyses revealed the presence of cup-
shaped structures, typical of sEVs. As for the purity of our
samples, MNC-sEVs and MSC-sEVs showed averages of 2.29 X
10° parts per pg and 3.30 x 10° parts per pg of protein, respect-
ively. To ensure that our preparations were enriched in sEVs,
we performed western blot and flow cytometry analyses to
detect common sEV markers (ESI Fig. 21). Our results showed
that sEVs derived from both cell sources expressed the surface
markers CD9 and CD63 and cytosolic marker GAPDH, while
they were negative for calnexin, an endoplasmic reticulum
marker present in cells but not in sEVs. Overall, our results
showed that our samples were enriched in sEVs.

Initially, the bioactivity of SEVs in brain cells (endothelial
cells, cortical neurons and microglia) was evaluated
(Scheme 1). Cells were first characterized by immunofluores-
cence for endothelial, microglial and neuronal markers (ESI
Fig. 31). Endothelial cells and cortical neurons were incubated
for 2 h under glucose and oxygen deprivation (OGD) to mimic
a stroke situation and then incubated with different concen-
trations of sEVs for 24 h or 48 h, after which the number of
live cells was quantified by high-content microscopy (Fig. 1A1).
To test whether cell death was induced by nutrient deprivation,
positive control cells were incubated with glucose-containing
medium under normoxic conditions (sham) during the 2 h.
Both sEVs protected endothelial cells and microglia (Fig. 1A2
and A4) from death, with enhanced bioactivity directly related
to the concentration of SEVs in the case of endothelial cells;
however, only sEVs from MNCs protected neurons from OGD-
induced cell death (Fig. 1A3). Next, we evaluated whether sEVs
had an effect in suppressing microglia activation, which is
exacerbated after acute stroke.’® For this purpose, TSPO, a
protein highly expressed by M1 activated microglia in the
ischemic brain,”” was assessed by immunofluorescence
(Fig. 1B1). After 6 h of OGD, the expression of TSPO increased
(by almost 40% relative to cells kept under normoxia). MNC-
SEVs (at 3 x 10° particles per mL and 4.5 x 10° particles per
mL), but not MSC-sEVs, were successful in decreasing the
expression of TSPO to levels comparable to those of the
control (Fig. 1B2 and B3). In line with these results, MNC-sEVs
increased the expression of CD206, a typical M2 microglia
marker®® (ESI Fig. 41). This means that these sEVs can modu-
late microglia polarization. Indeed, these results agree with
previous studies showing that MNCs (for sEVs was not demon-
strated) may modulate microglia reactivity both in vitro®® and
in vivo.*°

Because the bioactivity of sEVs from different cell sources
may be related to differences in their cellular internalization,
we studied the sEV uptake kinetics by high-content fluo-
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Fig. 1 sEV bioactivity in endothelial cells, cortical neurons and micro-
glia. (A1) HUVEC, cortical neurons and microglia were cultured under
oxygen and glucose deprivation and immediately treated with different
concentrations of MNC-sEVs or MSC-sEVs. (A2 and A3) The cell number
was quantified at 48 h (endothelial cells), at 24 h (neurons) or at 16 h
(microglia) by DAPI staining using high-content microscopy. Control
refers to cells cultured under OGD without any treatment. The results
are expressed as the percentage of live cells over the control. Results are
expressed as mean + SEM (n = 3-5 independent experiments, 3 techni-
cal replicates per experiment), **, *** and **** denote statistical signifi-
cance (p < 0.01; p < 0.001; and p < 0.0001) assessed by one-way ANOVA
followed by Tukey's post-hoc test. (B1) Microglia reactivity evaluated by
the expression of translocator protein (TSPO). Microglia cells were cul-
tured under hypoxia for 6 h and then treated with different concen-
trations of MNC-EVs or MSC-EVs under normoxic conditions. (B2) The
expression of TSPO in microglia cells as monitored by immunofluores-
cence. Scale bar corresponds to 50 pm. (B3) Quantification of TSPO
levels in microglia cells treated or not with sEVs. Cells were stained for
TSPO and images were acquired using a high-content microscope for
quantification of fluorescence. Results are expressed as mean + SEM (n
= 5 independent experiments, 2 technical replicates, 15 image fields per
replicate). * and ** denote statistical significance (p < 0.05 and p < 0.01)
in relation to the control group (normoxia) assessed by one-way ANOVA.
# denotes statistical significance (p < 0.05) in relation to control (OGD)
assessed by one-way ANOVA.

rescence microscopy (ESI Fig. 51). In endothelial cells and cor-
tical neurons, both fluorescently-labelled sEVs followed the
same uptake kinetics whereas in microglia MNC-sEVs were
preferentially internalized as compared to MSC-sEVs. To
confirm the internalization of sEVs, we evaluated by confocal
microscopy the colocalization of endolysosomes with sEVs in
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endothelial cells and microglia (ESI Fig. 6At). In microglia
cells, the colocalization of endolysosomes with MNC-SEVs is
higher than the colocalization with MSC-sEVs (ESI Fig. 6BY),
which is consistent with a higher number of cells internalizing
MNC-sEVs in the uptake kinetics experiment (ESI Fig. 5%). It is
possible that the presence of specific proteins on the MNC-sEV
surface may mediate their highest internalization by microglia
cells. We focused our attention on the glycoprotein HLA-DR,
which is present on MNC-sEVs but not on MSC-sEVs (ESI
Fig. 2t). Since HLA-DR is a molecule associated with antigen
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Fig. 2 Uptake of sEVs by brain cells. (A) Experimental setup. Mice were
subjected to MCAO for 45 min, after which sEVs were administered by
stereotaxic injection in the penumbra region. A subset of animals was
injected with fluorescent sEVs and sacrificed at 6 h after injection for
biodistribution studies and the other subset was sacrificed 72 h after
injection for the evaluation of neuroprotection, angiogenesis and micro-
glia activation by immunofluorescence. (B) For colocalization studies,
different regions of the brain were sliced and stained for IBA-1 (micro-
glia), GFAP (astrocytes), NeuN (neurons) and CD31 (endothelial cells).
Cryosections with 50 um in the coronal plane were obtained from the 5
different regions of the brain ranging from anteroposterior (AP) +1.54 to
AP —2.18. (C) The percentage of colocalization of sEVs with different cell
types. Results are expressed as mean + SEM (n = 5 animals, 3-5 sections
per brain were analysed). (D) Representative fluorescence images
showing colocalization with microglia, astrocytes, neurons and endo-
thelial cells. White arrows indicate cells colocalizing with sEVs. Images
were acquired using a high-content microscope and analysed using the
INCell analyser developer toolbox. Scale bars correspond to 50 pm.
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presentation via specific interaction with CD4 receptor, we
evaluated by flow cytometry the presence of CD4 in microglia
cells (ESI Fig. 7t), being expressed in the entire cell popu-
lation. To further validate if MNC-sEVs uptake is governed by
HLA-DR and CD4 interaction, MNC-EVs were pre-incubated
with an antibody against HLA-DR in order to block the
binding to CD4 present on the cell surface. This pre-incu-
bation was able to block specifically the uptake of MNC-SEVs
but not MSC-sEVs (ESI Fig. 7t). Nevertheless, the blockage was
not fully effective in inhibiting MNC-sEV internalization, indi-
cating that the uptake of these sEVs may be mediated by other
molecules besides HLA-DR. Overall, our results indicated that
MNC-sEVs have higher bioactivity in cortical neurons and
microglia than MSC-sEVs and thus they were subsequently
selected for in vivo tests. To study the effect of MNC-sEVs in
the brain, without having the contribution of immunomodula-
tory systemic effects, SEVs were locally delivered by stereotaxic
injection right after MCAO using a transient intraluminal fila-
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ment (Scheme 1). The MCAO mouse model is one of the
models that most closely simulates ischemic stroke, exhibiting
a penumbra region similar to what happens in human
ischemic stroke.>' To select the sEV dose for this procedure,
we first quantified the accumulation of radiolabeled sEVs (2.5
x 10'°) in the brain 1 h after intravenous administration in the
tail vein (ESI Fig. 81). The accumulation of sEVs was below 1%
of the injected dose. Thus, for stereotaxic administration, the
amount of injected SEVs was 4.5 x 10° particles (equivalent to
approximately 2 pg in terms of the protein content). This value
represents approximately 1% of the amount delivered by intra-
venous and intra-arterial injection in previous studies.'''*'®
We focused first on the study of the interaction with different
cell types 6 h after injection and then on the evaluation of the
neuroprotective and immunomodulatory effects of sEVs at 3
days after administration. To track sEVs in the brain by con-
focal microscopy, sEVs were labelled with a fluorescent dye
(DiD). Mice with brain ischemic lesions assessed by magnetic
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Fig. 3 MNC-sEVs decrease cell death and induce angiogenesis at 3 days post-administration. (A) TUNEL staining images and (A2) quantification of
TUNEL positive cells (ratio between the ipsilateral and the contralateral hemisphere). Results are expressed as mean + SEM (n = 18-25 brain sections;
PBS: 4 animals, MNC-sEVs: 5 animals). Scale bar corresponds to 150 pm. (B1) Representative fluorescence images of the ipsilateral hemisphere
stained for CD31 and Ki67. Scale bar corresponds to 150 um. (B2) Fold change of double-stained cells in the ipsilateral hemisphere relative to the
contralateral hemisphere. Results are expressed as mean + SEM (n = 19-26 brain sections, PBS: 4 animals, MNC-sEVs: 6 animals). (C1)
Representative fluorescence images of the ipsilateral hemisphere stained for IBA-1 and Ki67. Scale bar corresponds to 150 um. (C2) Fold change of
double-stained cells in the ipsilateral hemisphere relative to the contralateral hemisphere. Results are expressed as mean + SEM (n = 20-26 brain
sections, PBS: 4 animals, MNC-sEVs: 6 animals). (D1) Representative fluorescence images of the ipsilateral hemisphere stained for IBA-1 and TSPO.
(D2) Fold change of double-stained cells in the ipsilateral hemisphere relative to the contralateral hemisphere. Results are expressed as mean + SEM
(n = 20—-24 brain sections, PBS: 4 animals, MNC-sEVs: 6 animals). Scale bar corresponds to 150 um. The ischemic lesion is delimited with a dashed
white line. White squares in A2, B2, C2 and D2, results are expressed as mean + SEM (n = 4-6 animals, 5 sections per animal). * and ** denote stat-
istical significance (p < 0.05 and p < 0.01) assessed by the unpaired t-test.
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resonance imaging (MRI) and impaired neurological and loco-
motor function evaluated using the Clark’s score®* (ESI
Fig. 9}) received SEVs by stereotaxic administration in the
penumbra region (Fig. 2A and B). At 6 h post administration,
SEVs were preferentially internalized by microglial cells (33%
of sEVs per field colocalized with microglia), followed by
neurons and endothelial cells (approximately 25% of SEVs)
and finally astrocytes (16.8% of sEVs) (Fig. 2C and D). The
number of sEVs in the contralateral hemisphere was
negligible.

To evaluate neuroprotection caused by sEVs, we measured
cell apoptosis (TUNEL staining) and endothelial cell prolifer-
ation (CD31/Ki67 staining), 3 days after treatment. Analysis of
TUNEL staining revealed that treatment with MNC-sEVs
decreased cell apoptosis in the ipsilateral hemisphere com-
pared to the control group (Fig. 3A1 and A2). Endothelial cell
proliferation was quantified by staining brain slices for CD31
(endothelial cell marker) and Ki67 (cell proliferation marker).
Compared to the control group, MNC-sEVs were able to
increase significantly (2.4-fold) the proliferation of endothelial
cells in the ipsilateral hemisphere relative to the contralateral
hemisphere (Fig. 3B1 and B2). These results are in agreement
with the pro-angiogenic effect of these SEVs previously
reported by us in the context of wound healing.”® Indeed,
angiogenesis has been considered a potential therapeutic
target to improve the outcome after stroke, namely through a
coupling between angiogenesis and neuronal remodelling.*
To evaluate the immunomodulatory properties of sEVs, the
number of microglia cells and their polarization were quanti-
fied by immunofluorescence. No significant differences were
observed between the control and sEV groups regarding micro-
glia proliferation (Fig. 3C1 and C2); however, in agreement
with the in vitro studies, microglia activation was significantly
attenuated in the ipsilateral hemisphere in the group treated
with MNC-sEVs (Fig. 3D1 and D2).

Previous studies have shown that MSC-sEVs or lipopolysac-
charide-stimulated macrophages sEVs administered by intracar-
diac (hypoxia-ischemic injury in neonatal mice)** or intravenous
(in a MCAO rat model)** administration, respectively, were able to
decrease the number of Iba-1" cells** and polarize the cells to an
M2 phenotype.>**> However, it was unclear whether the microglia
polarization effect was due to the direct internalization of sEVs by
the microglia cells or other effects. The results presented here
show that MNC-sEVs administered locally in the brain promoted
in vivo neuroprotection and attenuated microglia reactivity in an
animal model of cerebral ischemia. Taking in account that the
attenuation of microglia reactivity has been reported to promote
brain repair and regeneration,®® our results show that the
accumulation of sEVs in the brain might be required to maximize
their therapeutic effect.

Conclusions

In summary, under the experimental conditions tested in this
work, our results indicate that the neuroprotection and micro-
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glia modulation depend on the sEV source. sEVs increased the
survival of endothelial cells, microglia and neurons and
decreased microglia reactivity after cell culture in OGD con-
ditions, this effect being higher for sEVs isolated from MNCs
than for the ones isolated from MSC-sEVs (at least for neurons
and microglia). Part of the differences might be due to the
differences in sEV internalization. We showed for the first time
that sEV internalization in microglia is mediated, at least in
part, by the axis HLA-DR (sEVs): CD4 (microglia cells). Our
results further show that neuroprotection and microglia modu-
lation can be mediated directly by sEVs, without the contri-
bution of indirect systemic effects. The brain cells that are
more proactive in the uptake of MNC-sEVs are microglia cells.
Thus, it is likely that platforms that promote the accumulation
of sEVs in the brain after stroke may increase the neuroprotec-
tion/immunomodulation programs and ultimately brain
regeneration.
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