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TÜBITAK

Abstract

Grafted mesenchymal stem cells (MSCs) yield neuroprotection in preclinical stroke
models by secreting extracellular vesicles (EVs). The neuroprotective cargo of EVs,
however, has not yet been identified. To investigate such cargo and its under-
lying mechanism, primary neurons were exposed to oxygen-glucose-deprivation
(OGD) and cocultured with adipose-derived MSCs (ADMSCs) or ADMSC-secreted
EVs. Under such conditions, both ADMSCs and ADMSC-secreted EVs significantly
reduced neuronal death. Screening for signalling cascades being involved in the inter-
action between ADMSCs and neurons revealed a decreased autophagic flux as well
as a declined p53-BNIP3 activity in neurons receiving either treatment paradigm.
However, the aforementioned effects were reversed when ADMSCs were pretreated
with the inhibitor of exosomal secretion GW4869 or when Hrs was knocked down.
In light of miR-25-3p being the most highly expressed miRNA in ADMSC-EVs
interacting with the p53 pathway, further in vitro work focused on this pathway.
Indeed, a miR-25-3p oligonucleotide mimic reduced cell death, whereas the anti-
oligonucleotide increased autophagic flux and cell death by modulating p53-BNIP3
signalling in primary neurons exposed to OGD. Likewise, native ADMSC-EVs
but not EVs obtained from ADMSCs pretreated with the anti-miR-25-3p oligonu-
cleotide (ADMSC-EVsanti-miR-25-3p) confirmed the aforementioned in vitro observa-
tions in C57BL/6 mice exposed to cerebral ischemia. The infarct size was reduced,
and neurological recovery was increased in mice treated with native ADMSC-EVs
when compared to ADMSC-EVsanti-miR-25-3p. ADMSCs induce neuroprotection by
improved autophagic flux through secreted EVs containing miR-25-3p. Hence, our
work uncovers a novel key factor in naturally secreted ADMSC-EVs for the regula-
tion of autophagy and induction of neuroprotection in a preclinical stroke model.
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 INTRODUCTION

Mesenchymal stem cells (MSCs) have been thoroughly analysed in preclinical strokemodels, revealing both neuroprotection and
increased neurological recovery after transplantation in vivo (Chen et al., 2001; Gervois et al., 2016; LuciaMaria Ferri et al., 2016).
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These grafted stem cells are neither integrated into residing neural networks nor do they take over functional characteristics of
lost neurons (Fernández-Susavila, Bugallo-Casal, Castillo, & Campos, 2019). Instead, transplanted cells work through indirect
ways (Baraniak & Mcdevitt, 2010; Liang, Ding, Zhang, Tse, & Lian, 2014). Recently, bilayer-structured vesicles ranging in size
from 30 nm to 1000 nm and containing a defined set of cargo such as non-coding RNAs, DNAs, and proteins were defined
as extracellular vesicles (EVs) (Kim et al., 2013; Mathivanan, Fahner, Reid, & Simpson, 2012; Théry et al., 2018). These EVs
derived fromMSCs or other stem cell sources appear to be non-inferior with regard to their therapeutic potential against cerebral
ischemia when compared to their host cells (Cunningham, Redondo-Castro, &Allan, 2018; Doeppner et al., 2015; Xin et al., 2013).
The neuroprotective cargo of MSCs-derived EVs, however, has not been sufficiently identified.

Recent studies have shown that EVs regulate protein expression of recipient cells and modify cell characteristics through
microRNA transfer (Phinney et al., 2015; Tkach & Théry, 2016). MicroRNAs in turn bind to untranslated regions and in some
cases also to coding regions ofmRNAs, thus post-transcriptionally regulating gene expression (Lim et al., 2005; Vemuganti, 2010).
Interestingly, autophagy – a self-degradative process – is one target of miRNA regulation (Frankel & Lund, 2012). Recent work
emphasized the role of autophagy to be a key regulator of ischemic stroke (Wang et al., 2018), unveiling a new range of potential
therapeutic targets for neuroprotection.
Autophagy includes a process of forming an isolation membrane that spherically expands in order to engulf materials des-

ignated for degradation, which gives rise to a double-membrane vesicle called the autophagosome. The latter will deliver these
engulfed materials to the lysosome for later degradation (Yoshimori, 2007). Under conditions of cerebral ischemia, autophagy
acts as a double-edged sword for neuronal survival (Chen, Sun, Liu, & Sun, 2014). Amodest induction of autophagy upon induc-
tion of hypoxia or cerebral ischemia has been associated with enhanced cell viability and decreased infarct size (Carloni et al.,
2010; Dai et al., 2017;Wang et al., 2012). Nevertheless, prolonged oxygen and glucose deprivation or stroke event propels excessive
autophagy, turning temporarily activated and protective autophagy to chronic activation, which in turn contributes to signifi-
cant cell death (He et al., 2012; Mo, Fang, He, & Zhang, 2012; Shi et al., 2012; Xin et al., 2011). The role of autophagy in stem
cell-induced and even more so in EV-induced neuroprotection against stroke as well as the underlying mechanisms still remain
elusive. Hence, the present work analyzes whether or not the application of ADMSC-EVs affects the autophagic response under
conditions of both in vitro hypoxia and in vivo cerebral ischemia with regard to cell survival and underlying mechanisms.

 MATERIALS ANDMETHODS

. Experimental in vivo paradigm and induction of cerebral ischemia

All studies were performed with governmental approval according to the NIH guidelines for the care and use of laboratory ani-
mals, following both theARRIVE and the STAIR guidelines.Male C57BL/6mice aged 10–12 weeks (Janvier labs, LeGenest-Saint-
Isle, France) were kept under circadian rhythm and had free access to food and water. At all stages of the study, the researchers
were blinded from the experimental conditions. The mice were randomly assigned to the various treatment groups. The result
of the power calculation was 0.8732706 for Western blot analysis, assuming an effect size of 0.75. The result of the power calcu-
lation was 0.9105700 for both behavioural test analysis and immunofluorescence analysis, assuming an effect size of 0.70. Precise
numbers of animals used are given for each condition in the figure legends and in the Supplementary Table S1 including survival
rates of mice.
The induction of cerebral ischemia was performed via middle cerebral artery occlusion (MCAO), as described previously

(Doeppner et al., 2015). In brief, silicon-coatedmonofilament (Doccol Corp., Sharon,MA, USA) was inserted into the right CCA
and then gently moved forward towards the offspring of the right middle cerebral artery (MCA). During the experiment, the
laser Doppler flow (LDF) was recorded with a flexible probe (Perimed AB, Järfälla, Sweden) covering the core of the right MCA
territory. One hour after monofilament insertion, reperfusion was initiated by monofilament removal, and the LDF recordings
were continued for an additional 15 min before the wounds were carefully sutured.
The first set of mice underwent MCAO followed by injection of PBS (control) or ADMSC-EVs. EVs were released by 2 × 106

ADMSCs diluted in 200 µl of PBS corresponding to 10 µg of EVs. Injection was done by cannulating the right femoral vein, and
the injection rate was 200 µl per 10 min. Mice received such a treatment either at the beginning of the reperfusion or 12 h after
reperfusion, followed by a survival of 24 h (eight mice per group). The brains were removed and used for infarct volume analysis
as described later.
The second set of mice underwent sham surgery or MCAO followed by PBS (control) or ADMSC-EV treatment immediately

at the beginning of the reperfusion or 12 h after reperfusion. Animals in the sham group underwent all surgical procedures for
MCAO induction except for occlusion of the MCA. All these groups were allowed to survive for 24 h post-stroke (six mice per
group). These brains were used for Western blot analysis.
The third set of mice (six mice per group) was subjected to 1 h of ischemia (except for the sham group) followed by 6, 24, 48

or 72 h of reperfusion. All these groups were also used for Western blot analysis.
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The fourth set of mice was exposed to MCAO followed by intraperitoneal injections of PBS (control) or 3-Methyladenine
(3-MA, 15 mg/kg; Merck Group, Darmstadt, Germany) immediately at the beginning of the reperfusion or 12 h after reperfusion.
The mice were allowed to survive for one day (six mice per group) or fourteen days (ten mice per group). These mice were used
for Western blot analysis, behavioural analyses and histochemical studies of brain injury.
The fifth set of mice was exposed to MCAO followed by administration of PBS (control), ADMSC-EVs, ADMSC-EVNC and

ADMSC-EVanti-miR-25 (anti-miR-25-3p oligonucleotides or negative control oligonucleotides were transfected into ADMSCs
before harvesting EVs) via cannulation of the right femoral vein in the anesthetized mice 12 h after reperfusion. The mice were
allowed to survive for one day (six mice per group) or for fourteen days (ten mice per group). These mice were used for Western
blot analysis, behavioural analyses and histochemical studies of brain injury.

. Adipose-derived mesenchymal stem cells (ADMSCs) isolation and characterization

ADMSCs were isolated, as described previously (Ahmadian Kia et al., 2011). In brief, adipose tissue was harvested from wildtype
C57BL/6 mice and washed with PBS. Thereafter, the tissue was mechanically chopped before digestion with 0.1 % collagenase
I (Gibco, Darmstadt, Germany) for 1 h at 37◦C with intermittent shaking. The digested tissue was washed with high glucose
Dulbecco’s modified Eagle’s medium (DMEM; Merck Group, Darmstadt, Germany) containing 10 % fetal bovine serum (FBS;
Merck Group, Darmstadt, Germany) and then centrifuged at 1,000 rpm for 5 min to remove mature adipocytes. The cell pellet
was resuspended in DMEM supplemented with 10 % FBS and 1% penicillin/streptomycin (PS; Gibco, Darmstadt, Germany) in a
37◦C incubator with 5 % CO2. The adherent cells were passaged with 0.25 % trypsin containing 0.02 % EDTA (Sigma-Aldrich,
St. Louis, MO, USA) for 3–4 passages.
Cytometric evaluation of ADMSC surface profiles was carried out at passage 2. After two days of culture, the cells were

washed with PBS and fixed in 4 % paraformaldehyde for 30 min. ADMSCs were identified with fluorescein isothiocyanate
(FITC)-conjugated antibodies against CD29, CD34, CD45, CD90 (BD Biosciences, San Jose, CA, USA) and with phycoerythrin
(PE)-conjugated antibodies against CD105 (Ebioscience, San Diego, CA, USA). The percentage of adhering cells that stained for
CD29, D34, CD45, CD90, and CD105, respectively, was quantified by FlowJO software (version 8.0). The results are shown in
Figure S1.

. Preparation of primary cortical neurons

For the preparation of cortical neurons, pregnant C57BL/6 mice were killed by CO2 inhalation at embryonic day 17. Embryos
were dissected, and tissue pieces were trypsinized and dissociated using a fire-polished Pasteur pipette. Cells were seeded on
poly-L-ornithine/laminin (Sigma-Aldrich, St. Louis, MO, USA)-coated 6 or 24 well plates at a density of 100,000/cm2 con-
taining neuroblast medium (Gibco, Darmstadt, Germany) with additional transferrin (Sigma-Aldrich, St. Louis, MO, USA),
penicillin/streptomycin (PS; Gibco, Darmstadt, Germany), L-glutamine (Seromed, Dollnstein, Germany), and B27 supplement
(Gibco, Darmstadt, Germany). Cells were used for subsequent experiments after 4 days of cell culture.

. Standard and oxygen-glucose-deprivation (OGD) model

For the standard (normoxia) condition, cells were maintained under an ambient atmosphere in an incubator at 37◦C with 5 %
CO2. For the induction of OGD, primary neurons were incubated at 37◦C in a hypoxic chamber (Toepffer Laborsysteme GmbH,
Göppingen, Germany) (0.5 % O2, 5 % CO2) in Sterofundin medium (Braun, Melsungen, Germany) containing 1 mM mannitol
(Serag-Wiessner, Naila, Germany) for different durations of time. Afterwards, the cells were re-incubated under standard cell
culture conditions for 24 h (reoxygenation).

. ADMSC–primary neuron coculture and EV treatment

ADMSCswere plated onto 6-well (2× 104 cells/insert) transwell (3 µmpore size; Costar,Maryland, USA). After 24 h, the primary
neurons were added to the plates, and the cells were cultured under the indicated (normoxia or hypoxia) conditions. To illustrate
whether the effects of ADMSC-EVs were dose-dependent, three different ADMSC-EV concentrations were tested: ADMSC-EVs
low (EVs equivalent to 2 × 103 ADMSCs, 0.01 µg), AMDSC-EVsmedium (EVs equivalent to 2× 104 ADMSCs, 0.1 µg), ADMSC-
EVs high (EVs equivalent to 2 × 105 ADMSCs, 1 µg). The EVs were added to primary neurons at the beginning of the OGD and
at the beginning of the reoxygenation.
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. ADMSC-EV assays – enrichment, characterization, purification, uptake and inhibition

Details can be found in Supplementary Materials and Methods S1.

. Autophagic flux

For autophagic flux assessments in primary neurons, cells were cultured on coverslips for 3 days and transfected with RFP-GFP-
LC3B using the Autophagy Tandem Sensor RFP-GFP-LC3BKit (Thermo Fisher Scientific,Waltham,Massachusetts, USA). After
24 h, the cells were cultured under the indicated experimental conditions (i.e., normoxia or OGD condition, with or without
ADMSC-EVs) and fixed with 4 % paraformaldehyde (PFA). Images were obtained with a fluorescence microscope, and the
number of autophagosomes and autolysosomeswere quantified in each cell (20-25 cells per experimental group) in 3 independent
experiments. For assessments of autophagic flux by LC-3 II, Bafilomycin A1 (Sigma-Aldrich, St. Louis, MO, USA) was used 3 h
before harvesting. Western blots were performed, thereafter.

. Knockdown and overexpression

MiR-25b-3p mimicking oligonucleotides, anti-miR-25-3p oligonucleotides, siRNAs against Hrs and their control oligonu-
cleotides (RiboBio, Guangzhou, China) were transfected into primary neurons or ADMSCs by using Turbofect Transfection
reagents (Thermo Fisher Scientific, Waltham, Massachusetts, USA) according to the manufacturer’s instructions. After 24 h of
transfection, the cells were used for subsequent experiments.

. Real-time qRT-PCR

Total RNAwas isolated usingTrizol reagent (Invitrogen,Waltham,California,USA) according to themanufacturer’s instructions.
The KAPA SYBR® FAST One-Step Kit for LightCycler®480 (Merck Group, Darmstadt, Germany) was used to perform qRT-PCR
as themanufacturer’s instructions request, and the PCR primers were purchased fromEurofinsGenomics (Ebersberg, Germany).
MicroRNA expression was normalized to U6 and let-7a expression and calculated via the standard 2−ΔΔCt method.

. RNase A and TritonX--treatment

To degrade RNA, 500 µl of ADMSC-EVs (derived from 10 × 106 ADMSCs) were separated into four groups and each group was
incubated in the presence of 20 µg/ml RNase A (Invitrogen, Waltham, California, USA) and/or with 1% TritonX-100 (Sigma-
Aldrich, St. Louis, MO, USA) for 30 min at 37◦C under gentle agitation. RNase digestion was stopped by addition 1.25 µl/ml
RNasin (Sigma-Aldrich, St. Louis, MO, USA) and RNA-isolation was performed as previous described. All treated EVs were
used immediately or were stored at -80 ◦C.

. Cell survival

Cell viability was measured by a colorimetric assay by using the MTT (thiazolyl blue tetrazolium, Sigma-Aldrich, St. Louis, MO,
USA) viability assay according to the protocol (Venkataramani et al., 2018). Cell viability data are presented as relative changes
in percent compared to untreated controls. Furthermore, cell death rate was also determined via fluorescence microscopy by
using a LIVE/DEAD Viability kit (Lonza, Basel, Switzerland) as directed by the manufacturer’s instructions; living cells were
identified with calcein AM (4 µM, green fluorescence), and dead cells were identified with ethidium homodimer-1 (2 µM, red
fluorescence). Three independent experiments were conducted and ≥200 cells were evaluated for each condition.

. Assessment of infarct volumes

One day after MCAO, the infarct volume was assessed by 2,3,5-triphenyl tetrazolium chloride (TTC) staining in 2-mm thick
coronal brain slices. The infarct proportionwas calculated by the formula: corrected percentage of infarct volume= (contralateral
hemispheric volume – ipsilateral non-infarcted volume) / contralateral hemispheric volume x 100.
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. Analysis of post-stroke motor coordination deficits

Mice were trained on days one and two before the induction of stroke to ensure proper test behaviour. The actual tests for analysis
of motor coordination were performed at four, seven, ten and fourteen days using the tight rope test and the corner turn test, as
previously described (Doeppner, Kaltwasser, Bähr, & Hermann, 2014). The details can be found in Supplementary Table S2.

. Protein extracts andWestern Blot analyses

Details can be found in Supplementary Materials and Methods S2.

. Immunofluorescence staining

Brain injury as indicated by neuronal density was evaluated in 16 µm cryostat sections stained with a rabbit monoclonal anti-
NeuN antibody (1:300; Merck Group, Darmstadt, Germany), which was detected by a donkey anti-rabbit Alexa Fluor 488 anti-
body (Invitrogen, Waltham, California, USA). Quantitative analyses for immunohistochemical stainings were performed defin-
ing five regions of interests (ROIs) at anterior-posterior+0.14 mm, medial-lateral±1.15 to+2.25 mm, and dorsal-ventral -2.25 to
+3.25mm. The number ofNeuN+ cells was investigated bymanual cell counting. The analysis was performedwith a fluorescence
microscope (Zeiss, Jena, Germany). Five sections per mouse were analyzed, and the mean neuronal densities were determined
for all ROIs.

. Statistical analysis

All statistical analyses were performed using GraphPad Prism Software (GraphPad Software Inc., San Diego, CA, USA). For
comparison of two groups, the two-tailed independent Student’s t-test was used. For comparison of three or more groups, a one-
way analysis of variance (ANOVA) followed by the Tukey’s post-hoc-test was performed. The power calculations were performed
using G*Power software. Unless otherwise stated, data are presented as mean values with SD. A P value of <0.05 was considered
statistically significant.

 RESULTS

. Purification, Isolation, and Characterization of ADMSC-EVs

We first enriched ADMSC-EVs from conditioned medium of ADMSCs using two well established methods (UC and PEG).
Complete cell culture medium has been processed in the same PEG-based manner as conditioned cell culture medium (CCM).
The subsequent characterization of such enriched ADMSC-EVs included transmission electron microscopy (TEM), nanosight
tracking analysis (NTA), and Western blotting. In line with previous reports (Zheng et al., 2020), Western blotting analysis on
the expression patterns of so called EV surface markers revealed CD9, CD63, Alix, and TSG101 but not albumin, Histone, and
TOMM20 abundance in these ADMSC-EVs (Figure 1a). The data showed no difference between the UC and the PEG method.
The results from the NTA revealed the majority of ADMSC-EVs to be about 100 nm in size in both groups (Figure 1b). TEM
analysis showedno significantmorphological differences betweenUC-EVs andPEG-EVs, as both preparations contained smaller
and larger vesicles (Figure 1c).
Because PEG protocolsmay be incapable of discriminating EVs fromnon-EV nanoparticles and protein (Patel et al., 2019), our

next goal was to set up another separation assay to determine which are the biologically relevant nanoparticles of the aforemen-
tioned samples, i.e., UC and PEG samples. Density gradients like iodixanol are a classic means to separate membrane-enclosed
vesicles according to their floatation speed and equilibrium density (Colombo, Raposo, & Théry, 2014). We first used a self-
forming iodixanol (OptiPrep) gradient to subfractionate EVs isolated by UC or PEG (Figure 1d). After subfractionation, ten
fractions were recovered and analysed for the presence of protein markers like CD9, CD63, and Alix in both UC and PEG frac-
tions. As shown in Figure 1e, the samples recovered floatedmostly in fraction seven in both UC and PEG groups. Consistent with
the Western blot results, NTA revealed a vast majority of vesicles to be in fraction seven, regardless of the enrichment method
chosen (Figure 1f). These vesicles found in fraction seven typically had a diameter of 30–150 nm (Figure 1g). Thus, floatation into
iodixanol gradients allows separation of subtypes of EVs displaying different buoyant densities and sizes, with small EVs (sEVs,
50 to 200 nm diameter) strongly enriched in the seventh fraction regardless of the isolation method.
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F IGURE  Characterization and purification of ADMSC-EVs. Adipose-derived mesenchymal stem cells (ADMSCs) were cultured under standard cell
culture conditions, and conditioned cell medium (CCM) was obtained after passage three. CCM was used for the enrichment of extracellular vesicles (EVs)
using either the differential centrifugation (i.e. ultracentrifugation, UC) or the polyethylene glycol (PEG) method. (a) Western blot analysis of EVs against
exosomal markers of CD9, CD63, TSG101 and Alix, with albumin, TOMM20 and Histones being used as negative markers. Western blots were performed on
total cell lysates (cells), EV lysates (UC and PEG) and the CCM. (b) Nanoparticle tracking analysis (NTA) from enriched EVs (UC and PEG) depicting size
distribution patterns. (c) Representative transmission electron microscopy (TEM) analysis from EVs enriched by either UC or the PEG method. Scale bar, 100
nm. (d) Resuspended EVs isolated by UC or PEG were allowed to float into an overlayed iodixanol gradient to purify and isolate the small extracellular vesicle
(sEV) population. (e) The iodixanol cushion gradient fractions for UC and PEG were analysed by Western blotting (fraction 1–10) using exosome markers.
Equivalent volumes of each fraction were loaded per lane. Representative images were shown for CD9, CD63 and Alix which were enriched in fraction seven.
(f) NTA was used to assess EV concentrations for each fraction (fraction 1–10). The two-tailed independent Student’s t-test was used. (g) Representative size
distribution of EVs isolated by UC or PEG from their corresponding fraction seven gradients. (h) Western blotting against EV markers (CD9, CD63, and Alix)
were performed on ADMSC-EVs isolated by UC or PEG after (or without, Con) size exclusion chromatography (SEC) purification. (i) The size analysis of SEC
purified EVs (UC and PEG) was again done by means of NTA
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F IGURE  ADMSC-EVs protect neurons from oxygen-glucose deprivation (OGD) injury through autophagy regulation. Neuroprotective effects of
ADMSC-EVs in cultivated mouse primary cortical neurons were detected by cell viability assays. Primary neurons were incubated for 4 days as mentioned
in the materials and methods part. (a) Cell viability was analysed in primary neurons exposed to 4, 8 and 10 h of OGD followed by 24 h of reoxygenation using
the MTT assay (n= 3). Cells incubated under standard cell culture conditions (‘Normoxia’) were defined as 100 % cell survival. (b-c) Both qualitative and quan-
titative analysis of autophagy levels as indicated by the abundance of the autophagy associated protein LC3-II under the aforementioned time points (n = 3).
Cells incubated under standard cell culture conditions (‘’Normoxia ’) were used as negative control. (d) The neuroprotective effect of ADMSC-EVs in cultured
primary neurons was evaluated by theMTT assay. After 4 days of cell culture, cells were exposed to 10 h of OGD followed by 24 h of reoxygenation, as mentioned
by “OGD” for the later assays. Cell viability was analysed in neurons incubated with either PBS (Control), ADMSCs (Co-culture) or ADMSC-EVs (EVs) isolated
by UC or PEG after induction of OGD followed by reoxygenation. PBS, ADMSCs and EVs were given at the beginning of both hypoxia and reoxygenation. Cells
incubated under standard cell culture conditions (Normoxia) were defined as 100 % cell survival (n = 3). (e-f) LC3 levels were evaluated by Western blotting
in OGD exposed primary neurons treated with ADMSCs (Co-culture) or ADMSC-EVs isolated by UC or PEG. ADMSCs and EVs were given at the beginning
of both hypoxia and reoxygenation. Neurons treated with PBS under OGD conditions served as positive control (Control). Cells incubated under standard cell
culture conditions (Normoxia) were used as negative control (n = 3). A representative Western blot is shown in (e), whereas the quantitative analysis for LC3-II
is shown in (f). One-way ANOVA followed by the Tukey’s post-hoc-test was used. Data are shown as mean ± SD. Data are statistically different from each other
with *P < 0.05, **P < 0.01, and ***P < 0.001

In subsequent experiments, we collected layer seven as the purified sEVs (iodixanol) for further experiments. Size exclusion
chromatography (SEC) is considered to be one of the best methods for isolating and purifying EVs from different matrices
(Stranska et al., 2018). Then, EVs isolated by UC or PEG were applied to the SEC column and collected after filtration. UC-
SEC and PEG-SEC were characterized based on the size distribution and the presence of the EV-enriched proteins. Western
blot analysis revealed that both UC-SEC and PEG-SEC were enriched for EV markers (e.g., CD9, CD63, and Alix), showing no
difference between filtered and untreated ones (Figure 1h). Figure 1i shows a representative size distribution profile of UC-SEC
and PEG-SEC based on NTA, which reflects a similar size distribution pattern of UC-SEC and PEG-SEC with the highest peak
at approximately 100 nm.

. ADMSC-EVs protect neurons from oxygen-glucose-deprivation (OGD) injury

EVs enriched from bonemarrow-derivedMSCs induce neuroprotection and enhance neurological recovery in preclinical stroke
models, as previously described by us and others (Bang & Kim, 2019; Doeppner et al., 2015; Xin et al., 2013). The present study,
however, analysed the underlying mechanisms of ADMSC-EV-induced neuroprotection using both in vitro and in vivo stroke
models. Primary neurons exposed toOGD followed by 24 h of reoxygenation displayed a significant extent of cell injury, depend-
ing on the duration of the OGD (Figure 2a). Although recent evidence suggests a role for autophagy to be involved in cell injury
due to hypoxia or ischemia, published data appears to be contradictory with regard to autophagy being beneficial or detrimental
(Chen et al., 2014; Wei, Wang, & Miao, 2012). We, therefore, analysed autophagy levels using the expression of the autophagy-
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associated protein LC3-II in our OGDmodel. LC3-II levels significantly correlated with the extent of cell injury, i.e., LC3-II was
significantly more abundant in neurons exposed to 10 h of OGD than in neurons exposed to 4 h or 8 h of OGD (Figure 2b-c).
Further, in vitro experiments were performed using the 10 h OGD experimental paradigm only. Treatment of primary neu-
rons exposed to OGD with ADMSCs or with EVs isolated from UC or PEG yielded a significant reduction of cell injury when
compared to controls (Figure 2d). No differences between the various methods used were observed. Interestingly, ADMSC-EV
treatment was not inferior to ADMSC treatment with regard to survival rates of neurons exposed to OGD (Figure 2d).

. ADMSC-derived EVs inhibit autophagic flux and protect primary neurons from OGD-injury
through regulation of autophagy

In order to study whether or not ADMSC-derived EVs enhance the resistance of primary neurons against OGD by regulating
autophagic activity, autophagy levels were assessed using the expression of autophagy-associated protein LC3-II. When primary
neurons were exposed to OGD and co-cultured with ADMSCs or treated with ADMSC-derived EVs enriched from UC or
PEG, the stroke-induced increased protein abundance of LC3-II was reversed (Figure 2e-f). We also compared the effects of the
concentrates from iodixanol separated layers one, three, and seven on alleviating cell damage after iodixanol density gradient
ultracentrifugation (DGUC). Not surprisingly, the seventh layer of concentrates, but not the first or the third layer which occu-
pied a typical sEV diameter, has a significant effect on enhancing cell viability. This effect is the same as the unstratified one
(Figure S2A). Consistent with the results from DGUC, SEC filtered EVs have the same effects as the unfiltered EVs with regard
to reducing cell damage after OGD, regardless of the enrichment method chosen (Suppl. Fig. S2B). More importantly, all of the
manipulated EVs (iodixanol and SEC) can down-regulate neuronal autophagy levels after OGD, and the effects were not inferior
to the unpurified one (Figure S2C-D). Combined with the aforementioned results, we showed that sEVs are the key compounds
mediating reduced levels of autophagy and neuroprotection. Importantly, we confirmed that sEVs are the key compounds in
both EV-isolation methods (UC and PEG), and that these two methods display no significant difference between each other. We
therefore used the PEG method to enrich ADMSC-EVs for the remainder of the study.
To confirm the physiological properties of ADMSC-EVs in the aforementioned OGD model, the ADMSC-EV uptake in pri-

mary neurons was studied using DiI staining. Indeed, primary neurons displayed an intracellular uptake of EVs after OGD
(Figure S2E). We then asked the question whether or not EV-induced effects are dose-dependent. Hence, three different doses (2
× 103, 2 × 104, and 2 × 105 cell equivalents) of ADMSC-EVs were used in the OGD model. ADMSC-EVs significantly repressed
the LC3-II expression (Figure S2F-G) and rescued cell injury (Figure S2H) in a dose-dependent manner. Although we do not
have clear evidence, it appears to be feasible that high dosages (2 × 105) might lead to excessively down-regulated autophagy
levels, resulting in the loss of further protection from EVs to neurons after OGD. On the contrary, low dosages (2 × 103) of
EVs result in an insufficient concentration of either cargo proteins or non-coding RNAs, thus failing to induce neuroprotection.
However, the medium dosages (2 × 104) of ADMSC-EVs showed beneficial effects regarding cell survival. Further experiments
were therefore performed choosing the medium dosage.
In addition, we also measured the cell survival after co-culturing neurons with ADMSC-EVs that were pretreated with either

RNase A, the detergent Triton X-100 (to disrupt the lipid bilayer of vesicles), both of them, or with the untreated EVs after OGD
as shown in Figure S2I. When EVs were pretreated with RNase A, but not with Triton X-100, and co-cultured with primary
neurons, there was no significant difference between RNase A treated and the untreated group in terms of cell viability after
OGD. Pretreating EVs with Triton X-100 alone resulted in some decrease in neuroprotection. Conversely, pretreating EVs with
Triton X-100 and RNase A led to near-total elimination of the protective properties of EVs. These results support the hypothesis
that EVs are likely to be the therapeutically efficacious substance in our OGD model.
Although LC3-II, which is specifically recruited to the autophagosome membrane (Mizushima & Yoshimori, 2007), is a good

marker for analyzing autophagy, the static nature of such measurements is hard to interpret. As a matter of fact, an increase
in LC3-II levels can either be a consequence of enhanced autophagosome formation or due to a lack of autophagosome fusion
with lysosomes (du Toit, Hofmeyr, Gniadek, & Loos, 2018). To distinguish between these two states of autophagy processing,
we evaluated the effect of autophagy by treating primary neurons with bafilomycin A1 (BafA1), which is a potent V-ATPase
inhibitor that impedes autophagosome-lysosome fusion. If the breakdown of autophagosomes is blocked, the absolute LC3-
II accumulation (BafA1 treated minus the untreated one) indicates how many new autophagosomes are being produced over a
particular time. Themagnitude of BafA1-induced LC3-II accumulation underOGDconditionswas significantly lower in primary
neurons cultured with either ADMSCs or EVs when compared to controls (Figure 3a-b). Furthermore, we employed a tandem
fluorescence RFP-GFP-LC3B reporter system tomonitor the autophagic flux in primary neurons. Incubation of primary neurons
exposed to OGD with ADMSC-EVs yielded a reduced number of both autophagosomes and autolysosomes (Figure 3c-d).

To further reveal the relationship between ADMSC-EVs and autophagy, the autophagy activator rapamycin and the inhibitor
3-MA were used in primary neurons exposed to OGD (Figure 3e). The combined treatment of neurons with different con-
centrations of rapamycin and ADMSC-EVs resulted in a reversal of the former EV-induced neuroprotection, indicating that
ADMSC-EVs apparently act in an opposite way than rapamycin. On the contrary, inhibition of autophagy using 3-MA signif-
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F IGURE  ADMSC-EVs inhibit autophagic flux and increase cell viability through p53 and BNIP3 signalling. (A-B) Assessment of the autophagic flux
was done using bafilomycin A1 (BafA1) in the aforementioned groups (Normoxia, Control, Co-culture and EVs). BafA1 was added 3 h before harvesting the
cells. LC3 levels were evaluated again by Western blotting in the presence of DMSO or BafA1 (n = 3). Quantitative analysis of LC3-II blotting is shown in
(b). (c-d) Autophagosomes (yellow) and autolysosomes (red) were detected in OGD-exposed primary neurons that express mRFP-GFP-LC3. The neurons were
treated with PBS or ADMSC-EVs. PBS and EVs were given at the beginning of hypoxia and reoxygenation. Cells incubated under standard cell culture conditions
(Normoxia) were used as negative control. Scale bar, 10 µm. The number of autophagosomes and autolysosomes in each cell (20-30 cells per group) was quantified
in (d) (n = 3). (e) The impact of autophagy on neuronal survival after OGD was evaluated using different concentrations of the autophagy inhibitor 3-MA in
comparison to neurons treated with the solvent DMSO using the MTT assay. ADMSC-EVs together with different concentrations of the autophagy stimulator
rapamycin (E+R; n = 3) were also used on primary neurons exposed to OGD. All the drugs were given twice, at the beginning of hypoxia and reoxygenation.
Cells incubated under standard cell culture conditions (Normoxia) were defined as 100 % cell survival. (f-g) Both p53 and BNIP3 were evaluated by Western
blotting in OGD exposed primary neurons treated with PBS, ADMSCs (Co-culture) or ADMSC-EVs (EVs). Neurons treated with PBS under OGD conditions
served as positive control (Control). Cells incubated under standard cell culture conditions (Normoxia) were used as negative control (n = 3). EVs were given
at the beginning of hypoxia and reoxygenation. The quantitative analysis of p53 and BNIP3 Western blotting is shown in (g). One-way ANOVA followed by the
Tukey’s post-hoc-test, data are given as mean ± SD. Data are statistically different from each other with *P < 0.05, **P < 0.01, and ***P < 0.001
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icantly increased neuron viability in a concentration dependent manner (Figure 3e). The protective impact of 3-MA, however,
was lost when 3-MAwas applied in a concentration of 5 mM, suggesting that over-suppression of autophagy may be detrimental
for primary neurons. Rather, a moderate decrease in autophagy confers significant protection against OGD-induced cell death
in primary neurons.

. ADMSC-derived EVs regulate autophagy by signalling pathways involving p and B-cell
lymphoma –interacting protein  (BNIP)

To understand themechanisms by which ADMSC-derived EVs regulate autophagy, we investigated autophagy-related signalling
cascades. Autophagy is known to be regulated by at least four signalling pathways, amongwhich are p53 and BNIP3. Interestingly,
protein levels of p53 and BNIP3 were significantly increased in OGD-exposed primary neurons when compared to standard cell
culture conditions (Figure 3f-g). Incubation of neurons with either ADMSCs or with ADMSC-EVs significantly decreased the
OGD-induced upregulation of both p53 and BNIP3 (Figure 3f-g), indicating that ADMSC-EVs possibly modulate autophagy
through p53 and BNIP3 signalling.

. Inhibition of exosome biogenesis reverses ADMSC-EV-induced effects in neurons exposed to
OGD

As mentioned before, exosomes form an important subgroup of EVs. Two mechanisms of exosome formation have been
described by ceramide synthesis (Trajkovic et al., 2008) and by the endosomal sorting complex required for transport (ESCRT)
machinery (Hanson & Cashikar, 2012), respectively. To determine the role of exosomes in the regulation of autophagy and neu-
roprotection in primary neurons exposed to OGD, we inhibited ceramide synthesis with the neutral sphingomyelinase-targeting
inhibitor GW4869 and inhibited ESCRT-mediated exosome biogenesis by knocking down Hrs, a member of the ESCRT-0 com-
plex (Tamai et al., 2010). As expected, both Hrs-KD and GW4869 pre-treatment led to a large decrease in exosome secretion
shown by NTA analysis (Figure 4a), showing no difference between the two methods. Moreover, the effects of ADMSC-EVs
(EVs) on autophagy regulation (Figure 4b-c) and neuroprotection (Figure 4d) were significantly blocked when ADMSCs were
pretreated with the inhibitor of exosomal secretion GW4869 or Hrs-KD. Then, we applied GW4869 in the coculture model, the
effects of ADMSC-EVs (EVs) on neuroprotection (Figure 4d) and autophagy regulation (Figure 4e-f) were significantly blocked
when ADMSCs were pretreated with the inhibitor of exosomal secretion GW4869.
Importantly, the incubation with ADMSC-EVs down-regulated the abundance of p53 and BNIP3 in neurons exposed to OGD,

whereas incubation of neurons with EVs obtained from such pretreated ADMSCs failed to inhibit p53 and BNIP3 protein levels
(Figure 4g-h). Thus, exosomes forming a subgroup of ADMSC-EVs appear to be critical inmediating the anti-autophagic activity
of ADMSCs in primary neurons exposed to OGD.

. The miR--p is abundant in ADMSC-EVs reducing the autophagic flux in hypoxic primary
neurons

To further identify the compounds of EVs that are responsible forADMSC-EV-induced regulation of autophagy, we first explored
miRNAs that directly target the p53/BNIP3 autophagy signalling pathway. Out of more than 10 miRNAs known to target p53
(Liu, Zhang, Zhao, & Feng, 2017), we selected 6 candidates miRNA (miR-25-3p, miR-98, miR-125a-5p, miR125b-5p, miR-214-3p,
and miR-30) that are more closely related to neurons for further screening. In order to eliminate the bias due to the selection of
internal controls, we have selected two internal controls, U6 and let-7a, for relative quantification of miRNAs (Li et al., 2015). The
results from qRT-PCR analyses indicated that miR-25-3p was one of the most abundant miRNAs in ADMSC-EVs (Figure 5a).
In order to show in which physicochemical state miR-25 can be found in our conditions, we treated EVs with either RNase A,
the detergent Triton X-100 (to disrupt the lipid bilayer of vesicles), both of them, or with the solvent alone (Control). We then
measured the levels of miR-25 by RT-qPCR. When EVs were treated with RNase A, but not with Triton X-100, the PCR signal
for the miR-25 remained within the margin of error compared to the signal for solvent treated one. This suggests that RNAs
captured by the column were located inside vesicles and were therefore protected by the lipid bilayer from RNase A digestion
(Figure 5b). Treating EVs with Triton X-100 alone resulted in some degradation of RNA, supposedly because disruption of the
vesicle membrane exposes the RNA to residual RNase present in the environment. Conversely, treating with Triton X-100 and
RNase A led to near-total digestion of the RNAs (Figure 5b), confirming that their initial resistance to digestion was due to
sequestration within vesicles, which proved miR-25 to be inside of ADMSC-EVs. Nevertheless, the intracellular concentration
of miR-25-3p in primary neurons significantly decreased when these cells where exposed to OGD (Figure 5c). On the contrary,
treatment of primary neurons with ADMSC-EVs significantly increased the concentration of miR-25-3p (Figure 5c).
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F IGURE  The regulation of the autophagic flux byADMSC-EVs depends on exosomes. (a) ADMSC-derived EVs obtained fromADMSCs pre-treatedwith
DMSO, GW4869 or Hrs-siRNA (knockdown, Hrs-KD) were isolated by the PEG method. The quantification of EV numbers is shown in (A) (n = 5). (b-c) LC3
levels were detected by Western blotting followed by densitometric analysis in primary neurons exposed to oxygen-glucose-deprivation (OGD). OGD-exposed
neurons were either incubated with EVs isolated from ADMSCs pre-treated with the exosome secretion inhibitor GW4869 (GW4869) or with ADMSC-derived
EVs obtained from ADMSCs that were pre-transfected with Hrs-siRNA (Hrs-KD). All experimental conditions were performed with or without the autophagic
flux inhibitor BafA1 (n = 3). (d) Cell viability was examined in OGD-exposed primary neurons that were treated with PBS, ADMSC-EVs (EVs), ADMSC-
derived EVs obtained from ADMSCs that were pre-transfected with Hrs-siRNA (Hrs-KD), ADMSCs treated with the exosome secretion inhibitor GW4869
(Co+GW) or ADMSC-EVs isolated from conditioned medium containing GW4869 (EVs+GW; n = 3). Cells incubated under standard cell culture conditions
(Normoxia) were defined as 100 % cell survival. (e-f) OGD-exposed neurons were either incubated with ADMSC-derived EVs (EVs), ADMSCs pre-treated with
the exosome secretion inhibitor GW4869 (Co+GW), or with ADMSC-derived EVs obtained from ADMSCs that were pretreated with GW4869 (EVs+GW).
EVs, GW4869, EVs+GW were given at the beginning of both hypoxia and reoxygenation. All experimental conditions were performed with or without the
autophagic flux inhibitor BafA1 (n = 3). BafA1 was added 3 h before harvesting the cells. (g-h) P53 and BNIP3 were quantified by Western blotting in OGD-
exposed primary neurons co-incubated with PBS, ADMSC-EVs (EVs), ADMSCs with GW4869 (Co+GW) or with EVs isolated fromADMSCs pre-treated with
GW4869 (EVs+GW; n = 3). Quantitative analysis of p53 and BNIP3 is shown (h). One-way ANOVA followed by the Tukey’s post-hoc-test was used, data are
shown as mean ± SD. Data are statistically different from each other with *P < 0.05, **P < 0.01, and ***P < 0.001

To confirmwhether or not miR-25-3p has a functional role in the aforementioned EV-induced regulation of autophagy under
OGD conditions of neurons, EVs were obtained from ADMSCs that were pretreated with an anti-miR-25-3p oligonucleotide
(ADMSC-EVanti-miR-25) or with a scrambled construct as control (ADMSC-EVNC). The cell viability after OGDwas significantly
higher in primary neurons culturedwithADMSC-EVsNC (EVsNC) when compared to PBS-treated controls (Figure 5d).However,
these effects were reversed when the cells were treated with ADMSC-EVsanti-miR-25 (EVsanti-miR-25; Figure 5d). The magnitude
of BafA1-induced LC3-II accumulation under OGD conditions was also significantly lower in primary neurons cultured with
ADMSC-EVsNC when compared to PBS-treated cells (Figure 5e-f), whereas these results were again reversed when the neu-
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F IGURE  ADMSCs regulate autophagy and induce neuroprotection by miR-25-3p. (a) Real time Quantitative Polymerase chain reaction (qRT-PCR)
quantification of miRNA concentrations in EVs obtained from ADMSCs as stated in the materials and methods section. (b) Levels of miR-25-3p were detected
in ADMSC-EVs that were pretreated either RNase A (+RNase), the detergent Triton X-100 (+Triton X), both of them (+RNase+Triton X), or with the solvent
alone (Control) (n = 3). (c) Levels of cellular miR-25-3p were measured in primary neurons treated with PBS or ADMSC-EVs in the OGDmodel by qRT-PCR.
PBS and EVs were given at the beginning of hypoxia and reoxygenation. Data refer to neurons cultured under standard cell culture conditions (Normoxia).
(d) Cell viability was examined in primary neurons exposed to OGD that were treated with PBS, EVs obtained from normal ADMSCs (EVs), EVs isolated
from ADMSCs that were pretreated with anti-miR-25-3p (EVsanti-miR-25) or with EVs isolated from ADMSCs that were pretreated with scramble (EVsNC; n =
3). All of them were given at the beginning of hypoxia and reoxygenation. Cells incubated under standard cell culture conditions (Normoxia) were defined as
100 % cell survival. (e-f) Western blot identification for LC3 in primary neurons after incubation with different EVs, i.e., EVs isolated from normal ADMSCs
(EVs), EVs obtained from ADMSCs that were pretreated with anti-miR-25-3p (EVsanti-miR-25) or with EVs isolated from ADMSCs that were pretreated with
scramble (EVsNC). OGD experiments were performed with or without BafA1 under each condition (n = 3). Quantitative analysis of LC3-II is shown in (f). (g-
h) Autophagosomes and autolysosomes were detected in EVsanti-miR-25-treated primary neurons or in EVsNC-treated neurons that expressed mRFP-GFP-LC3
under OGD conditions. The number of autophagosomes and autolysosomes in each cell (20-30 cells per group) was quantified (n= 3). EVsanti-miR-25 and EVsNC

were given twice as mentioned before. Scale bar, 10 µm. The two-tailed independent Student’s t-test was used in H. One-way ANOVA followed by the Tukey’s
post-hoc-test was used except for H, data are shown as mean ± SD. Data are statistically different from each other with *P < 0.05, **P < 0.01, and ***P < 0.001

rons were incubated with ADMSC-EVanti-miR-25 (Figure 4e-f). Likewise, using a luciferase system, a significant increase in the
number of autophagosomes and autolysosomes was counted in neurons incubated with ADMSC-EVsanti-miR-25 (EVsanti-miR-25)
compared to ADMSC-EVsNC (EVsNC) (Figure 5g-h). Thereafter, the effects of miR-25-3p on the regulation of autophagy were
further analysed, using a miR-25-3p mimic and its inhibitor directly in primary neurons that were exposed to OGD. Hypoxic
neurons transfected with the miR-25-3p mimic recapitulated the inhibitive effects on both autophagy regulation (Figure S3A-B)
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and autophagic flux (Figure S3C-D) when compared with the scramble group. Through the live/dead assay, we found that the
transfection itself did not increase cell death compared with the untransfected group, suggesting that the autophagy regulating
effect was due to miR-25a itself but not due to the protein loss after cell death (Figure S3E-F). Conversely, transfection of neurons
with the miR-25 inhibitor yielded opposite results (Figure S3G-H). Being consistent with the autophagic flux, the levels of p53
and BNIP3 were decreased in response to the treatment with the miR-25-3p mimic (Figure S3I-J), while abundance of these pro-
teins was enhanced when the neurons were treated with the miR-25-3p inhibitor (Figure S3 H-L). Finally, incubation of neurons
exposed to hypoxia with the miR-25-3p mimic resulted in increased cell viability (Figure S3M), whereas inhibition of miR-25-3p
decreased neuron viability (Figure S3N).

. ADMSC-EVs induce sustained neuroprotection and promote neurological recovery after
stroke in mice

In light of the aforementioned in vitro data on primary neurons, we investigated whether or not ADMSC-EV administration
improves post-stroke neurological recovery by modulating autophagic activity. We first checked the EV biodistribution pat-
terns under ischemic conditions. Consistent with previous results (Zagrean, Hermann, Opris, Zagrean, & Popa-Wagner, 2018),
ADMSC-EVs indeed do reach the central nervous system, at least under ischemic stroke conditions (Figure 6a). Following a
previously published protocol (Doeppner et al., 2015), EVs released by 2 × 106 ADMSCs diluted in 200 µl of PBS were systemi-
cally administered immediately at the beginning of the reperfusion or at 12 h after reperfusion. Mice that received ADMSC-EVs
immediately during the beginning of the reperfusion exhibited significantly smaller infarct volumes when compared to PBS con-
trols (Figure 6b-c). Likewise, treatment of stroke mice with EVs at 12 h also yielded significantly reduced infarct volumes when
compared to controls, with no significant difference between the two EV groups (Figure 6b-c). Along with such a reduction of
acute brain injury, the behavioural test analyses revealed better test scores of mice treated with EVs at either time point (Fig-
ure 6d-e). Of note, this better test performance in both the corner turn and the tight rope test was long-lasting and stable until
the end of the observation period of 14 days.We subsequently analysed neuronal survival in the ischemic striatum at 14 days after
the stroke. In line with the reduction of neurological impairment, increased neuronal densities were found in mice treated with
ADMSC-EVs of both injection time points (Figure 6f-g). Conclusively, ADMSC-derived EVs reduce post-stroke brain injury on
both the histological and the functional level in experimental stroke models.

. ADMSC-EV administration after MCAO reduces autophagic flux through p-BNIP
signalling

To further confirm whether autophagy inhibition contributes to neuroprotection and functional improvement, we used 3-MA
to inhibit autophagy after MCAO, and then assessed neuronal survival as well as neurological recovery. Treatment of mice with
the inhibitor of autophagy, 3-MA, at 12 h post-stroke confirmed the aforementioned results of the behavioural tests, thus further
supporting the hypothesis that inhibition of autophagy contributes to neurological recovery upon stroke induction (Figure 6d-e).
Whereas delivery of 3-MA at 12 h post-stroke yielded better neurological recovery in these mice when compared to PBS controls,
delivery of 3-MA immediately at the beginning of the reperfusion only partially enhanced neurological recovery (Figure 6d-e).
Analysis of neuronal survival at 14 days post-stroke showed increased neuronal densities in mice treated with 3-MA at 12 h,
whereas treatment immediately at the beginning of the reperfusion did not result in neuroprotection (Figure 6f-g). Again, treat-
ment of stroke mice with 3-MA at 12 h significantly reduced the autophagic flux 24 h post-surgery as indicated when BafA1 was
simultaneously used in these animals. The LC3-II levels were significantly lower in these mice as compared to the PBS group
(Figure 6h-i). In contrast to this, treatment with 3-MA immediately during the beginning of the reperfusion had no impact on the
autophagic flux. These results suggest that modulating post-stroke over-activated autophagic activity induces neuroprotection
in mice after induction of MCAO.
To further investigate whether or not neuroprotection caused by ADMSC-EVs is associated with a regulation of autophagy,

the temporal resolution patterns of autophagy levels in non-treated stroke mice were assessed. Western blotting against LC3-II
revealed a peak of protein abundance at 24 h post-stroke when compared to sham animals (Figure S4A-B). Treatment of mice
with ADMSC-EVs immediately at the beginning of the reperfusion (EVs 0 h; Figure S4C-D) or at 12 h (EVs 12 h; Figure S4E-F)
significantly reduced the stroke-induced activation of autophagy as measured at 24 h post-stroke. These observations suggest
that ADMSC-EVs significantly reduce the stroke-induced autophagic flux in mice.
We next detected the expression of p53 and BNIP3 in vivo. Consistent with our in vitro data, both p53 and BNIP3 protein

levels were increased in the infarct region ofMCAOmice. Application of ADMSC-EVs at the aforementioned two injection time
points (0 h and 12 h) significantly reduced abundance of both p53 and BNIP3 in stroke mice (Figure S4G-H).
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F IGURE  EV-induced regulation of autophagy reduces post-stroke brain injury and improves neurological recovery. (a) Representative immunofluores-
cence images displaying the biodistribution of ADMSC-EVs within the ischemic hemisphere. DiI (red spots), NeuN (green) and DAPI (blue). Scale bars, 25
µm. (b-c) Neuroprotective effects of ADMSC-EVs in mice exposed to 1 h of middle cerebral artery occlusion (MCAO) followed by 24 h of reperfusion were
evaluated by TTC staining. ADMSC-EVs were injected at the beginning of the reperfusion (EVs 0 h) or at 12 h after reperfusion (EVs 12 h). Mice treated with
PBS served as control (n= 8 per group). Quantitative analysis of the infarct size is shown in (c). (d-e) Mice (n= 10 per condition) were exposed to 1 h of MCAO
with subsequent reperfusion for 14 days during which the corner turn test (d) and the tight rope test (e) were performed. Mice received systemic delivery of
ADMSC-EVs or of 3-MA (15 mg/kg) immediately at the beginning of the reperfusion (EVs 0 h) or 12 h after reperfusion (EVs 12 h). Control mice received PBS
only. Motor coordination tests were done at 4, 7, 10 and 14 days after cerebral ischemia. Both EVs 0 h and EVs 12 h groups showed significant improvement in
the tight rope test compared to the PBS control group. On day fourteen, only EVs 0 h significantly improved tight rope performance. In the corner turn test, the
EVs 0 h and 12 h group showed improvement on day seven, ten and fourteen compared to the PBS control group, and the 3-MA 12 h group showed improvement
on day seven and day ten compared to the PBS control group. (f-g) The neuronal density was measured in mice treated with PBS (Control), ADMSC-EVs or
of 3-MA. EVs and 3-MA were systemically injected at the beginning of the reperfusion or 12 h after reperfusion. NeuN staining within the ischemic lesion site
was done on day 14 (n = 10 per group). Scale bars, 50 µm. (g-h) The autophagic flux was evaluated with BafA1 in MCAO mice that received 3-MA injection
immediately at the beginning of (3-MA 0 h) or 12 h after reperfusion (3-MA 12 h). PBS was given to control animals (n = 6 per group). Quantitative analysis of
LC3-II is shown (h). One-way ANOVA followed by the Tukey’s post-hoc-test was used, data are shown as mean ± SD. Data are statistically different from each
other with *P < 0.05, **P < 0.01, and ***P < 0.001
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F IGURE  Loss of miR-25-3p in ADMSC-EVs diminishes post-stroke EV-induced regulation of autophagy and neuroprotection. (a-b) The autophagic
flux was evaluated with BafA1 in MCAO (middle cerebral artery occlusion) mice that either received PBS or ADMSC-EVs 12 h after the induction of ischemic
stroke, including ADMSC-EVs, ADMSC-EVsNC, and ADMSC-EVsanti-miR-25 (n = 6 per group). BafA1 was injected 3 h before sacrifice. Quantitative analysis
of LC3-II is shown in (b). (c-d) Motor coordination was evaluated by the tight rope test and by the corner turn test at four, seven, ten and fourteen days after
cerebral ischemia to verify the effects of ADMSC-EVsNC and ADMSC-EVsanti-miR-25 in MCAO animals compared to PBS group. In the corner turn test, the
EVsNC group showed improvement on day seven, ten and fourteen compared with PBS control group. The EVsNC group showed improvement on day seven and
day ten compared to the EVsanti-miR-25 group. EVsNC group showed significant improvement in the tight rope test compared to the PBS control group. EVsNC

groups also showed significant better tight rope performance compared to EVsanti-miR-25 on day ten and fourteen. (e-f) The neuronal density in ADMSC-EVsNC

and ADMSC-EVsanti-miR-25 was measured on day fourteen as indicated by NeuN staining within the ischemic lesion site (n = 10 per group). The quantitative
analysis of neuronal density is shown in (f). Scale bars, 50 µm. The two-tailed independent Student’s t-test was used in. One-way ANOVA followed by the Tukey’s
post-hoc-test was used except for F, data are shown as mean ± SD. Data are statistically different from each other with *P < 0.05, **P < 0.01, and ***P < 0.001

. Post-stroke autophagic regulation by ADMSC-EVs depends on miR--p

In order to confirm that the decline in autophagic flux associated with ADMSC-EV administration is mediated by the EV-
delivery of miR-25-3p, mice were injected with either PBS, ADMSC-EVs, ADMSC-EVs that had been pretreated with anti-
miR25-3p (EVsanti-miR25), or with ADMSC-EVs that had been pretreated with the control oligonucleotide (EVsNC). The injection
was done 12 h after MCAO surgery. After 24 h of reperfusion, the BafA1-induced LC3-II accumulation in the ischemic striatum
was significantly lower in both the ADMSC-EV and the ADMSC-EVsNC groups compared to the PBS group (Figure 7a-b).
However, treatment with ADMSC-EVsanti-miR25 failed to show similar effects on the autophagic flux (Figure 7a-b).
Consistently, neurological recovery as assessed by the corner turn and the tight rope test was enhanced in mice treated with

ADMSC-EVsNC when compared to both controls and mice treated with ADMSC-EVsanti-miR25 (Figure 7c-d). Analysis of the
neuronal density 14 days after MCAO revealed that mice treated with ADMSC-EVsNC displayed reduced brain injury compared
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F IGURE  A schematic diagram showing the role of miR-25-3p derived from ADMSC-EVs in a preclinical stroke model. ADMSCs release EVs enriched
with miR-25-3p, which are uptaken by neurons. In neurons, miR-25-3p induces degradation of the mRNA of p53, resulting in the downregulation of the p53
protein level and subsequent reduction of BNIP3. The inhibition of BNIP3, in turn, further reduces the levels of autophagy which exerts the neuroprotective
effect

to animals treated with ADMSC-EVsanti-miR25 Figure 7e-f). Conclusively, ADMSC-derived EVs thus reduce brain injury on both
the histological and the functional level. The anti-autophagic activity associated with ADMSC-EV administration after MCAO
is at least partially mediated by the EV transfer of miR-25-3p.

 DISCUSSION

EVs fromvarious tissue sources induce both neuroprotection andneuroregeneration in preclinical strokemodels. The underlying
mechanisms of such EV-induced beneficial effects under stroke conditions, however, remain elusive. Using both an in vitro and
an in vivo stroke model, the present work identified a new mode of action by which EVs derived from ADMSCs mediate post-
stroke neuroprotection and neurological recovery. The findings presented herein suggest that ADMSC-EVs are able to inhibit
ischemia-induced autophagy. A key mechanism of ADMSCs-induced neuroprotection involves the EV-mediated transfer of
miR-25-3p from ADMSCs to the neuron, where it interferes with the p53/BNIP3 signalling pathway (Figure 8).
Intercellular transfer of RNA by small EVs has opened a new avenue of research centred on these tiny cellular particles in

diverse physiological systems. However, these small size particles have imposed numerous technical hurdles for their isolation
and study. Related to EV isolation, the most popular method remains differential ultracentrifugation (UC). UC, however, is lim-
ited in scale and cumbersome (Lötvall et al., 2014). Other concentration methods have therefore to be adopted for concentrating
these vesicles. The use of polyethylene glycol (PEG) has recently gained popularity due to its rapid and simple-to-use nature.
Previous work from our own group systematically analysed the PEG precipitation approach in direct comparison with standard
EV enrichment procedures on HEK293T cells (Ludwig et al., 2018). We revealed the PEG approach to be not inferior to stan-
dard EV enrichment procedures using HEK293T cells. In the present study, we also compared two different isolation methods,
UC and PEG enrichment in the enrichment of ADMSC-EVs. The purification rates obtained by these methods were high for
ADMSC-EVs, as indicated in the Western blot results. Especially, EV negative markers such as Albumin, TOMM20, and His-
tones were close to the detection threshold or not detectable at all in our UC and PEG method group. Likewise, the distribution
and morphological patterns were similar between EVs enriched with either UC or PEG.

The PEG method has been reported to retain certain amount of protein contaminants (Patel et al., 2019), and these co-
precipitated protein complexes may have related functions and affect the experimental outcome. To obtain what fraction is the
active fraction mediating neuroprotection, it was necessary to combine several separation procedures and to follow a nonbiased
approach (Freitas et al., 2019; Kowal et al., 2016). We showed that density gradient ultracentrifugation (DGUC) or size exclusion
chromatography (SEC) can separate sEVs from other co-precipitates, which was indicated by strong signals of EV markers and
typical particle diameters of 30–150 nm after purification. Moreover, the further purified sEV showed a similar performance on
alleviating cell damage and reducing autophagy levels after ischemic stroke compared to unpurified EVs, suggesting that sEV
are the therapeutically efficacious factors in our stroke models. In particular, both DGUC and SEC have a positive effect on the
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determination of functional fractions for large-scale isolation of EVs from conditioned media by applying precipitation using
PEG coupled with a DGUC or a SEC approach. Therefore, PEG offers an option to remedy the limitations of ultracentrifugation
for the initial concentration step.
The pathophysiology of cerebral ischemia involves a plethora of different signalling cascades (Fricker, Tolkovsky, Borutaite,

Coleman, & Brown, 2018). Among these differentmechanisms,more recent data suggests a role of autophagy being an interesting
target for stroke treatment (Descloux, Ginet, Clarke, Puyal, & Truttmann, 2015; Puyal, Ginet, Grishchuk, Truttmann, & Clarke,
2012; Wang et al., 2018). However, the precise role of autophagy under such ischemic stroke conditions is still under debate, i.e.,
autophagy might have both beneficial and detrimental effects. Some studies found pharmacological induction of autophagy by
rapamycin to reduce apoptotic and necrotic cell death during hypoxia, whereas others reported inhibition of autophagy by 3-
MA to enhance cell death (Carloni et al., 2010; Wang et al., 2012) . Contrary to this, many groups reported that an increase in
autophagy contributes to cell death. Using amodel of excitotoxicity, the application of the glutamate receptor activator resulted in
the death of cortical neurons, whereas delivery of the autophagy inhibitor 3-MA or the genetic knockdown of Atg7 and beclin-1
yielded neuroprotection (Ginet et al., 2014). Similar findings were supported by other models of cerebral ischemia (Koike et al.,
2008; Xing et al., 2012).

In our study, autophagy was strongly activated upon induction of either cerebral ischemia or oxygen-glucose-deprivation
(OGD). Activation of autophagy under such conditions represented a dynamic evolutionary process with a peak at 24 h after
MCAO induction. Interestingly, down-regulation of autophagy using 3-MA at the onset of reperfusion did not induce any sig-
nificant effect on brain injury, whereas 3-MA delivery at 12 h after reperfusion significantly improved both the neurological
outcome and the neuronal density. In vitro studies confirmed the beneficial effect of inhibition of autophagy using 3-MA in a
dose dependent manner. The lack of 3-MA when given immediately after the stroke in our experimental setting is most likely a
consequence of the rather low half-life time of 3-MA with about 2–3 h (Sweet, Carda, & Small, 1981). As such, 3-MA is already
metabolized before the peak of post-stroke autophagic activity is reached at 24 h. In light of both previous studies and the present
work, it stands to reason that basal levels of autophagy are essential for proper neuronal function, with moderate increases of
autophagic activity during mild conditions of ischemia, hypoxia, or nutrient deprivation still allowing neurons to maintain a
sufficiently high energy supply (Kim et al., 2018). More severe noxious stimuli such as acute ischemic stroke, however, ensue an
increase in autophagic flux that may culminate in autophagic cell death (Ginet et al., 2014; Liu & Levine, 2015). Consequently, a
well-balanced inhibition of autophagy under stroke conditions seems to be in order (Shi et al., 2012).
Whereas pharmacological drugs such as 3-MAmight only transiently affect post-stroke autophagy due to metabolization and

short half-life time, stem cells like ADMSCs including their secretion products such as EVs are known to induce long-term
effects under various circumstances (Lai, Yeo, Tan, & Lim, 2013; Tian et al., 2018). Indeed, the application of ADMSCs resulted in
a pronounced downregulation of the autophagy marker LC3-II under both in vitro and in vivo conditions, contributing to both
neuroprotection in vitro and in vivo as well as to neurological recovery in vivo. Interestingly, the inhibition of exosome secretion
from ADMSCs resulted in a therapeutic loss of both such pretreated ADMSCs and their enriched EVs. The latter suggests a role
for exosomes as a subgroup of the EV family that might be responsible for the biological effects observed in the study.
Inhibiting autophagy itself, however, does not exclusively predict the therapeutic impact of such a kind of therapy. Rather, the

success of such a therapeutic intervention depends on the precise autophagic signaling pathway that is supposed to be inhibited.
Multiple reports indicate that cerebral ischemia activates HIF-1αwhich induces p53 or BNIP3 expression (Althaus et al., 2006; Li,
Sun, Ni, Chen, &Guo, 2013). The induced p53 stabilization as a consequence of up-regulatedHIF-1α promotes further expression
of BNIP3 (Wang et al., 2013; Xin et al., 2011). The latter contains a single Bcl-2 homology 3 (BH3) domain and belongs to the
Bcl-2 family proteins that serve as an important target gene of HIF-1α (Chinnadurai, Vijayalingam, & Gibson, 2008). BNIP3 can
compete with beclin-1 for binding to Bcl-2. Released beclin-1, in turn, thus triggers autophagy and cell death (Glick, Barth, &
Macleod, 2010; He & Klionsky, 2009). Herein, both p53 and BNIP3 levels were increased upon induction of hypoxia or cerebral
ischemia, andADMSC-EVs reversed the aforementioned increase of these proteins. The present study thus shows that autophagy
inhibition plays a critical role in ADMSC-EV-based therapy of ischemic stroke, although other autophagy-related signalling
pathways being regulated by ADMSC-EVs cannot be completely excluded.
The role of EVs in intracellular signalling, as well as their therapeutic potential for the treatment of ischemic stroke (Cun-

ningham et al., 2018; Webb et al., 2018), has only recently become a prominent topic of research. Previous work from our own
group and from other scientists have shown that EVs have both proangiogenic and anti-inflammatory properties (Dabrowska,
Andrzejewska, Lukomska, & Janowski, 2019; Doeppner et al., 2015; Keshtkar, Azarpira, & Ghahremani, 2018; Xin et al., 2013). As
indicated before, EVs do not only carry diverse sets of proteins (Doeppner et al., 2017; Doeppner et al., 2012; Doeppner et al., 2009;
Doeppner, Kaltwasser, Fengyan, Hermann, & Bähr, 2013) but also contain non-coding RNA andDNA, amongwhichmicroRNAs
are of particular interest (Bertoli, Cava, & Castiglioni, 2015). The latter guides the binding of the RNA-induced silencing complex
to regions of partial complementarity located mainly within 3′untranslated regions (UTRs) of target messenger RNA (mRNA)
molecules, resulting in mRNA degradation and/or translational inhibition (Bartel, 2009). We have already demonstrated that
miR-124, which is among the most abundant microRNAs in the adult mammalian brain (Cao, Pfaff, & Gage, 2007; Mishima,
Mizuguchi, Kawahigashi, Takizawa, & Takizawa, 2007) affects a plethora of signaling molecules such as inhibition of deubiq-
uitination of Usp14, significantly contributing to the reduction of post-stroke brain injury in rodents (Doeppner et al., 2013).
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Moreover, it is well known that miRNAs impact the core autophagy pathway, including p53 (Frankel & Lund, 2012). Since EVs
are able to transfer miRNA cargo to target cells (Abels & Breakefield, 2016), it is fair enough to hypothesize that ADMSC-EVs
yield protection of neurons and brain tissue using this way of action. We herein demonstrated that ADMSC-EVs improve neu-
rological recovery by impeding autophagy and the key anti-autophagic and cytoprotective compound of ADMSC-EV cargo may
be miR-25-3p. The latter is one of several miRNAs found in EVs that target p53. Previous research on miR-25-3p has primarily
focused on its biological function under conditions of cancer (Zeng et al., 2018; Zhang et al., 2019). To the best of our knowledge,
our results from both in vitro and in vivo data suggested for the first time that miR-25-3p likely contributes to the pathogenesis
of stroke. To test the hypothesis that miR-25-3p was responsible for ADMSC-EV-mediated neuroprotection, ADMSC-EVs that
had been pretreated with anti-miR-25-3p were administered via femoral vein injection. As expected, the miR-25-3p knockdown
abolished the therapeutic effects of ADMSC-EVs, as evidenced by themarkedly decreased neuronal density and the lack ofmotor
coordination recovery.
In conclusion, the findings presented herein provide novel insides into the mechanisms by which EVs induce therapeutic

actions under experimental stroke settings. The data provides evidence that native ADMSC-EVs yield neuroprotection and
enhanced neurological recovery by inhibiting ischemia-induced autophagy. Inhibition of autophagy, in turn, is mediated by
EVs transferring miR-25-3p from ADMSCs to their target cells. The latter results in interference with the p53/BNIP3 signaling
pathway. These novel observations on EVs derived from stem cells might lead to the development of new therapeutic targets and
strategies for the treatment of ischemic stroke.
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