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Abstract: Stem cells such as mesenchymal stem cells (MSCs) enhance neurological recovery in
preclinical stroke models by secreting extracellular vesicles (EVs). Since previous
reports have focused on the application of MSC-EVs only, the role of the most suitable
host cell for EV enrichment and preclinical stroke treatment remains elusive. The
present study aimed to evaluate the therapeutic potential of EVs derived from neural
progenitor cells (NPCs) following experimental stroke. Using the PEG technique, EVs
were enriched and characterized by electron microscopy, proteomics, rt-PCR,
nanosight tracking analysis, and Western blotting. Different dosages of NPC-EVs
displaying a characteristic profile in size, shape, protein cargo, and non-coding RNA
contents were incubated in the presence of cerebral organoids exposed to oxygen-
glucose-deprivation (OGD), significantly reducing cell injury when compared to control
organoids. Systemic administration of NPC-EVs in male C57BL6 mice following
experimental ischemia enhanced neurological recovery and neuroregeneration for as
long as three months. Interestingly, the therapeutic impact of such NPC-EVs was found
to be not inferior to MSC-EVs. Flow cytometric analyses of blood and brain samples
seven days post-stroke demonstrated increased blood concentrations of B and T
lymphocytes after NPC-EV delivery, without affecting cerebral cell counts. Likewise, a
biodistribution analysis after systemic delivery of NPC-EVs revealed the majority of
NPC-EVs to be found in extracranial organs such as the liver and the lung. This proof-
of-concept study supports the idea of EVs being a general concept of stem cell-
induced neuroprotection under stroke conditions, where EVs contribute to reverting the
peripheral post-stroke immunosuppression.
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Reviewer #1 

1.) I am glad to see that the authors have included a power calculation, I am wondering if this 

calculation has taken into account the mice that had to be excluded. In other words, because 

some of the mice died did this influence the power? 

We also did a post power calculation (excluded the dead mice), whose results showed the 

following: the power was 0.9822147 for both behavioral test analysis and immunofluorescence 

analysis, and the effect size was 0.5784490. 

 

2.) Although figures seem to be of higher quality, I still lack some detail. Whether this is in the 

power of the authors to fix or a compression issue of the pdf after submission I am not sure. 

Unfortunately, this is indeed a consequence of the PDF compression. The original TIFF files 

do not have this problem. There is a link on each figure within the PDF file. This should lead 

you to the original TIFF. The same is also true for the main body of the paper; the word file 

shows some layout changes after PDF conversion as well.  

 

 

Reviewer #3 

1.) In Figure 8, please clarify to which delivery route and condition representative 

immunofluorescence images refer. 

This information is now given in the revised figure legend. 

 

2.) In the Figure 8 legend please add the information what is the scale bar. 

This information is now given in the revised figure legend as well. 

 

 

Authors' Response to Reviewer Comments
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Abstract 

Stem cells such as mesenchymal stem cells (MSCs) enhance neurological recovery in 

preclinical stroke models by secreting extracellular vesicles (EVs). Since previous reports 

have focused on the application of MSC-EVs only, the role of the most suitable host cell for 

EV enrichment and preclinical stroke treatment remains elusive. The present study aimed to 

evaluate the therapeutic potential of EVs derived from neural progenitor cells (NPCs) following 

experimental stroke. Using the PEG technique, EVs were enriched and characterized by 

electron microscopy, proteomics, rt-PCR, nanosight tracking analysis, and Western blotting. 

Different dosages of NPC-EVs displaying a characteristic profile in size, shape, protein cargo, 

and non-coding RNA contents were incubated in the presence of cerebral organoids exposed 

to oxygen-glucose-deprivation (OGD), significantly reducing cell injury when compared to 

control organoids. Systemic administration of NPC-EVs in male C57BL6 mice following 

experimental ischemia enhanced neurological recovery and neuroregeneration for as long as 

three months. Interestingly, the therapeutic impact of such NPC-EVs was found to be not 

inferior to MSC-EVs. Flow cytometric analyses of blood and brain samples seven days post-

stroke demonstrated increased blood concentrations of B and T lymphocytes after NPC-EV 

delivery, without affecting cerebral cell counts. Likewise, a biodistribution analysis after 

systemic delivery of NPC-EVs revealed the majority of NPC-EVs to be found in extracranial 

organs such as the liver and the lung. This proof-of-concept study supports the idea of EVs 

being a general concept of stem cell-induced neuroprotection under stroke conditions, where 

EVs contribute to reverting the peripheral post-stroke immunosuppression.  

  



 4 

Introduction 

The systemic transplantation of stem cells such as mesenchymal stem cells (MSCs) 

and neural progenitor cells (NPCs), promotes neurological recovery, angiogenesis, and 

neurogenesis in animal models of cerebral ischemia [1-7]. The majority of these grafted cells, 

however, are trapped in extracerebral organs and do not integrate into existing neural 

networks. Rather, transplanted stem cells display both low survival rates and poor 

differentiation rates within the ischemic milieu [8-11], suggesting an indirect mode of action by 

which post-stroke neurological recovery is achieved.  

It has been demonstrated that stem cell-derived conditioned medium induces similar 

effects in various disease models when compared to stem cell transplantation itself [12, 13]. 

MSCs and other cell types secrete neurotrophic factors such as EGF and VEGF, thus inducing 

both neuroprotection and neuroregeneration [14-16]. Recent research, however, has 

questioned the hypothesis that these beneficial factors are the sole biological key mediator of 

stem cell-induced brain protection against cerebral ischemia. Instead, bilayer structured 

vesicles, termed extracellular vesicles (EVs), secreted from eukaryotic cells, including MSCs, 

have been found to be critical players in the aforementioned process. These EVs have also 

been detected in conditioned medium derived from stem cells [17, 18], further supporting the 

idea that EVs are biological mediators of stem cell-induced actions under conditions of 

cerebral ischemia. 

EVs are a heterogeneous group of vesicles ranging in size from 30 nm to 1000 nm. 

They contain a defined set of cargo, which depends on the characteristics of the source cell 

[19]. EV cargo consists of non-coding RNAs, DNA, and proteins such as heat shock proteins 

and tetraspanins [20, 21]. Although fundamental questions in the emerging EV field still need 

to be addressed, the current concept divides EVs into exosomes, microvesicles, and apoptotic 

bodies. Current stroke research focuses on microvesicles and especially exosomes. Both 

exosomes and microvesicles are a consequence of direct outward budding or pinching of the 

plasma membrane, with microvesicles being derivates of multivesicular bodies (MVB) that bud 

on the cell surface to be released into the extracellular environment [22]. The present work 
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focuses on further elucidating the therapeutic potential of EVs rather than on distinguishing 

the various subtypes of EVs. Hence, the term EVs is used throughout the manuscript. 

EVs exert a plethora of beneficial therapeutic effects in various disease models such 

as myocardial ischemia, liver fibrosis, kidney injury, and cerebral ischemia [23-27]. Indeed, 

previous research from our group and others have systematically studied the impact of 

systemic MSC-derived EV infusion on stroke outcome, demonstrating increased neurological 

recovery, enhanced neuroregeneration, and a modified post-stroke immune response upon 

EV treatment [17, 28, 29]. Whereas the majority of regenerative stroke research focuses on 

the transplantation of MSCs, therapeutic results were also observed for other cell types such 

as NPCs [1, 30-32]. On the contrary, the therapeutic potential of subventricular zone-derived 

NPC-EVs under stroke conditions has not been addressed. Although EVs appear to be an 

attractive tool for prospective adjuvant stroke treatment, fundamental issues have to be solved, 

amongst which is the relevance of the host cell for EV harvest. Therefore, following in vitro 

characterization of enriched NPC-EVs, we evaluated their therapeutic potential in models of 

both in vitro hypoxia and in vivo stroke. 
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Materials and Methods  

Primary culture of MSCs and NPCs 

P1 newborn mice were anesthetized using CO2 euthanasia. The brain was removed, 

and the subventricular zone (SVZ) was dissected in cold PBS under microscopic control. 

Tissue chunks were spun down at 200 g for 1 min at 4°C. The supernatant was discarded, 

and the tissue was incubated with 1 ml of 0.05 % Trypsin-EDTA in 15-ml conical tubes. The 

tubes were gently shaken at room temperature (RT) for 15 min. Each cell pellet was 

resuspended with 5.5 ml of NPC cell culture medium (DMEM F-12 medium, B27 (Thermofisher, 

Waltham, USA), L-glutamine (Thermofisher, Waltham, USA), 1x Pen-Strep (Thermofisher, 

Waltham, USA), 20 ng/ml of FGF-2 (Thermofisher, Waltham, USA), and 20 ng/ml EGF 

(Thermofisher, Waltham, USA)) to which 5.5 ml of Percoll/PBS solution was added. The tubes 

were mixed by inversion. Thereafter, another centrifugation step with 400 g was performed for 

15 min at RT. The cell pellet was washed three times with 10 ml NPC medium and spun down 

at 200 g for 5 min at RT each time to collect the cells. Finally, the pellet was washed once 

more with 8 ml of NPC medium. The cell pellet was resuspended with 1 ml of DMEM-F12, and 

the cells were then plated onto 24 cm2 cell culture plates. The cells were cultured in a 5 % 

CO2 incubator. The neurospheres were observed within 72 h. On day 3, growth factors (20 

ng/ml of FGF-2 and 20 ng/ml EGF) were added to the cell culture. The cell passage period of 

NPCs was 5 to 6 days. 

MSCs obtained from allogeneic adipose tissue of C57BL/J mice (25-30 g) were 

cultured. The adipose tissue was digested with collagenase (Sigma-Aldrich, St. Louis, USA). 

Primary MSCs were cultured in a T75 flask. Each flask contained 3.6x106 cells incubated 

under standard cell culture condition (37ºC, 5% CO2) in MSC culture medium (DMEM F-12 

medium, fetal bovine serum (FBS, Thermofisher, Waltham, USA), 1x Pen-Strep (Thermofisher, 

Waltham, USA)). The cell passage period of MSCs was 6 to 7 days.  

 

EV enrichment from cultured NPCs and MSCs 
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After passage 3, NPCs were treated with Accutase (Sigma-Aldrich, St. Louis, USA) 

and transferred to T75 cell culture flasks with 30 ml NPC culture medium without growth factors. 

Each T75 contained 36x106 NPCs. A total of 12 of T75 cell culture flasks was used in each 

EV isolation, meaning EVs from 432x106 cells were isolated. NPC-conditioned medium (NPC-

CM) was collected after 24 h of incubation under standard cell culture conditions. Large 

vesicles and debris were removed by filtration through 220 nm pore filters (TPP Techno Plastic 

Products AG, Trasadingen, Switzerland). The NPC-CM was kept frozen (-80°C) until further 

processing. After the thawing of the NPC-CM, EVs were enriched using the polyethylene 

glycol (PEG) precipitation method, as previously described [19, 33]. In brief, PEG precipitation 

was performed at a final concentration of 10% PEG 6,000 (50% wt/vol; Merck Group, 

Darmstadt, Germany) and 75 mM NaCl. After incubation for 12 h at 4°C, the EVs were 

concentrated by centrifugation for 45 min at 4,500 g. EV pellets were resuspended in saline 

to a total volume of 30 ml and precipitated by ultracentrifugation for 2 h at 110,000 g (Optima 

XPN-80 Ultracentrifuge, Beckman Coulter, Brea, USA). The target speed was 30,000 U/min 

and both the acceleration and the brake were set to maximum. EV pellets were resuspended 

and diluted in saline to a concentration of 500 µl containing EVs obtained from CM of 432x106 

NPCs. Aliquots of 500 µl each were stored at -80°C until usage. The MSC-EV isolation was 

done after the third MSC passage. MSCs were cultured overnight with an FBS-free culture 

medium and after 24 h, the cell supernatants were collected. EVs were obtained from these 

supernatants by using the same protocol as for the NPC-EV PEG isolation method. 

Since the optimal enrichment procedure for NPC-EVs is still a matter for debate [19], 

we applied differential centrifugation, i.e., ultracentrifugation only, for some experiments. As 

such, some NPC-EV samples were treated with ultracentrifugation as described before without 

the application of PEG 6,000. In brief, the cell culture medium was filtered through 220 nm 

filters to remove cell debris and apoptotic bodies followed by a 2 h ultracentrifugation 

procedure at 110,000 g. 

 

Nanoparticle tracking analyses (NTA) 
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For both size determination and quantification of enriched NPC-EVs, an NTA was 

performed using the Nanosight platform (NanoSight LM10, Malvern Panalytical, Kassel, 

Germany). As shown previously [34], 1:1,000 water-diluted samples were measured in 

duplicate, and 400 µl of the diluted sample was injected into the measurement chamber. Each 

sample was measured three times, and the length of the video of each measurement was set 

to 30 s. 

 

Western blot analysis 

Protein concentrations of EV samples were determined using the micro-bicinchoninic 

acid assay (Thermofisher, Waltham, USA). Western blots were performed with 5 µg of the 

concentrated EV fractions, which were treated with sample buffer (dithiothreitol, 0.1 % SDS, 

0.1 M Tris HCl; pH 7.0) and boiled for 5 min at 95°C before separation on 12 % SDS-

polyacrylamide gel electrophoresis gels. The samples were transferred to polyvinylidene 

fluoride membranes (Merck Group, Darmstadt, Germany). The membranes were blocked by 

5 % milk solution (skim milk powder (Thermofisher, Waltham, USA) dissolved in Tris-buffered 

saline solution with 1 % Tween-20) for 1 h at RT and stained with antibodies recognizing 

“exosomal marker” proteins including CD63 (1:500, Biorbyt, Cambridge, UK), TSG101 (1:500, 

GeneTex, Irvine, USA), Alix (1:500, BD Transduction Laboratories, San Jose, USA), and 

negative control calnexin (1:500, Abcam, Cambridge, UK) followed by a 1 h incubation with a 

matched horseradish peroxidase-labeled secondary antibody. Immunoreactivity was detected 

using chemiluminescence detection kit reagents and a Chemidoc Station (Biorad, Hercules, 

USA). Image J was used for densitometric analysis of each blot. The Western blotting 

procedures were repeated three times per sample. Please also refer to Supplementary Figure 

S2 for uncropped Western blots. 

 

Transmission electron microscopy (TEM) 

TEM was used to investigate the microstructure of NPC-EVs. Briefly, formvar-coated 

TEM grids (copper, 150 hexagonal mesh, Science Services, Munich, Germany) were put on 
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the top of a droplet of the respective EV fraction and incubated for 10 min. Then, the grids 

were washed five times by incubation for 2 min in PBS, followed by similar incubations with 

ultra-pure water. For contrast, the grids were incubated for 5 min on droplets of uranylacetate-

oxalate, followed by 5 min incubation on droplets of a 1:9 dilution of 4 % uranylacetate in 2 % 

methylcellulose. These solutions were prepared as described as before [35]. After draining 

the methylcellulose from the grids using filter paper and drying of the methylcellulose film as 

previously described, samples were imaged with a LEO912 transmission electron microscope 

(Carl Zeiss Microscopy, Oberkochen, Germany) and images were taken using an on-axis 2k 

CCD camera (TRS-STAR, Stutensee, Germany). 

 

Mass spectrometric analyses 

 NPC-EV samples were reconstituted in 1x NuPAGE LDS Sample Buffer (Invitrogen, 

Carlsbad, USA) and separated on 4-12 % NuPAGE Novex Bis-Tris Minigels (Invitrogen, 

Carlsbad, USA). Gels were stained with Coomassie Blue for visualization purposes and each 

lane sliced into 12 equidistant lanes regardless of staining. After washing, gel slices were 

reduced with dithiothreitol (DTT), alkylated with 2-iodoacetamide and digested with trypsin 

overnight. The resulting peptide mixtures were then extracted, dried in a SpeedVac, 

reconstituted in 2 % acetonitrile/ 0.1 % formic acid/ (v:v) and prepared for nanoLC-MS/MS as 

described previously [36].  

For mass spectrometric analysis samples were enriched on a self-packed reversed 

phase-C18 precolumn (0.15 mm ID x 20 mm, Reprosil-Pur120 C18-AQ 5 µm, Dr. Maisch, 

Ammerbuch-Entringen, Germany) and separated on an analytical reversed phase-C18 

column (0.075 mm ID x 200 mm, Reprosil-Pur 120 C18-AQ, 3 µm, Dr. Maisch, Ammerbuch-

Entringen, Germany) using a 30 min linear gradient of 5-35 % acetonitrile/ 0.1 % formic acid 

(v:v) at 300 nl min-1). The eluent was analyzed on a Q Exactive hybrid quadrupole/orbitrap 

mass spectrometer (ThermoFisher Scientific, Dreieich, Germany) equipped with a FlexIon 

nanoSpray source and operated under Excalibur 2.4 software using a data-dependent 

acquisition method. Each experimental cycle was of the following form: one full MS scan 
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across the 350-1600 m/z range was acquired at a resolution setting of 70,000 FWHM, and the 

AGC target of 1x106 and a maximum fill time of 60 ms. Up to the 12 most abundant peptide 

precursors of charge states 2 to 5 above a 2x104 intensity threshold were then sequentially 

isolated at 2.0 FWHM isolation width, fragmented with nitrogen at a normalized collision 

energy setting of 25 %, and the resulting production spectra recorded at a resolution setting 

of 17,500 FWHM, and AGC target of 2x105 and a maximum fill time of 60 ms. Selected 

precursor m/z values were then excluded for the following 15 s. Two technical replicates per 

sample were acquired. Peak lists were extracted from the raw data using Raw2MSMS 

software v1.17 (Max Planck Institute for Biochemistry, Martinsried, Germany). Protein 

identification was achieved using MASCOT 2.5.1 software (Matrixscience, London, UK). 

Proteins were identified against the UniProtKB mouse reference proteome v2017.09 (16930 

protein entries) along with a set of 51 contaminants commonly identified in our laboratory. The 

search was performed with trypsin as enzyme and iodoacetamide as a cysteine blocking agent. 

Up to two missed tryptic cleavages and methionine oxidation as a variable modification were 

allowed for. Search tolerances were set to 10 ppm for the precursor mass, 0.05 Da for 

fragment masses, and ESI-QUAD-TOF specified as the instrument type. For further 

information about the mass spectrometric analyses, please refer to supplementary material 

“mass spectrometric analyses” attachment. 

 

NPC-EV RNA isolation and qRT-PCR 

In order to investigate whether or not NPC-EVs contain distinct sets of miRNAs that 

might be responsible for the biological effects of EVs on neuroprotection or neuroregeneration, 

we chose several miRNA candidates according to the literature [37-41]. Total RNA, including 

miRNAs, was extracted using TRIzol (Invitrogen, Carlsbad, USA) according to the 

manufacturer’s instructions. ANanoDropND1000 spectrophotometer (NanoDrop, Wilmington, 

DE, USA) was used to measure the RNA concentrations. The KAPA SYBR® FAST One-Step 

Kit for LightCycler®480 (Merck Group, Darmstadt, Germany) was used to perform qRT-PCR 

according to the manufacturer’s instruction request. The PCR primers were purchased from 
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Eurofins Genomics and U6 as an internal control. miR-124: forward 5’-

GCGAGGATCTGTGAATGCCAAA-3’ and reverse 5’-AGATGGTGATGGGCTTCCC-3’. miR-

145: forward 5’-GUCCAGUUUUCCCAGGAAUCCCU-3’ and reverse 5’-

GGAUUCCUGGGAAAACUGGACUU-3’. miR-17: forward 5’-

GAGCCAAAGTGCTTACAGTGC-3’ and reverse 5’-AGTGCAGGGTCCGAGGTATT-3’. miR-

19b: forward 5’-GGGCAAATCCATGCAAAAC-3’ and reverse 5’-

AGTGCAGGGTCCGAGGTATT-3’. miR-20a: forward 5’-TGGGTAAAGTGCTTATAGTGC-3’ 

and reverse 5’-AGTGCAGGGTCCGAGGTATT-3’. miR-26a: forward: 5’-

CCGCCGTTCAAGTAATCCAG-3’ and reverse 5’-AGTGCAGGGTCCGAGGTATT-3’. miR-

26b: forward 5’-CGCCGCTTCAAGTAATTCAGGAT-3’ and reverse 5’-

GTGCAGGGTCCGAGGT-3’. miR-23a: forward 5’- CAGGCGGGTAGTAGATG-3’ and reverse 

5’-AGGGACGGGCATGGAAAGG-3’. miR-126: forward 5’-CGCGCCGTACCGTGAGTAA-3’ 

and reverse 5’ -GTGCAGGGTCCGAGGT-3’. U6: forward 5’-TCGCTTCGGCAGCACATA-3’ 

and reverse 5’-GGGCCATGCTAATCTTCTCTG-3’. The PCR cycling included reverse 

transcription stage at 42°C for 5 min and 95°C for 3 min followed by amplification stage at 

95°C for 10 s and 58°C for 20 s. At the melting curve stage, the temperature was set to 95°C 

for 5 s followed by 65°C for 1 min and set the acquisition mode to continuous, duration mode 

set to 5-10 acq/°C, the temperature was 97°C at the end. The cooling stage was set to 40°C 

for 10 s. miRNA expression was quantified using the 2−ΔCt method 

 

Cerebral organoids and oxygen-glucose deprivation (OGD assay) 

Cerebral organoids were generated from in-house generated iPSCs (hiPS-G1) [42] 

embedded in a collagen hydrogel [Zafeiriou et al., in revision]. Directed differentiation was 

performed by dual smad inhibition (SB/noggin) in the presence of retinoic acid and 

subsequently supported by FGF-2, TGF-beta1, and DAPT exposure. Cerebral organoids on 

culture day 30 were used for analyses. Before the induction of OGD, cerebral organoids were 

cultured in standard cortex culture medium in 24-well plates for seven days. Thereafter, 

cerebral organoids were washed with PBS twice before induction of the OGD, using a 
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commercially available hypoxia chamber (Toepffer Laborsysteme GmbH, Göppingen, 

Germany). For the induction of OGD, the cerebral organoids were incubated in glucose-free 

BSS0 solution under hypoxic conditions for 8-10 h. The OGD chamber setting was as follows: 

37°C, O2 less than 0.5 %, CO2 5%, and humidity 70%. The amount of NPC-EVs applied to 

organoids was calculated by the following process: the EVs from 432x106 NPCs were diluted 

in 500 µl of PBS, each microlitre contained 8.64x105 cell equivalent EVs (8.64x105 cell 

equivalent/µl, 43.2 µg/µl). Three different NPC-EV concentrations were tested: NPC-EVs low 

(EVs equivalent to 2x105 NPCs, i.e., 1 µg of NPC-EVs), NPC-EVs medium (EVs equivalent to 

2x106 NPCs, i.e., 10 µg of NPC-EVs), NPC-EVs high (EVs equivalent to 2x107 NPCs, i.e., 100 

µg of NPC-EVs). EVs were carefully vortexed for 1 min before applying to organoids in order 

to prevent any aggregation of EVs. After hypoxia, the organoids were taken out from the 

hypoxia chamber followed by 24 h of reoxygenation with normal cell culture medium in an 

incubator (5 % CO2) under standard cell culture conditions. The EVs were added to the 

organoids at the beginning of the OGD and at the beginning of the reoxygenation. Terminal 

deoxynucleotidyl transferase dUTP nick end labeling (TUNEL, In Situ Cell Death Detection Kit, 

Merck Group, Darmstadt, Germany) staining was used according to the manufacturer 

guidance in order to detect cell death rates, and 4′,6-diamidino-2-phenylindole (DAPI) staining 

was used in order to stain nuclei.  

 

Experimental paradigm and animal groups  

No human samples were used for the study. All studies were performed with 

governmental approval according to the NIH guidelines for the care and use of laboratory 

animals. Both the STAIR criteria and the ARRIVE guidelines were followed. Male C57BL6 

mice aged 10 weeks (Harlan Laboratories, Darmstadt, Germany) were kept under circadian 

rhythm with free access to food and water. The mice were randomly assigned to the treatment 

groups. At all stages of the study, the researchers were blinded from the experimental 

conditions chosen. Middle cerebral artery occlusion (MCAO) was induced. Animals were 

anesthetized at 2% to 2.5% isoflurane during the MCAO surgery. A heating pad set to 37.0 °C 
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was put under the animal to keep the body temperature at normal. The left common carotid 

artery (LCCA), left external carotid artery (LECA) and left internal carotid artery (LICA) were 

carefully dissected from the surrounding nerves and tissues. A permanent ligation was made 

on the LCCA, LECA, and a free knot was also made on the LICA. A silicon-coated 

monofilament (Doccol Corp., Sharon, USA) was inserted into the LCCA and then gently 

pushed forward towards the offspring of the left middle cerebral artery (MCA) through a small 

hole which was cut on the LCCA until a the significant drop of the blood flow on the laser 

Doppler flow (LDF) recording was observed. During the experiment, the LDF was recorded 

with a flexible probe (Perimed AB, Järfälla, Sweden) above the core of the left MCA territory. 

A drop in the blood flow of more than 80 % to the baseline was considered to indicate 

successful surgery. Sixty minutes after monofilament insertion, the reperfusion was initiated 

by monofilament removal, and the LDF recordings were continued for an additional 15 min 

before the wounds were carefully sutured. The amount of NPC-EVs applied to organoids was 

calculated by the following process. The EVs from 432x106 NPCs were diluted to 500 µl with 

PBS, and each microlitre contains 8.64x105 cell equivalent EVs (8.64x105 cell equivalent/µl, 

43.2 µg/µl). The mice were exposed to MCAO followed by administration of normal saline 

(control), NPC-EVs medium (EVs equivalent 2x106 NPCs, 10 µg), NPC-EVs low (EVs 

equivalent 2x105 NPCs, 1 µg), or NPC-EVs high (EVs equivalent 2x107 NPCs, 100 µg), MSC-

EVs medium (EVs equivalent 2x106 MSCs, 10 µg), MSC-EVs low (EVs equivalent 2x105 

MSCs, 1 µg), or MSC-EVs high (EVs equivalent 2x107 MSCs, 100 µg). The result of the power 

calculation was 0.8372017 for both behavioral test analysis and immunofluorescence analysis, 

assuming an effect size of 0.4399022. EVs were carefully vortexed for 1 min before injection 

in order to prevent aggregation of EVs. The latter was suspended in 100 μl PBS before 

injection. The administration occurred 24 h after the stroke via right femoral vein injection. The 

procedure was repeated for all experimental groups (saline and EV groups) on day 3 and on 

day 5 post-stroke using retroorbital injection techniques in order to avoid bilateral femoral vein 

injections. All samples were injected at a rate of 250 µl over 10 min. The mice were allowed 

to survive for a maximum of 84 days. These mice were used for the behavioral analyses and 
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the immunofluorescence staining studies of brain injury and neurorestoration. 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. 

 

In vivo biodistribution study of NPC-EVs 

 Three animals per group were used for the evaluation of EV biodistribution after 

different administration methods and conditions (femoral vein injection in sham mice, femoral 

vein injection after MCAO, retroorbital injection in sham mice, and retroorbital injection after 

MCAO). The EVs were labeled with Celltracker CM-DiI (Invitrogen, Carlsbad, USA) according 

to the manufacturer's instruction. In brief, DiI was incubated with EVs (EV equivalent 2x106 

NPCs, 10 µg) at 37°C for 1 h. In the MCAO group, labeled EVs were injected into mice after 

MCAO surgery. Mice were sacrificed 2 h after the injection. Cryosections (14 µm thick) of the 

brain, lung, and the liver were counterstained with 4’,6-diamidino-2-phenylindole (DAPI), and 

the biodistribution was analyzed by immunofluorescence staining. Images were acquired 

using an Axioplan 2 imaging e microscope (Carl Zeiss AG, Hombrechtikon, Germany). Mean 

fluorescence intensity was measured by Image J (version 1.80). 

 

Flow Cytometry 

Single-cell suspensions were prepared for flow cytometry. The mice were exposed to 

MCAO followed by administration of normal saline (control), NPC-EVs low (EVs equivalent to 

2x105 NPCs, 1 µg), NPC-EVs medium (EVs equivalent to 2x106 NPCs, 10 µg) or NPC-EVs 

high (EVs equivalent to 2x107 NPCs, 100 µg) at day 1,3,5 after surgery. The power calculation 

of the flow cytometry analysis yielded 0.8243373 with an assumed effect size of 0.8596798. 

The mice were sacrificed by an overdose of isoflurane at day 7 after surgery. Blood samples 

were collected into EDTA-coated tubes by puncture of the inferior vena cava followed by 

transcranial perfusion with ice-cold 0.1 M PBS and brain removal. Erythrocytes were lysed by 

incubation with lysis buffer (155 mM NH4Cl, 10 mM KHCO3, 3 mM EDTA) for 5 min followed 

by two washing steps with 0.1 M PBS. The ischemic part of the brain was dissected, followed 
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by centrifugated and separated using a Percoll-gradient. Leukocytes and inflammatory cells 

were isolated from the intermediate phase. Cell suspension from brain and blood were blocked 

with Fc-block (CD16/32 FcX rat anti-mouse IgG, BioLegend, San Diego, USA) to interrupt 

non-specific binding and afterwards stained for CD45 (CD45 rat anti-mouse IgG- brilliant 

Violett 510, BD Horizon, Franklin Lakes, USA), CD3 (CD3 rat anti-mouse IgG- PE, BD Horizon, 

Franklin Lakes, USA), CD19 (CD19 rat anti-mouse IgG-APC, BD Horizon, Franklin Lakes, 

USA) and CD11b (CD11b rat anti-mouse IgG-PE- Cy7, eBioscience, Darmstadt, Germany). 

For data analysis, FlowJo v10.0 software was used. Please also refer to Supplementary Table 

S2 and Supplementary Figure S1 for further information. 

 

Analysis of post-stroke motor coordination deficits 

The mice were trained on days 1 and 2 before the induction of stroke to ensure proper 

test behavior. The tests for analysis of motor coordination were performed at the time points 

given using the tight rope test, the balance beam test, and the corner turn test, as previously 

described [43]. The tight rope test and the balance beam test were performed three times on 

each test day, and the mean values were calculated. For the balance beam test, the readout 

parameter was the time until the mice reached the platform, with a maximal testing time of 60 

s. Assessment of the tight rope test results was done using a validated score ranging from 0 

(minimum) to 20 (maximum). The corner turn test included 10 trials per test day, during which 

the laterality index (number of left turns / 10) was calculated. The details of the tight rope test 

score sheet can be found in Supplementary Table S3. 

 

Immunofluorescence staining 

Brain injury as indicated by neuronal density was evaluated in 16 µm cryostat sections 

stained with a mouse monoclonal anti-NeuN antibody (1:500; Merck Group, Darmstadt), which 

was detected by a goat anti-mouse Alexa Fluor 488 antibody (Invitrogen, Carlsbad, USA). For 

analysis, the regions of interests (ROIs) were defined at anterior-posterior +0.14 mm, medial-

lateral ±1.15 to 2.25 mm, and dorsal-ventral -2.25 to 3.25 mm. Five sections per mouse were 
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analyzed, and in each section, five ROIs were examined. The mean neuronal densities were 

determined for all ROIs. Endogenous cell proliferation and differentiation of new-born cells 

were analyzed after a single daily i.p. injection of 5-Bromo-2-deoxyuridine (BrdU; 50 mg/kg 

body weight; Sigma-Aldrich, St. Louis, USA) from days 40 to 84. The sections were 

counterstained for BrdU and doublecortin (Dcx; immature neuronal marker) and NeuN (mature 

neuronal marker). A monoclonal mouse anti-BrdU (1:400; Roche Diagnostics, Basel, 

Switzerland), a monoclonal rat anti-BrdU (1:400; Abcam, Cambridge, UK), a polyclonal goat 

anti-Dcx (1:50; Santa Cruz Biotechnology, Heidelberg, Germany), and a monoclonal mouse 

anti-NeuN (1:350; Merck Group, Darmstadt, Germany) were used. All primary antibodies were 

detected using appropriate Cy-3-labeled or Alexa Fluor 488-labeled secondary antibodies 

(Jackson Immuno, West Grove, USA) followed by DAPI staining. 

For axonal plasticity, the anterograde tract tracer biotinylated dextran amine (BDA) 

was applied by stereotactic injection into the contralateral non-impaired cortex on day 70 post-

stroke. As such, mice were deeply anesthetized and fixed into a stereotactic frame (ASI 

instruments, SAS-4100, Warren, USA). BDA was injected using a Hamilton syringe at 0.5 mm 

rostral from bregma, 2.5 mm lateral from the midline, and 1.5 mm ventral from the cortical 

surface. The syringe was kept in place for an additional 5 min after the end of the injection. A 

BDA detection kit (Lifetechnologies, Carlsbad, USA) was used after the sacrifice of the animals 

following the manufacturer’s instructions. 

 

Statistical analysis 

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 and, if appropriate, a two-way ANOVA were used. G*Power was 

used to calculate the power of the experiment and GraphPad Prism was used for statistics. 

Unless otherwise stated, data are presented as mean with SD values. A p-value of <0.05 was 

considered statistically significant. 
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Results 

Characterization of NPC-EVs 

Since the optimal procedure for EV enrichment remains uncertain [19], we 

systematically analyzed NPC-EVs using both the PEG method and ultracentrifugation only. 

The subsequent characterization of such enriched NPC-EVs included transmission electron 

microscopy (TEM), nanosight tracking analysis (NTA), mass spectrometry, and Western 

blotting. Western Blot analysis for selected EV biomarkers revealed that CD63, TSG101, 

TAPA1, and Alix were present in NPC-EVs obtained from both PEG enrichment and 

ultracentrifugation only (Fig. 1A-B). No difference was observed with regard to quantitative 

analysis of these proteins.  

NTA revealed the distribution of NPC-EVs to be in the range of 30 nm to 300 nm, which 

is typical of exosomes and microvesicles alike (Fig. 1C). The concentration between the two 

isolation methods was similar (18x109 in the PEG method compared to 15x109 in the 

ultracentrifugation only method). Along with the NTA, experiments using TEM revealed a 

typical EV morphology (Fig. 1D). Furthermore, no other types of vesicles were found in our 

samples, suggesting that NPC-EVs were predominantly exosomes and microvesicles.  

By using mass spectrometric analyses, we successfully detected proteins which are 

crucial for EV biogenesis or are known to be associated with stimulated angiogenesis and 

neurogenesis such as HSP70, both in PEG-enriched and in ultracentrifugation-enriched NPC-

EVs (please also refer to the supplementary section). EV cytosolic proteins, transmembrane 

proteins, or GPI-anchored proteins, which are crucial for EV biogenesis, such as ANXA6, 

SDCPB, HSPA8, TSG101, CD81, and CD9 were found in the EV samples (Fig. 2A-B). There 

was no significant difference between the two groups with respect to cytosolic or 

transmembrane proteins. Although calnexin was considered as a negative control for EVs, 

calnexin can also be found in some subtypes of exosomes [19]. Other subtypes of exosomal 

markers such as GM130 and CYC1 were close to the detection threshold or not detectable at 

all (Fig. 2C). Furthermore, strict EV negative markers (as purity control) such as APOA1, 

UMOD, and ALB were close to the detection threshold or not detectable at all in PEG or the 
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ultracentrifugation group (Fig. 2D), suggesting a sufficiently high level of purification in EVs 

enriched with either PEG or ultracentrifugation.   

Since miRNAs support angiogenesis, neurogenesis, and neuroprotection [44], we 

chose some of those miRNA candidates which have been identified as beneficial in the 

aforesaid aspects. Indeed, typical miRNA candidates were found in NPC-derived EVs, with 

the subtypes miR-20a, miR-26b, and miR-124 being at the highest concentrations (Fig. 2E). 

Conversely, miR-133, and miR-145 were hardly found in NPC-derived EVs at all. The isolation 

method, however, did not significantly affect these miRNA levels in NPC-EVs. 

Since both enrichment procedures did not significantly differ between each other for 

the majority of the readout parameters analyzed for NPC-EV characterization, further 

experiments were performed using the PEG method only. In this context, the PEG approach 

is more feasible than ultracentrifugation, allowing the handling of large volumes of conditioned 

medium with ease.  

 

NPC-EVs protect cerebral organoids from oxygen-glucose-deprivation (OGD) 

After having characterized the aforementioned EVs, we then established an in vitro 

model of OGD in cerebral organoids, which better reflect the physiological situation than 

neuronal monolayer cultures do. We first tested the time course of OGD-induced cell death of 

cerebral organoids by exposing the organoids to either 8 h or 10 h of OGD, followed by 24 h 

of reoxygenation under standard cell culture conditions (Fig. 3A-B). Cell death rates under 

these conditions were significantly increased in organoids exposed to both 8 h and 10 h of 

OGD when compared to cerebral organoids that were kept under standard culture conditions 

(Fig. 3B). However, no significant difference was found between the two OGD groups 

themselves. Accordingly, we chose an OGD exposure of 8 h for the following experiments. 

Cerebral organoids were then treated with low, medium or high concentrations of NPC-derived 

EVs, and the cell death rate was measured after 8 h of OGD followed by 24 h of reoxygenation 

(Fig. 3C). Indeed, exposure to all three concentrations of NPC-EVs significantly reduced the 

cell death rate of cerebral organoids under these conditions, as assessed by TUNEL staining. 
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Delivery of NPC-EVs reduces post-ischemic motor coordination impairment  

 In light of the aforementioned in vitro data on cerebral organoids, we tested the 

hypothesis that NPC-EVs improve neurological recovery after cerebral ischemia in mice. 

Following a previously published protocol on MSC-EVs [17], NPC-EVs of different dosages 

(low, medium, and high) were systemically administered on days 1, 3, and 5 post-stroke, with 

MSC-EVs serving as internal controls (Fig. 4A-C). Administration of a medium dosage of both 

NPC-EVs and MSC-EVs resulted in significantly better test performance of these animals in 

the tight rope test as well as in the corner turn test when compared to controls (Fig. 4B-C). Of 

note, NPC-EVs were not inferior to MSC-EVs, and the better test performance of mice treated 

with either NPC-EVs or MSC-EVs was long-lasting and thus stable until the end of the 

observation period of 84 days. In the balance beam test, however, the beneficial effects of 

NPC-EVs and MSC-EVs delivered at a medium dose were only transiently effective (Fig. 4A). 

Delivery of NPC-EVs or MSC-EVs at low or high dosages only partially induced neurological 

recovery in these three tests, if at all. The laser Doppler flow was used to ensure the quality 

of the MCAO model in each group. Each group showed a significant blood flow drop during 

the surgery, and there was no significant difference between the various treatment groups (Fig. 

4D).  

Neurological recovery does not necessarily imply an effect on brain tissue injury or 

brain regeneration and vice versa. We subsequently analyzed neuronal survival in the 

ischemic striatum at 84 days after the stroke. In line with the reduction of neurological 

impairment, increased neuronal densities were found in mice treated with medium doses of 

both NPC-EVs or MSC-EVs (Fig. 5A), again showing no difference between these two groups. 

Low and high doses of NPC-EVs or MSC-EVs were not effective. Conclusively, NPC-derived 

EVs reduce post-stroke brain injury on both the histological and the functional level and are 

not inferior to MSC-derived EVs. It is important to note that the therapeutic effect in EV 

formulation was highly dose dependent.  
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NPC-EV delivery stimulates post-stroke neuroregeneration and axonal plasticity 

As stated before, neurological recovery is not always associated with histological 

changes, and the mechanisms that lead to enhanced neurological recovery are diverse. In 

this context, we hypothesized that NPC delivery might stimulate endogenous repair 

mechanisms of the brain, including increased levels of neurogenesis. Taking into account that 

neurogenesis also takes place in the adult mammalian brain, with endogenous stem cells 

being stimulated upon induction of cerebral ischemia, the application of NPC-EVs might 

positively interfere with this process. Indeed, analysis of the cell proliferation marker BrdU 

showed significantly increased levels of BrdU+ cells (Fig. 5B) in the NPC-EV medium group. 

The co-expression analysis with the proliferation marker BrdU and the neuronal marker NeuN 

revealed increased levels of NeuN+/BrdU+ cells on day 84 within the ischemic striatum of 

animals treated with a medium dosage of NPC-EVs (Fig. 5C). On the contrary, the relative 

amount of BrdU+ cells expressing the immature neuronal marker Dcx was not affected by 

NPC-EV-treatment (Fig. 5D).  

Neuroregeneration is a complex process that is not only limited to neurogenesis. We 

therefore investigated the extent of axonal plasticity on day 84 in the post-ischemic brain (Fig. 

6), using contra-lateral stereotactic injections of BDA in the non-impaired cortex. Again, 

delivery of a medium dose of NPC-EVs but not low or high doses of NPC-EVs significantly 

enhanced axonal plasticity in these mice when compared to the control group (Fig. 6). 

Treatment with a medium dosage of MSC-EVs yielded similar effects with regard to 

neuroregeneration and axonal plasticity as observed for NPC-EVs, suggesting again that 

NPC-EVs are not inferior to MSC-EVs. 

 

NPC-EVs reverse peripheral post-stroke immunosuppression 

 The pathophysiology of cerebral ischemia comprises of a complex string of diverse 

inflammatory signaling cascades, not solely being harmful to the surrounding ischemic tissue 

[45]. In our previous study, MSC-EVs did not affect the immune response in the central 

nervous system but reversed the post-ischemic immunosuppression in the peripheral blood 
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seven days after stroke. In NPC-EVs, we saw similar effects. Consequently, NPC-EV 

treatment of mice with either dosage did not affect leukocytes (CD45high), monocytes 

(CD45highCD3-CD11b+), B cells (CD45highCD3-CD19+) or T cells (CD45highCD3+) within the 

ischemic CNS (Fig. 7A-D). Flow cytometry analysis in the blood of mice treated with a medium 

but not a low or high dosage of NPC-EVs revealed significantly increased levels of both B 

lymphocytes and T lymphocytes when compared to the control group (Fig. 7E-H).  

 

NPC-EVs predominantly distribute in peripheral organs 

 The majority of MSCs and other transplanted cells do not reach the brain, but are 

trapped in extracranial organs [46]. Even though EVs are known to pass the blood-brain barrier 

[47], the fact that NPC-EVs predominantly modulated the peripheral but not the central 

immune system (Fig. 8) might suggest that the majority of EVs do not reach the brain, either. 

Since different administration methods and conditions might affect the biodistribution patterns 

of NPC-EVs, we compared two different delivery routes, i.e., femoral vein injection and 

retroorbital injection under both ischemic and non-ischemic conditions. The biodistribution of 

NPC-EVs was similar in different methods and different conditions (Fig. 8). NPC-EVs were not 

only found in peripheral organs such as the liver and the lung but also found in the brain. 

However, most of these EVs were detected in the liver and in the lung when compared to the 

brain. There was no difference between the liver and the lung with regard to NPC-EV 

biodistribution patterns. 
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Discussion 

Although EVs have recently been recognized as potential therapeutic tools in the 

treatment of stroke [48], previous work has almost exclusively focused on the application of 

MSC-derived EVs only [17]. As such, the relevance of the stem cell source for EV enrichment 

remains elusive, although recent data on pluripotent stem cell-derived NSC-EVs has become 

available [49, 50]. The present study elucidated whether or not EVs have a cell-type 

independent therapeutic potential against stroke that is not restricted to MSC-derived EVs. 

The latter will be of high therapeutic relevance under clinical stroke conditions in order to 

choose proper tissue sources or pooled fractions from cell sources beyond MSCs or related 

cells. Since both endogenous and grafted SVZ-derived NPCs contribute to neurological 

recovery and neuroregeneration upon experimental stroke [51], EVs from such SVZ-derived 

NPCs have been enriched in the present study. We provide evidence for NPC-EVs not only 

increasing cell resistance against hypoxic injury in vitro, but also for enhancing post-stroke 

neuroregeneration and neurological recovery in vivo. Applying a direct comparison against 

MSC-EVs, for the first time we demonstrate that SVZ-derived NPC-EVs exhibit a similar 

therapeutic activity as MSC-EVs in a mouse model of stroke.  

In light of various EV enrichment procedures, i.e., ultracentrifugation, precipitation, 

chromatography, or density gradient separation [52], the optimal enrichment technique is still 

a matter of debate [19]. The pros and cons of each technique have to be thoroughly balanced 

when being applied. In that respect, precipitation methods using PEG or others offer quick and 

easy handling of large cell supernatant volumes for EV enrichment, although none of these 

techniques currently qualify for EV enrichment under GMP standards. Previous work from our 

own group systematically analyzed the PEG precipitation approach in direct comparison to 

standard EV enrichment procedures on HEK293T cells [33]. The latter revealed the PEG 

approach to be not inferior to standard EV enrichment procedures using HEK293T cells. 

Compared to the ultracentrifugation method, the PEG method can concentrate a high volume 

of conditioned medium in low centrifugation force (4,500 g) which can reduce EV damage from 

shear force during the ultracentrifugation process. Although basic EV properties such as the 
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size should be unaffected when dealing with different cell sources [53], the optimal 

concentrations of these cell sources under different isolation methods remains a matter of 

debate. To the best of our knowledge, PEG precipitation has not been used for the enrichment 

of SVZ-derived NPC-EVs. In order to exclude an impact of PEG precipitation on NPC-derived 

EVs, a detailed characterization of the latter was therefore performed. 

Using PEG 6000, we successfully isolated EVs from NPC conditioned medium. The 

purification rates obtained by this method were high for NPC-EVs, as indicated in the mass 

spectrometric analysis result. Especially, EV negative markers such as APOA1, UMOD, and 

ALB were close to the detection threshold or not detectable at all in our PEG method group 

and ultracentrifugation only group. Likewise, the distribution patterns were similar to EVs 

enriched with ultracentrifugation only, which is still regarded as a gold standard [19]. Our 

observations are in line with previous work from our group on the comparison of the PEG 

method and direct ultracentrifugation or differential centrifugation, indicating that PEG does 

not significantly affect the purity of EVs [33], although artifacts and aggregations still occur as 

observed in the TEM analysis. As a matter of fact, previous studies on EV application under 

pathological conditions such as Alzheimer's disease [54] and stroke [55], have either focused 

on exosomes only or used the general term of EVs, which might be more convenient in light 

of a therapeutic approach. The mass spectrometric analyses on NPC-EVs as performed in 

the present work indicated expression patterns of both exosomal markers and microvesicle 

markers [19]. Some of these proteins found in our EV samples are well-known key mediators 

of neuroprotection and neurogenesis. The heat shock protein HSP70, for instance, was highly 

abundant in NPC-derived EVs. HSP70 has frequently been described to mediate a plethora 

of signaling cascades, all of which contribute to an enhanced resistance of neural cells under 

hostile hypoxic or ischemic conditions [56]. Under such circumstances, HSP70 has been 

shown to modify oxidative stress and proteasomal activity of cerebral tissue exposed to 

hypoxic or ischemic injury, resulting in enhanced cell survival and increased neurological 

recovery of stroke rodents [56]. The increased resistance of cerebral organoids exposed to 
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OGD injury treated with NPC-EVs might, therefore, be at least partially mediated by proteins 

such as HSP70 and others. 

Since pluripotent stem cell-derived NSC-EVs have recently been proven to increase 

tissue rescue and functional outcomes in translational murine and porcine stroke models [49, 

50], our data support the hypothesis that EVs from different cell sources including SVZ-derived 

NPCs could induce neurological recovery as well. As indicated before, EVs do not only carry 

diverse sets of proteins but also contain DNA and non-coding RNA, among which are miRNAs 

of particular interest. The latter has been extensively studied under physiological and 

pathological conditions alike, not only related to cerebral ischemia where they serve both as 

biomarkers and therapeutic tools [57]. Screening for selected miRNAs to be likely expressed 

in NPC-derived EVs revealed enhanced levels of miR-124, which is among the most abundant 

miRNAs in the adult mammalian brain [58, 59]. MiR-124 affects a plethora of signaling 

molecules such as the recently identified inhibition of deubiquitination of Usp14, significantly 

contributing to the reduction of post-stroke brain injury in rodents [60]. Increased levels of miR-

124 and others such as the microRNA 17-92 cluster found in NPC-EVs, known to contribute 

to neuroprotection or enhanced neuroregeneration [61-67], might thus further enhance the 

resistance of cells and tissues against hypoxia or ischemia. Since EVs are able to transfer 

cargo like miRNAs to target cells [68], it is fair enough to hypothesize that NPC-EVs yield 

protection of cerebral organoids and brain tissue using this way of action. In this context, recent 

research has demonstrated that oligodendrocytes are able to transfer mitochondria toward 

neurons via microvesicles upon induction of hypoxia, a mechanism that might also be of 

relevance under the conditions chosen for the present work [69-71]. Elucidating such a precise 

mechanism was, however, beyond the scope of the present work which set emphasis on the 

therapeutic potential of NPC-EVs rather than on mechanisms involved in such a process. 

The therapeutic potential of stem cells and the different mechanisms being involved 

greatly depend on delivery routes and transplantation timing [3]. Indeed, systemic delivery of 

MSCs or NPCs under experimental stroke conditions reduces post-stroke brain injury, 

enhances neurological recovery, and stimulates neuroregenerative processes [3, 72, 73]. 
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Systemic delivery of MSC-derived EVs, likewise, mediates the aforementioned effects in a 

similar fashion [17]. Both timing and the delivery route were chosen following a previously 

established protocol for the intravenous application of MSC-derived EVs [17], although future 

studies might enhance the therapeutic time frame for EVs even further. Contrary to grafted 

stem cells, which predominantly do not reach the brain and which involve possible side effects 

such as neoplasia [74], EVs pass the blood-brain barrier [75]. Recent work has demonstrated 

that systemic injection of exosomes results in intracerebral enrichment of siRNA derived from 

these ectopic exosomes [76]. Consequently, the systemic injection of NPC-derived EVs is 

likely to induce neurological recovery and promote neuroregeneration via enrichment of both 

cargo proteins and non-coding RNAs after passing of the blood-brain barrier by ectopic EVs. 

Interestingly, NPC-EVs did not affect post-stroke central immune responses, which is in line 

with our data acquired on the application of MSC-EVs. Rather, NPC-EVs reverse the post-

stroke immunosuppression, as was observed for MSC-EVs. In detail, NPC-EVs increased 

both peripheral T and B cell numbers, with the latter being known to support neurogenesis 

and functional recovery after stroke [77]. The idea of a peripheral way of action of systemically 

delivered NPC-EVs is further backed up by the fact that labeled NPC-EVs predominantly end 

up in peripheral organs such as the lung and the liver rather than in the brain. However, 

additional studies regarding homing and targeting of ectopic EVs are required to elucidate 

these underlying mechanisms further.  

In our study, medium dosages of NPC-EVs (and also MSC-EVs) showed optimal 

outcomes when compared to either low or high dosages of EVs. Although we do not have 

clear evidence, it appears to be feasible that high dosages might lead to the formation of 

embolisms, resulting in the early death of animals. On the contrary, low dosages of EVs might 

result in an insufficient concentration of either cargo proteins or non-coding RNAs, thus failing 

to induce neuroprotection or neuroregeneration. However, the medium dosages of NPC-EVs 

and MSC-EVs only showed transiently beneficial effects in the balance beam test, which might 

be due to the lower sensitivity of the balance beam test when compared to the tight rope test 

and the corner turn test at later stages of the disease [78, 79]. As such, high sensitivity is of 
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uttermost importance, especially at chronic stages of the disease. Studies on the dose-

dependent effects of EVs are surprisingly short, but Tabak et al. indeed suggest that EVs 

affect target tissues in a dose-dependent manner [80]. Thus, the present work also indicates 

that future studies should pay attention to the EV dosage chosen when planning both pre-

clinical investigations or clinical trials.  

In conclusion, the present study demonstrates that SVZ-derived NPC-EVs are 

effective as therapeutic tools under experimental stroke conditions. The underlying 

mechanisms appear to be pleiotropic and complex but are in part due to a modulation of 

peripheral post-stroke immune responses. In light of NPC-EVs being non-inferior to MSC-EVs, 

the idea of EVs as general therapeutic tools independent of cell sources is thus further 

supported. As a matter of fact, the tremendous translational potential of EVs is evident, with 

distinct advantages when compared to stem cell transplantation. After a myriad of negative 

clinical trials in the field of neuroprotective drugs against stroke, EVs might revolutionize 

modern stroke treatment as an available tool next to clinically established re-canalization 

strategies. 
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Figure legends 

 

Figure 1. Western blotting, nanosight tracking analysis (NTA), and transmission 

electron microscopy (TEM) of enriched NPC-EVs. Neural progenitor cells (NPCs) were 

cultured under standard cell culture conditions, and conditioned medium was obtained at 

passage 3 at 24 h after cell seeding. Conditioned medium was used for the enrichment of 

extracellular vesicles (EVs) using either the polyethylene glycol (PEG) method or differential 

centrifugation (i.e., ultracentrifugation). (A) Western blot analysis of EVs (n=4 per isolation 

conditions) against exosomal markers, with calnexin being used as a negative marker and ß-

actin serving as a loading control. (B) Densitometric analysis from Western blot analysis from 

(A). (C) NTA from enriched EVs depicting size distribution patterns. (D) Representative TEM 

analysis from EVs enriched by either differential centrifugation (UC) or the PEG method. The 

negative control consisted of PBS only, depicting an artifact with no vesicular structure. Black 

arrows: exosomes; red arrows: microvesicles. Scale bar: 200 nm. Abbreviations: EV, 

extracellular vesicles; PBS, phosphate-buffered saline; PEG, polyethylene glycol; NPC, neural 

progenitor cell; NTA, nanosight tracking analysis; TEM, transmission electron microscopy; UC, 

ultracentrifugation. 

 

Figure 2. Mass spectrometric analysis and qRT-PCR analysis of selected proteins and 

miRNAs in NPC-derived EVs. NPC-EVs were enriched using the PEG approach or 

ultracentrifugation as described before. Summed spectral counts of selected proteins from 

triplicate measurements are displayed. (A) Detection of cytosolic proteins including exosomal 

markers such as HSPA8, TSG101, and Alix. (B) Detection of transmembrane or GPI-anchored 

proteins in the two EV fractions. (C) Detection of intracellular proteins. Calnexin was found in 

both NPC-EV samples, although it is usually regarded as a negative control.  Recent data, 

however, suggests that calnexin can also be found in several exosomal subtypes (see the 

appropriate results section). (D) Detection of exosomal negative markers APOA1, UMOD, and 

ALB. These markers were detected neither PEG-enriched nor in ultracentrifugation-enriched 
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EVs.  (E) Screening for selected miRNAs using qRT-PCR in NPC-EVs enriched with the PEG 

method or with ultracentrifugation only. The results are presented as 2-ΔCt. Abbreviations: EV, 

extracellular vesicles; NPC, neural progenitor cell; PBS, phosphate-buffered saline; PEG, 

polyethylene glycol method; UC, ultracentrifugation only method. 

 

Figure 3. NPC-EVs enhance the resistance of cerebral organoids exposed to oxygen-

glucose-deprivation (OGD). Cerebral organoids were obtained and cultured under standard 

cell culture conditions, as explained in the materials and methods section. (A) Representative 

photos from EV-treated cerebral organoids, as described in (C). (B) The temporal resolution 

of the development of cell death under OGD conditions was determined for cerebral organoids 

(n=3 per condition) exposed to 8 h or 10 h of OGD, followed by reoxygenation under standard 

cell culture conditions for an additional 24 h. Cell death rates were assessed using TUNEL 

staining on cryostat sections, with DAPI staining for nuclear detection. (C) Since no statistical 

significance of cell death rates of organoids exposed to either 8 h or 10 h of OGD was 

observed, further experiments were done using the 8 h time window only. Organoids were 

treated with NPC-derived EVs at the beginning of the OGD and additionally at the beginning 

of the reoxygenation. Three different NPC-EVs concentrations were chosen (n=3 per 

condition), i.e., NPC-EVs low (EVs equivalent to 2x105 NPCs), NPC-EVs medium (EVs 

equivalent to 2x106 NPCs), and NPC-EVs high (EVs equivalent to 2x107 NPCs). Control 

organoids were exposed to OGD only without EV treatment, whereas “normal” refers to 

cerebral organoids kept under standard cell culture conditions. Scale bars: 20 µm. 

*significantly different from controls with p<0.05, i.e., NPC-EVs low: p=0.0015, NPC-EVs 

medium: p=0.0015, and NPC-EVs high: p=0.0014. #significantly different from standard cell 

culture conditions (normal) with p<0.05, i.e., OGD 8 h or OGD 10 h: p<0.0001, NPC-EVs low: 

p<0.0001, NPC-EVs medium: p<0.0001, NPC-EVs high: p<0.0001. Abbreviations: EV, 

extracellular vesicles; OGD, oxygen-glucose-deprivation; PBS, phosphate-buffered saline; 

NPC, neural progenitor cell; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end 

labeling.  
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Figure 4. Delivery of NPC-EVs reduces post-ischemic motor coordination impairment. 

Motor coordination was evaluated using the balance beam test (A), the tight rope test (B), and 

the corner turn test (C) at 1, 7, 14, 28, 56, and 84 days after cerebral ischemia. All animals 

were accordingly trained before the induction of stroke in order to ensure proper test 

performance, i.e., test results before induction of stroke are given as pre-stroke data. Mice 

were exposed to 1 h of middle cerebral artery occlusion with subsequent reperfusion. Mice 

received systemic delivery of PBS (control, n=11), NPC-EVs low (EVs equivalent to 2x105 

NPCs, n=12), NPC-EVs medium (EVs equivalent to 2x106 NPCs, n=11), or NPC-EVs high 

(EVs equivalent to 2x107 NPCs, n=12), MSC-EVs low (EVs equivalent to 2x105 MSCs, n=12), 

MSC-EVs medium (EVs equivalent to 2x106 MSCs, n=12), or MSC-EVs high (EVs equivalent 

to 2x107 MSCs, n=13) 24 h, 72 h and 120 h post-stroke. The first injections at 24 h were done 

via cannulation of the right femoral vein, whereas the following injections used a retroorbital 

injection delivery. All EV dosage groups showed significant improvement in the tight rope test 

compared to the control group (p<0.0001). In the corner turn test, the EV medium 

concentration group showed improvement at all experimental time points (p<0.0001 in NPC-

EV medium group, p<0.0001 in MSC-EV medium group), and the EV high dosage group 

showed improvement at day 56 (p=0.0002 in NPC-EV high group, p=0.0004 in MSC-EV high 

group) and at day 84 (p<0.0001 in NPC-EV high group, p<0.0001 in MSC-EV high group) 

compared to the control group. In the balance beam test, however, only the EV medium group 

showed improvement at day 7 (p=0.0006 in NPC-EV medium group, p=0.0040 in MSC-EV 

medium group), day 14 (p=0.023 in NPC-EV medium group, p=0.0021 in MSC-EV medium 

group), and day 28 (p=0.0129 in NPC-EV medium group) compared to the control group. (D) 

Laser-doppler results of different experimental groups during MCAO operation. *significantly 

different from controls with p<0.05. Abbreviations: PBS, phosphate-buffered saline; MSC, 

mesenchymal stem cells; NPC, neural progenitor cell; EV, extracellular vesicles. 
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Figure 5. NPC-EVs induce long-term neuroprotection and increase cell proliferation 

after stroke. The neuronal density (A) and cell proliferation (B) were measured on day 84, as 

indicated by NeuN staining (A) within the ischemic lesion site and cell proliferation, as 

indicated by BrdU staining (B) in order to investigate. The extent of neurogenesis was 

analyzed on day 84, as indicated by the neuronal marker NeuN (C) and the immature neuronal 

marker Dcx (D). Co-immunofluorescence staining was done with the cell proliferation marker 

BrdU. Mice were exposed to 60 min of focal cerebral ischemia and treated with EVs at different 

dosages. The first injections at 24 h were done via cannulation of the right femoral vein, 

whereas the following injections used a retroorbital injection delivery. Mice were exposed to 

middle cerebral artery occlusion followed by systemic delivery of PBS (control, n=11), NPC-

EVs low (EVs equivalent to 2x105 NPCs, n=12), NPC-EVs medium (EVs equivalent to 2x106 

NPCs, n=11), or NPC-EVs high (EVs equivalent to 2x107 NPCs, n=12), MSC-EVs low (EVs 

equivalent to 2x105 MSCs, n=12), MSC-EVs medium (EVs equivalent to 2x106 MSCs, n=12), 

or MSC-EVs high (EVs equivalent to 2x107 MSCs, n=13) 24 h, 72 h and 120 h post-stroke. 

Photos depict representative stainings from the respective condition. Both NPC-EV medium 

and MSC-EV medium groups increased neuronal density, as shown in (A; p=0.0007 in NPC-

EV medium group, p=0.0022 in MSC-EV medium group) and stimulated endogenous cell 

proliferation (B; p<0.0001 in NPC-EV medium group, p<0.0001 in MSC-EV medium group). 

Newborn neurons were also increased in NPC-EV medium and MSC-EV medium groups (C; 

p=0.0015 in NPC-EV medium group, p=0.0037 in MSC-EV medium group). The NPC-EV 

medium and MSC-EV medium group also showed higher cell proliferation levels compared to 

NPC-EV or MSC-EV high or low dosage groups (B; p<0.0001 in NPC-EV medium group, 

p<0.0001 in MSC-EV medium group compared to the low or high dosage NPC-EV or MSC-

EV groups). However, there was no significant difference between the NPC-EV medium group 

and the MSC-EV medium group. Scale bars: 20 µm. *significantly different from controls with 

p<0.05. #significantly different from low or high dosage NPC-EV or MSC-EV groups with 

p<0.05. Abbreviations: BrdU, 5-Bromo-2-deoxyuridine; DAPI, 4’,6-diamidino-2-phenylindole; 
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Dcx, doublecortin; EV, extracellular vesicles; MSC, mesenchymal stem cells; NPC, neural 

progenitor cell; PBS, phosphate-buffered saline. 

 

Figure 6. NPC-EV delivery affects post-ischemic axonal plasticity. Mice were exposed to 

60 min of focal cerebral ischemia, as mentioned previously. Animals received systemic 

delivery of PBS (control, n=11), NPC-EVs low (EVs equivalent to 2x105 NPCs, n=12), NPC-

EVs medium (EVs equivalent to 2x106 NPCs, n=11), or NPC-EVs high (EVs equivalent to 

2x107 NPCs, n=12), MSC-EVs low (EVs equivalent to 2x105 MSCs, n=12), MSC-EVs medium 

(EVs equivalent to 2x106 MSCs, n=12), or MSC-EVs high (EVs equivalent to 2x107 MSCs, 

n=13) 24 h, 72 h and 120 h post-stroke. The first injections at 24 h were done via cannulation 

of the right femoral vein, whereas the following injections used a retroorbital injection delivery. 

On day 70 after stroke induction, biotinylated dextran amine (BDA) was injected using a 

Hamilton syringe at 0.5 mm rostral from bregma, 2.5 mm lateral from bregma, and 1.5 mm 

ventral from the cortical surface. Axonal density was measured 84 days post-stroke, i.e., 14 

days after injection of BDA. There was a significant difference in the EV medium and EV high 

dosage (NPC-EVs only) groups compared to the control group (p=0.0049 in NPC-EV medium 

group, p=0.0331 in NPC-EV high group, p=0.0075 in MSC-EV medium group). Scale bars: 

200 µm. *significantly different from control with p<0.05. Abbreviations: EV, extracellular 

vesicles; MSC, mesenchymal stem cells; NPC, neural progenitor cell; PBS, phosphate-

buffered saline. 

 

Figure 7. NPC-EVs reverse post-ischemic peripheral immunosuppression at 7 days 

after ischemia. Mice were subjected to cerebral ischemia for 60 min followed by reperfusion 

for 7 days. The animals (n=5 per condition) received systemic delivery of PBS (control), NPC-

EVs low (EVs equivalent to 2x105 NPCs), NPC-EVs medium (EVs equivalent to 2x106 NPCs), 

or NPC-EVs high (EVs equivalent to 2x107 NPCs) 24 h, 72 h and 120 h post-stroke. Flow 

cytometry was analyzed with FlowJo software. (A-D) show the quantitative analysis from CNS 

samples for (A) CD45+ int-, (B) CD11b+, (C) CD3+, and (D) CD19+ cells. In (E-H), the 
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quantitative analyses from blood samples for (E) CD45+ int-, (F) CD11b+, (G) CD3+, and (H) 

CD19+ cells is given. NPC-EV medium increased both T cell (p=0.0014) and B cell populations 

(p=0.0015) in the peripheral blood but did not affect the CNS. All data are given as means ± 

S.D., *significantly different from control, p<0.05. Abbreviations: CNS, central nervous system; 

EV, extracellular vesicles; NPC, neural progenitor cell. 

 

Figure 8. Biodistribution patterns of NPC-EVs in vivo. Representative 

immunofluorescence images displaying the biodistribution of EVs in various organs under 

different delivery routes and conditions (femoral vein injection, femoral vein injection after 

MCAO, retroorbital injection, and retroorbital injection after MCAO). The organs selected for 

qualitative and quantitative analysis included the brain, liver, and lung (red color shows the DiI 

marker for EV detection). Most EVs were found in the liver (p=0.0023 compared with the brain) 

and in the lung (p=0.0035 compared with the brain). However, the NPC-EV biodistribution 

patterns were of no difference between the liver and the lung. Different delivery routes and 

conditions also did not affect the biodistribution of NPC-EVs in peripheral organs. The 

representative photographs refer to mice exposed to MCAO followed by femoral vein injection 

of EVs. Scale bars: 200 µm. Data are shown as mean ± S.D; *significantly different from the 

brain, p<0.05. n=3 animals per group. Abbreviations: EVs, extracellular vesicles; MCAO, 

middle cerebral artery occlusion; NPC, neural progenitor cell. 
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