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1 Introduction 

1.1 Epidemiological and clinical aspects of  ischemic stroke 

According to data obtained from the World Health Organization, stroke was the second leading 

cause of death worldwide in 2019. The disease causes of stroke can be differentiated into either 

hemorrhagic or ischemic forms of stroke. With about 85% of all strokes being ischemic, this 

kind of stroke is clinically more relevant than hemorrhagic strokes (Musuka et al. 2015). Hence, 

the present thesis focuses on ischemic strokes, also known as cerebral ischemia, and uses the 

term "stroke" in this context only.  

Stroke is a disease of the elderly for which several risk factors such as carotid stenosis, 

hypertension, hyperlipidemia, and smoking exist (Boehme et al. 2017). Ischemic strokes can 

further be distinguished by their pathophysiology, among which are the formation of a 

thrombus or an embolus as well as systemic hypoperfusion. However, embolic and thrombotic 

strokes are the most common types of ischemic stroke.  

Stroke therapy has made significant progress in the last decades because of the establishment of 

both systemic thrombolysis within 4.5 hours and endovascular treatment. Whereas thrombolysis 

has already been introduced in the 1990ies (Harder und Klinkhardt 2000), it was not before 

2015 where endovascular treatment became a scientifically supported treatment paradigm 

(Starke et al. 2016). Nevertheless, most patients do not qualify for either treatment paradigm 

because of a restricted time window or significant side effects (Seitz 2016). Therefore, many 

patients suffer from low life quality after stroke, and different treatment paradigms are urgently 

needed. Although neuroprotective approaches have been successfully applied in the preclinical 

stroke models, their translation into the clinic has failed until recently (Gladstone et al. 2002). 
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Novel research strategies, therefore, focus on the development of neuroregenerative rather than 

neuroprotective paradigms.  

1.2 Endogenous neurogenesis and stem cell transplantation 

Whereas neuroprotection is only feasible at the acute stage of the disease, neuroregenerative 

approaches may be beneficial at subacute or even chronic stroke stages. Nevertheless, 

neuroregeneration upon stroke is not clearly defined and implies heterogeneous phenomena 

such as neurogenesis, angiogenesis, neural plasticity, and stem cell transplantation approaches. 

Endogenous neurogenesis is not restricted to the ontogenesis of the brain but also persists in 

defined stem cell niches of the adult brain, such as the subgranular zone of the dentate gyrus 

and the subventricular zone (SVZ) of the lateral ventricles (Kaneko et al. 2011). Under 

physiological conditions, endogenous astrocyte-like neural stem cells (NSCs) migrate along the 

rostral migratory stream towards the olfactory bulb, where they finally differentiate into mature 

neurons (Doetsch et al. 1999). Endogenous neurogenesis is also present in the human brain, an 

essential prerequisite for stroke therapy in men (Jin K et al. 2006).  

Induction of cerebral ischemia stimulates endogenous neurogenesis, as is the case with other 

pathological conditions like neurodegenerative diseases or traumatic brain injury. Interestingly, 

endogenous neurogenesis can also be found in the brain of ischemic stroke patients (Jin K et al. 

2006; Marti-Fabregas et al. 2010). In preclinical stroke models, NSCs migrate from the SVZ to 

the stroke area where they differentiate into mature neurons or glial cells (Yamashita et al. 2006), 

as indicated by increased expression patterns of doublecortin (DCX) or NeuN (Motamed et al. 

2019). However, the therapeutic impact of poststroke endogenous neurogenesis is limited 

because of the low survival rates of these newborn cells; the majority of them die within weeks 

(Dayer et al. 2003; Kempermann et al. 2003). Additional strategies are needed in order to further 

enhance neuroregenerative mechanisms upon stroke induction. Such strategies imply a direct 

stimulation of neurogenesis and the transplantation of exogenous stem cells. Stimulating 
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endogenous neurogenesis aims at boosting cell growth, proliferation, mobilization, and cell 

differentiation (Bernstock et al. 2017).  

Although the strategy mentioned before might appear to be attractive under certain conditions, 

the transplantation of exogenous stem cells appears to be more feasible. As a matter of fact, cell 

transplantation therapy has been expected to benefit patients suffering from a wide range of 

different diseases and injuries (Reisman und Adams 2014). Under stroke conditions, injecting 

exogenous stem cells into the lesioned striatum results in a better neurological outcome and 

increased neurogenesis levels (Zhang GL et al. 2019), observations which have also been made 

with other stem cell sources such as embryonic stem cells, MSCs, and induced pluripotent stem 

cells (Liu et al. 2020).  

Although the precise mechanisms by which stem cells such as MSCs induce tissue regeneration 

are not entirely understood, there are various mechanisms involved. As such, mitochondrial or 

exosomal transfer from transplanted MSCs towards the extracellular environment has recently 

been described (Li et al. 2019). Consequently, MSCs can directly or indirectly modulate the 

extracellular environment by interfering with growth factors or inflammatory signaling cascades. 

Both TNF-α and NF-kB expression levels are regulated in hypoxic neuronal cells and animal 

stroke models due to MSCs, which results in a stimulation of vascular endothelial growth factor 

(VEGF) related pathways and reduced apoptotic cell death (Huang et al. 2014). Reduction of 

NF-kB expression due to MSCs also reduces inflammatory response after stroke (Gu et al. 

2014). Likewise, human umbilical cord blood MSCs decrease brain injury in a preclinical stroke 

model by reducing IL-17 and IL-23 expression (Ma et al. 2013). Regulation of inflammation by 

MSCs in stroke settings affects the peripheral and central nervous system. Hence, MSCs inhibit 

microglial activation and decline astrogliosis formation within the ischemic stroke brain, a way 

of action that implies non-classical JAK-STAT signaling with non-phosphorylated signal 

transducer and activator of transcription 3 in immune cells (Wang HZ et al. 2019).  
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MSCs administration can stimulate astrocytes to release growth factors such as VEGF, 

epidermal growth factor (EGF), and bFGF in cerebral ischemia (Zhu et al. 2015). The grafted 

MSCs can normalize aquaporin-4 expression and suppress the apoptosis process in ischemic 

astrocytes. Interestingly, MSCs also help preserve the integrity of the blood-brain barrier (BBB) 

by stimulating astrocytes to produce growth factors such as VEGF, EGF, and bFGF within the 

stroke brain (Tang G et al. 2014). 

The aforementioned MSC-induced effects depend on various parameters and appear to be 

indirect. As a matter of fact, administration routes significantly impact stem cell transplantation 

efficiency (Doeppner et al. 2015a), with directly injected stem cells into the stroke lesion rather 

not affecting the immune system at all (Chrostek et al. 2019). However, clinically more favorable 

systemic stem cell transplantation does not directly affect neurogenesis in the lesioned tissue 

but prevents poststroke immunosuppression, a leading cause of infection in stroke patients 

(Chrostek et al. 2019). Despite these favorable therapeutic effects of stem cells in general, 

research questions the necessity of stem cell transplantation for stroke (Borlongan 2019; Singh 

et al. 2020). Instead, most biological functions observed due to stem cell transplantation appear 

to be the result of extracellular vesicles (EVs) that are secreted from these stem cells, making 

cell transplantation an unnecessary risk for the recipient.  

1.3 Extracellular vesicles (EVs) and stroke 

As stated before, MSCs and other stem cells appear to exert their biological impact by secreting 

EVs under both physiological and pathological conditions alike. EVs are a miscellaneous group 

of lipid bilayer structures that are secreted from virtually all cells (Carpintero-Fernandez et al. 

2017). The diameter of EVs is between 30 nm and 1000 nm. In terms of size, EVs can be 

divided into small EVs (less than 200 nm) and large EVs (Thery et al. 2018). Because most of 

the reports published do not distinguish small EVs or large EVs, the term EVs to refer to small 
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EVs or large EVs is used. EVs achieve their biological functions by various cargos, i.e., RNAs, 

DNAs, and proteins (Doyle und Wang 2019).  

As is the case for MSCs, most EV data in the stroke research field comes from MSC-EVs. 

Several studies have suggested that EVs may indeed be biologically relevant mediators of stem 

cells, and preclinical data from the use of stem cell-derived conditioned media depict similar 

effects in in vitro and in vivo stroke models (Doeppner et al. 2017a; Egashira et al. 2012; Yang et 

al. 2018). Whereas initial hypotheses focused on soluble factors inside the conditioned medium 

being the biologically active mediator, the recent scientific focus has now switched towards the 

aforementioned EVs. Indeed, a substantial amount of preclinical reports have convincingly 

shown that EVs are beneficial in stroke and other disease models (Harrell et al. 2019; Hill 2019; 

Keshtkar et al. 2018; Kubo 2018). MSC-EVs have been shown to promote functional recovery 

and neurovascular plasticity (Xin et al. 2013) and neurogenesis in the ischemic stroke model 

(Ophelders et al. 2016; Zhang Y et al. 2017). Likewise, previous research from our group showed 

that MSC-EVs promote poststroke neurogenesis in a rodent stroke model, possibly via a 

mechanism involving the restoration of postischemic peripheral immunosuppression 

(Doeppner et al. 2015b). Whereas plenty of different stem cells can be used to improve 

neurological recovery in preclinical and even some clinical settings (Chrostek et al. 2019; Joers 

und Emborg 2009), it is uncertain whether or not the beneficial effects described before on 

MSC-EVs will hold for EV species from other cell sources, including neural progenitor cells 

(NPCs). Hence, it is elusive if EVs are feasible for being a general therapeutic concept or only 

being beneficial when derived from distinct cell types such as MSCs.
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2 Aim of  the study 

EVs have subsequently been shown to protrude various beneficial therapeutic effects in many 

disease models, including cerebral and myocardial ischemia, lung injury, and kidney injury (Gatti 

et al. 2011; Lai et al. 2010; Xin et al. 2013). These results have exclusively been obtained through 

MSC-EVs. On the contrary, stem cell stroke studies were not only limited to MSC 

transplantation, but also included other stem cell sources like NPCs (Bacigaluppi et al. 2009; 

Doeppner et al. 2010; Rumajogee et al. 2018; Wilcox et al. 2014; Zhang P et al. 2011). In contrast, 

the therapeutic potential of NPC-EVs under stroke conditions has not been explored to date. 

Even though EVs seem to be a fascinating tool for adjuvant stroke therapy, fundamental 

questions still need to be addressed, including the relevance of host cells for EV harvesting. 

Therefore, the present thesis aimed to evaluate the therapeutic potential of NPC-EVs in an in 

vitro and in vivo stroke model in comparison to well established MSC-EVs.
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3 Materials and Methods 

3.1 Legal issues, animal housing, randomization and blinding  

In compliance with EU rules, all animal experiments were subject to local authority approval. 

The ARRIVE standards were adhered to for the treatment and use of laboratory animals. The 

mice were kept under a circadian rhythm in groups of five each and had free access to food and 

water. All animals were randomly assigned to the various experimental groups. For all phases 

of the study, the experimenter was blinded to the treatment protocols.  

3.2 Primary culture of  NPCs and MSCs 

P1 mice for the preparation and isolation of NPCs were euthanized using an overdose of CO2 

followed by decapitation (Guo et al. 2012). Skin and skull were removed with forceps. The brain 

was carefully separated, and the meninges were carefully removed from the brain, while the 

cerebellum was discarded. The SVZ from the brains of P1 mice was isolated in cold PBS on ice. 

After that, the tissue was centrifuged to precipitate the tissue. The supernatant was removed, 

and the SVZ tissue was cut into small pieces and digested with trypsin-EDTA. The tissue tubes 

were gently shaken in a 37°C water bath for 15 minutes. NPC medium (the contents of the 

neural progenitor cell medium can be found in Publication 1) was added to terminate the 

digestion. The precipitate and NPC medium were mixed by gentle vortex and then centrifuged 

at room temperature (RT) for 15 minutes. The supernatant was discarded, and the precipitate 

was washed three times with NPC medium, and each wash was centrifuged at 200x g at RT for 

5 minutes. The NPC precipitation sample was finally resuspended in 2 ml of complete NPC 

medium and then inoculated into Petri dishes containing 3 ml of complete NPC medium. The 

formation of neurospheres was continuously controlled over a 72-hour period. Every three days, 

additional growth factors were added to the Petri dishes. Cells were passaged every 5 to 6 days 

(details can be found in Publication 1). 
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MSCs were obtained from the fatty tissue of adult C57BL/J male mice. Mice were sacrificed 

under anesthesia with an overdose of isoflurane and by cervical dislocation. The adipose tissue 

was carefully separated from the retroperitoneum, groin, epididymis, and brown adipose tissue 

on the armpit with forceps and scissors. The tissue was centrifuged in 15 ml PBS at 100x g for 

2 minutes at RT for precipitation purposes. The supernatant was discarded after centrifugation, 

and the precipitation was digested with 20 ml of PBS containing 10 g of type 1 collagenase 

(Sigma-Aldrich, St. Louis, MO, USA) and incubated in a 37°C water bath for 15 minutes. After 

type 1 collagenase digestion, the centrifuge tubes containing digested tissue were centrifuged at 

500x g for 8 minutes at RT. The supernatant was discarded, and precipitation was resuspended 

in pre-warmed PBS containing 1% BSA followed by centrifuged at 300x g for 5 minutes. The 

supernatant was discarded and resuspended the pellet with 10 ml of MSC medium. Primary 

MSCs were inoculated in T75 flasks containing 20 ml of complete MSC medium (with FBS). 

Each flask containing 3.6x106 MSCs was incubated at standard cell culture conditions at 37ºC 

in a humidity of 95% containing 5% CO2. The MSCs were passaged every 6 to 7 days. The 

details of MSC isolation can be found in Publication 1. 

3.3 Isolation of  EVs from NPCs and MSCs 

There are many EV isolation methods. However, the optimal isolation method for EVs is still 

under debate (Buschmann et al. 2018). Due to the ability of the polyethylene glycol (PEG) 

method to process a large number of cultures simultaneously, the method can effectively address 

the need for large numbers of EVs for future clinical applications. Therefore, I have chosen this 

method as our EV extraction method. However, the PEG method is also considered a "high 

contamination" method because PEG can co-precipitate organelles and soluble proteins. We, 

therefore, have chosen the ultracentrifugation only method as our purity control. The difference 

between the ultracentrifugation only method and the PEG method is that the ultracentrifugation 

only method did not contain PEG in the collected culture medium. The cells, cell debris, and 

apoptotic bodies were removed by filtration and then directly ultracentrifuged. The details about 
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the isolation method can be found in Publication 1. The different isolation methods have 

upside and downside aspects, and a summary of each of them can be found in table 1.  
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Table. 1. Advantages and disadvantages of different extracellular vesicle (EV) isolation 

techniques. 

Technique Advantage Disadvantage Reference 

Ultracentrifugation 

only 

low costs, high purification rates time-

consuming, 

potential EV 

damage 

 

(Thery et al. 2006) 

Thery et 

al. 2006 

nanomembrane or 

filters 

handling of large volumes, low 

centrifugation speed 

high cost, 

contamination 

by proteins, 

deformation 

of EVs 

 

(Lobb et al. 2015) 

Lobb et al. 

2015 

size-exclusion 

chromatography 

reproducibility and purity, high 

sensitivity, no additional chemicals 

high costs, 

limited sample 

volume 

 

(Lobb et al. 2015) 

Lobb et al. 

2015 

precipitation with 

polymers 

low costs, simple protocol, can 

handle large volumes 

protein and 

other 

contamination 

 

(Ludwig et al. 2018) 

Ludwig et 

al. 2018 

microfluidic 

technologies 

rapidness, purity, efficiency high costs 

need special 

equipment 

(Nakai et al. 2016) 

Nakai et 

al. 2016 
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3.4 EV characterization  

According to the International Society for Extracellular Vesicles guidelines, the characterization 

of EVs needs to include three different aspects, i.e., protein markers, size, and morphology 

(Thery et al. 2018). Herein, the proteins CD63, Alix, and TSG101 were chosen as EV positive 

markers for Western blotting, whereas calnexin served as a negative marker. Of note, some 

restrictions apply to calnexin in this context, as will be addressed later in this document. For 

size determination and quantitative analysis of enriched NPC-EVs, a nanoparticle tracking 

analysis (NTA) was performed by using the Nanosight platform (Particle Metrix, Inning am 

Ammersee, Germany). As EVs are all on the nanoscale, ordinary fluorescence microscopy 

cannot confirm their microscopic structure. As such, transmission electron microscopy (TEM) 

was performed for the identification of the microstructure of EVs. The TEM experiments were 

exclusively performed by Dr. Möbius from the Max Planck Institute for Experimental Medicine, 

Göttingen. The details of the NTA measurement, TEM, and Western Blot protocols can be 

found in Publication 1. 

3.5 Analysis of  EV cargo  

As described before, EVs achieve their biological functions by transferring their contents such 

as RNA and proteins towards the extracellular environment or directly to neighboring cells. 

Hence, the protein contents of NPC-EVs were analyzed using mass spectrometry. In brief, the 

EV samples were separated on 4-12% gels and cut into 12 equidistant lanes. The gel pieces were 

digested with trypsin overnight and were dried the next day for mass spectrometry analysis. 

Besides the protein contents, miRNAs are also key players of EVs for achieving biological 

functions. Several miRNA candidates that showed neuroprotective effects in ischemic stroke 

models were investigated by qRT-PCR. The mass spectrometry analysis was performed by Dr. 

Christof Lenz from the UMG's Core Facility Proteomics. The details of mass spectrometry 

analysis and qRT-PCR can be found in Publication 1. PCR primers and U6 were bought from 
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Eurofins Genomics (Luxembourg, Luxembourg). U6 was used as an internal control; the primer 

sequence and miRNA candidates can be found in Publication 1. 

3.6 Cerebral organoids and oxygen-glucose-deprivation (OGD) assay 

Like drugs, the dosage of EVs may affect the therapeutic effect. However, the optimal EV 

concentration has not yet been determined, which was therefore done for NPC-EVs herein. 

Since traditional cell cultures only insufficiently reflect the complicated in vivo situation, so-called 

cerebral organoids were used as an in vitro model of the brain. The cerebral organoids were 

kindly provided by Dr. Zafeiriou from the Institute of Pharmacology and Toxicology of the 

UMG. The details on cerebral organoids are mentioned in Publication 1. First, the optimal 

OGD settings, i.e., the duration of OGD, were determined for these cerebral organoids. 

Thereafter, different NPC-EV concentrations defined as low, medium, and high were chosen 

to study the optimal NPC-EV concentration for the specific OGD condition. Terminal 

deoxynucleotidyl transferase dUTP nick end labeling (TUNEL, in situ cell death detection kit, 

Merck Group) staining was used to detect cell death according to its instructions, with 4', 6-

diamidino-2-phenylindole (DAPI) staining used for the detection of cell nuclei. The details of 

the OGD model protocol can be found in Publication 1. 

3.7 Experimental paradigm and animal groups  

Having obtained data on the optimal concentration of EVs in the in vitro experiments, the 

transfer towards the middle cerebral artery occlusion (MCAO) mice model was done (Doeppner 

et al. 2015b). Briefly, mice were anesthetized with 3% isoflurane, and the internal carotid artery 

(ICA), external carotid artery (ECA), and common carotid artery (CCA) were carefully 

separated, permanently ligating the proximal ends of the ECA and the CCA. Next, the left ICA 

was temporarily clamped with an arterial clip, and a small incision on the left CCA was cut. The 

silicon-coated monofilament (Doccol Corp., Sharon, MA, USA) was carefully inserted into the 

left CCA and then softly pushed into the ICA until it reached the left middle cerebral artery 
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(MCA). Reperfusion was started by removing the monofilament 60 minutes after insertion. In 

this in vivo experiment, three different EV concentrations were used for NPC-EVs and MSC-

EVs. A total of seven groups was generated, i.e., Saline (control), NPC-EVs low (EVs equivalent 

2x105 NPCs), MSC-EVs low (EVs equivalent 2x105 MSCs), NPC-EV medium (EVs equivalent 

2x106 NPCs), MSC-EV medium (EVs equivalent 2x106 MSCs), NPC-EV high (EVs equivalent 

2x107 NPCs), and MSC-EV high (EVs equivalent 2x107 MSCs). 

The therapeutic impact of such applied EVs was analyzed both on the histological level and the 

behavioral level. The latter included the corner turn test, the balance beam test, and the tight 

rope test to evaluate poststroke motor coordination. Mice were trained on days 1 and 2 before 

inducing MCAO to confirm proper test behavior before stroke induction. For the tight rope 

test, a score sheet was used to evaluate the tight rope test results (details in Publication 1) as 

first mentioned previously (Doeppner et al. 2011). On the histological level, neuroregeneration 

was measured as indicated by increased levels of neurogenesis in the ischemic brain. For this 

purpose, animals were treated with the proliferation marker BrdU, and cells were post mortem 

counterstained against DCX (immature neuronal marker) or NeuN (mature neuronal marker). 

Axonal plasticity was assessed using the anterograde tract tracer biotinylated dextran amine 

(BDA), which was applied 70 days poststroke into the contralateral undamaged cortex 

stereotaxic injection.  

According to our previous studies, EVs modify the poststroke immune system and thus have 

an immunomodulatory effect. Flow cytometry was applied to investigate the effect of NPC-

EVs on the central and the peripheral immune system (the details about flow cytometry can be 

found in Publication 1). FlowJo v10.0 software was used to analyze the data from flow 

cytometry experiments. The latter was a courtesy from the workgroup of Prof. Dr. med. Martin 

S. Weber, Neurology/Neuropathology, UMG. 

Distribution patterns of NPC-EVs within the rodent organism were studied using a cell tracker 

dye to label EVs before injection into the animals. Injections were performed via a femoral vein 
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injection or retro-orbital injection of sham animals or MCAO animals. The details of the in vivo 

experiments can be found in Publication 1. The experimental paradigm is also summarized in 

Figure. 1. 

 

Figure 1. Experimental paradigm, middle cerebral artery occlusion, and BDA 

injection.A.The mice received an EV injection 1 day, 3 days, and 5 days after MCAO. The 

behavior tests were performed on days 7, 14, 28, 56, and 84 after MCAO. B. Schematic diagram 

of the MCAO surgery. The ICA, ECA, and CCA were carefully separated, permanently ligating 

the proximal ends of the ECA and the CCA. The left ICA was temporarily occluded, and the 

monofilament was carefully inserted into the left CCA through a small incision on the CCA. 

The monofilament was gently pushed into the ICA until it reached the left MCA. C. The 

anterograde tract tracer biotinylated dextran amine (BDA) was injected into the contralateral 

non-ischemic cortex by stereotactic injection on day 70 poststroke to investigate axonal 

plasticity. Abbreviations: EV = extracellular vesicle, BDA = biotinylated dextran amine, ICA = 

internal carotid artery, ECA = external carotid artery, CCA = common carotid artery, MCAO 

= middle cerebral artery occlusion. The elements in this figure are creative commons (CC BY 

3.0). 
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3.8 Statistical analysis 

In order to compare two groups, the two-tailed independent Student's t-test was used. For 

analysis of three or more groups, a one-way study of variation (ANOVA) was accompanied by 

a Tukey's post-hoc-test. Unless otherwise mentioned, data are viewed as mean with SD values. 

A p-value of less than 0.05 was considered to be significantly different. Statistical analysis was 

done using Graphpad Prism version 8.
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4 Results and discussion 

4.1 Characterization of  NPC-EVs 

The recent finding on stem cells acting indirectly through EV secretion has revolutionized many 

scientific fields, among which is the experimental stroke field (Harrell et al. 2019; Hill 2019; 

Keshtkar et al. 2018; Kubo 2018). Nevertheless, data on EVs in preclinical stroke settings most 

exists for MSCs (Ophelders et al. 2016; Zhang Y et al. 2017). Whether or not EVs are a general 

concept for future adjuvant stroke therapy and related diseases is of uttermost importance. 

Hence, the therapeutic value of NPC-EVs was analyzed using both an in vitro and in vivo stroke 

model. Following the International Society for Extracellular Vesicles guidelines, however, NPC-

EVs were first in vitro characterized before being used in the stroke models (Thery et al. 2018). 

Although PEG is often used for the enrichment of EVs, it is considered to yield highly 

contaminated samples since it forms a web-like structure in which it is trapped. During this 

process, some soluble macromolecules of protein may also be precipitated in this process. In 

addition, PEG precipitation may also form agglomerates at the microscopic level, increasing the 

size of EVs and decreasing the efficacy of EVs. Measuring EV positive markers such as Alix, 

TAPA1, TSG101, and CD63 in both PEG samples and ultracentrifugation only samples 

(ultracentrifugation only method is still regarded as the gold standard for EV enrichment), the 

expression level of EV positive markers did not differ between the two isolation methods 

(Figure 2. A, B). Analyzing the size distribution using NTA and the morphology using TEM 

also did not give rise to any statistical difference (Figure 2. C, D). Of note, TEM analysis did 

not reveal any EV agglomeration in the PEG approach.  
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Figure 2. Characterization of NPC-derived EVs. A. Characterization of EV biological 

markers by Western blot. Alix, Cd63, and TSG101, which are related to the biogenesis of EVs, 

were identified in NPC-EVs. B. Quantification of Western blot from A. No differences between 

PEG and UC methods in EV biological marker expression were detected. C. Nanosight tracking 

analysis showing the size distribution of NPC-EVs of different isolation methods. There was 

no significant difference between the two isolation methods in EV size distribution. D. 

Transmission electron microscopy image of NPC-EVs of different isolation methods. Negative 

control is PBS only. Red arrow pointed to the microvesicle and black arrow pointed to the 

exosome. Scale bar: 200 nm. Abbreviations: EV, extracellular vesicles; PBS, phosphate-buffered 

saline; PEG, polyethylene glycol; NPC, neural progenitor cell; NTA, insight tracking analysis; 

TEM, transmission electron microscopy; UC, ultracentrifugation. 

 

Further characterization of NPC-EVs included an analysis of expression patterns of EV specific 

markers, more EV positive markers were detected and no statistically significant difference was 

found between the two isolation methods (Figure 3. A, B, C). Furthermore, negative markers 

such as UMOD, APOA1, and ALB were not detected after mass spectrometry analysis (Figure 
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3. D). Since PEG isolation may also result in co-precipitation of extracellular miRNAs, 

expression levels of miRNA candidates were analyzed. Again, no statistically significant 

difference was observed between the two isolation methods (Figure 3. E).  

 

Figure 3. Mass spectrometric analysis and qRT-PCR analysis of selected proteins and 

miRNAs in NPC-derived EVs. A, B, C Proteomic analysis of NPC-EVs. Typical EV markers 

such as ANXA6, CD81, GM130 etc. were found in NPC-EVs, and no difference between the 

two isolation methods was detected. D. EV negative control biomarkers were not detected in 

both isolation methods. E. miRNA expression in NPC-EVs. Several miRNAs related to 

neuroprotection or neurogenesis were found in NPC-EVs. The miRNAs in NPC-EVs were 

detected by qRT-PCR. The quantification of qRT-PCR was using the 2-∆ct method. 

Abbreviations: EV, extracellular vesicles; PBS, phosphate-buffered saline; PEG, polyethylene 
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glycol; NPC, neural progenitor cell; NTA, insight tracking analysis; TEM, transmission electron 

microscopy; UC, ultracentrifugation. 

 

These data provide evidence that the PEG method used in the present experimental paradigm 

is not inferior to the differential ultracentrifugation technique about sample purity. This first 

conclusion is critical for the remainder of the study, since PEG allows processing of large sample 

volumes efficiently compared to the ultracentrifugation only method. Additional experiments 

were therefore performed using PEG isolated EVs only. 

4.2 NPC-EVs are neuroprotective in cerebral organoids exposed to 

OGD 

In order to establish the OGD model of cerebral organoids, the optimal duration of hypoxia 

followed by reoxygenation of 24 hours was determined. Compared to cerebral organoids kept 

at standard cell culture conditions without hypoxia, OGD duration for 8 hours or 10 hours 

yielded a cell death rate of 80% or 83%, respectively. Since these cell death rates were similar, 

further experiments were done using the 8-hour OGD time window only. 

Thereafter, the optimal NPC-EV concentration was defined for the aforementioned 

experimental setting. Using the TUNEL assay, NPC-EV administration resulted in a profound 

and robust neuroprotective effect for all three EV concentrations when compared to the solvent 

control (Figure 4. A, B, C). 
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Figure 4. NPC-EVs are neuroprotective in cerebral organoids exposed to OGD. A. 

Representative photos from EV-treated cerebral organoids. 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 cryosections, with DAPI staining for nuclear detection. 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 only using the 8 h time window. C. 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 dosages 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. *: p<0.05, **: p<0.005, ***: p<0.0005, compared to 

control. 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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The fact that EVs induce immediate neuroprotection in an in vitro stroke model is not trivial. In 

vitro models lack the immune system that in vivo models have. As a matter of fact, in vivo stroke 

data is in favor of EVs regulating poststroke immune responses rather than reducing brain injury 

or infarct volumes directly (Doeppner et al. 2015b). As such, the next experiments focused on 

analyzing possible cargo proteins or miRNAs that might yield these beneficial effects. Using 

both literature databases as well as previous work from our own group, multiple miRNAs and 

proteins were identified in NPC-EVs that are associated with neuroprotection. Among these 

notable candidates are miR-124, microRNA 17-92 cluster, 70 kilodalton heat shock protein 

(HSP70), and VEGF (Supplementary data in Publication 1). The miRNA 17-92 cluster and the 

miR-124 that are found in NPC-EVs are well known for their neuroprotective and neurogenesis 

effects as shown in many studies that are independent from EV application (Doeppner et al. 

2013b; Hamzei Taj et al. 2016; Jin J et al. 2018; Matsuoka et al. 2018; Pan et al. 2019; Saraiva et 

al. 2018; Yang J et al. 2017; Yang P et al. 2017). These cargo miRNAs might thus have a direct 

impact in the OGD cerebral organoid model which has been so far been unbeknownst. 

Although the precise mechanisms that may underly these effects are not known, it is likely that 

EVs transfer such cargo to the target cells in question (Abels und Breakefield 2016).  

EVs do not contain miRNAs only, and both the mass spectrometric analysis and the Western 

blotting revealed high expression patterns of distinct protein candidates such as HSP70 and 

VEGF, which may also contribute to NPC-EV-induced neuroprotection. These two proteins 

are well known to be involved in a plethora of signaling cascades, among which are pathways 

that help increase neuronal resistance under hostile hypoxia/ischemia conditions (Giffard und 

Yenari 2004; Jiang et al. 2020; Wang Y et al. 2005). Under in vivo conditions, for instance, HSP70 

increases cell viability and improves nervous system recovery by modifying oxidative stress and 

proteasome activity in brain tissue exposed to ischemic injury. (Doeppner et al. 2013a; 

Doeppner et al. 2009; Doeppner et al. 2017b; Doeppner et al. 2012). Thus, the increased 

resistance of brain-like organs exposed to OGD injury treated with NPC-EVs might also be in 
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part due to an HSP70-dependent regulation of proteasomal activity. Measurement of 

proteasome activity, however, was beyond the scope of the present work.  

Further proteomic analysis of NPC-EVs gave rise to several pathways in which NPC-EVs may 

be involved, such as the mTOR signaling pathway and the PTEN related pathway. A summary 

of such NPC-EV-related signaling pathways that may be affected in the process of NPC-EV-

induced neuroprotection is given in table 2. Among these pathways, the EGF pathway and the 

PDGF pathway are the ones that have been shown to have a direct relationship with 

neuroprotection and regeneration. The EGF pathway is deeply involved in cell proliferation and 

survival. EGF can promote neural regeneration by improving the cerebral microenvironment 

after stroke (Chan et al. 2019). The platelet-derived growth factor (PDGF) related pathway 

protects neurons through a variety of mechanisms. In addition to directly inhibiting NMDA 

receptors, PDGF can also protect neurons from an ischemic condition by upregulating the 

expression of downstream pro-survival genes such as GSK3β and PI3K/AKT (Tang Z et al. 

2010).  

Table 2. Signaling pathways potentially being involved in NPC-EV-induced 

neuroprotection Possible intracellular pathways regulated by NPC-EV inferred from an 

analysis of NPC-EV proteomic data. The database used for analysis is BIOCARTA.  
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4.3 NPC-EV administration stimulates poststroke neuroregeneration 

and axonal plasticity in vivo 

As a result of the above in vitro data on cerebral organoids, the remainder of the study strove to 

transfer these results towards the in vivo situation. Although the in vitro data showed NPC-EVs 

have neuroprotective effects, the result can not refer to in vivo situation because organoids lack 

of immune system and biological barriers such as BBB. Different doses of NPC-EVs were 

systemically administered on days 1, 3 and 5 after MCAO (Doeppner et al. 2015b). Since MSC-

EVs have already been well characterized by us and others, these EVs were also applied as a 

positive control using the same experimental paradigm. To investigate different aspects of 

neurological recovery such as motor balance, coordination, and sensorimotor, the tight rope 

test, balance beam test, and the corner turn test were used for an observation period of 84 days 

(Doeppner et al. 2014). The medium dosages of MSC-EVs and NPC-EVs resulted in 

significantly better test performance of these animals in both the tight rope test and the corner 

turn test when compared to the control group (Figure 5.A, B, C). It is worth noting that the 

effects of the medium-dose groups were stable and long-lasting until the end of the experimental 

period. On the contrary, beneficial effects of NPC-EVs at low or high doses were only observed 

temporarily, if at all.  
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Figure 5. Delivery of NPC-EVs reduces post-ischemic motor coordination impairment. 

A. Balance beam test mainly focuses on testing the mobility recovery after MCAO surgery with 

or without EV treatment. All the EV concentration groups showed significant improvement on 

days 7, 14, 28 after EV administration. However, no significant difference was found after 56 

days. B. Tight rope test focuses on forelimb strength and coordination recovery. All the EV 

groups showed significant improvement after seven days of EV administration compared to the 

control group, and the effects lasted till 84 days. C. The corner turn test focuses on detecting 

sensorimotor and postural asymmetries. All the EV groups showed significant improvement in 

sensory recovery from day 7 to day 84 after EV administration. D. The laser doppler graph 

showed the blood drop during MCAO surgery in each group. Scale bars: 20 µm. *: p<0.05 

Abbreviations: BrdU, 5-Bromo-2-deoxyuridine; DAPI, 4’,6-diamidino-2-phenylindole; Dcx, 

doublecortin; EV, extracellular vesicles; MSC, mesenchymal stem cells; NPC, neural progenitor 

cell; PBS, phosphate-buffered saline. 

 

The medium-dose group was more effective than the low and high dose groups in terms of 

motor function recovery. The reason for this is likely due to the formation of emboli in the 

NPC-EV high-dose group, whereas the low dose group may reach insufficient blood and tissue 

concentrations. The latter will ultimately result in an insufficient supply of biologically active 

cargo such as miRNAs, HSP70 and others towards the target cell. In the tight rope test, all 

NPC-EV and MSC-EV groups significantly improved the outcome from day 7 to day 84 

(Figure 5 B). However, in the corner turn test, a test that mainly focuses on sensorimotor and 

postural asymmetries, showed significant improvement from day 7 to day 84 in the medium-

dose of both NPC-EVs and MSC-EVs (Figure 5 C). One of the reasons for that might be 

because of the different focus on these two behavior tests. The corner turn test primarily 

approaches on testing the delicts of sensorimotor and postural asymmetries, while the tight rope 

test mainly focuses on the forelimb function and placing deficits. The different sensitivity 

aspects of different behavior tests cause differences in different concentration groups (Schaar 

et al. 2010).  

In the balance beam test, the medium-dose group only showed effects in the balance beam test 

from 7 to 28 days. After 28 days, all the groups, including the control group, showed no 

significant difference compared to the control group (Figure 5 A). Since the balance beam test 
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mainly focuses on motor balance and coordination, the medium dosage of EVs had beneficial 

effects at the beginning of the poststroke condition. However, it would not accelerate the 

recovery rate of motor balance and coordination in the long-run. Interestingly, combining the 

behavior test results, only the medium dosage of NPC-EVs and MSC-EVs can improve the 

sensorimotor, postural asymmetries, forelimb function in the long-run but only yields a transient 

effect in motor balance and coordination recovery. Of note, MSC-EVs and NPC-EVs were 

derived from different cell sources. However, the same dosage achieved identical effects, 

suggesting that the dosage of stem cell-derived EVs but not the source of stem cell-derived EVs 

is the critical factor in improving the functional recovery. Unfortunately, research data on EV 

dose-dependent effects are limited. Tabak and his colleagues showed that EVs affect target 

tissue in a dose-dependent manner (Tabak et al. 2018). Thus, current studies also indicate that 

more research on the EV dose-dependent effects should be considered in the future when 

planning preclinical studies or even clinical trials.  

Because motor recovery does not necessarily affect brain tissue regeneration after brain injury 

and the other way around, the extent of brain tissue injury was measured within the ischemic 

striatum 84 days after stroke. An increase in neuronal density was found in mice treated with 

either medium dosage of MSC-EVs or NPC-EVs, suggesting decreased nervous system damage 

(Figure 6.A). Conclusively, medium dosage of NPC-EVs and MSC-EVs thus reduced brain 

injury on both the morphological and the functional level. Of note, NPC-EVs appear to be not 

inferior to MSC-EVs, and the medium dosage can achieve the best effects among these three 

concentrations. This suggest that the dosage of EVs may be one of the key factors for EV-

induced neuroprotection independent of the cell source.  

Enhanced neurological recovery in the EV groups, however, may not only be contributed to 

neuroprotection but could also be attributed to neuroregeneration by stimulating endogenous 

neurogenesis. As we expected, the number of BrdU positive cells was significantly increased in 

mice treated with the medium dosage of NPC-EVs or MSC-EVs, suggesting increased 
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proliferation indices (Figure 6.B). A differentiation analysis of these newborn BrdU positive 

cells revealed that NPC-EV or MSC-EV application increases the percentage of BrdU positive 

cells displaying a neuronal phenotype, as indicated by co-expression of the mature neuronal 

marker NeuN (Figure 6.C). The lack of BrdU and DCX double-positive cells was mainly due 

to the maturation of newborn neurons from the NPC after 84 days (Figure 6.D). This also 

accounted for the higher number of NeuN and BrdU double-positive cells in the NPC-EV-

treated group compared to the control group. The reason for these results may be that NPC-

EVs protected neurons after ischemia-reperfusion and promoted the migration and 

differentiation of NSCs. However, the NPC-EV or MSC-EV high dose group was inferior to 

the NPC-EV or MSC-EV medium-dose group.  
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Figure 6. NPC-EVs induce long-term neuroprotection and increase cell proliferation 

after stroke. A. NeuN immunofluorescence staining at day 84 after EV administration showed 

that the medium EV concentration group stimulated more mature neurogenesis than other EV 

groups. B. BrdU immunofluorescence staining at day 84 showing that NPC-EV or MSC-EV 

administration stimulates cell proliferation. The medium concentration of EVs showed 

significant improvement of cell proliferation, while other concentrations did not. C. Co-

expression of BrdU and NeuN for the detection of newborn neurons after EV administration. 



Results and discussion 28 

 

Only the medium concentration group showed a significant improvement of newborn neurons 

compared to the control group. D. Co-expression of BrdU and Dcx for showing the newborn 

unmatured neurons after EV administration. No significance was observed in all EV groups 

compared to the control group. Scale bars: 20 µm. *: p<0.05Abbreviations: BrdU, 5-Bromo-2-

deoxyuridine; DAPI, 4’,6-diamidino-2-phenylindole; Dcx, doublecortin; EV, extracellular 

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

saline. 

 

Neuronal regeneration does not only imply neurogenesis but also includes complex phenomena 

such as axonal plasticity. Contralateral stereotactic injection of the anterograde tract tracer BDA 

into the intact cortex was done to study the degree of axonal plasticity in the poststroke brain. 

Again, delivery of medium doses of NPC-EVs but not high or low doses showed significantly 

enhanced axonal plasticity (Figure 7). Combing the evidence above, the medium dosage of 

NPC-EVs or MSC-EVs can achieve the best neuroprotection, neurogenesis, and functional 

recovery effects in the MCAO model compared to other dosages. The high dosage did not 

achieve a better effect than the medium dosage, suggesting the effect of EV did not increase 

with increasing dose. This may be due to the high dosage leading to embolism, reducing the 

effects. In order to address whether or not EVs directly or indirectly affect the stroke lesion Dil 

staining and flow cytometry were used to investigate the biodistribution of EVs and the effects 

of EVs on peripheral organs.  
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Figure 7. NPC-EV delivery affects post-ischemic axonal plasticity. BDA 

immunochemistry staining and quantification of axonal recovery after EV administration. NPC-

EV medium and high concentration groups enhanced the axonal recovery. Scale bars: 20 µm. *: 

p<0.05 compare to the control group. Abbreviations: EV, extracellular vesicles; MSC, 

mesenchymal stem cells; NPC, neural progenitor cell; PBS, phosphate-buffered saline. 

 

4.4 NPC-EVs predominantly distribute in peripheral organs and 

reverse peripheral poststroke immunosuppression 

Systemic transplantation of stem cells is associated with a low number of grafted cells reaching 

the ischemic brain at all. Rather, these cells are trapped within peripheral organs such as the lung 

and the spleen (Eggenhofer et al. 2014). Even though EVs are known to cross the BBB (Zagrean 

et al. 2018), the fact that EVs mainly regulate the peripheral rather than the central immune 

system (Doeppner et al. 2015b) may indicate that the majority of NPC-EVs does not reach the 

brain. Indeed, even various systemic delivery routes might affect the distribution patterns of 

EVs. Therefore, I compared two methods of systemic drug delivery, i.e., retroorbital injection 

and the femoral vein injection, under both ischemic and non-ischemic conditions. Although 

NPC-EVs were found both in the brain and in peripheral organs, the majority of EVs were 

found in the liver and the lung (Figure 8). Interestingly, the different delivery routes did not 

significantly affect the distribution of NPC-EVs. Taking into account the biodistribution 

patterns of such injected NPC-EVs, the impact of EVs on stroke outcome is multifactorial with 

some effects being a direct consequence of EV and brain tissue interaction. Since the majority 

of NPC-EVs is trapped in the periphery, other mechanisms such as the regulation of the 

peripheral immune response have also been taken into consideration.  



Results and discussion 30 

 

 

Figure 8. 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, n=3 animals per group). EVs medium dosage (EVs equivalent to 2x106 NPCs) 

was chosen for the injection. The organs selected for qualitative and quantitative analyses 

included the brain, liver, and lung (red color shows the DiI marker for EV detection). Most EVs 

were found in the liver and in the lung. However, the NPC-EV biodistribution patterns showed 

no differences between the liver and the lung. Different delivery routes and conditions also did 

not affect the biodistribution of NPC-EVs in peripheral organs. Pictures refer to the femoral 

vein injection route. Scale bars: 200 µm. Data are shown as mean ± S.D; *, p<0.05,compare to  

the brain, p<0.05. Abbreviations: CNS, central nervous system; EV, extracellular vesicle; NPC, 

neural progenitor cell. 

 

The pathophysiology of cerebral ischemia involves a series of complex inflammatory signaling 

cascades, which significantly contributes to cell injury (Xing et al. 2012). Previous work on MSC-

EVs revealed that MSC-EVs do not affect the central nervous system immune response 

significantly, but rather reverse peripheral immunosuppression due to stroke itself (Doeppner 

et al. 2015b). NPC-EVs used herein cause similar effects. Consequently, NPC-EV treatment of 

mice with either dosage did not affect leukocytes, monocytes, B cells, or T cells in the central 

nervous system (Figure 9.A, B, C, D). Contrarily, flow cytometric analysis of the peripheral 

blood showed increased B and T lymphocyte numbers in mice treated with the medium dosage 

of NPC-EVs, but not in mice treated with either high or low doses (Figure 9.E, F, G, H). This 
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observation does not only significantly contribute to brain recovery but may also be immediately 

relevant under clinical settings by reducing infection risks in stroke patients (Shi et al. 2018). 

However, one thing that needs to be mentioned is that the neuroprotective effects of NPC-EVs 

or MSC EVs are more significant in an animal model than in an organoid model. Combining 

the evidence of the FACS results and the fact that organoids do not contain any immune 

competent cells, one can suggest that the neuroprotective effects of NPC-EVs are mainly 

achieved by affecting the peripheral organs, especially the peripheral immune system. The FACS 

data indicated the increased number of T and B cells in the blood but not in the CNS (Figure 

9). The pathway analyses based on the proteomic result of NPC-EVs also indicated that the T 

cell and B cell proliferation regulation and subtype differentiation pathways could be affected 

by NPC-EVs. Increased B cell numbers, as observed herein, may also support neurogenesis and 

functional recovery as described before (Ortega et al. 2020). Although T cells have gained 

increasing attention in recent years, the role of B cells must not be neglected. As such, B cell 

knock down has already been shown to increase infarct volumes about ten years ago (Ren et al. 

2011). IL-10 plays a critical role in B cell-mediated neuroregeneration after stroke (Seifert et al. 

2018). As such, IL-10 knockout mice do not show an infarct volume decrease even after B cell 

transplantation (Seifert et al. 2018). EVs contain many cytokines, including IL10 (Fitzgerald et 

al. 2018), which may support B cells in this respect.  

Although increased T cell numbers were observed in the peripheral blood, a detailed analysis of 

T cell species was not performed as it was beyond the scope of the current work. Given the 

important role of Treg cells on immune aspects, future studies on NPC-EVs will also have to 

focus on the impact of NPC-EVs on these cells. It is important to note that studies observed T 

cell infiltration into the brain to occur even one month after stroke, thus providing a therapeutic 

target at the chronic stage of the disease (Xie et al. 2019). In view of the increase in the number 

of peripheral B cells caused by NPC-EVs, these increased numbers of peripheral B cells may 
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help reduce the level of active T cells in the brain, thereby increasing the impact on nerve 

regeneration.  

Figure 9. NPC-EVs predominantly distribute in peripheral organs and reverse 

peripheral poststroke immunosuppression. Mice were subjected to cerebral ischemia for 60 

min followed by reperfusion for seven 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+ CD45int-, B. CD11b+, C. CD3+, and 

D. CD19+ cells. In E-H., the quantitative analyses from blood samples for E. CD45+ Cd45int-

, F. CD11b+, G. CD3+, and H. CD19+ cells are given. NPC-EV medium increased both T 

cell and B cell populations in the peripheral blood but did not affect the CNS. Scale bars: 20 

µm. *: p<0.05. Abbreviations: EV, extracellular vesicles; MSC, mesenchymal stem cells; NPC, 

neural progenitor cell; PBS, phosphate-buffered saline. 

 

Flow cytometry results are consistent with previous behavioral and immunofluorescence 

staining results, showing that the medium dosage could achieve the beneficial effects, but not 

the low and high dosage in NPC-derived EVs or MSC-derived EVs. The insufficient effects of 

low dosage may be due to the reduced concentration of EVs that induce these effects. However, 

the higher dosage of EVs should achieve better effects when compared to the medium dosage, 
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but the result was opposite. The low effects of the high dosage may be due to embolism 

formation in the EV high concentration condition. However, embolism formation of EVs 

should cause pulmonary embolism as most of the EVs were trapped in the lung and liver, but 

no higher animal death rates were observed in the high EV group. This suggests that the 

insufficient effects of high dosage EVs may not be caused by the embolism formation but by a 

hitherto unknown mechanism. We found a small amount of interleukin-1 receptor accessory 

protein in NPC-EVs, which can stimulate proinflammatory pathways and activate macrophages. 

In the low and medium dosage, the activation of macrophages by proinflammatory cytokines in 

EVs is not distinct. However, in the high dosage, the proinflammatory cytokines in EVs reach 

a level that stimulates macrophage activation. These activated macrophages degrade the majority 

of systemically administered EVs, resulting in a lower number of functional EVs in vivo. The 

high dosage of EVs may also stimulate other immune-related pathways that accelerate EV 

degradation in vivo. The impact of NPC-EVs on macrophages or other immune-related pathways 

needs to be further elucidated, but it was beyond the scope of this thesis. The present data 

suggests that there is an optimum concentration for stem cell-derived EVs treatment.  

In conclusion, our study qualifies SVZ-derived NPC-EVs as practical tools of neuroprotection 

and neuroregeneration under experimental stroke conditions. An overview of potential 

mechanisms being involved is summerized in Figure 10.  
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Figure 10. Overview of potential mechanisms being involved in NPC-EV-induced 

neuroprotection and neurogenesis. NPC-EVs directly transfer neuroprotective factors into 

target cells or organoids to induce neuroprotective effects in vitro. Although NPC-EVs can 

directly affect the central nervous system in vivo, since most NPC-EVs do not reach the brain, 

the neuroprotective and neurogenesis effects induced by NPC-EVs are mostly indirect. 

Abbreviations: OGD = oxygen-glucose deprivation; NPC-EV = neural progenitor cell 

extracellular vesicles; VEGF = vascular endothelial growth factor; HSP70 = 70 kilodalton heat 

shock protein; PDGF-D = platelet-derived growth factor D.

 

Due to the heterogeneous cargo of NPC-EVs, the underlying mechanisms are pleiotropic and 

intricate, and fully elucidating these mechanisms was beyond the aim of this thesis. However, 

the translation potential of EVs is highly promising, overcoming the disadvantages of stem cell 

transplants. After extensive negative clinical trials on neuroprotective drugs, EVs may therefore 

change modern stroke treatment in the future. 
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