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1 Introduction 

1.1 Epidemiological and clinical aspects of  ischemic stroke 

Stroke is the second leading cause of death and the largest increase in deaths since 2000 

according to data obtained from the World Health Organization. The causes of stroke can be 

divided into two types: hemorrhagic strokes and ischemic strokes. Stroke is a disease of the 

elderly in which one or more risk factors such as hypertension, hyperlipidemia, carotid stenosis, 

and smoking are present (Boehme et al. 2017). Ischemic strokes can be further differentiated 

according to their pathophysiology, in which there is embolism or thrombus formation as well 

as generalized hypoperfusion. However, local thrombus formation is the most common type of 

ischemic stroke. About 85 % of strokes are ischemic strokes, which are clinically more 

significant than hemorrhagic strokes (Musuka et al. 2015). Therefore, the current thesis focuses 

on ischemic stroke only. 

Ischemic stroke is a cerebrovascular disease caused by an acute loss of blood supply to the brain. 

Since the brainrelies upon constant blood supply, cell injury begins with minutes upon stroke 

onset. Significant advances in the treatment of ischemic stroke have been made in the last few 

decades thanks to the establishment of systemic thrombolysis within 4.5 hours and endovascular 

therapy (Harder and Klinkhardt 2000). However, most patients do not qualify for either 

treatment modality due to a limited time window or significant side effects (Seitz 2016). As a 

result, many patients have a poor quality of life after stroke and are in urgent need of different 

treatment paradigms. Although neuroregenerative approaches such as mesenchymal stem cell 

(MSC) transplantation have been successfully applied in preclinical stroke models, they have not 

been successfully translated into the clinic until recently (Bang et al. 2005; Gladstone et al. 2002). 

New strategies for stroke treatment are therefore urgently needed. 
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1.2 Mesenchymal stem cell (MSC)-based experimental stroke therapy is 

mediated by extracellular vesicles (EVs) 

MSCs are a class of stem cells with self-renewal potential and multidirectional differentiation 

capacity (Andrzejewska et al. 2019). They display rapid proliferation rates, are easy to culture in 

vitro, and show low immunogenicity (Kim HJ and Park 2017). Previous studies have 

demonstrated neuroprotection and increased neurological recovery in vivo after MSC 

transplantation in rodent ischemic stroke models (Chen J et al. 2001; Gervois et al. 2016; Maria 

Ferri et al. 2016). Notably, transplanted MSCs are not integrated into residing neural networks 

but work indirectly (Baraniak and McDevitt 2010; Liang et al. 2014).  

Recently, lipid bilayer-structured particles that are naturally released from cells were defined 

as extracellular vesicles (EVs). EVs are considered to be an important mediator for cell-cell 

communication since the first report (Tetta et al. 2013). It was secreted by the vast majority of 

endocytic types in humans and carried a large amount of proteins, lipids, and nucleic acids 

(Zaborowski et al. 2015). EVs range in diameter from 30 nm to 1000 nm (most of them are less 

than 200 nm) and carry a cargo of proteins, lipids, mRNAs, DNAs, and even organelles from 

the parent cell (Kim DK et al. 2013; Mathivanan et al. 2012; Thery et al. 2018). Indeed, secreted 

EVs containing biologically active molecules are thought to transduce specific intracellular 

signaling in physiological or pathological conditions and mediate the transfer of biological 

information by fusing and pouring contents such as microRNA directly into the recipient cell 

(Russell et al. 2019). Previous work of my research group demonstrated that EVs obtained from 

conditioned medium of cultured MSCs under standard cell culture conditions equally increased 

long-term neuronal survival and reduced motor-coordination deficits when administered 

intravenously 24 hours after middle cerebral artery occlusion (MCAO). The therapeutic 

potential of these EVs derived from MSCs does not appear to be inferior compared to that of 

the host cells (Doeppner et al. 2015). This raises the questions of how EVs might actually work 

https://en.wikipedia.org/wiki/Lipid_bilayer
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and what the neuroprotective cargo inside these MSC-EVs might be that transfers the 

neuroprotective effect under stroke conditions. 

1.3 Key substances in EVs  

EVs are small membrane vesicles secreted by almost all kinds of cells found in approximately 

every fluid compartment of the body like saliva, cerebrospinal fluid, urine, and blood (Doyle 

and Wang 2019). EVs affect signal cascades and biological behavior of target cells by 

transferring a large number of bioactive molecules including proteins, RNAs, small non-coding 

RNAs, or DNAs to the recipient cells (Yanez-Mo et al. 2015). As a crucial means of intercellular 

communication, plenty of reports came up with the idea that the biological behavior of 

cardiovascular, cerebrovascular, and metabolic diseases are highly influenced by surrounding 

EVs, in particular, by microRNAs located inside EVs (O'Brien J et al. 2018; Pfeifer et al. 2015; 

Yoshikawa et al. 2019). Increasing evidence points towards microRNA-containing EVs that may 

lead to altered phenotypes and protein expression patterns of recipient cells under pathological 

conditions (O'Neill et al. 2019). The notion that EVs might work as a carrier being able to 

regulate gene expression through genetic information transfer to recipient cells opened up a 

new intercellular communication mechanism. There is growing evidence that the effects of EVs 

on recipient cells predominantly rely on the intravesicular microRNA transfer (Fernandez-

Messina et al. 2015; Schwarzenbach and Gahan 2019). By transferring microRNAs to recipient 

cells, EVs have been established as powerful mediators of intercellular gene regulation (Maas et 

al. 2017). 

MicroRNAs are a class of small (containing about 22 nucleotides) single-stranded non-coding 

molecules found in animals, plants, and some viruses (Felekkis et al. 2010). They control 

physiological and pathological processes by base-pairing with mRNA complementary sequences 

located in the untranslated or coding regions of mRNAs (Xu et al. 2018). As a result, these 

mRNA molecules are silenced by destabilizing of the mRNA through shortening of its poly(A) 
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tail, cleavage of the mRNA strand into two pieces, or less efficient translation of the mRNA 

into proteins by ribosomes (Lim et al. 2005; Vemuganti 2010). 

MicroRNAs are evolutionarily conserved and appear to target about 70 % of the genes, which 

implies their fundamental biological functions. Interestingly, autophagy can be affected by 

microRNAs (Akkoc and Gozuacik 2020). Autophagy is a self-degrading process that is 

important for balancing energy sources during development and in response to nutritional stress 

(Glick et al. 2010). ATG1/ULK1, which belongs to the serine/threonine class of protein kinases, 

is the key protein kinase that initiates autophagy (Hosokawa et al. 2009). The initial stages of 

autophagy are the formation of autophagic membranes. The latter further expand and wrap the 

substrate, eventually forming autophagosomes (He and Klionsky 2009). This process requires 

the involvement of multiple autophagy-related proteins, and molecules affecting the 

transcription of autophagy-related genes lead to reduced or activated autophagy (Reggiori and 

Klionsky 2002). Recent work has highlighted the role of autophagy as a critical regulator of 

ischemic stroke (Wang P et al. 2018), revealing a new set of potential therapeutic targets for 

neuroprotection. Therefore, whether microRNAs in AMSC-derived EVs could play a 

neuroprotective role in stroke by regulating autophagy needs further exploration. 

1.4 Ischemic stroke and autophagy 

Autophagy is a natural and regulated process that removes dysfunctional or unnecessary 

intracellular components for recycling, especially under harsh survival conditions such as 

hypoxia, infection, and nutrient deficiencies (Yoshimori 2007). Ischemic stroke is a starvation 

and nutrient deficiencys situation caused by acute cerebral blood vessel occlusion. This 

condition will cause type II programmed cell death––also named autophagic cell death (Adhami 

et al. 2006). 

In the rodent stroke model, the role of autophagy is controversial. Some studies suggest that 

suppression of excessive autophagy protects neurons against stroke-induced cell injury, while 

others indicate autophagy itself has a protective effect against ischemia (Carloni et al. 2010; Dai 
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et al. 2017; Wang P et al. 2012). It is generally believed that autophagy is a double-edged sword 

under conditions of ischemic stroke (Chen W et al. 2014). Moderate autophagy activation may 

prevent neuronal damage to a certain degree, but it may also cause neuronal death after ischemia 

when excessive autophagic activity occurs (Shi R et al. 2012). Due to the dual action of 

autophagy, the consequence of autophagy activation may vary according to the intensity and 

duration of ischemia in infarct brains. Therefore, controlling the post-ischemic autophagy level 

within a reasonable range may be an effective way to rescuing neurons from autophagic cell 

death. 

1.5 MicroRNA and autophagy 

As mentioned before, the severity and longevity of autophagic activation may determine the 

fate of neurons after ischemia and hypoxia. However, the level of cellular autophagy can be 

manipulated to some extent, but the process must be strictly controlled to prevent a lethal 

outcome (Mizushima et al. 2010). Substantial progress recently made contributions to our 

understanding of of the molecular mechanisms of autophagy, discovering that microRNAs 

made collection to nearly all known fundamental biological pathways (Bhaskaran and Mohan 

2014). Regulation of the genetic suppressors can contribute to the outcome of various diseases, 

including ischemic stroke. Recent research revealed that microRNA-30d-5p prevents neuronal 

death by inhibiting autophagy-mediated microglial activation via exosome transfer (Jiang et al. 

2018). This provides a theoretical basis for my hypothesis that naturally secreted MSC-EVs 

regulate post-ischemic autophagy via microRNA transfer.
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2 Aim of  the study 

The specific mechanisms underlying the neuroprotective effects of MSC-secreted EVs in stroke 

conditions have not been clearly elucidated to date, which is a prerequisite before clinical trials 

appear to be reasonable. In the present study, I therefore aimed to verify whether or not the 

application of AMSC-EVs under conditions of both in vitro hypoxia and in vivo cerebral ischemia 

affects autophagic signaling pathways. My studies focused on analyzing post-stroke autophagy 

related mechanisms that may contribute to neuronal survival after application of AMSC-EVs in 

preclinical stroke models. .
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3 Materials and Methods 

3.1 Adipose mesenchymal stem cell (AMSC) isolation 

Adipose tissue was collected from mature wild-type C57BL/6 mice, and the tissue was 

mechanically minced prior to digestion with collagenase I (Gibco, Darmstadt, Germany) for 30 

minutes. About 10 times the amount of collagenase I compared to the tissue was added to the 

tissue and incubated in a water bath at 37°C. The process was stopped by adding an equal 

amount of Dulbecco's modified Eagle's medium (DMEM; Merck Group, Darmstadt, Germany) 

containing 10 % fetal bovine serum (FBS; Merck Group, Darmstadt, Germany). After 

centrifugation to harvest the immature adipocytes, the cell precipitation was resuspended and 

cultured under standard cell culture conditions (37°C with 5 % CO2) for two days. The cells 

were trypsinized for passage or cell characterization. The details about the isolation method and 

cell characterization can be found in Publication 1. 

3.2 Preparation of  primary cortical neurons 

Extraction of primary cortical neurons begins with killing pregnant C57BL/6 mice by inhalation 

of CO2 on embryonic day 17. The cerebral cortex of fetal mice was then dissected and subjected 

to 14-minute trypsin (Merck Group, Darmstadt, Germany) treatment. After digestion, the 

harvested cells were seeded on Poly-L-Ornithin pre-coated plates for different experimental 

purposes. After 4 days of incubation, the cells were used for subsequent experiments. 

3.3 AMSC-EV isolation and characterization  

When AMSCs reached approximately 90 % confluence after two days of culture, the high 

glucose medium (DMEM containing 10 % fetal bovine serum) was replaced with serum-free 

DMEM medium for 24 hours. The conditioned AMSC medium was collected, and EVs were 

enriched from the FBS-free DMEM conditioned medium (CM) using 1 hour of 
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ultracentrifugation (UC) (Optima XPN-80 Ultracentrifuge, BECKMAN COULTER, California, 

United States) at 110,000 g. EV pellets were resuspended in 200 µl PBS and stored at -80°C. 

For the polyethylene glycol (PEG) precipitation method (Zheng et al. 2021), CM from AMSC 

was incubated with 10 % PEG 6,000 (50 % wt/vol; Merck Group, Darmstadt, Germany) for at 

least 12 hours after cell debris removement. The pre-enriched EVs were concentrated by 

centrifugation for 30 minutes at 4,500 g followed by UC for 1 hour at 110,000 g. EVs were also 

diluted in 200 µl of PBS. The details of EV enrichment protocols can be found in Publication 

1.For EV characterization, exosomal enriched proteins including CD9, CD63, TSG101, Alix, 

and negative control TOM20, albumin, and Histones were analyzed by Western blot. The details 

about EV characterization and Western blots can be found in Publication 1. 

3.4 AMSC-EV uptake and inhibition  

To verify that the isolated AMSC-EVs were taken up by cultured primary neurons and the 

ischemic mouse brain, the EVs were incubated with a tracker named DiI (Invitrogen, Carlsbad, 

USA) for 1 hour to tag the EVs and then washed with PBS. Primary neurons were incubated 

with the labeled EVs under hypoxic conditions for 2 hours, and the EV uptake was observed 

under a fluorescence microscope (Axioplan 2, Zeiss, Göttingen, Germany). To monitor the EV 

biodistribution in vivo, the labeled EVs were injected into the femoral vein of mice right after 

reperfusion, and the mice were sacrificed 2 hours after injection. The EV biodistribution was 

analyzed by immunofluorescence counterstained with 4’,6-diamidino-2-phenylindole (DAPI) 

and NeuN+ in cryosections (14 µm thick) of brains under a fluorescence microscope. 

For EV inhibition studies, two approaches were selected, i.e., implied the pharmacological 

inhibition with GW4869 and the genetic inhibition by Hrs gene knockdown for exosomal 

inhibition. For GW4869 inhibition, AMSCs were cultured to 90 % confluence, and the cell 

culture medium was replaced with DMEM containing 10 µM GW4869 (Sigma-Aldrich, St. 

Louis, MO, USA) in order to deplete EV isolation. For the genetic exosome inhibition, Hrs 
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siRNA and their control siRNA (RiboBio, Guangzhou, China) were transfected into AMSCs 

after 24 hours of seeding using Turbofect Transfection reagents (Thermo Fisher Scientific, 

Waltham, Massachusetts, USA). After one day of transfection, the medium was replaced with 

DMEM for further EV enrichment. 

3.5  Oxygen-glucose-deprivation (OGD) model and cell survival assay 

For the OGD model establishment, primary neurons in 6 or 24-well plates were washed with 

PBS once and incubated in a hypoxic chamber (less than 1 % O2, 5 % CO2) at 37°C in a glucose-

free cell culture medium. The duration of the OGD  varied according to the needs of the 

experiment. After the OGD, primary neurons were pre-incubated under standard cell culture 

conditions with a normal cell culture medium (DMEM containing 10 % FBS) for 24 hours 

(reoxygenation). Cell viability was determined by a colorimetric-based MTT assay (Thiazolyl 

Blue Tetrazolium, Sigma-Aldrich, St. Louis, MO, USA) according to the manufacturer's 

instructions. Cell mortality was also determined by fluorescence microscopy using the 

LIVE/DEAD kit (Lonza, Basel, Switzerland) according to the manufacturer's instructions. 

3.6 Autophagic flux 

Two methods were used for autophagic flux assessments. For autophagic flux assessment in 

primary neurons, cells were cultured on coverslips for 3 days and transfected with an RFP-GFP-

LC3B containing plasmid using an RFP-GFP-LC3B kit (Thermo Fisher Scientific, 

Massachusetts, USA). One day after transfection, the cells were cultured under different 

experimental conditions. After all the experimental procedures, like OGD and EV treatment, 

primary neurons were fixed with 4 % paraformaldehyde (PFA). In three independent 

experiments, the number of autophagosomes and autolysosomes in each cell was quantified by 

fluorescence microscopy. For autophagic flux assessments by LC-3 II, primary neurons were 

treated with Bafilomycin A1 (Sigma-Aldrich, St. Louis, MO, USA) 3 hours before harvesting 

the protein. For autophagic flux assessments in mice, Bafilomycin A1 was injected 
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intraperitoneally 3 hours before the mice were sacrificed. Western blots were performed after 

the treatment. 

3.7 Real-time qRT-PCR 

Total RNA was isolated from primary neurons using Trizol reagent (invitrogen, St. Louis, MO, 

USA), stranded cDNA synthesis (Sigma-Aldrich, St. Louis, MO, USA) followed by qRT-PCR 

that was performed using the SYBR® LC480 Kit according to manufacturer’s instructions. 

Relative target microRNA (microRNA-98, microRNA-25-3p, microRNA-30, microRNA-125a-

5p, microRNA-125b-5p, and microRNA-214-3p) expression was normalized by the expression 

of the internal control genes let-7a and U6. The calculation was done by using the standard 2-

ΔΔCt method. 

3.8 In vivo experimental paradigm 

Rodent experiments were performed after approval from local authorities, and EU guidelines 

for the care and protection of laboratory animals were strictly followed. All mice had free access 

to food and water. For the establishment of middle cerebral artery occlusion (MCAO), male 

C57BL/6 mice aged 10-12 weeks (Janvier Labs, Le Genest-Saint-Isle, France) were anesthetized, 

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

right common carotid artery (CCA), which was gradually moved forward to the right middle 

cerebral artery (MCA) according to a previously established protocol (Doeppner et al. 2015). 

The reperfusion was initiated one hour after monofilament insertion by monofilament removal.  

Herein, I first investigated the effect of AMSC-EVs on infarct size. This set of mice underwent 

MCAO followed by femoral vein injection of an equal amount of PBS (control) or AMSC-EVs 

(PBS diluted EVs from 2x106 AMSCs, 200 µl) either at the beginning of the reperfusion or 12 

hours after reperfusion. The mice were sacrificed 24 hours after stroke induction, and the brains 

were removed and used for infarct volume analysis by TTC staining (Sigma-Aldrich, St. Louis, 

MO, USA).  
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To analyze autophagy after MCAO, mice underwent 1 hour of MCAO followed by different 

survival periods (6, 24, 48, or 72 hours of reperfusion). The third set of mice was subjected to 

sham or MCAO surgery followed by PBS (control) or AMSC-EV injection immediately at the 

end of the operation or 12 hours after reperfusion. The ischemic hemisphere of the brains was 

also used for Western blot analysis. 

To illustrate the neuronal damage caused by excessive autophagy after ischemic stroke, mice 

were subjected to MCAO followed by intraperitoneal injections of PBS (control) or by the 

autophagy inhibitor 3-MA immediately at the end of the surgery or 12 hours after reperfusion. 

The mice were sacrificed 24 hours after MCAO and used for Western blot analysis. The mice, 

which were sacrificed after 14 days, were used for histochemical studies of brain injury and 

behavioral analyses. The specific methods of behavioral analyses is based on a previous 

publication from our group (Doeppner et al. 2015). 

To find out the key molecules that are responsible for AMSC-EV therapy, mice were 

administered with PBS (control), AMSC-EVs, AMSC-EVanti-microRNA-25 (microRNA-25 siRNA 

was transfected into AMSCs before EV isolation), and AMSC-EVNC (control siRNA was 

transfected into AMSCs before EV isolation) 12 hours after reperfusion in the anesthetized 

mice. The brains of the micewere used for Western blot and immunohistochemistry studies. 

The details of the in vivo experiment paradigm in table can be found in Publication 1.  
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Table. Experimental groups of mice. 
 

 Behavior tests and 

immunofluorescence 

Western blot 

analysis 

TTC staining 

Groups Number Duration Number Duration Number Duration 

Sham   12 1 day   

PBS 10 14 days 12 1 day 8 1 day 

3-MA 0 h 10 14 days 12 1 day   

3-MA 12 h 10 14 days 12 1 day   

ADMSC-

EVs 0 h 

10 14 days 12 1 day 8 1 day 

AMSC-EVs 

12 h 

10 14 days 12 1 day 8 1 day 

AMSC-

EVsNC 

10 14 days 12 1 day   

AMSC-

EVsanti-25 

10 14 days 12 1 day   

Reperfusion 

6 h 

  6 6 h   

Reperfusion 

24 h 

  6 24 h   

Reperfusion 

48 h 

  6 48 h   

Reperfusion 

72 h 

  6 72 h   
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3.9 Statistical analysis 

GraphPad Prism 8.0 software (GraphPad Software Inc., San Diego, CA, USA) was used for 

statistic analysis. The two-tailed independent Student's t-test evaluated data for comparison of 

2 groups. For the comparison between 3 or more groups, a one-way analysis of variance 

(ANOVA) followed by the Tukey's post-hoc-test was used. The results are shown as mean 

values with SD unless otherwise stated. A p-value of <0.05 was considered statistically 

significant.
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4 Results and discussion 

4.1 AMSC-EVs alleviate primary neuronal injury after OGD  

Previous work from our group has shown that EVs isolated from bone marrow-derived MSCs 

(BMSCs) improved neurological recovery in rodent ischemic stroke models (Doeppner et al. 

2015). Since adipose-derived MSCs (AMSCs) have advantages in terms of isolation and 

expansion, AMSCs have been introduced as an alternative to BMSCs in stem cell-based therapy.  

In this study, I aimed to analyze the underlying mechanisms of AMSC-EV-induced 

neuroprotection using both primary neurons exposed to OGD and an ischemic stroke mouse 

model. As such, I first established an OGD model in primary neurons, demonstratingthat the 

extent of cell injury significantly correlated in a time-dependent fashion with the duration of the 

OGD itself (Figure 2a in Publication 1).  

To support the cells under stress, autophagy is regarded as an adaptive response for cells to 

starvation, stress, and inflammation. However, autophagy appears to also boost cell injury and 

death in various pathological conditions (Bialik et al. 2018). Recent studies highlight a role for 

autophagy to be involved in post-stroke neuronal injury, although published data are 

contradictory.  Whether or not autophagy is harmful or beneficial under conditions of ischemic 

stroke is a matter of ongoing scientific discourse (Chen W et al. 2014; Mo et al. 2020; Wei et al. 

2012). As a proof of concept, I first analyzed autophagy levels in in the aforementioned OGD 

model, for which the measurement of microtubule‑associated protein light chain 3 (LC3) is 

regarded as one marker used to monitor autophagy. In this contxt, the conversion of LC3 (LC3-

I to LC3-II) correlates with the number of autophagosomes (Mizushima and Yoshimori 2007). 

Indeed, LC3-II I abundance was significantly increased and correlated with the expanded 

duration of OGD (Figure 2b-c in Publication 1), indicating increased levels of autophagy when 

neurons were exposed to OGD. The latter included an experimental paradigm with 10 hours of 

OGD followed by 24 hours of reoxygenation, yielding sufficiently high cell injury rates as well 
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as adequate levels of autophagy. These settings were therefore used for the remainder of the 

study. 

Before using AMSC-EVs in the neuronal OGD model, AMSC-EVs were enriched from cell 

culture conditioned medium of AMSCs followed by further characterization. Western blot 

analysis was used for identifying the EV surface marker expression patterns. The protein 

abundance of Tsg101, CD9, Alix, and CD63 were high in these AMSC-EVs (Figure 1a in 

Publication 1). The nanosight tracking analysis (NTA) demonstrated that most AMSC-EVs are 

about 100 nm in size (Figure 1b in Publication 1). Transmission electron microscopy (TEM) 

revealed two EV sub-populations based upon their size; I found both exosomes and 

microvesicles (MVs) in the respective samples (Figure 1c in Publication 1). Details of NTA and 

TEM can be found in publication 1. Thereafter, the so validated EVs were used in the primary 

neuron OGD model. Therein, treatment of OGD-exposed primary neurons with AMSC-EVs 

at the onset of hypoxia and during reoxygenation resulted in significantly reduced cellular 

damage compared to PBS-treated controls (Figure 2d in Publication 1). Interestingly, AMSC-

EV treatment was not inferior to the cell therapy (AMSC co-culturing) with regard to neuronal 

survival after OGD (Figure 2d in Publication 1).  

4.2 AMSC-EVs protect primary cortical neurons from OGD-induced 

damage via autophagy modulation 

To verify the hypothesis that AMSC-EVs decrease OGD-induced neuronal injury by regulating 

autophagic activities, OGD exposed primary cortical neurons were co-cultured with either 

AMSCs or AMSC-derived EVs at both the onset of hypoxia and during reoxygenation. As 

shown by Western blot analysis, the protein levels of LC3-II were significantly increased after 

OGD. However, the protein abundance of LC3-II was reversed when neurons were treated 

with either AMSCs or AMSC-EVs (Figure 2e in Publication 1). Since autophagy is a highly 

complex and dynamic process, it needs to be assessed accurately.  
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Analysis of autophagy is a dynamic process, and autophagosome accumulation may indicate 

either enhanced autophagy or a blockage of downstream steps such as decreased levels of 

autolysomes and others (Zhang XJ et al. 2013). The mere detection of LC3-II levels only 

therefore inadequately represents an overall assessment of the whole autophagic system. Hence, 

the so-called “autophagic flux” is used to demonstrate autophagy dynamics, by using an 

autophagy inhibitor like bafilomycin-A1 (BafA1) or chloroquine (du Toit et al. 2018). Inhibiting 

the fusion of autophagosomes and autolysosomes as well as the autophagic flux by means of 

BafA1 . thus ensures that accumulation of LC3-II indicates the amount of autophagosome 

production at a given time point. As shown in figure 3, publication 1, application of BafA1 

increased the levels of LC3-II in all experimental groups. The protein levels of BafA1-induced 

LC3-II was significantly higher in primary cortical neurons cultured with PBS as compared to 

AMSCs or AMSC-EVs treated cells under OGD conditions. Furthermore, autophagic flux was 

monitored by a fluorescence RFP-GFP-LC3B (alternative name for LC3-II) reporter in OGD-

exposed primary neurons. Co-culturing primary cortical neurons with AMSC-EVs under OGD 

conditions significantly decreased the number of both autophagosomes and autolysosomes 

(Figure 3c-d in Publication 1). 

To discover the intrinsic relationship between autophagy and AMSC-EVs, the autophagy 

activator rapamycin as well as the autophagy inhibitor 3-MA were used. As shown in Figure 3e, 

Publication 1, treating the cells with 3-MA significantly decreased neuronal injury in a 

concentration-dependent manner. However, the neuroprotective effects of the autophagy 

inhibitor 3-MA were lost when it was utilized in a relatively high dosage (5 mM), indicating that 

complete elimination of autophagy in a starvation condition may be detrimental. On the 

contrary, treatment of primary neurons with different dosages of rapamycin combined with the 

same dose of AMSC-EVs resulted in a reversal of AMSC-EV-induced neuroprotection, 

suggesting that AMSC-EVs act in the opposite way to autophagy activators (Figure 3 in 
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Publication 1). These results indicate that a moderately decreased autophagy activity confers 

significant protection in primary neurons against OGD-induced cell death.  

Autophagy was strongly activated upon induction of OGD. A significant increase of autophagy 

flux under OGD conditions represented a dramatic activation of autophagy. Notably, a 

moderate down-regulation of autophagy significantly improved neuron viability in this in vitro 

stroke model. AMSC-EV treatment could mimic the protective effect of the autophagy inhibitor 

3-MA. However, this protective effect was eliminated by treating the cells together with the 

autophagy activator rapamycin. This suggests that the protective effect of AMSC-EVs on 

neurons was induced by modulating the level of autophagy. According to previous studies, basal 

levels of autophagy are essential for maintaining neuronal function, and it is reasonable to 

explain that at the beginning of hypoxia and nutrient deprivation, a moderate increase in 

autophagic activity may be correlated with neuroprotection (Kim KA et al. 2018). In line with 

the present research, more severe noxious stimuli, such as prolonged hypoxia and starvation, 

are followed by a significant increase in autophagic flux that may eventually lead to autophagic 

cell death (Ginet et al. 2014; Liu Y and Levine 2015; Zhang A et al. 2021). Therefore, a well-

balanced inhibition of autophagy seems to be particularly important in the context of stroke 

(Shi R et al. 2012). 

4.3 P53 and B-cell lymphoma 2–interacting protein 3 (BNIP3) signaling 

is involved in AMSC-EVs regulating autophagy 

To investigate the mechanisms by which AMSC-EVs regulate OGD-induced autophagy, 

autophagy-associated signaling cascades were further analyzed. At least four signaling pathways 

are involved in autophagy regulation, among which are p53 and BNIP3 (Wang EY et al. 2013). 

Interestingly, the magnitude of p53 and BNIP3 was significantly enhanced in OGD-exposed 

primary neurons compared to standard cultured controls (Figure 3f in Publication 1). The 

OGD-induced upregulation of p53 and BNIP3 was reversed when co-culturing primary 
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neurons with either AMSCs or AMSC-EVs (Figure 3f in Publication 1), indicating that AMSC-

EVs regulate autophagy through the p53-BNIP3 axis.  

Using the exosome secretion inhibitor GW4869, I observed that co-culturing primary neurons 

with AMSC-EVs decreased the activation of the p53-BNIP3 axis after OGD. In contrast, co-

culturing primary neurons with either AMSCs pretreated with GW4869 or with EVs obtained 

from GW4869 pre-treated AMSCs failed to inhibit the p53-BNIP3 axis (Figure 4e-f in 

Publication 1). Thus, the critical subgroup of EV-exosome appears to be crucial in the EV-

mediated anti-autophagic effects of AMSCs in primary neurons exposed to OGD. 

Inhibition of autophagy alone does not fully account for the therapeutic effect of AMSC-EVs. 

A successful therapeutic intervention also depends on the precise gene or signaling target that 

should be suppressed. Several studies have shown that upregulation of p53 after hypoxia or 

cerebral ischemia can be mediated by activation of HIF-1α (Althaus et al. 2006; Li et al. 2013). 

The HIF-1α enhanced p53 further promotes the expression of BNIP3 (Wang EY et al. 2013; 

Xin XY et al. 2011). Increased BNIP3, which contains a single Bcl-2 homology 3 (BH3) domain, 

competes with beclin-1 to bind to Bcl-2. Released beclin-1, in turn, then activates autophagy 

and cell death (Glick et al. 2010; He and Klionsky 2009). What is more, BNIP3 is a regulator of 

a specific type of autophagy –– mitophagy (mitochondrial autophagy). It is well known that 

mitochondria are energy factories, and their proper functioning is essential in energy-intensive 

organs such as the heart and brain. The quantity and quality of cellular mitochondria are 

necessary for the functioning of these organs. However, under pathological conditions such as 

ischemic stroke, excessive autophagy, particularly mitophagy, can kill cells that are already in an 

energy-depleted state (Yuan et al. 2017). Worse still, ATP production through the respiratory 

chain is accompanied by the production of reactive oxygen species (ROS), excessive 

accumulation of  DNA (mtDNA), lipids, and protein, which in turn aggravates mitochondrial 

dysfunction in a feedforward manner (Cenini et al. 2020).  
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Hereto, the protein levels of p53 and BNIP3 were enhanced upon hypoxia, and treatment with 

AMSC-EVs reversed this over-activation trend. Although it cannot be excluded entirely that 

other related signaling of autophagy is being regulated by AMSC-EVs, this study shows that 

autophagy inhibition through p53-BNIP3 signaling plays a vital role in AMSC-EV-based 

ischemic stroke treatment. 

4.4 Post-stroke autophagic regulation and neuroprotection by AMSC-

EVs depends on microRNA-25-3p 

To identify the EV compounds responsible for AMSC-EV-induced regulation of autophagy, 

the p53-BNIP3 signaling involved microRNAs were first to be noticed. According to published 

data, there are more than ten microRNAs known to directly target p53 (Liu J et al. 2017), six 

candidate microRNAs (microRNA-98, microRNA-25-3p, microRNA-30, microRNA-125a-5p, 

microRNA-125b-5p, and microRNA-214-3p) which have a closer relationship with stroke, 

ischemia, neurons, autophagy or cell death were selected for further exploration. The results 

from qRT-PCR analyses revealed that microRNA-25-3p was one of the most abundant p53 

target microRNAs in AMSC secreted EVs, microRNA-214 ranked second in terms of content 

(Figure 5a in Publication 1). Therefore, the focus was set on these two microRNAs. I checked 

the intracellular concentration of microRNA-25-3p in OGD exposed primary neurons, and 

consistent with the hypothesis, the level of microRNA-25-3p decreased dramatically when these 

cells were exposed to OGD. On the contrary, AMSC-EV treatment reversed this trend (Figure 

5c in Publication 1). 

To further confirm a functional role of microRNA-25-3p in AMSC-EV-induced autophagy 

regulation and neuroprotection in OGD-exposed primary cortical neurons, knockdown 

experiments were initiated in AMSCs. EVs were obtained from AMSCs pretreated with 

microRNA-25 siRNA or a scrambled construct (NC). The cell injury was significantly lower in 

primary neurons cultured with EVsNC when compared to PBS-treated controls. However, these 
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protective effects of AMSC-EVsNC were reversed when the cells were treated with EVsanti-

microRNA-25 (Figure 5d in Publication 1). The level of autophagic flux was also significantly lower 

in primary neurons cultured with EVsNC when compared to PBS-treated cells under OGD 

conditions, whereas the autophagic flux was again reversed when the neurons were incubated 

with EVsanti-microRNA-25 (Figure 5e-f in Publication 1). Likewise, by using a luciferase system, a 

significant decrease in the number of autophagosomes and autolysosomes was detected in 

neurons incubated with EVsNC compared to EVsanti-microRNA-25 (Figure 5g-h in Publication 1). 

To better visualize the role of microRNA-25 in primary neurons after OGD, the 

neuroprotection and autophagy regulation effects of microRNA‐25 were further analyzed by 

direct overexpression or down-regulation of microRNA-25. Forced expression of microRNA-

25-3p in hypoxic neurons duplicated the inhibitory effects on autophagy regulation (Figure S3a-

b in Publication 1) and autophagic flux (Figure S3c-d in Publication 1) compared with the 

nonsense transfected one. However, a loss of function study by microRNA-25-3p siRNA 

transfection yielded opposite results (Figure S3g-h in Publication 1). Being consistent with the 

autophagic regulation, the protein levels of p53 and BNIP3 were diminished dramatically in 

response to the forced expression of microRNA-25-3p (Figure S3i-j in Publication 1). In 

contrast, the amount of these proteins was enhanced when the primary neurons were treated 

with the microRNA-25 siRNA (Figure S3k-l in Publication 1). Finally, microRNA-25 

overexpression in primary cortical neurons resulted in increased cell viability (Figure S3m in 

Publication 1), whereas microRNA-25 knockdown acts in the opposite way, decreasing 

neuronal viability after OGD (Figure S3n in Publication 1).  

The role of EVs and their therapeutic potential for ischemic stroke treatment has only recently 

become a notable topic of research (Cunningham et al. 2018; Webb et al. 2018). Previous work 

from different groups has shown that MSC-EVs or NPC-EVs have both anti-inflammatory and 

pro-angiogenic properties (Dabrowska et al. 2019; Doeppner et al. 2015; Keshtkar et al. 2018; 

Xin H et al. 2013). These EVs carry biological information for cell communication and contain 
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DNA, proteins, non-coding RNAs, and microRNAs for cell regulation (Bertoli et al. 2015). The 

latter guides themselves to regions of partial complementary sequences within mRNA molecules 

via base-pairing. Most of the sequences were mainly within 3′-untranslated regions (UTRs) of 

target mRNA, and the pairing results in translational inhibition and RNA silencing (Bartel 2009). 

Different groups have demonstrated that cell-secreted EVs can influence the performance of 

recipient cells through microRNAs transfer in vitro (O'Brien K et al. 2020; Thomou et al. 2017; 

Wang L et al. 2019). Since the autophagic pathway is also known to be regulated by microRNAs 

(Abels and Breakefield 2016), it is fair enough to assume that AMSC-EVs yield autophagic 

regulation and neuroprotection using this mode of action. I herein showed that AMSC-EVs 

improve neurological survival by regulating autophagy. Moreover, the critical cytoprotective and 

anti-autophagic molecule of AMSC-EV cargo may be the p53 targeted microRNA-25. Previous 

studies have primarily focused on the biological function of microRNA-25 under conditions of 

cancer (Zeng et al. 2018; Zhang J et al. 2019). The present results demonstrate for the first time 

that microRNA-25-3p may contribute to the pathogenesis of ischemic stroke in vitro. 

4.5 AMSC-EVs reduce brain injury and induce sustained neurological 

recovery after ischemic stroke in mice 

Based on the above in vitro data on primary cortical neurons, I next investigated whether AMSC-

EV administration could improve neurological recovery after ischemic stroke by modulating 

autophagic activity in vivo. I first examined the biodistribution pattern of AMSC-EVs under 

ischemic conditions. Consistent with published data (Zagrean et al. 2018), AMSC-derived EVs 

reached the ischemic infarct core (Figure 6a in Publication 1). Following our established 

protocol (Doeppner et al. 2015), EVs isolated from 2x106 AMSCs were diluted in PBS and 

systemically injected immediately at the end of the surgery or 12 hours after reperfusion. 

Consistent with our previous results, mice that received EV injections immediately at the end 

of MCAO had significantly smaller infarct volumes than PBS controls (Figure 6b in Publication 
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1). Besides, the infarct volume was also significantly reduced in those animals treated with EVs 

12 hours after reperfusion compared to the control group (Figure 6b in Publication 1). Along 

with the reduction in acute brain injury and cell death, behavior analysis of mice also showed 

better performance when mice were treated with AMSC-EVs at either time point compared to 

the PBS control group (Figure 6d-e in Publication 1). Importantly, this better test score in 

behavior tests (both the tight rope test and the corner turn test) was stable and long-lasting from 

the third day of the treatment until the end of the test. Analyzing neuronal density in the striatum 

14 days after ischemic stroke revealed I observed an increase in neuronal density in both EV 

treatment groups in stroke mice (Figure 6f in Publication 1). Conclusively, these data reveal that 

AMSC-secreted EVs reduce post-stroke brain injury at both functional and histological levels 

under experimental stroke conditions. 

Ischemic strokes have a high morbidity and mortality rate, and most stroke patients are left with 

severe and permanent neurological deficits. The time window for stroke treatment is concise; 

there are few recovery options once neurological deficits are fixed. Any treatment that results 

in even minor restoration of neurological deficits is likely to be beneficial. In this study, we 

demonstrated that intravenous administration of AMSC-EVs improved functional outcomes 

and showed a neuroprotection tendency against cerebral ischemia.  

Although stem cell-based therapy could not directly replace the neurons from infarcted area, it 

can still provide trophic support and regulate the cellular status of the infarcted site. Various 

types of cells ranging from neuronal cell lines to embryonic stem cells are candidates for cell 

therapy in ischemic stroke, clinical trials of neural progenitor cells (Savitz et al. 2005), and 

autologous bone marrow-derived MSCs (Bang et al. 2005) have been conducted. Moreover, 

these stem cells also secrete trophic and growth factors, cytokines, and other biological 

information like microRNAs, which activate angiogenesis and neurogenesis resulting in 

improved neurological functions (Hofer and Tuan 2016). 
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MSC-derived EVs have been repeatedly shown to induce neuroprotection by different 

experimental groups (Doeppner et al. 2015; Jiang et al. 2018; Safakheil and Safakheil 2020). But 

some studies showed that administration of MSC-EVs did not change the infarct volume in 

rodent models (Otero-Ortega et al. 2017; Zhang Y et al. 2015). The present data showed a 

significant reduction in infarct volume when AMSC-EVs were administrated in mice after stroke, 

suggesting AMSC-EVs are potentially protective and thus therapeutically relevant in stroke 

treatment. 

4.6 P53-BNIP3 signaling participates in AMSC-EV-reduced autophagic 

flux after ischemic stroke 

To further confirm whether autophagy inhibition contributes to functional improvement and 

neuroprotection in mice after MCAO, I first used the autophagy inhibitor 3-MA to 

downregulate autophagy levels after MCAO and then assessed neurological recovery as well as 

neuronal survival in mice. Mice treated with the autophagy inhibitor 12 hours after the induction 

of stroke were found to have a better behavior performance until the end of the observation 

period of 14 days, confirming the results above and further supporting the hypothesis that 

autophagy inhibition contributes to neurological recovery and neuronal survival after stroke 

(Figure 6d-e in Publication 1). In contrast, immediate delivery of the autophagy inhibitor 3-MA 

at the onset of reperfusion only partially enhanced neurological recovery (Figure 6d-e in 

Publication 1) and did not affect cell injury at all Figure 6f-g in Publication 1). Analysis of 

neuronal survival 14 days after stroke showed similar results, with an increase in neuronal 

density in mice treated with 3-MA 12 hours after reperfusion.  

To further investigate the correlation between neuroprotection induced by AMSC-EVs and the 

regulation of autophagy, time-dependent patterns of autophagy levels in mice with non-

therapeutic stroke were evaluated. Using LC3-II to analyze autophagy levels, Western blotting 

results showed that protein abundance peaked 24 hours after stroke compared to sham-operated 
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mice (Figure S4a-b in Publication 1). Treatment of mice with AMSC-EVs significantly reduced 

autophagy activation measured one day after stroke when EVs were given immediately at the 

beginning of reperfusion (EVs 0 hour) or 12 hours after stroke (EVs 12 hours) (Figure S4c-d in 

Publication 1). Similarly, treatment of mice with 3-MA immediately at the onset of reperfusion 

did not affect autophagic flux, which is in line with the results mentioned before In contrast, 

treatment of stroke mice with 3-MA 12 hours after reperfusion significantly reduced autophagic 

flux when BafA1 was injected in these animals 4 hours before sacrifice (Figure S4e-f in 

Publication 1). These results suggest that the administration of 3-MA and AMSC-EVs can 

reverse stroke-induced upregulation of autophagic flux. It also indicates that appropriate time 

is a prerequisite for properly modulating over-activated autophagic activity in the rodent MCAO 

model. 

Thereafter, I measured the expression of p53 and BNIP3 in vivo. In agreement with the in vitro 

results, the relative expression of p53 and BNIP3 was increased in the infarcted hemisphere of 

MCAO mice. Administration of AMSC-EVs at the two injection time points described above 

(0 hour and 12 hours after MCAO) reversed the up-regulation trend of both p53 and BNIP3 

(Figure 4g-h in Publication 1). 

Although 3-MA and AMSC-EV both inhibit post-stroke autophagy, they show different 

therapeutic effects in mice. Due to short half-life time and metabolization, pharmacological 

agents such as 3-MA may only transiently affect some of the vital autophagic molecules within 

about 2-3 hours (Sweet et al. 1981). This may explain why the use of 3-MA at the beginning of 

reperfusion did not have a therapeutic effect. Still, biological molecules such as EVs can induce 

long-term effects in various situations (Lai et al. 2013; Tian et al. 2018). In our study, the 

application of AMSC-derived EVs resulted in a significant downregulation of ischema-induced 

autophagy under both in vitro and in vivo conditions, contributing to neuroprotection and 

neurological recovery. This result has also been shown in other models, confirming that the 

beneficial effect of MSC transplantation after myocardial infarction is due, at least in part, to the 
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improved autophagic flux through exosome secretion (Xiao et al. 2018). Similarly, there is also 

a study showing that exosomes derived from AMSCs significantly reduce neuronal injury by 

inhibiting autophagy and promote microglia polarization after stroke (Jiang et al. 2018). These 

results together suggest that MSC-derived EVs can prevent brain damage by inhibiting 

autophagy. 

Accumulating evidence suggests that mitochondria play a central role in the development of 

ischemia-induced cell death (Kuznetsov et al. 2019; Ong and Gustafsson 2012), and maintaining 

mitochondrial function is thus critical for neurological recovery and neuronal survival. BNIP3 

is a member of unique mitochondrial proteins, which induce cell death by promoting early 

mitochondrial damage (Gao et al. 2020; Zhang J and Ney 2009). In my study, BNIP3 is markedly 

upregulated after cerebral ischemia, which is reversed when treating the animals with 3-MA or 

AMSC-EVs. Several studies have demonstrated a link between BNIP3, mitophagy and cell death, 

showing that inhibiting BNIP3 completely abrogated cell injury via regulating mitochondrial 

signaling (Dhingra et al. 2014; Shi RY et al. 2014). Moreover, the role of BNIP3 is not limited 

to its involvement in mitophagy, but it also mediates other types of cell death, like apoptosis 

and necrosis (Dhingra et al. 2014; Ma et al. 2017; Vande Velde et al. 2000). Therefore, it cannot 

be excluded that AMSC-EVs are also involved in regulating other signaling pathways by 

regulating the expression of BNIP3, thus yielding a neuroprotective effect. 

4.7 Autophagic regulation and post-stroke neuroprotection by AMSC-

EVs depend on microRNA-25 

To confirm that microRNA-25-containing EVs mediate the reduction in autophagic flux 

associated with AMSC-EV administration, mice were injected with PBS (negative control), 

AMSC-EVs (positive control), AMSC-EVs derived from AMSC pretreated with control 

oligonucleotides (EVsNC), and AMSC-EVs derived from AMSC pretreated with anti-

microRNA25 (EVsanti-microRNA25) 12 hours after the induction of MCAO. One day after 
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reperfusion, the autophagic flux in the ischemic striatum was significantly lower in both the 

AMSC-EV and AMSC-EVNC groups compared to the PBS controls (Figure 7a-b in Publication 

1). However, the AMSC-EVanti-microRNA25 treatment failed to reach similar effects on autophagy 

regulation (Figure 7a-b in Publication 1). Consistently, the behavior test analysis indicated a 

better test performance in the tight rope and in the corner turn test when mice where treated 

with EVsNC in comparison to both controls (PBS group) and mice treated with EVsanti-microRNA25 

(Figure 7c-d in Publication 1). Analysis of the neuronal density showed that mice treated with 

EVsNC displayed a higher neuronal density than animals treated with EVsanti-microRNA25 14 days 

after MCAO (Figure 7e-f in Publication 1). Conclusively, AMSC-derived EVs alleviate brain 

injury on both the functional and the histological level. The autophagy regulation capability 

associated with ADMSC-EV administration is at least partially mediated by the EV transfer of 

microRNA-25 after stroke.  

Recent findings highlight that EVs selectively carry large amounts of miRNAs and mediate the 

crosstalk between different cell types by directly transferring miRNAs to recipient cells 

(Mittelbrunn et al. 2011; Xiao et al. 2018). Experiments in which human CD34+ stem cell-

derived EVs carry microRNAs associated with proangiogenesis is a good example in this 

context (Sahoo et al. 2011). Consistent with my findings, intercellular communication processes 

of naturally secreted EVs can thus be utilised to deliver exogenous genetic material to further 

improve the success and effectiveness of gene therapy (Xiao et al. 2018; Zomer et al. 2015).  

4.8  Summary 

Causal therapy of ischemic stroke remains available to only a minority of patients despite the 

success of systemic thrombolysis and thrombectomy. Consequently, new adjuvant therapeutic 

options are urgently needed. MSC transplantation leads to improved neurological recovery in 

preclinical stroke models. However, MSCs do not directly act on ischemic brain tissue, but 

rather mediate their effects via the secretion of EVs. The latter are a heterogeneous group of 

corpuscular structures with a diameter of 30-1000 nm, which contain non-coding RNA, DNA, 
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microRNA, and proteins. The application of EVs seems to be a more effective and low-risk 

treatment than stem cell transplantation in experimental stroke models. Hence, MSC-EVs 

provide an adjunctive approach to the treatment of ischemic stroke. Although the mechanisms 

by which MSC-EVs act remains elusive, recent evidence suggests that MSC-EVs may be 

responsible for neuroprotection in pathological stroke conditions. Herein, it was first confirmed 

that the application of AMSC-EVs is not inferior to the use of AMSCs in an in vitro hypoxia 

model. Incubation of neurons with AMSCs or AMSC-EVs increases the resistance to hypoxic 

cell injury. Interestingly, the inhibition of EV secretion from AMSCs by GW4869 leads to a loss 

of the therapeutic effect of AMSCs. This observation again underscores the importance of EVs 

as a biologically active agent in stem cell treatment of stroke. For the neuroprotective effect of 

AMSC-EVs under experimental stroke conditions, I for the first time illustrated the interaction 

of intravesicular microRNA-25-3p with the p53-BNIP3 signaling pathway. The regulation of 

this pathway by EVs is accompanied by inhibition of the autophagic flux, which in turn leads 

to reduced neuronal death after OGD. Indeed, the observations described above can be 

reversed by the use of anti-oligonucleotides and thus reduce the therapeutic effect of EVs. The 

functional significance of the p53-BNIP3 signaling pathway and the modulation of the 

autophagic flux via intravesicular transfer of microRNA-25-3p were further investigated in a 

mouse stroke model. It was shown for the first time in vivo that the application of AMSC-EVs 

via this mechanism leads to a reduction of cerebral tissue damage and better functional recovery 

of the animals after stroke. The present work makes an important contribution to the analysis 

of the mechanisms of EV-based therapy of ischemic stroke. Further preclinical work in this 

field is needed before EVs can be used as adjuvant therapy in stroke patients. 

In conclusion, the research results presented herein provide a novel insight into the mechanisms 

by which AMSC-EVs induce therapeutic actions under experimental stroke settings. This study 

also provides evidence that native AMSC-EVs yield enhanced neurological recovery and 

neuroprotection by inhibiting ischemia-induced autophagy. The autophagy inhibition, in turn, 
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is mainly responsible for EVs transferring microRNA-25-3p from AMSCs to their recipient 

cells. The latter results in interference with the autophagy regulation signaling pathway, p53-

BNIP3. These new observations on EVs derived from AMSC may lead to the development of 

new therapeutic targets and strategies to treat ischemic stroke.
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