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Abstract 
 

We have previously shown that small extracellular vesicles (sEVs) obtained from 

mesenchymal stromal cells (MSCs) improve poststroke neurological recovery and that 

MSC-sEVs induce ischemic neuroprotection by modulating the brain infiltration of 

leukocytes and specifically polymorphonuclear neutrophils (PMNs) in young mice. 

Since sEVs from MSCs cultured under hypoxic conditions have been demonstrated to 

exhibit enhanced vasculature-related protection and pro-angiogenic effects by us and 

others and cerebral microvascular remodeling is essential for stroke recovery, we 

herein evaluated the effects of sEVs from hypoxic MSCs in human cerebral 

microvascular endothelial cells (hCMEC/D3) in vitro assays and in young mice 

exposed to intraluminal middle cerebral artery occlusion (MCAO), as well as the 

underlying mechanisms. We further evaluated the therapeutic efficacy of MSC-sEVs 

in aged mice that have not been studied so far. 

To study the microvascular actions of MSC-sEVs, young (8-10 weeks) male 

C57Bl6/j mice were exposed to intraluminal MCAO. Vehicle or sEVs (equivalent of 

2×106 MSCs) obtained from cell culture media (sEVplatelet) or from MSCs cultured under 

‘normoxic’ (21% O2; sEVnormoxic) or hypoxic (1% O2; sEVhypoxic) conditions were 

intravenously administered on days 1, 3, and 5 after ischemia. Neurological deficits, 

brain injury, neuronal survival, and microvascular characteristics were evaluated by 

Clark score, immunohistochemistry or 3D light sheet fluorescence microscopy (LSFM) 

over up to 56 days. In vitro, proliferation, migration, and tube formation of hCMEC/D3 

were evaluated after vehicle or sEV treatment. To study the efficacy of MSC-sEVs in 

aged mice, young (8–10-week-old) and aged (15–24-month-old) male and female 

C57Bl6/j mice were exposed to intraluminal MCAO. After reperfusion or with 6 hours 

delay, vehicle or MSC-sEV preparations (equivalent of 2×106 MSCs) were 

intravenously administered. Neurological deficits, ischemic injury, blood-brain barrier 

(BBB) integrity, brain leukocyte infiltration, and blood leukocyte responses were 

evaluated over up to 7 days. 

Our results show that sEVhypoxic, but not sEVplatelet or sEVnormoxic, dose-

dependently promoted the proliferation, migration, and tube formation of the 

hCMEC/D3 cells under regular ‘normoxic’ conditions and increased the survival of 

hCMEC/D3 cells exposed to oxygen-glucose deprivation (OGD). Mechanistically, 

sEVhypoxic regulated a distinct set of angiogenesis-related miRNAs in hCMEC/D3 cells, 

3 of which each were differentially upregulated (miR-126-3p, miR-140-5p, let-7c-5p) or 
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downregulated (miR-186-5p, miR-370-3p, miR-409-3p). Proteome analysis by liquid 

chromatography mass-spectrometry/mass-spectrometry (LC–MS/MS) revealed 52 

proteins that were differentially abundant in sEVhypoxic, 19 of which were enriched 

involving growth factor pathway and extracellular matrix and 33 reduced involving 

oxidative metabolism. In mice post-MCAO, sEVhypoxic increased microvascular length 

and branching point density in the previously ischemic striatum and cortex over up to 

56 days, increased long-term neuronal survival, reduced brain atrophy, and enhanced 

neurological recovery. Notably, sEVhypoxic-induced angiogenesis in vivo depended on 

the presence of PMNs, since, sEVhypoxic did not promote microvascular network 

remodeling in PMN-depleted mice. Furthermore, aged mice exhibited greater 

neurological deficits, larger infarct volume and brain edema, higher BBB permeability, 

and more severe immune responses in both blood and brain than young mice after 

intraluminal MCAO. sEVhypoxic reduced neurological deficits, infarct volume, brain 

edema, and neuronal injury in young and aged mice of both sexes, when delivered 

immediately postreperfusion or with 6 hours delay. Mechanistically, flow cytometry 

showed that sEVhypoxic significantly decreased leukocyte and specifically PMN, 

monocyte, and macrophage infiltrates in ischemic brains and reduced the number of 

monocytes and activated T cells in peripheral blood of aged mice. 

Hence, hypoxic preconditioning enhances the restorative effects of MSC-sEVs. 

More specifically, sEVs from hypoxic MSCs have distinct angiogenic properties that 

promote brain remodeling and neurological recovery and immunomodulatory effects 

that induce postischemic neuroprotection and anti-inflammation in young and aged 

mice. 
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Zusammenfassung 
 

Wir haben bereits gezeigt, dass kleine extrazelluläre Vesikel (sEVs), die aus 

mesenchymalen Stromazellen (MSCs) gewonnen werden, die Neuroregeneration 

nach einem Schlaganfall steigern und die neurologische Genesung verbessern. MSC-

sEVs induzieren bei jungen Mäusen eine ischämische Neuroprotektion, indem sie die 

Infiltration des Gehirns mit Leukozyten und insbesondere polymorphkernigen 

Neutrophilen (PMNs) modulieren. Da sEVs aus MSCs, die unter hypoxischen 

Bedingungen kultiviert wurden, nachweislich pro-angiogene Effekte aufweisen und der 

zerebrale mikrovaskuläre Umbau für die Erholung nach einem Schlaganfall essentiell 

ist, untersuchten wir hier die Wirkungen von sEVs aus hypoxischen MSCs auf 

Angiogeneseprozesse in humanen zerebralen mikrovaskulären Endothelzellen 

(hCMEC/D3) und in jungen Mäusen, die einem intraluminalen Verschluss der mittleren 

Hirnarterie (MCAO) ausgesetzt waren, sowie die zugrunde liegenden Mechanismen. 

Darüber hinaus analysierten wir die therapeutische Wirksamkeit von MSC-sEVs bei 

älteren Mäusen, die bisher noch nicht untersucht wurden. 

Um die mikrovaskuläre Wirkung von MSC-sEVs zu untersuchen, wurden junge 

(8-10 Wochen) männliche C57Bl6/j-Mäuse einer intraluminalen MCAO unterzogen. 

Vehikel oder sEVs (Äquivalent von 2×106 MSCs) aus Zellkulturmedien (sEVplatelet) oder 

aus MSCs, die unter normoxischen (21% O2; sEVnormoxic) und hypoxischen (1% O2; 

sEVhypoxic) Bedingungen gezüchtet wurden, wurden an den Tagen 1, 3 und 5 nach der 

Ischämie intravenös verabreicht. Neurologische Defizite, Hirnschädigung, neuronales 

Überleben und mikrovaskuläre Eigenschaften wurden mittels Clark-Score, 

Immunhistochemie oder 3D-Lichtblatt-Fluoreszenzmikroskopie (LSFM) über bis zu 56 

Tage bewertet. In vitro wurden Proliferation, Migration und die Tubebildung von 

hCMEC/D3 nach Behandlung mit Vehikel oder sEV untersucht. Um die Wirksamkeit 

von MSC-sEVs in gealterten Mäusen zu untersuchen, wurden junge (8-10 Wochen) 

und gealterte (15-24 Monate) männliche und weibliche C57Bl6/j-Mäuse einer 

intraluminaler MCAO ausgesetzt. Nach der Reperfusion oder mit einer Verzögerung 

von 6 Stunden wurden Vehikel oder MSC-sEV-Präparate (Äquivalent von 2×106 MSCs) 

intravenös verabreicht. Die neurologischen Defizite, die ischämische Schädigung, die 

Integrität der Blut-Hirn-Schranke (BBB), die Leukozyteninfiltration des Gehirns und die 

Leukozytenreaktionen im Blut wurden über einen Zeitraum von bis zu 7 Tagen 

evaluiert.  

Die Ergebnisse zeigen, dass sEVhypoxic, aber nicht sEVplatelet oder sEVnormoxic, 
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dosisabhängig die Proliferation, Migration und Tubebildung der hCMEC/D3-Zellen 

unter normalen "normoxischen" Bedingungen förderten und das Überleben von 

hCMEC/D3-Zellen erhöhten, die einem Sauerstoff-Glukose-Entzug (SGE) ausgesetzt 

waren. Mechanistisch gesehen regulierten sEVhypoxic eine Reihe von mit der 

Angiogenese zusammenhängenden miRNAs in hCMEC/D3-Zellen, von denen jeweils 

drei in unterschiedlicher Weise hochreguliert (miR-126-3p, miR-140-5p, let-7c-5p) 

oder herunterreguliert (miR-186-5p, miR-370-3p, miR-409-3p) wurden. Die 

Proteomanalyse mittels Flüssigchromatographie-Massenspektrometrie/Massen-

spektrometrie (LC-MS/MS) ergab 52 Proteine, die in sEVhypoxic unterschiedlich häufig 

vorkamen, von denen 19 in Bezug auf den Wachstumsfaktorweg und die extrazelluläre 

Matrix angereichert und 33 in Bezug auf den oxidativen Stoffwechsel reduziert waren. 

Bei Mäusen nach einem Himinfarkt erhöhten sEVhypoxic die mikrovaskuläre Länge und 

die Dichte der Verzweigungspunkte im zuvor ischämischen Striatum und Kortex über 

einen Zeitraum von bis zu 56 Tagen, erhöhten das langfristige neuronale Überleben, 

reduzierten die Hirnatrophie und verbesserten die neurologische Erholung. 

Bemerkenswert ist, dass die durch sEVhypoxic induzierte Angiogenese in vivo vom 

Vorhandensein von PMNs abhing, da sEVhypoxic den Umbau des mikrovaskulären 

Netzwerks in PMN-depletierten Mäusen nicht förderten. Darüber hinaus wiesen ältere 

Mäuse nach intraluminaler MCAO größere neurologische Defizite, ein größeres 

Infarktvolumen und Hirnödem, eine höhere Durchlässigkeit der BBB und schwerere 

Immunreaktionen sowohl im Blut als auch im Gehirn auf als junge Mäuse. sEVhypoxic 

reduzierten neurologische Defizite, Infarktvolumen, Hirnödem und neuronale Schäden 

bei jungen und älteren Mäusen beider Geschlechter, wenn sie unmittelbar nach der 

Reperfusion oder mit 6 Stunden Verzögerung verabreicht wurden. Mechanistisch 

gesehen zeigte die Durchflusszytometrie, dass sEVhypoxic die Leukozyten- und 

insbesondere die PMN-, Monozyten- und Makrophageninfiltrate in ischämischen 

Gehirnen signifikant verringerten und die Anzahl der Monozyten und aktivierten T-

Zellen im peripheren Blut von gealterten Mäusen reduzierten. 

Geschlussfolgert wird, dass hypoxische Präkonditionierung die restaurativen 

Wirkungen von MSC-sEVs verstärkt. sEVs aus hypoxischen MSCs haben 

ausgeprägte angiogene Eigenschaften, die den Umbau des Gehirns und die 

neurologische Genesung fördern und bei jungen und alten Mäusen eine 

postischämische Neuroprotektion und Entzündungshemmung induzieren. 
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1. Introduction 
 

1.1. Epidemiology of stroke 
 

1.1.1. Definition of stroke 
 

In the 1970s the World Health Organization (WHO) defined stroke as “rapidly 

developed clinical signs of focal (or global) disturbance of cerebral function, lasting 

more than 24 hours or leading to death, with no apparent cause other than of vascular 

origin” (Aho et al., 1980). Recently, this definition of stroke has been updated by the 

American Heart Association/American Stroke Association. The updated definition of 

stroke incorporates clinical and tissue criteria and includes any objective evidence of 

brain, spinal cord, or retinal cell death attributable to vascular events based on 

pathological, imaging, and/or clinical evidence (Sacco et al., 2013). The term “stroke” 

should broadly include the following categories: ischemic stroke, silent central nervous 

system (CNS) infarction, intracerebral hemorrhage, stroke caused by intracerebral 

hemorrhage, silent cerebral hemorrhage, subarachnoid hemorrhage, stroke caused by 

subarachnoid hemorrhage, stroke caused by cerebral venous thrombosis, and non-

specified stroke (Sacco et al., 2013). Generally, stroke can be classified into two major 

subtypes, namely, ischemic stroke (caused by interruption of the blood flow to the brain) 

and hemorrhagic stroke (caused by rupture of a blood vessel of the brain). Of all 

strokes, 87% are ischemic (Virani et al., 2021). 

 

1.1.2. Global burden of ischemic stroke 
 

Ischemic stroke (IS) remains one of the most common causes of death and disability 

worldwide (Gorelick, 2019). Globally, in 2019 there were 77.2 million prevalent 

ischemic strokes and from 2010 to 2019 there was a 3.6% increase in the age-

standardized prevalence rate of ischemic stroke (GBD 2019 Diseases and Injuries 

Collaborators, 2020; Virani et al., 2021). The highest prevalence rates of ischemic 

stroke are geographically allocated to parts of North Africa and the Middle East, East 

Asia, southern sub-Saharan Africa, high-income North America, and Southeast Asia 

(GBD 2019 Diseases and Injuries Collaborators, 2020; Virani et al., 2021). Ischemic 

stroke caused a total of 3.3 million deaths worldwide in 2019 and the regions with the 

highest mortality rates of ischemic stroke are Eastern Europe and Central Asia (GBD 
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2019 Diseases and Injuries Collaborators, 2020; Virani et al., 2021). From 1990-2013 

the absolute number of disability-adjusted life years (DALYs) caused by ischemic 

stroke statistically significantly increased (Feigin et al., 2015). Sex disparities in the 

burden of ischemic stroke are evident. Age-specific stroke incidence was similar 

between males and females at ages up to 55 years, but greater in males than females 

at ages 55-75 years (Gorelick, 2019; Johnson et al., 2019); age-standardized rates of 

deaths and DALYs from ischemic stroke were substantially greater in males than 

females, but prevalence rate was greater in females than males (Roth et al., 2020). It 

has become apparent that the social and economic burden of stroke is annually 

increasing because of the raising stroke incidence and prevalence rates due to 

population growth and aging (Gorelick, 2019; Roth et al., 2020; Virani et al., 2021). 

 

1.2. Therapy for acute ischemic stroke 
 

Despite extensive efforts in the development of stroke treatment for decades, clinically 

effective therapeutic options for acute ischemic stroke are still scarce. So far, only two 

treatments — both aiming at restoration of cerebral blood flow for the salvageable 

tissues in the penumbra — have been proved to be safe and efficacious in clinical trials 

and used as standard protocol for acute ischemic stroke. The first was intravenous 

thrombolysis with recombinant tissue plasminogen activator (rtPA) in 1995; the second 

was endovascular thrombectomy as an alternative and add-on treatment to systemic 

thrombolysis in 2015. Together, these two treatments have substantially improved the 

clinical outcome of patients with acute ischemic stroke and rewritten past history of 

stroke as an untreatable disease. 

 

1.2.1. Recombinant tissue plasminogen activator (rtPA) 
 

The introduction of rtPA in 1995 by the National Institute of Neurological Disorders and 

Stroke (NINDS) rtPA clinical trial, in which rtPA was administered within 3 hours of 

symptom onset and had been shown to significantly improve a patient’s neurological 

outcome regardless of age, severity, and stroke subtype, was a milestone in the 

development of stroke treatment (National Institute of Neurological Disorders and 

Stroke rt-PA Stroke Study Group, 1995). Thereafter, the United States (US) Food and 

Drug Administration (FDA) approved rtPA for acute ischemic stroke within a 3-hour 

therapeutic window in 1996 and it has hitherto been the only FDA-approved thrombotic 
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agent. Following the clinical trial of European Cooperative Acute Stroke Study III 

(ECASS III) in 2008, in which rtPA was administered within 4.5 hours of symptom onset, 

the time window for administration of intravenous rtPA was expanded from 3 to 4.5 

hours of symptom onset (Hacke et al., 2008). Importantly, although rtPA is still 

beneficial up to 4.5 hours after symptom onset, this treatment should be initiated as 

fast as possible, as “time is brain” (Gomez, 1993). Apart from the narrow applicable 

time window, the strict contraindications that need to be ruled out and some life-

threatening complications that need to be taken into account severely limit the 

application of rtPA in clinical practice, resulting in the fact that only a small proportion 

of patients with acute ischemic stroke can benefit from this treatment (Fang et al., 2010; 

Wardlaw et al., 2014). For instance, it is estimated that only approximate 7% of patients 

with acute ischemic stroke received rtPA treatment in the US (Decker-Palmer et al., 

2020; Schwamm et al., 2013). 

 

1.2.2. Endovascular thrombectomy 
 

The introduction of endovascular thrombectomy with stent retriever devices in 2015 by 

a series of randomized trials denotes a new era of early management of acute ischemic 

stroke for patients with large vessel occlusions (LVOs). These trials have 

demonstrated the benefit of endovascular thrombectomy and prompted it to be the 

standard of care for stroke patients due to LVOs within 6 hours after symptom onset 

(Berkhemer et al., 2015; Campbell et al., 2015; Goyal et al., 2015; Jovin et al., 2015; 

Powers et al., 2015; Saver et al., 2015). Noteworthy, thrombectomy has been proven 

to still improve functional outcomes and reduce 90-day mortality in patients with acute 

ischemic stroke up to 24 hours after symptom onset (Albers et al., 2018; Nogueira et 

al., 2018). Thrombectomy has numerous advances over intravenous rtPA, such as an 

extended time window, a better efficacy in the recanalization of LVOs, and a lower risk 

of hemorrhage transformation; however, many crucial challenges remain, including its 

practical implementation and cost effectiveness (Evans et al., 2017; Josephson and 

Kamel, 2018). The implementation of thrombectomy requires not only experienced 

neurointerventionists who are appropriately trained to perform such delicate procedure, 

but also a well-established regional emergency medical system via which eligible 

patients can be timely transported from a small local stroke center to a thrombectomy-

capable center (Evans et al., 2017; Josephson and Kamel, 2018). Compared with 

standard care (with and without intravenous thrombolysis), thrombectomy is a 
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relatively costly intervention and it could be cost-effective in resource-rich countries, 

but might not be a cost-effective strategy in countries with lower per-capita gross 

domestic product (GDP) and inferior health care system (Arling and Mazighi, 2021; 

Candio et al., 2021). Result from these challenges, only about 3% of patients with acute 

ischemic stroke successfully received endovascular thrombectomy in Europe as well 

as in the US (Candio et al., 2021; MacKenzie et al., 2020; Weber et al., 2019). 

 

1.3. Pathophysiology of acute ischemic stroke 
 

Brain tissue nearby the occluded vasculature dies rapidly from blood and oxygen 

deprivation, forming ischemic core, while the regions of hypoperfused tissue 

surrounding the ischemic core form penumbra, in which sufficiently reduced blood flow 

disturbs physiological function but does not lead to neuronal damage (Astrup et al., 

1981). The affected area undergoes a deleterious ischemic cascade, including 

excitotoxicity, oxidative stress, and inflammatory response, resulting in the expansion 

of the ischemic core and infarct growth (Shi et al., 2019). Acute ischemic stroke triggers 

robust inflammation and immune response comprising the activation of brain-resident 

microglial cells and the recruitment of blood-derived leukocytes, leading to the 

secondary brain injury, exacerbated tissue damage, and worse stroke outcome 

(Iadecola and Anrather, 2011; Jayaraj et al., 2019; Macrez et al., 2011; Shi et al., 2019). 

It has been suggested that inflammation and immunity are key elements of the 

pathophysiology of acute ischemic stroke (Iadecola and Anrather, 2011; Jayaraj et al., 

2019; Shi et al., 2019). 

 

1.3.1. Microglia activation 
 

Microglia are the resident macrophages in the CNS and act as the first line of innate 

immune defense. Microglia are derived from hematopoietic progenitors in the yolk sac 

during embryonic development and continuously self-renew by in situ proliferation 

(Alliot et al., 1999). It has been shown that microglia play a critical role in immune 

surveillance and homeostasis maintenance of CNS (Taylor and Sansing, 2013; Zhang, 

2019) and that microglia depletion increases brain injury after acute ischemic stroke 

(Marino Lee et al., 2021). During ischemia and hypoxia, dying and dead cells release 

“danger signals”, namely danger-associated molecular patterns (DAMPs), such as 

high-mobility group box 1 (HMGB1), histones, and heat shock proteins, to induce 
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microglia activation by binding to microglial widely-expressed pattern recognition 

receptors (PRRs), such as Toll-like receptors (TLRs) (Chamorro et al., 2012; Iadecola 

and Anrather, 2011; Wang et al., 2016). Activated microglia display distinct 

morphological and phenotypical changes. Microglia transform from a ramified, resting 

state into an amoeboid, activated morphology and polarize between a pro-

inflammatory (M1) phenotype and an anti-inflammatory (M2) phenotype, resulting in 

the phagocytosis of tissue debris and production of inflammatory cytokines (Hu et al., 

2012; Orihuela et al., 2016; Zhang, 2019). M1 microglia can be identified by surface 

antigens such as CD16, CD32, and CD86 and release pro-inflammatory cytokines 

such as tumor necrosis factor-α (TNF-α), interleukin (IL)-1β, and IL-6, which fuel the 

poststroke inflammation and aggravate ischemic brain injury. In contrast, M2 microglia 

commonly express arginase-1 (Arg-1) and CD206 and secrete anti-inflammatory 

factors such as IL-4 and IL-10, which quell the inflammation and alleviate brain damage 

(Kabba et al., 2018; Xiong et al., 2016; Yu et al., 2020). Notably, the dynamics of 

microglial phenotypes change over time. In the both infarct core and penumbra, M2 

microglia/macrophages dominate in number at early stages (1-5 days poststroke) 

before being outnumbered by M1 cells at later stages (3-14 days poststroke) during 

ischemic stroke (Hu et al., 2012; Taylor and Sansing, 2013). Cytokines and 

chemokines released from activated microglia upregulate the expression of endothelial 

adhesion molecules such as selectins, intercellular adhesion molecule-1 (ICAM-1), 

and integrins that further recruit peripheral leukocytes into the ischemic brain tissue, 

subsequently triggering neuroinflammation and immune response (Wang et al., 2007; 

Yu et al., 2020). 

 

1.3.2. Inflammation and immune response 
 

Adhesion molecules bridge the endothelial wall and circulating leukocytes in three 

major steps. First, leukocytes roll along the vascular endothelium through the selectin-

mediated interactions. Secondly, rolling leukocytes become immobilized by firm 

adhesion to the endothelial surface through binding of the leukocyte integrins to the 

endothelium ICAM-1. Lastly, leukocytes transmigrate through the endothelial 

paracellular junctions into the brain parenchyma (Proebstl et al., 2012; Wang et al., 

2007; Yuan et al., 2012). Consequently, brain-invading leukocytes aggravate the 

secondary brain injury by producing or/and releasing reactive oxygen species (ROS), 

matrix metalloproteinases (MMPs), and cytokines/chemokines, which further cause 
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blood-brain barrier (BBB) disruption, brain edema, hemorrhagic transformation, and 

neuronal death (Jayaraj et al., 2019; Jickling et al., 2015). 

Polymorphonuclear neutrophils (PMNs) are the most abundant type of 

leukocytes in humans and act as an essential component of the innate immune system. 

It has been suggested that PMNs play a decisive role in brain injury and neurological 

recovery after acute ischemic stroke (Hermann and Gunzer, 2019). “PMNs already 

appear in brain parenchyma at 12 hours and peak within 24-72 hours after ischemic 

stroke (Garcia et al., 1994; Gelderblom et al., 2009).” (reuse of text from my MD thesis; 

https://doi.org/10.17185/duepublico/73649). The high number of PMNs in brain 

parenchyma is tightly correlated with “the severity of brain damage and poor 

neurological outcome both in humans (Akopov et al., 1996; Maestrini et al., 2015) and 

in rodents (Herz et al., 2015; Matsuo et al., 1994; Wang et al., 2020).” (reuse of text 

from my MD thesis; https://doi.org/10.17185/duepublico/73649). In a mouse model of 

permanent occlusion of the middle cerebral artery, PMN accumulation due to impaired 

microglial phagocytosis worsens stroke outcomes (Otxoa-de-Amezaga et al., 2019). In 

addition, the high neutrophil-lymphocyte ratios in peripheral blood were found to predict 

poor neurological recovery (Xue et al., 2017). It has been demonstrated in animal 

studies that “depletion of PMNs by anti-lymphocyte antigen 6 complex, locus G (Ly6G) 

antibody or prevention of PMN brain entry by C-X-C motif chemokine receptor 2 

(CXCR2) or very-late-antigen-4 (VLA-4) blockade reduces neurological deficits and 

infarct volume (Hermann and Gunzer, 2019; Herz et al., 2015; Neumann et al., 2015; 

Wang et al., 2020).” (reuse of text from my MD thesis; https://doi.org/10.17185/ 

duepublico/73649). Taken together, PMNs are presumably detrimental for ischemic 

injury and brain remodeling, and targeting PMNs may be a promising therapeutic 

strategy for acute ischemic stroke. 

Lymphocytes, especially T lymphocytes, are likewise associated with 

deleterious effects in acute ischemic stroke. Although PMNs are the first leukocytes 

recruited into ischemic brain tissue, followed by monocytes and then T cells, T cells 

still accumulate in the brain lesion and mediate postischemic damage as early as 24 

hours after reperfusion (Jander et al., 1995; Yilmaz et al., 2006). Their early detrimental 

effects in experimental ischemic stroke are not related to adaptive immunity 

(Kleinschnitz et al., 2010). It has been reported that recombination activating gene 1 

(RAG1)–deficient mice (T- and B-cell-deficient) are protected from cerebral ischemia 

and this protection is attributed to T cells because RAG1-/- mice reconstituted with T 

cells are no longer protected from the injury (Hum et al., 2007; Kleinschnitz et al., 2010). 
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More specifically, among T cell subpopulations, CD4+ and CD8+ T cells play 

detrimental roles in acute ischemic brain injury and γδT cells also contribute to the 

injury by releasing the cytotoxic cytokine IL-17 (Shichita et al., 2009; Yilmaz et al., 

2006). In contract, regulatory T cells are neuroprotective in focal cerebral ischemia by 

secreting the protective cytokine IL-10 (Liesz et al., 2009). 

 

1.4. Brain remodeling after ischemic stroke 
 

1.4.1. Neurogenesis 
 

Neurogenesis is a process of neural precursor cells (NPCs) turning into mature 

neurons in the CNS, and it persists in the adult mammalian brain throughout lifespan 

(Alvarez-Buylla and Garcia-Verdugo, 2002). Neurogenesis occurs in two neurogenic 

niches of the brain — the subventricular zone (SVZ) of the lateral ventricles and the 

dentate gyrus of the hippocampus (Alvarez-Buylla and Garcia-Verdugo, 2002; Gage 

et al., 1995). Under physiological conditions, neuroblasts in the SVZ migrate through 

the rostral migration stream to the olfactory bulb to contribute to olfactory functions by 

differentiating into interneurons; in the pathological situation of ischemic stroke, 

ipsilateral SVZ neurogenesis is stimulated and enhanced (Cuartero et al., 2021). NPCs 

significantly proliferate and expand in the SVZ and then migrate to the ischemic 

boundary zone where they differentiate into mature neurons, astrocytes, and 

oligodendrocytes (Hermann and Chopp, 2012; Jin et al., 2001; Zhang et al., 2004; 

Zhang and Chopp, 2009). Neurogenesis has been shown to contribute to functional 

neurological recovery after ischemic stroke, with the evidence showing that transgenic 

ablation of doublecortin-positive NPCs increases infarct size and impairs long-term 

recovery in mice after focal cerebral ischemia (Jin et al., 2010; Wang et al., 2012), 

while exogenous delivery of adult NPCs enhances brain repair and improves 

neurological function (Andres et al., 2011; Bacigaluppi et al., 2008; Bacigaluppi et al., 

2009). The mechanism of action via which NPCs exhibit neurorestorative effects was 

initially postulated to be cell replacement. When stroke occurs, NPCs proliferate in the 

ipsilateral SVZ, migrate to the penumbra, differentiate into mature neurons, and 

integrate into the parenchymal tissue, therefore compensating neuronal loss to 

contribute to the neurological recovery. However, numerous evidence has shown the 

low percentage of NPCs differentiating into neurons and the poor survival rate of NPCs 

in the ischemic brain parenchyma, which questions the contribution of neuronal cell 
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replacement to functional improvement (Arvidsson et al., 2002; Bacigaluppi et al., 2008; 

Doeppner et al., 2011; Hermann and Chopp, 2012). Recent data imply that NPCs exert 

their neurorestorative functions through bystander effects mediated by secretion of 

factors that create a favorable microenvironment for brain remodeling (Andres et al., 

2011; Bacigaluppi et al., 2009; Bacigaluppi et al., 2020; Hermann and Chopp, 2012). 

 

1.4.2. Angiogenesis 
 

Angiogenesis is a process of blood vessel formation from pre-existing vasculature; it 

involves multiple steps, including endothelial cell-mediated degradation of the 

basement membrane, migration, proliferation, tube formation, and sprouting (Risau, 

1997). Remodeling of extracellular matrix (ECM) by MMPs is a crucial event during 

angiogenesis (Stetler-Stevenson, 1999). MMPs facilitate endothelial activities during 

vessel formation by removing matrix barriers or by initiating angiogenic signaling 

pathways via MMP-induced matrix-degraded products (Stetler-Stevenson, 1999). In 

rodent of experimental stroke, capillary spouting is initiated at the infarct boundary and 

extends into the ischemic core between 2 to 28 days after onset of focal cerebral 

ischemia (Zhang and Chopp, 2002; Zhang and Chopp, 2009). In humans, 

angiogenesis takes place within 5 days following ischemic stroke (Krupinski et al., 1994; 

Seto et al., 2016). After stroke, angiogenesis is initiated by angiogenic factors released 

by neurons and astrocytes, among which, vascular endothelial growth factor (VEGF) 

play a key role (Hermann and Chopp, 2012). Through binding to VEGF receptor 2 

(VEGFR2), which is upregulated at the tip of new vessels, VEGF promotes endothelial 

cell proliferation and microvascular growth (Hermann and Chopp, 2012; Seto et al., 

2016). In rodent ischemic brain, upregulation of VEGF appears at 1 day, peaks at 7 

days and persists for at least 28 days after the onset of focal cerebral ischemia (Zhang 

and Chopp, 2002). Patients with ischemic stroke have significantly elevated serum 

concentrations of VEGF for 14 days with a peak at 7 days after stroke (Slevin et al., 

2000). Undoubtedly, angiogenesis contributes to stroke recovery by the restoration of 

blood supply that provides oxygen/nutrients to the ischemic brain tissue (Ergul et al., 

2012). A positive correlation between increased angiogenesis and improved 

neurological outcome after ischemic stroke has been observed in both animal models 

and human stroke patients. In ischemic brain tissue of animals, increased cerebral 

vessel density in the border of infarct is associated with functional improvement (Chen 

et al., 2005; Marti et al., 2000). Moreover, patients with higher blood vessel density in 
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the infarcted brain tissue have  longer survival than those with lower blood vessel 

density (Krupinski et al., 1994; Krupinski et al., 1993). 

 

1.5.  Mesenchymal stromal cells (MSCs) in the treatment of ischemic stroke 
 

1.5.1. Preclinical studies and mechanisms of action 
 

Mesenchymal stromal cells (MSCs), first discovered in the bone marrow of guinea pigs 

in the 1970s (Friedenstein et al., 1970), are pluripotent non-hematopoietic stem cells 

with full trilineage differentiation potential towards osteoblasts, chondroblasts, and 

adipocytes (Ankrum et al., 2014). “In experimental animals, MSCs have been shown 

to further differentiate into cerebral parenchymal cells such as neurons and astrocytes 

(Kopen et al., 1999; Sanchez-Ramos et al., 2000). MSCs can be easily harvested, 

cultured, and expanded from a variety of tissues in mammals, including bone marrow, 

adipose tissue, and umbilical cord (Börger et al., 2017). MSCs have low 

immunogenicity due to the low expression of major histocompatibility complex (MHC)-

I and human leukocyte antigen (HLA)-I and no expression of HLA-II (Ankrum et al., 

2014; Börger et al., 2017). In addition, MSCs have wide-ranging effects including the 

promotion of tissue regeneration, maintenance of tissue homeostasis, and anti-

inflammation, as well as the potent immunomodulatory capabilities of regulating a 

broad range of immune cells, including PMNs, monocytes/macrophages, natural killer 

cells, T cells, and B cells (Börger et al., 2017; Joel et al., 2019; Shi et al., 2018; Zhou 

et al., 2021).” (reuse of text from my MD thesis; https://doi.org/10.17185/ 

duepublico/73649). Based on the aforementioned traits of MSCs, they have attracted 

much attention as a promising novel treatment for ischemic stroke. 

“Over the past two decades, preclinical studies investigating the effects of MSC 

treatment in ischemic stroke have demonstrated that MSC administration exerts 

neuroprotective and neurorestorative effects.” (reuse of text from my MD thesis; 

https://doi.org/10.17185/duepublico/73649). It has been reported that MSC 

administration reduces poststroke infarct size and cerebral damage, improves 

neurological function, and promotes stroke recovery, associated with enhanced 

angiogenesis, neurogenesis, anti-inflammation, and immunomodulation (Brenneman 

et al., 2010; Doeppner et al., 2015; Li et al., 2002; Sarmah et al., 2018; Wei et al., 

2012). The mechanisms of action underlying the therapeutic effects of MSCs were 

initially postulated to be cell replacement, growth factor secretion, and biobridge 
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formation (Anderson et al., 2016). “Engrafted MSCs migrate to the ischemic brain 

tissue, proliferate in the injured region, and finally differentiate into brain cells to 

compensate for the brain cell loss. However, numerous studies have shown that the 

MSC engraftment rate in damaged tissues is very low after intravenous administration 

and that the low rate of differentiation of MSCs into parenchymal brain cells hardly 

contributes to functional improvement (Chen et al., 2001; Li et al., 2002).” (reuse of 

text from my MD thesis; https://doi.org/10.17185/duepublico/73649). Compared with 

direct MSC transplantation, infusion of MSC-derived conditioned medium has been 

shown to equally improve stroke outcome, suggesting that MSCs mediate their 

therapeutic functions in a paracrine manner (Li et al., 2021). Accumulating evidence 

has shown that these paracrine effects of MSCs are largely mediated by MSC-derived 

small extracellular vesicles (MSC-sEVs) (Bang and Kim, 2019; Börger et al., 2017; 

Doeppner et al., 2015; Gnecchi et al., 2016; Li et al., 2021). 

 

1.5.2. Translational challenges 
 

Although many preclinical animal studies and phase I/II clinical trials have shown a 

promising future of MSC-based therapy for ischemic stroke (Bang et al., 2005; Li et al., 

2021; Prasad et al., 2014), many translational challenges remain to be overcome 

before MSCs can be widely applied in clinical practice. Among these challenges, 

immunocompatibility and heterogeneity of MSCs are two critical aspects (Zhou et al., 

2021). 

Both autologous and allogeneic MSCs are being widely used in clinical trials 

since MSCs have been reported to be hypoimmunogenic or immune privileged. 

However, increasing studies have challenged the immune-privileged status of MSCs 

and the notion of using a universal donor for MSC therapy (Zhou et al., 2021). In fact, 

majority of allogeneic MSCs die within 48 hours after systemic infusion, which indicates 

that allogeneic MSCs can provoke an immune response resulting in their limited 

persistence (Ankrum et al., 2014; Toma et al., 2009). Repeated intra-articular injection 

of non-xenogen-contaminated allogeneic MSCs and intracellular xenogen-

contaminated (by fetal bovine serum) autologous MSCs causes an adverse response 

compared to autologous MSCs in horses (Joswig et al., 2017; Rowland et al., 2018). 

In addition, MSCs can turn into immunogenic under inappropriate culture conditions in 

vitro or in pathological environment in vivo. It has been shown that some inflammatory 

molecules, such as interferon-γ, can induce MSCs to significantly express more MHC 
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class I and II (Chan et al., 2006; Le Blanc et al., 2003). Herz et al. reported that 

combination of MSC treatment and hypothermia reversed protective effects of each 

single therapy on neonatal hypoxia–ischemia by exacerbating brain injury, motor-

cognitive deficits, and brain infiltration of peripheral immune cells, and the unexpected 

detrimental effect of MSC plus hypothermia therapy was attributed to the polarization 

of MSCs to pro-inflammatory phenotypes in the altered microenvironment by 

hypothermia (Herz et al., 2018). 

MSCs have been reported to be intrinsically and functionally heterogeneous 

(Giebel, 2017; Phinney, 2012). The extent of the MSC heterogeneity is dependent on 

donors (different sex, age, and health status), tissue sources (ranging from adipose 

tissue to bone marrow), cell isolation techniques, and culture and preservation 

conditions (Zhou et al., 2021). These variations could result in inconsistent outcomes 

between MSC-based clinical trials. For example, a series of phase II clinical trials 

described positive results of MSCs for treatment of graft-versus-host disease (GvHD) 

(Bernardo et al., 2011; Le Blanc et al., 2008; Peng et al., 2015; Ringdén et al., 2006), 

however, a later phase III clinical trial (NCT00366145) reported negative results of 

MSCs for steroid-refractory GvHD (Martin et al., 2010). “These conflicting trial 

outcomes can be ascribed to the intrinsic heterogeneity of MSCs coupled with 

insufficiently standardized manufacturing protocols (Galipeau, 2013; Phinney, 2012).” 

(reuse of text from my MD thesis; https://doi.org/10.17185/duepublico/73649). 

 

1.6. MSC-derived small extracellular vesicles (MSC-sEVs) for stroke therapy 
 

1.6.1. Neuroprotective/neurorestorative role of MSC-sEVs 
 

Extracellular vesicles (EVs) are nano-sized lipid bilayer-enclosed particles that are 

naturally released by virtually all cell types. EVs carry various cargos such as proteins, 

lipids, nucleic acids, and organelles from their parental cells. “Based on their 

biogenesis, size, and composition, EVs are typically classified as exosomes, 

microvesicles, and apoptotic bodies: exosomes are derived from multivesicular bodies 

(MVBs) fused with the plasma membrane and the size of exosomes typically varies 

between 60-150 nm; microvesicles are formed and released by budding from the cell 

plasma membrane, resulting in vesicles with a size of 100-1,000 nm in diameter; 

apoptotic bodies are released by apoptotic cells and have a broad size range of 50-

2,000 nm in diameter (Börger et al., 2017; Cocozza et al., 2020; El Andaloussi et al., 
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2013; Tkach and Théry, 2016). Due to the lack of specific makers that identify their 

cellular origin, the generic term ‘EVs’ is used to refer to all experimentally-obtained 

vesicles, and it has been widely accepted that therapeutic activities of EVs mainly 

attribute to small EVs (sEVs) with a size of 60-150 nm resembling exosomes (Börger 

et al., 2017; Gimona et al., 2021; Tkach and Théry, 2016; Vagner et al., 2019).” (reuse 

of text from my MD thesis; https://doi.org/10.17185/duepublico/73649). 

MSC-sEVs have been reported in preclinical models to protect against more 

than 30 different diseases and considered as a future therapeutic strategy in clinic 

(Gimona et al., 2021; Shah et al., 2018). The mechanism of action for MSC-sEVs is 

postulated on the intracellular uptake of MSC-sEVs by target cells and/or intercellular 

activation by membrane molecules of MSC-sEVs (Gimona et al., 2021). MSC-sEVs 

have been shown, by us and other groups, to promote neurological recovery and brain 

remodeling after focal cerebral ischemia (Doeppner et al., 2015; Wang et al., 2020; Xin 

et al., 2017a; Xin et al., 2013a; Zhang et al., 2019). “In a mouse model of ischemic 

stroke, Doeppner et al. have demonstrated that MSC-sEV preparations, which were 

intravenously administered 24 hours after intraluminal middle cerebral artery occlusion 

(MCAO), are equally effective as their parental MSCs in alleviating motor-coordination 

deficits, in promoting long-term neuronal survival, angiogenesis, and neurogenesis, 

and in reversing post-ischemic lymphopenia in peripheral blood (Doeppner et al., 

2015).” (reuse of text from my MD thesis; https://doi.org/10.17185/duepublico/73649). 

In a follow-up study, Wang et al. have shown that MSC-sEV preparations from different 

healthy donors induce post-ischemic neuroprotection to different extent, when 

administered in the acute stroke phase in mice exposed to intraluminal MCAO, and the 

structural neuroprotection is tightly associated with MSC-sEV immunomodulation by 

reducing poststroke brain infiltration of leukocytes and specifically neutrophils (Wang 

et al., 2020). 

“sEV-based therapies have various advantages over cell therapies. sEVs are 

not self-replicating and lack endogenous tumor formation potentials. Due to their small 

size, sEV products hardly cause microvascular occlusions and can be sterilized by 

filtration. Manufacture and delivery of sEVs is also easier than that of cells (Lener et 

al., 2015). Despite many merits in MSC-sEV-based therapies, increasing evidence 

indicates that MSC-sEVs likewise exhibit considerable donor-to-donor and intra-

population heterogeneity that influences their therapeutic efficacy (Ferguson and 

Nguyen, 2016; Kim et al., 2019; Phinney, 2012; Wang et al., 2020; Willis et al., 2017). 

Since MSC-sEVs can hardly sense environmental conditions, their biological activity 
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can be predicted more precisely than that of MSCs. Characterization of this 

heterogeneity and identification of the right cell sources are essential to produce 

therapeutically active MSC-sEVs for clinical application.” (reuse of text from my MD 

thesis; https://doi.org/10.17185/duepublico/73649). 

 

1.6.2. Enhanced functions of sEVs from hypoxic MSCs 
 

“To maximize the therapeutic capacity of MSC-sEVs, several preconditioning 

strategies on MSCs have been developed, including exposure to hypoxic stimuli, 

growth factors, cytokines or lipopolysaccharide (LPS), and genetical engineering 

(Baldari et al., 2017; Schafer et al., 2016). Xin et al. have shown that tailored MSC-

sEVs enriched with miR-133b or miR-17−92 cluster induce amplified neuroplasticity 

and functional recovery in a rat model of ischemic stroke (Xin et al., 2017a; Xin et al., 

2013b; Xin et al., 2017b). Unlike genetically engineered MSC-sEVs overexpressing 

one single specific molecular cargo, sEVs harvested from MSCs in response to 

hypoxia preconditioning exhibit complex changes of cargos that can result in more 

pronounced effects. 

Hypoxia is one of the most widely used approaches to modify functional and 

molecular properties of MSCs or/and MSC-sEVs. Hypoxia itself has pro-angiogenic 

effects, enhancing the self-renewing and proliferation capacity of MSCs presumably 

by regulating hypoxia-related miRNA expression (Mohd Ali et al., 2016; Saad et al., 

2016). Numerous studies have demonstrated that sEVs secreted from MSCs grown in 

hypoxic conditions carry a panel of cargos that, compared with normoxia-conditioned 

MSC-sEVs, profoundly reduce myocardial injury after cardiac ischemia (Zhu et al., 

2018a; Zhu et al., 2018b), improve renal recovery after acute kidney injury (Collino et 

al., 2019), enhance angiogenesis (Xue et al., 2018), promote neovascularization and 

graft survival (Han et al., 2018), promote bone fracture healing (Liu et al., 2019), and 

reduce cognitive impairment in a mouse model of Alzheimer disease (Cui et al., 2018).” 

(reuse of text from my MD thesis; https://doi.org/10.17185/duepublico/73649). Notably, 

we have reported that the neuroprotective efficacy of sEVs obtained from hypoxic 

MSCs (1% O2) is similar to that of sEVs from ‘normoxic’ MSCs (21% O2), but sEVs 

from hypoxic MSCs also stabilize BBB integrity, as indicated by reduced serum IgG 

extravasation into brain parenchyma, in mice exposed to focal cerebral ischemia, 

indicating a microvascular action of MSC-sEVs by hypoxia preconditioning (Wang et 

al., 2020). 
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2. Aims of the study 
 

We have previously demonstrated in young mice exposed to intraluminal MCAO that 

sEV preparations obtained from MSCs under regular ‘normoxic’ conditions (21% O2) 

effectively reduce long-term motor-coordination deficits and increase neurogenesis 

coupled with angiogenesis in the chronical stroke phase (Doeppner et al., 2015) and 

that the neuroprotective efficacy of sEV preparations obtained from hypoxic MSCs (1% 

O2) is similar to that of sEV preparations from regular ‘normoxic’ MSCs (21% O2), but 

hypoxic MSC-sEV preparations further stabilize BBB integrity in the acute stroke phase 

(Wang et al., 2020). 

Based on these findings, this thesis is a follow-up study aiming at two aspects: 

(1) since hypoxic MSC-sEVs exhibit superior vascular protection, the effects of sEVs 

from MSCs under regular ‘normoxic’ or hypoxic conditions on poststroke cerebral 

microvascular remodeling and angiogenesis had to be systematically compared and 

examined; (2) given that the effects of MSC-sEVs were only studied in young ischemic 

rodents so far and in fact stroke is more prevalent in elderly patients, the effects of 

MSC-sEVs in aged stroke mice had to be evaluated. 

To this end, for the aim (1), young (8-10 weeks) male C57Bl6/j mice were 

exposed to 40 minutes intraluminal MCAO model of stroke followed by up to 56 days 

survival. Vehicle or sEV preparations (equivalent of 2×106 MSCs) obtained from cell 

culture media or from MSCs cultured under ‘normoxic’ (21% O2) or hypoxic (1% O2) 

conditions were intravenously administered on days 1, 3, and 5 after ischemia. 

Neurological function, brain injury, neuronal survival, and microvascular characteristics 

were evaluated by Clark score, immunohistochemistry or 3D light sheet fluorescence 

microscopy over up to 56 days. In vitro, proliferation, migration, and tube formation of 

hCMEC/D3 were evaluated after vehicle or sEV treatment. For the aim (2), young (8-

10 weeks) or aged (15-24 months) male and female C57BL6/j mice were exposed to 

30 minutes intraluminal MCAO. Immediately after reperfusion or with 6 hours delay, 

vehicle or MSC-sEVs were intravenously administered. Neurological deficits, ischemic 

injury, BBB integrity, peripheral blood leukocyte responses, and brain leukocyte 

infiltration were evaluated over up to 7 days using the Clark score, histochemistry, or 

flow cytometry. 

Aims of the study
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3.1. Publication 1: Small extracellular vesicles obtained from hypoxic 
mesenchymal stromal cells have unique characteristics that promote cerebral 
angiogenesis, brain remodeling and neurological recovery after focal cerebral 
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Abstract
Obtained from the right cell-type, mesenchymal stromal cell (MSC)-derived small extracellular vesicles (sEVs) promote 
stroke recovery. Within this process, microvascular remodeling plays a central role. Herein, we evaluated the effects of MSC-
sEVs on the proliferation, migration, and tube formation of human cerebral microvascular endothelial cells (hCMEC/D3) 
in vitro and on post-ischemic angiogenesis, brain remodeling and neurological recovery after middle cerebral artery occlu-
sion (MCAO) in mice. In vitro, sEVs obtained from hypoxic (1%  O2), but not ‘normoxic’ (21%  O2) MSCs dose-dependently 
promoted endothelial proliferation, migration, and tube formation and increased post-ischemic endothelial survival. sEVs 
from hypoxic MSCs regulated a distinct set of miRNAs in hCMEC/D3 cells previously linked to angiogenesis, three being 
upregulated (miR-126-3p, miR-140-5p, let-7c-5p) and three downregulated (miR-186-5p, miR-370-3p, miR-409-3p). LC/
MS–MS revealed 52 proteins differentially abundant in sEVs from hypoxic and ‘normoxic’ MSCs. 19 proteins were enriched 
(among them proteins involved in extracellular matrix–receptor interaction, focal adhesion, leukocyte transendothelial migra-
tion, protein digestion, and absorption), and 33 proteins reduced (among them proteins associated with metabolic pathways, 
extracellular matrix–receptor interaction, focal adhesion, and actin cytoskeleton) in hypoxic MSC-sEVs. Post-MCAO, sEVs 
from hypoxic MSCs increased microvascular length and branching point density in previously ischemic tissue assessed 
by 3D light sheet microscopy over up to 56 days, reduced delayed neuronal degeneration and brain atrophy, and enhanced 
neurological recovery. sEV-induced angiogenesis in vivo depended on the presence of polymorphonuclear neutrophils. In 
neutrophil-depleted mice, MSC-sEVs did not influence microvascular remodeling. sEVs from hypoxic MSCs have distinct 
angiogenic properties. Hypoxic preconditioning enhances the restorative effects of MSC-sEVs.

Keywords Endothelial migration · Microvascular network characteristics · Microvascular remodeling · Neuronal survival · 
Polymorphonuclear neutrophil · Tube formation

Introduction

Small extracellular vesicles (sEVs), such as exosomes 
(50–150 nm), play important roles in intercellular com-
munication [37]. In response to injury, sEVs can promote 
restorative processes [39]. sEVs prepared from mesenchy-
mal stromal cell (MSC) supernatants have been shown to 
promote neurological recovery and brain remodeling after 
focal cerebral ischemia in rats and mice [7, 30, 35, 36]. 
sEVs possess important characteristics which make them 
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attractive as therapeutics. In contrast to cell therapies, sEVs 
are not self-replicating and they lack endogenous tumor 
formation potentials [19]. sEVs can hardly sense environ-
mental conditions, and thus, their biological activity can 
be predicted more reliably than that of cells [19]. Due to 
their small size, sEV products can be sterilized by filtration. 
Hence, their handling is much easier than that of cells. Due 
to these promising features, sEVs are rapidly approaching 
clinical trials in human patients [19].

In a head-to-head study in mice, we have previously dem-
onstrated that sEV preparations obtained from supernatants 
of MSCs cultured under regular, that is, ‘normoxic’, condi-
tions (21%  O2) equally effectively reduced motor-coordina-
tion deficits and increased long-term neuronal survival as 
their parental MSCs, when they were intravenously adminis-
tered 24 h after intraluminal middle cerebral artery occlusion 
(MCAO) [7]. sEV-induced neuroprotection went along with 
sustained neurogenesis [7]. Neurogenesis and angiogenesis 
are tightly linked in the ischemic brain [14] and both pro-
cesses closely accompany successful brain remodeling [12]. 
Since the cerebral microvasculature, namely endothelial 
cells, are exposed to intravenously delivered sEVs as first-
line targets, the induction of angiogenesis may be instru-
mental for the capacity of MSC-sEVs to protect ischemic 
brain tissue. Indeed, evidence of endothelial proliferation 
was previously found in the ischemic brain after MSC-sEV 
delivery in mice [7].

The effects of MSC-sEVs on microvessels strongly 
depend on tissues and pathophysiological states. While 
MSC-sEV preparations may promote or inhibit angiogen-
esis in cancer tissues depending on the precise MSC source 
and tumor microenvironment [6, 18, 41], MSC-sEVs were 
reported to increase the proliferation and tube formation of 
cultured human umbilical vein endothelial cells (HUVECs) 
in an hypoxia-inducible factor-1α (HIF-1α) dependent way 
[9]. The effects of MSC-sEVs on cerebral microvascular 
angiogenesis were so far not systematically examined. To 
evaluate the effects of MSC-sEVs on cerebral angiogenesis, 
we herein exposed human microvascular endothelial cells 
(hCMEC/D3) to sEV preparations obtained from MSCs of 
two randomly selected healthy human donors, which had 
been cultured under regular ‘normoxic’ conditions (21% 
 O2) or hypoxic conditions (1%  O2), or to sEVs obtained 
from MSC culture media, which contain platelet lysates. In 
additional studies, mice that underwent intraluminal MCAO 
likewise received sEV preparations from ‘normoxic’ MSCs, 
from hypoxic MSCs or from cell culture media. In some sub-
groups, polymorphonuclear neutrophil leukocytes (PMN), 
which have previously been shown to mediate acute neu-
roprotective effects of MSC-sEVs [30], were depleted. We 
report that sEVs obtained from hypoxic, but not ‘normoxic’ 
MSCs or culture media induce angiogenesis as indicated 
by endothelial proliferation, transwell migration or tube 

formation assays in vitro and microvascular network char-
acteristic analysis in vivo. Interestingly, sEVs from hypoxic 
MSCs regulated a distinct set of hitherto unrecognized miR-
NAs in hCMEC/D3 cells that have been linked to angio-
genesis. Liquid chromatography/tandem mass spectrometry 
(LC/MS–MS) revealed previously unnoted proteins in sEVs 
from hypoxic MSCs that mediate their angiogenic proper-
ties. In vivo, the proangiogenic effects of hypoxic MSC-
sEVs were abolished by PMN depletion, indicating that 
PMNs support the restorative effects of MSC-sEVs in the 
post-acute stroke phase.

Materials and methods

Propagation, isolation and characterization of MSCs 
and MSC‑sEVs

Following previously described protocols [17, 25], we 
raised MSCs from bone marrow samples of seven randomly 
selected healthy human donors (MSC sources 41.5, 16.3, 
117.3, 126.7, 142.1, 152.6, 153.3), some of which (sources 
41.5, 16.3) have previously been characterized by us in an 
in vivo intraluminal MCAO model in the acute stroke phase 
[30]. These cells exhibit bona fide MSC characteristics, 
expressing cell surface antigens CD44, CD73, CD90 and 
CD105 and lacking endothelial and hematopoietic marker 
proteins (that is, CD31, CD34 and CD45) (Suppl. Fig. 1). 
The cells have proven differentiation capacity in osteogenic 
and adipogenic lineages [30]. sEVs were obtained from 
supernatants, while MSCs were cultured under regular ‘nor-
moxic’ (21%  O2;  sEVnormoxic) or hypoxic (1%  O2;  sEVhypoxic) 
conditions over 48 h. Hypoxic preconditioning was used 
to mimic the effects of stroke-associated hypoxia on the 
restorative capacity of MSCs. Hypoxia did not result in any 
histological signs of structural MSC cell injury. Hypoxia 
did not influence MSC viability assessed by 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT). As 
MSC culture medium, Dulbecco’s Modified Eagle’s Medium 
was used containing low glucose (DMEM low glucose, 
Lonza, Basel, Switzerland) supplemented with 10% plate-
let lysate obtained from pooled healthy donors (Institute of 
Transfusion Medicine, University Hospital Essen), 100 U/
ml penicillin/streptomycin/glutamine (Gibco/Life Technolo-
gies, Carlsbad, CA, USA) and 5 IU/ml heparin (ratiopharm, 
Ulm, Germany). sEVs were isolated utilizing an optimized 
polyethylene glycol 6000 precipitation protocol followed by 
ultracentrifugation as described before [3, 21]. Three inde-
pendent preparations of 41.5 MSC-sEVs were performed 
under ‘normoxic’ (21%  O2;  sEVnormoxic) and hypoxic (1% 
 O2;  sEVhypoxic) conditions, which were each evaluated in pro-
liferation, transwell migration, and tube formation assays. 
All MSC-sEV preparations were characterized according to 
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the current minimal recommendations of the International 
Society of Extracellular Vesicles (ISEV) [25]. Particle con-
centration and size of sEV preparations were analyzed using 
nanoparticle tracking analysis (Suppl. Table 1). Protein con-
tents of sEVs were determined using the bicinchoninic acid 
(BCA) assay (Pierce, Rockford, IL, USA) (Suppl. Table 1). 
Using Western blots, we had previously shown the pres-
ence of the exosome markers CD9, CD63, CD81, and syn-
tenin and the absence of the cytosolic markers calnexin and 
prohibitin in our sEV preparations [30]. By imaging flow 
cytometry (IFC) using the AMNIS ImageStreamX Mark 
II Flow Cytometer (Luminex, Seattle, WA, USA), we now 
showed that the number of  CD9+,  CD63+ and  CD81+ sEVs 
varied in different sEV preparations from the same source, 
independent of whether sEVs were collected under ‘nor-
moxic’ or hypoxic conditions (Suppl. Fig. 2). For staining, 
anti-CD9 (EXBIO, Vestec, Czech Republic), anti-CD63 
(EXBIO), and anti-CD81 (Beckman Coulter, Brea, CA, 
USA) or corresponding isotype antibodies were used [10, 
28]. Transmission electron microscopy confirmed the pres-
ence of  CD9+ sEVs that had the appearance (double mem-
brane-like configuration) and size (50–160 nm diameter) of 
exosomes (Suppl. Fig. 3). Data were analyzed as described 
previously using IDEAS software (version 6.2).

Endothelial cell culture

hCMEC/D3 cells (kindly provided by Dr. Pierre-Olivier 
Couraud, Paris) from passage 28 to 34 were cultivated in 
Endothelial Cell Growth Basal Medium-2 (EBM-2; Lonza) 
containing 5% fetal bovine serum (FBS) (Gibco/Life Tech-
nologies), 1% Hepes buffer (10 mM, Gibco/Life Technolo-
gies), 1% chemically defined lipid concentrate (Gibco/Life 
Technologies), 1% penicillin/streptomycin solution (Gibco/
Life Technologies), 0.5% ascorbic acid (5 µg/mL), 0.5% 
human basic fibroblast growth factor (bFGF; 1 ng/mL; 
Sigma-Aldrich, St. Louis, MO, USA), and 0.05% hydrocor-
tisone (1.4 µM, Sigma-Aldrich) in a humidified atmosphere 
at 37 °C containing 21%  O2 and 5%  CO2.

Proliferation assay

Samples of 3 ×  105 hCMEC/D3 cells were seeded in 6-well 
plates containing EBM-2 medium complemented with 
1.25% FBS (other supplements as above). sEVs at vari-
ous concentrations (0–250 µg/mL) obtained from (a) MSC 
culture medium (DMEM low, Lonza) supplemented with 
10% platelet lysate  (sEVplatelet), (b) supernatants of MSCs 
cultured under regular ‘normoxic’ conditions (21%  O2; 
 sEVnormoxic), or (c) supernatants of MSCs cultured under 
hypoxic conditions (1%  O2;  sEVhypoxic) were added. Forty-
eight hours later, cells were stained with 0.4% tryptan blue 
(Sigma-Aldrich). The number of viable cells was determined 

using an automatic cell counter (EVE Automatic Cell Coun-
ter; NanoEnTek, Waltham, MA, USA).

Transwell migration assay

Similarly, 3 ×  104 hCMEC/D3 cells were seeded into the 
upper compartment of polycarbonate membrane transwell 
inserts (8.0 µm pores; GE Healthcare Life Sciences, Chi-
cago, IL, USA) in 24-well plates containing EBM-2 medium 
complemented with 1.25% FBS (other supplements as 
above). (a)  sEVplatelet, (b)  sEVnormoxic or (c)  sEVhypoxic (as 
above) at various concentrations (0–250  µg/mL) were 
added into the lower compartment. Twenty-four hours 
later, remaining cells on top of the filter were removed with 
0.1 M phosphate-buffered saline (PBS; Gibco/Life Tech-
nologies) soaked cotton swabs and cells that crossed the 
filter were fixed with 4% PFA followed by Hoechst stain-
ing. For image acquisition, filters were cut and mounted on 
glass slides using Fluoromount medium (Thermo Fisher 
Scientific, Waltham, MA, USA). Images were taken at 20X 
magnification using a fluorescence microscope (BX51, 
Olympus, Shinjuku, Japan). The number of migrated cells 
was counted using ImageJ software (National Institutes of 
Health, Bethesda, MD, USA) in a total of 7 regions of inter-
est (ROI) per filter measuring 600 × 400 µm.

Tube formation assay

Likewise, 3 ×  104 hCMEC/D3 cells were seeded in 96-well 
plates precoated with Matrigel (Corning, Corning, NY, 
USA). (a)  sEVplatelet, (b)  sEVnormoxic or (c)  sEVhypoxic (as 
above) at various concentrations (0–250  µg/mL) were 
added. Twenty hours later, images were taken using a digital 
inverted microscope with 4X magnification (AMG EVOS 
fl; Advanced Microscopy Group, Bothell, WA, USA). The 
number of closed tubes, total tube length, branching point 
number, and the mean length of branches between two 
branching points were evaluated using ImageJ software in a 
ROI measuring 4,300 × 3,225 µm.

MTT assay of cell viability

Similarly, 3 ×  104 hCMEC/D3 cells seeded in sextuplicates 
in 96-well plates were incubated for 24 h. After washing 
twice in 0.1 M PBS, cells were cultured under regular condi-
tions (21%  O2) or oxygen–glucose deprivation (OGD) that 
was induced by transferring the cells in glucose-free DMEM 
medium (Gibco/Life Technologies) and incubated at 1%  O2 
in a hypoxia chamber (Toepffer Lab Systems, Göppingen, 
Germany). (a)  sEVplatelet, (b)  sEVnormoxic or (c)  sEVhypoxic 
(as above) at various concentrations (0–250 µg/mL) were 
added. After 24  h, hCMEC/D3 cells exposed to OGD 
were washed and cell medium was replaced with regular 
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medium, to which sEVs were added as before. Viable cells 
were labeled with 10% MTT. Cells were fixed with DMSO 
(Sigma-Aldrich). Light absorbance was measured using a 
microplate absorbance reader (iMark™; Bio-Rad Labora-
tories, Hercules, CA, USA) at 570 nm wavelength.

Intraluminal MCAO and MSC‑sEV delivery

Animal experiments were performed with local government 
approval (Northrhine-Westphalian State Agency for Nature, 
Environment and Consumer Protection, Recklinghausen; 
permission G1680/18) in accordance to E.U. guidelines 
(Directive 2010/63/EU) for the care and use of laboratory 
animals and reported based on Animal Research: Reporting 
of In Vivo Experiments (ARRIVE) guidelines. Experiments 
were strictly randomized. The experimenter performing the 
animal experiments and histochemical studies (C.W.) was 
fully blinded at all stages of the study by another researcher 
(N.H.) preparing the vehicle and sEV solutions. These solu-
tions received dummy names (solution A, B, C, and D, or A, 
B, C, D, and E), which were unblinded after termination of 
the study. Animals were kept in a regular inverse 12 h:12 h 
light/dark cycle in groups of 5 animals/cage.

Focal cerebral ischemia was induced in male C57BL6/j 
mice (8–10 weeks; 22–25 g; Harlan Laboratories, Darm-
stadt, Germany) anesthetized with 1.0–1.5% isoflurane 
(30%  O2, remainder  N2O) by 40 min left-sided intraluminal 
MCAO [30]. Rectal temperature was maintained between 
36.5 and 37.0 °C using a feedback-controlled heating sys-
tem (Fluovac; Harvard apparatus, Holliston, MA, USA). 
Cerebral blood flow was recorded by laser Doppler flow 
(LDF) measurement using a flexible probe attached to the 
skull overlying the middle cerebral artery territory core. 
The left common and external carotid arteries were isolated 
and ligated, and the internal carotid artery was temporar-
ily clipped. A silicon-coated nylon monofilament (Doccol 
Corp., Sharon, MA, USA) was introduced through a small 
incision into the common carotid artery and advanced to the 
carotid bifurcation for MCAO. Reperfusion was initiated by 
monofilament removal. Following termination of the surger-
ies, wounds were carefully sutured. For analgesia, buprenor-
phine (0.1 mg/kg; Reckitt Benckiser, Slough, UK) was s.c. 
administered 30 min before MCAO. For anti-inflammation, 
animals received daily i.p. carprofen (4 mg/kg; Bayer Vital, 
Leverkusen, Germany) injections post-MCAO.

Twenty-four, 72 and 120 h post-MCAO, 200 µl of (a) 
vehicle (normal saline), (b)  sEVplatelet, (c)  sEVnormoxic or 
(d)  sEVhypoxic (equivalent released by 2 ×  106 cells, in 
normal saline) were administered through the animals’ 
tail vein, as reported previously [7, 30]. In animals sac-
rificed 14 days post-MCAO, 100 µg control isotype IgG 
(clone 2A3; BioXCell, West Lebanon, NH, USA) or 
100 µg anti-Ly6G antibody (clone 1A8; BioXCell) were 

intraperitoneally administered at 24 h, 72 h, 120 h, and 
168 h post-MCAO for PMN depletion, in parallel with the 
delivery of 100 μg anti-rat kappa immunoglobulin light 
chain (clone MAR 18.5; BioXCell) at 48, 96, and 144 h, 
which was administered for the augmentation of PMN 
sequestering. Neurological deficits were evaluated at 1, 7, 
14, 21, 28, 35 and 42 days post-MCAO by Clark scores.

Mice were excluded from the study when they met one 
of the following exclusion criteria: (1) prolonged surgery 
duration > 20 min, (2) drop of Laser Doppler flow < 75% 
after monofilament insertion, (3) lack of reperfusion after 
monofilament withdrawal or (4) > 20% weight loss, res-
piratory abnormalities (central apneas) or death. In mice 
sacrificed at 14 days post-MCAO, a total of 6 mice (1 iso-
type IgG/vehicle, 2 isotype IgG/sEVnormoxic, 1 isotype IgG/
sEVhypoxic, 1 anti-Ly6G/vehicle, 1 anti-Ly6G/sEVhypoxic), 
and in mice sacrificed at 56 days post-MCAO, at total of 
5 mice (1 vehicle, 2  sEVplatelet, 1  sEVnormoxic, 1  sEVhypoxic) 
were excluded. Animals excluded were substituted by new 
animals. For animals sacrificed at 56 days, 10 mice receiv-
ing vehicle, 6 mice receiving  sEVplatelet, 9 mice receiving 
 sEVnormoxic, and 9 mice receiving  sEVhypoxic, and for ani-
mals sacrificed at 14 days, 6 mice receiving isotype IgG/
vehicle, 5 mice receiving isotype IgG/sEVnormoxic, 8 mice 
receiving isotype IgG/sEVhypoxic, 7 mice receiving anti-
Ly6G/vehicle, and 7 mice receiving anti-Ly6G/sEVhypoxic 
were prepared.

Fourteen or 56 days post-MCAO, mice were deeply 
anesthetized and sacrificed by transcardiac perfusion with 
0.1 M phosphate-buffered saline (PBS) and 4% paraform-
aldehyde in 0.1 M PBS. For imaging of the reperfusion 
status of the brain tissue at the onset of MSC-sEV treat-
ment, an additional control group of 5 mice exposed to 
intraluminal MCAO that were sacrificed after 24 h was 
prepared. These mice did not obtain any sEV or antibody 
treatment.

FITC‑albumin hydrogel perfusion and whole‑brain 
clearing for 3D light sheet fluorescence microscopy 
(LSFM)

In animals sacrificed at 14 days post-MCAO, 10 ml of a 
hand-warm (30 °C) 2% gelatin hydrogel containing 0.1% 
FITC-conjugated albumin, which had been filtered using 
Whatman filter paper (GE Healthcare Life Science, Little 
Charfont, U.K.) and was protected from light, was transcar-
dially infused into the animals’ aorta immediately following 
PFA infusion. Brains were subsequently removed, post-fixed 
overnight at 4 °C in 4% PFA in 0.1 M PBS and dehydrated 
through a 30%, 60%, 80%, and 100% tetrahydrofuran (THF; 
Sigma-Aldrich) gradient [22]. Brain clearing was achieved 
with ethyl cinnamate (ECI; Sigma-Aldrich).
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3D LSFM and microvasculature analysis

The FITC-albumin labeled vasculature of cleared brains 
was scanned by a light sheet microscope (Ultramicroscope 
Blaze, LaVision BioTec, Göttingen, Germany) that was 
equipped with a 488 nm laser. Horizontal overview images 
of the cleared brain were taken using a 1.6 × objective. Serial 
images of the striatum and cortex were acquired at 2 µm 
steps using a 6.4 × objective. In each animal, two regions 
of interest (ROI) measuring 500 µm × 500 µm × 1000 µm 
(in the X, Y and Z planes, respectively) in the dorsolateral 
striatum were analyzed using Imaris (Bitplane, Zurich, Swit-
zerland) software with 3D rendering software package, as 
described previously [22]. Following image segmentation, 
skeletonization and 3D reconstruction, a comprehensive set 
of microvascular network characteristics, that is, microvas-
cular length density, branching point density, mean branch 
length between two branching points, and microvascular 
tortuosity, were determined.

Brain volumetry

Twenty-μm-thick coronal brain cryostat sections of mice 
sacrificed at 56 days post-MCAO collected at 1 mm intervals 
across the forebrain were stained with cresyl violet. Using 
ImageJ software, the striatum volume and brain volume ipsi-
lateral and contralateral to the stroke were determined, of 
which ipsilateral-to-contralateral volume ratios were formed.

Immunohistochemical analysis of microvascular 
density, neuronal survival, and astrocytic scar 
formation

Twenty-µm-thick sections obtained from the rostrocaudal 
level of the bregma of the same mice were rinsed three times 
for 5 min in 0.1 M PBS and immersed in 0.1 M PBS con-
taining 0.1% triton (PBS-T) containing 10% normal donkey 
serum for 10 min. Sections were incubated overnight at 4 °C 
in monoclonal rat anti-CD31 (#550,274; clone MEC13.3; 
BD Biosciences, Heidelberg, Germany), monoclonal rab-
bit anti-neuronal nuclear antigen (NeuN; #ab177487; clone 
EPR12763; Abcam), or monoclonal rat anti-glial fibrillary 
acidic protein (GFAP; #13–0300; clone 2.2B10; Thermo 
Fisher Scientific) antibody. After rinsing, sections were 
incubated for 1 h at room temperature in an appropriate sec-
ondary antibody solution. Nuclei were counterstained with 
Hoechst 33,342 (#B2261; Sigma-Aldrich). Immunofluores-
cence was evaluated using a Zeiss AxioOberver.Z1 inverted 
microscope (Carl Zeiss, Jena, Germany) by measuring the 
length of  CD31+ microvascular profiles in three regions of 
interest (ROI; each measuring 195 μm × 195 μm) each in the 
most lateral part of the ischemic striatum directly adjacent to 
the external capsule, which represents the core of the middle 

cerebral artery territory, in the peri-infarct parietal cortex 
and the infarct-remote motor cortex. Mean values were cal-
culated for these ROI. In adjacent sections at the bregma 
level, the total number of  NeuN+ neurons was counted in 
the ischemic and contralateral striatum. By dividing val-
ues determined in the ischemic and contralateral striatum, 
the ratio of surviving neurons was calculated for each ani-
mal. GFAP staining was evaluated by analyzing the area of 
 GFAP+ astrocytic scar on coronal sections for each animal.

NanoString miRNA expression analysis

hCMEC/D3 cells seeded in 6-well plates were exposed 
to (a) control conditions, (b)  sEVplatelet, (c)  sEVnormoxic or 
(d)  sEVhypoxic (50 µg/mL each) for 24 h, followed by RNA 
extraction using the miRNeasy FFPE kit (Qiagen, Hilden, 
Germany). RNA concentration was measured using a Qubit 
2.0 fluorometer (Life Technologies). RNA integrity was 
assessed using a Fragment Analyzer (Advanced Analytical 
Inc., Ames, IA, USA) using the DNF-489 standard sensitiv-
ity RNA analysis kit.

The commercially available nCounter miRNA Expression 
Assay v2.1 (NanoString Technologies, Seattle, WA, USA) 
containing probes and miRTags for 800 important miRNAs 
described in the context of cell proliferation and cancer was 
chosen for miRNA expression analysis. Five potential refer-
ence genes (ACTB, B2M, GAPDH, RPL19, RPLP0) were 
included in the CodeSet for biological normalization pur-
poses. Probe sets and miRTags for each target in the CodeSet 
were designed and synthesized at NanoString Technologies. 
Samples containing 100 ng total RNA were analyzed for 
each sample (in a final volume of 3 µl). The sample prepa-
ration in the nCounter Prep Station (NanoString Technolo-
gies) was carried out using the high-sensitivity protocol (3 h 
preparation). The cartridges were measured in 555 fields 
of view in the nCounter Digital Analyzer (NanoString 
Technologies).

Data processing was performed using the R statistical 
programming environment (v3.2.3) using the NanoString-
Norm and the NAPPA package (NanoString Technologies), 
respectively. Considering the counts obtained for positive 
control probe sets, raw NanoString counts for each gene 
were subjected to a technical factorial normalization, car-
ried out by subtracting the mean counts plus two standard 
deviations from the CodeSet inherent negative controls. 
Afterwards, a biological normalization using the top 100 
expressed miRNAs was performed. In brief, gene expression 
stability measures (M) were calculated using the geNorm 
algorithm. All sample counts were normalized against the 
geometric mean of the normalization counts. To overcome 
basal noise, counts with p > 0.05 versus negative controls in 
one-sided Wilks t tests plus two standard deviations were 
interpreted as not expressed. Normal distribution of data was 
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evaluated using Shapiro–Wilk tests. Based on the results, 
either parametric or non-parametric were applied, as appro-
priate, and p values were adjusted for the false discovery 
rate.

Liquid chromatography/tandem mass spectrometry 
(LC/MS–MS)

Proteins of (a)  sEVplatelet, (b)  sEVnormoxic or (c)  sEVhypoxic 
(50 µg/mL each) were isolated using C02-micro-80 S-Trap 
filters (Protifi, Huntington, NY, USA). To this end, 25 μg 
protein of each sEV lysate was solubilized in 5% sodium 
dodecyl sulfate (SDS) triethylammonium bicarbonate (pH 
7.55). Disulfide bonds were broken using 20 mM DTT at 
60 °C for 30 min. After cooling to room temperature, the 
sample was alkylated in the dark with 20 mM iodoaceta-
mide for 30 min. Afterwards, phosphoric acid was added to 
a final concentration of 1.2%. Following resuspension, six 
volume equivalents of S-TRAP binding buffer (90% metha-
nol; 100 mM triethylammonium bicarbonate, pH 7.19) were 
added. The sample was loaded on an S-Trap filter, centri-
fuged for 30 s at 4,000 rpm, and the flow-through discarded. 
The filter bound protein was washed 3 times according to the 
previous step; the filter was transferred into a fresh tube and 
incubated with the digest solution (50 mM ammonium bicar-
bonate, pH 7.8, 0.2 M guanidine hydrochloride and trypsin; 
Sigma-Aldrich) in a 20:1 ratio at 47 °C for 2 h. The elution 
of peptides was ensured by three elution steps for 1 min and 
4,000 rpm (step 1: 50 mM ammonium bicarbonate, step 2: 
0.2% formic acid in  H2O, and step 3: 0.2% formic acid and 
50% acetonitrile [ACN]). The obtained solution was frozen 
at − 80 °C, and the buffer exchanged against 1% trifluoro-
acetic acid (TFA). Post-digestion quality control was per-
formed on a monolithic high-performance liquid chroma-
tography (HPLC) as described previously [4].

To achieve a higher identification rate, samples were 
dried under vacuum, resuspended in 10 mM ammonium 
acetate (pH 8.0; buffer A), and fractionated on an Ultimate 
3000 LC (Thermo Fisher Scientific). Peptides were sepa-
rated on a 1 mm × 150 mm C18 (ZORBAX 300SB-C18, 
pore size 300 Å, 5 μm particle size; Agilent Technologies, 
Santa Clara, CA, USA) column with a 45 min LC gradi-
ent ranging from 3 to 45% buffer B (84% ACN in 10 mM 
ammonium acetate, pH 8.0) at a flow rate of 12.5 μL/min 
resulting in 10 fractions of each sample. Each fraction was 
dried and resuspended in 15 μL of 0.1% TFA for nano-liq-
uid chromatography–tandem mass spectrometry (LC−MS/
MS) analysis, which was performed using an Ultimate 3000 
nano-LC system coupled to an LTQ Orbitrap Velos instru-
ment (Thermo Fisher Scientific) using pre-column trap 
columns (100 μm × 2 cm, C18 Acclaim Pepmap viper) and 
main columns (75 μm × 50 cm, C18 Acclaim Pepmap viper; 
Thermo Fisher Scientific). A 118 min LC gradient ranging 

from 3 to 42% of buffer B (84% ACN, 0.1% TFA) at a flow 
rate of 250 nL/min was used. The ten most intense ions were 
fragmented and the data qualitatively analyzed. Unfraction-
ated samples were prepared and analyzed the same way on 
an Orbitrap Fusion Lumos (Thermo Fisher Scientific). MS 
survey scans were acquired from 300 to 1500 m/z at a reso-
lution of 60,000, using an AGC target value of 4 ×  105 and 
a maximum injection time of 70 ms. Here, a 185 min LC 
gradient ranging from 3 to 35% of buffer B (84% ACN, 0.1% 
TFA) at a flow rate of 250 nL/min was used, and the ten most 
intense ions were fragmented and the data analyzed. Normal 
distribution of data was evaluated using Shapiro–Wilk tests.

Statistical analysis

For statistical analysis, a SPSS for Windows software pack-
age (version 22.0) was used. Data were evaluated by one-
way or two-way analysis of variance (ANOVA) followed 
by least significant differences (LSD) tests (≥ 3 groups, 
normally distributed data) or two-sided t tests (2 groups, 
normally distributed data) or by Kruskal–Wallis tests (≥ 3 
groups, non-normally distributed data) or Mann–Whitney U 
tests (2 groups, non-normally distributed data), as adequate. 
Results are shown as mean ± standard deviation (SD) val-
ues (angiogenesis assays) or as median values ± interquartile 
ranges (IQR) with minimum and maximum data as whiskers 
(in vivo data; miRNA expression analyses). P values < 0.05 
were considered significant. Data supporting our findings 
are available from the corresponding author on reasonable 
request.

Results

sEV preparations obtained from hypoxic MSCs 
dose‑dependently increase cerebral microvascular 
endothelial cell proliferation

During angiogenesis, endothelial cells proliferate, migrate, 
and form capillary tubes [14]. To account for these pro-
cesses, we evaluated these features using the hCMEC/
D3 cell line. While sEVs obtained from MSC cell culture 
media  (sEVplatelet; Fig. 1A, D) or sEVs from ‘normoxic’ 
MSCs  (sEVnormoxic, source 41.5; Fig. 1B, D) did not influ-
ence endothelial proliferation at any dose examined, sEVs 
obtained from hypoxic MSCs  (sEVhypoxic, again source 41.5) 
dose-dependently increased the proliferation of hCMEC/
D3 cells (Fig. 1C, D). This increase was statistically sig-
nificant between doses of 1 and 100 µg/mL and reached 
maximum levels at 50 µg/mL. Higher doses (250 µg/mL) 
did not promote endothelial proliferation. A separate analy-
sis of three independent preparations of 41.5 MSC-sEVs 
revealed that  sEVhypoxic consistently increased hCMEC/
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D3 cell proliferation, whereas  sEVplatelet or  sEVnormoxic did 
not (Suppl. Fig. 4A–C). In view of these findings, we per-
formed additional studies using sEVs obtained from MSCs 
of another donor (source 16.3). Again  sEVhypoxic, but not 
 sEVplatelet or  sEVnormoxic increased hCMEC/D3 cell prolifera-
tion (Suppl. Fig. 5).

sEV preparations obtained from hypoxic MSCs 
dose‑dependently increase cerebral microvascular 
endothelial cell migration and tube formation

Likewise,  sEVhypoxic, but not  sEVplatelet or  sEVnormoxic 
obtained from 41.5 MSCs dose-dependently increased 
hCMEC/D3 cell transwell migration (Fig. 2A–C) and tube 
formation (Fig. 3A–C). Increases in transwell migration 
and tube formation were statistically significant at doses of 
1–250 µg/mL and 0.1–100 µg/mL, respectively. Maximum 
effects were noted at doses of 50 µg/mL. In-depth analysis 
of tube formation using the 50 µg/mL dose revealed that 
 sEVhypoxic obtained from 41.5 MSCs increased the microvas-
cular tube length density (Fig. 3D), increased the branching 
point density (Fig. 3E) and reduced the mean branch length 
between two branching points (Fig. 3F), when compared 
with control conditions,  sEVplatelet or  sEVnormoxic. Repre-
sentative transwell migration assays are shown in Fig. 2D, 
and representative tube formation assays in Fig. 3G. A sepa-
rate analysis of the three preparations of 41.5 MSC-sEVs 

revealed that  sEVhypoxic consistently increased hCMEC/
D3 cell migration and tube formation, whereas  sEVplatelet 
or  sEVnormoxic did not (Suppl. Figs. 6A–C, 7A–C). In view 
of these findings, we also performed studies using sEVs 
obtained from MSCs of six other donors (sources 16.3, 
117.3, 126.7, 142.1, 152.6, and 153.3). Again,  sEVhypoxic, but 
not  sEVplatelet or  sEVnormoxic consistently increased hCMEC/
D3 cell migration and tube formation (Suppl. Fig. 8A–E).

sEV preparations obtained from hypoxic MSCs 
promote the post‑ischemic survival of cerebral 
microvascular endothelial cells

In ischemic tissues, the balance of endothelial proliferation 
and degeneration crucially determines vascular remodeling 
[14]. Hence, we evaluated the effects of MSC-sEVs on the 
viability of hCMEC/D3 cells cultured under regular ‘nor-
moxic’ conditions and hCMEC/D3 cells exposed to 24 h 
OGD followed by 6 h reoxygenation/recultivation by MTT 
assays. The viability of hCMEC/D3 cells cultured under 
regular ‘normoxic’ conditions (21%  O2) was not influenced 
by sEVs at any of the doses examined (Figs. 4A–C; Suppl. 
Fig. 8F), indicating lack of sEV toxicity. On the other hand, 
 sEVhypoxic, but not  sEVplatelet or  sEVnormoxic dose-depend-
ently increased the survival of hCMEC/D3 cells exposed 
to 24 h OGD followed by 6 h reoxygenation/recultivation 
(Fig. 4D–F).

Fig. 1  Small extracellular 
vesicles (sEVs) obtained from 
mesenchymal stromal cells 
(MSCs) cultured under hypoxic 
conditions increase cerebral 
microvascular endothelial cell 
proliferation. Relative num-
ber of human microvascular 
endothelial cells (hCMEC/
D3) after exposure to differ-
ent concentrations of A sEVs 
obtained from MSC culture 
media that contain platelet 
lysates  (sEVplatelet), B sEVs 
obtained from MSCs ( source 
41.5) cultured under regular 
‘normoxic’ conditions (21%  O2; 
 sEVnormoxic) or C sEVs obtained 
from MSCs (source 41.5) cul-
tured under hypoxic conditions 
(1%  O2;  sEVhypoxic). In D, rep-
resentative microphotographs 
for hCMEC/D3 cells exposed to 
control conditions or sEVs at a 
concentration of 50 µg/mL are 
shown. Data are mean ± SD val-
ues (n = 9 independent experi-
ments). *p < 0.05, **p < 0.01, 
***p < 0.001 compared with 
control. Scale bar: 400 µm in D
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sEV preparations obtained from hypoxic MSCs 
regulate a distinct set of miRNAs in cerebral 
microvascular endothelial cells

To identify mechanisms via which sEVs promote cerebral 
angiogenesis, we exposed hCMEC/D3 cells to control condi-
tions (no sEV exposure),  sEVplatelet,  sEVnormoxic or  sEVhypoxic 
at the dose that had strongest effects in the endothelial pro-
liferation, migration, and tube formation assays (50 µg/
mL) and examined the effects of sEVs on miRNA levels 
by NanoString gene expression analysis. Of 800 miRNAs 
examined, 6 miRNAs were differentially regulated by 
 sEVhypoxic compared with control conditions not receiving 
sEVs,  sEVplatelet and  sEVnormoxic. Three of these were upreg-
ulated (miR-126-3p, miR-140-5p, let-7c-5p, Fig. 5A–C) and 
three were downregulated (miR-186-5p, miR-370-3p, miR-
409-3p; Fig. 5D–F) by  sEVhypoxic. KEGG pathway analysis 
by means of miRPathDB 2.0 (https:// mpd. bioinf. uni- sb. 
de/ mirnas. html; accessed April 20th, 2021) revealed that 
these miRNAs were associated with neurotrophin signal-
ing (miR-126-3p, let-7c-5p), focal adhesion (miR-126-3p, 
miR-186-5p), VEGF signaling (miR-126-3p), leukocyte 
transendothelial migration (miR-126-3p), adherens junc-
tion (miR-409-3p) and cancer (miR-126-3p, miR-140-5p, 
let-7c-5p) pathways.

sEV preparations obtained from hypoxic MSCs are 
enriched for growth factor pathway‑associated 
proteins and extracellular matrix proteins/proteases 
and reduced for proteins involved in oxidative 
metabolism

To identify proteins in sEVs obtained from hypoxic MSCs 
that confer angiogenic properties, we compared the pro-
teome of  sEVhypoxic and  sEVnormoxic by LC/MS–MS. 52 
proteins were differentially abundant in  sEVhypoxic and 
 sEVnormoxic preparations. 19 were significantly enriched 
and 33 significantly reduced in  sEVhypoxic. These proteins 
are summarized in Tables 1 and 2. Pathway analysis via 
KEGG Mapper (https:// www. genome. jp/ kegg/ tool/ map_ 
pathw ay1. html; accessed April 21st, 2021) showed that 
proteins enriched in  sEVhypoxic compared with  sEVnormoxic 
preparations were involved in (a) extracellular matrix 
(ECM)–receptor interaction (collagen alpha-1(VI) chain 
[COL6A1], collagen alpha-2(VI) chain [COL6A2], colla-
gen alpha-3(VI) chain [COL6A3], tenascin-C [TNC]), (b) 
focal adhesion (COL6A1, COL6A2, COL6A3, TNC), (c) 
leukocyte transendothelial migration (72 kDa type IV col-
lagenase [MMP2]), (d) protein digestion and absorption 
(collagen alpha-1(V) chain [COL5A1], COL6A1, COL6A2, 
COL6A3, collagen alpha-1(XII) chain [COL12A1]) and 

Fig. 2  sEVs from hypoxic 
MSCs increase cerebral 
microvascular endothelial cell 
migration. Relative number of 
migrating hCMEC/D3 cells, 
determined in a modified 
Boyden chamber transwell 
migration assay, after exposure 
to different concentrations of 
A sEVs obtained from MSC 
culture media that contain 
platelet lysates  (sEVplatelet), B 
sEVs obtained from MSCs ( 
source 41.5) cultured under 
‘normoxic’ conditions (21%  O2; 
 sEVnormoxic) or C sEVs obtained 
from MSCs (source 41.5) cul-
tured under hypoxic conditions 
(1%  O2;  sEVhypoxic). In D, rep-
resentative microphotographs 
for hCMEC/D3 cells exposed 
to control conditions or sEVs at 
a 50 µg/mL concentration are 
shown. Data are mean ± SD val-
ues (n = 9 independent experi-
ments). *p < 0.05, **p < 0.01, 
***p < 0.001 compared with 
control. Scale bars: 125 µm in D

Publication 1

38

https://mpd.bioinf.uni-sb.de/mirnas.html
https://mpd.bioinf.uni-sb.de/mirnas.html
https://mpd.bioinf.uni-sb.de/mirnas.html
https://mpd.bioinf.uni-sb.de/mirnas.html
https://www.genome.jp/kegg/tool/map_pathway1.html
https://www.genome.jp/kegg/tool/map_pathway1.html
https://www.genome.jp/kegg/tool/map_pathway1.html
https://www.genome.jp/kegg/tool/map_pathway1.html


Basic Research in Cardiology (2021) 116:40 

1 3

Page 9 of 19 40

(e) cholesterol metabolism (apolipoprotein A-II [APOA2], 
apolipoprotein A-IV [APOA4], angiopoietin-related pro-
tein-4 [ANGPTL4]). A number of growth factor-associated 
proteins (IGF binding protein-3 [IGFBP3], transforming 
growth factor [TGF]-β-induced protein ig-h3 [TGFBI], 
latent-TGF-β-binding protein-2 [LTBP2], EGF-like repeat 
and discoidin I-like domain-containing protein-3 [EDIL3]) 
were also found. On the contrary, proteins reduced in 
 sEVhypoxic compared with  sEVnormoxic preparations were 
associated with (a) metabolic pathways (phosphatidylino-
sitol-glycan-specific phospholipase D [GPLD1], 6-phos-
phogluconate dehydrogenase [PGD], peroxiredoxin-6 
[PRDX6]), ECM–receptor interaction (fibronectin [FN1], 
von Willebrand factor [VWF]), (b) endocytosis (F-actin-cap-
ping protein subunit alpha-1 [CAPZA1]), (c) focal adhesion 
(FN1, VWF), (d) regulation of the actin cytoskeleton (FN1, 
kininogen-1 [KNG1]), (e) the complement system (mannan-
binding lectin serine protease-2 [MASP2], heparin cofac-
tor-2 [SERPIND1], KNG1, complement C1q subcomponent 
subunit-C [C1QC], complement C1s subcomponent [C1S], 

VWF) and platelet activation (tyrosine protein kinase Lyn 
[LYN], VWF).

sEV preparations obtained from hypoxic MSCs 
increase microvascular density and long‑term 
neuronal survival, and promote neurological 
recovery after focal cerebral ischemia in mice

To evaluate, if the angiogenic effect of sEVs obtained from 
hypoxic MSCs translates into enhanced post-stroke angio-
genesis and brain remodeling in vivo, mice were exposed to 
transient intraluminal MCAO followed by delivery of vehi-
cle,  sEVplatelet,  sEVnormoxic (equivalent released by 2 ×  106 
cells, in normal saline; MSC source 41.5, preparation A) 
or  sEVhypoxic (equivalent released by 2 ×  106 cells, in nor-
mal saline; MSC source 41.5, preparation A) at 24, 72 and 
120 h post-ischemia. Neurological recovery was evaluated 
by Clark scores. After animal sacrifice at 56 days post-
ischemia, microvascular length, neuronal survival and glial 
scar formation were immunohistochemically evaluated on 

Fig. 3  sEVs from hypoxic MSCs increase the tube formation of 
cerebral microvascular endothelial cells. Relative tube number, 
evaluated in a Matrigel-based tube formation assay, of hCMEC/
D3 cells exposed to different concentrations of A sEVs obtained 
from MSC culture media that contain platelet lysates  (sEVplatelet), 
B sEVs obtained from MSCs ( source 41.5) cultured under regular 
‘normoxic’ conditions (21%  O2;  sEVnormoxic) or C sEVs obtained 
from MSCs (source 41.5) cultured under hypoxic conditions (1% 
 O2;  sEVhypoxic). D Microvascular tube length density, E microvascu-
lar branching point density and F mean branch length between two 

branching points of hCMEC/D3 cells exposed to control conditions 
or  sEVplatelet,  sEVnormoxic (MSC source 41.5) or  sEVhypoxic (MSC 
source 41.5) at a concentration of 50  µg/mL (n = 3–9 independent 
experiments). In G, representative microphotographs for hCMEC/
D3 cells exposed to control conditions or 50 µg/mL sEVs are shown. 
Data are mean ± SD values (n = 9 independent experiments [in A–C], 
3–9 independent experiments [in D–F]). *p < 0.05, ***p < 0.001 
compared with control/†p < 0.05, †††p < 0.001 compared with 
 sEVplatelet/‡p < 0.05, ‡‡‡p < 0.001 compared with  sEVnormoxic. Scale 
bars: 500 µm
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coronal 20 µm sections in the ischemic striatum and cortex 
at the rostrocaudal level of the bregma, which represents the 
core of the vascular territory of the middle cerebral artery. 
Importantly,  sEVhypoxic, but not  sEVplatelet or  sEVnormoxic 
increased microvascular length in the previously ischemic 
striatum (Fig. 6A), which is most vulnerable to brain injury 
in the intraluminal MCAO model, and the peri-infarct 
parietal cortex (Suppl. Fig. 9A), but not the infarct-remote 
motor cortex (Suppl. Fig. 9B). Moreover,  sEVhypoxic, but not 
 sEVplatelet or  sEVnormoxic increased neuronal survival in the 
ischemic striatum (Fig. 6B), but did not influence astrocytic 
scar formation around the brain infarct (Fig. 6C), which were 
evaluated as surrogates of brain parenchymal remodeling. 
Of note, brain tissue protection by  sEVhypoxic was associated 
with an increased volume of the ischemic striatum (Fig. 6D) 
and ischemic brain hemisphere (Fig. 6E) at 56 days post-
MCAO and enhanced neurological recovery (Fig. 6F). LDF 
recordings during and after MCAO did not differ between 
groups (Suppl. Fig. 9C). Our data demonstrate a robust neu-
rovascular restorative signature induced by hypoxia-condi-
tioned MSC-sEV preparations.

In view of the elevation of microvascular density by 
 sEVhypoxic, but not  sEVnormoxic, we subsequently performed 

an in depth analysis of microvascular network character-
istics in 3D by LSFM in mice exposed to transient intra-
luminal MCAO treated with vehicle,  sEVnormoxic (MSC 
source 41.5; as above) or  sEVhypoxic (MSC source 41.5; as 
above) at 24, 72 and 120 h post-MCAO. Since PMNs have 
previously been shown by us to mediate acute neuroprotec-
tive effects of MSC-sEVs [30], we concomitantly depleted 
PMNs in two subgroups by anti-Ly6G antibody delivery. 
Animals were sacrificed at 14 days post-MCAO. For imag-
ing of the reperfusion status at the onset of MSC-sEV 
treatment, mice exposed to intraluminal MCAO which did 
not receive any treatment and which were sacrificed at 
24 h post-MCAO were also examined. In these mice, a 
pronounced reduction of microvascular length density by 
58.1% and 42.0%, respectively, was noted in the previously 
ischemic cortex and striatum alongside an even larger 
reduction of branching point density by 74.9% and 51.8%, 
respectively, in the previously ischemic cortex and stria-
tum (Suppl. Table 2). Microvascular mean branch length 
and tortuosity were unchanged (Suppl. Table 2). Notably, 
 sEVhypoxic, but not  sEVnormoxic increased microvascular 
length and branching point density and reduced mean 
branch length and tortuosity in the previously ischemic 

Fig. 4  sEVs from hypoxic MSCs increase the survival of cerebral 
microvascular endothelial cells exposed to oxygen–glucose depriva-
tion (OGD), but do not influence the viability of cells cultured under 
regular ‘normoxic’ conditions. Relative absorbance of hCMEC/
D3 cells cultured under (A–C) regular ‘normoxic’ conditions (21% 
 O2) or (D–F) 24  h OGD (1%  O2, glucose deprivation) followed by 
6  h reoxygenation (21%  O2)/glucose recultivation, determined in 
a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) assay after exposure to different concentrations of A, D 
sEVs obtained from MSC culture media that contain platelet lysates 
 (sEVplatelet), B, E sEVs obtained from MSCs ( source 41.5) cultured 
under regular ‘normoxic’ conditions (21%  O2;  sEVnormoxic) or C, F 
sEVs obtained from MSCs (source 41.5) cultured under hypoxic con-
ditions (1%  O2;  sEVhypoxic). Data are mean ± SD values (n = 3 inde-
pendent experiments [in A–E], 8 independent experiments [in F]). 
**p < 0.01, ***p < 0.001 compared with control
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brain tissue at 14 days post-MCAO (Fig.  7A–J). LDF 
recordings during and after MCAO did not differ between 
groups (Suppl. Fig. 10). Interestingly, PMN depletion by 
anti-Ly6G antibody abolished the effects of  sEVhypoxic on 
microvascular network characteristics (Fig. 7A–J).

Discussion

We herein show that sEVs obtained from supernatants 
of MSCs cultured under hypoxic conditions (1%  O2; 
 sEVhypoxic), but not sEVs from cell culture media  (sEVplatelet) 

or sEVs from supernatants of MSCs cultured under regular 
‘normoxic’ conditions (21%  O2;  sEVhypoxic) dose-depend-
ently promote the proliferation, migration and tube formation 
of human cerebral microvascular endothelial cells belonging 
to the hCMEC/D3 cell line. Effects were reproducible for 
independent sEV preparations and donor sources. None of 
the sEVs influenced the viability of hCMEC/D3 cells cul-
tured under regular ‘normoxic’ conditions. Yet,  sEVhypoxic, 
but not  sEVplatelet or  sEVnormoxic enhanced the survival of 
hCMEC/D3 cells exposed to OGD followed by reoxygena-
tion/recultivation. Mechanistically,  sEVhypoxic were found 
to regulate a distinct set of miRNAs in hCMEC/D3 cells, 

Fig. 5  Cerebral microvascular endothelial cells exposed to sEVs 
obtained from hypoxic MSCs exhibit a distinct microRNA signa-
ture associated with angiogenesis. Total counts of A miR-126-3p, 
B miR-140-5p, C let-7c-5p, D miR-186-5p, E miR-370-3p and 
F miR-409-3p, evaluated by NanoString analysis, in hCMEC/D3 
cells exposed to control conditions, sEVs obtained from MSC cul-
ture media that contain platelet lysates (50 µg/mL;  sEVplatelet), sEVs 
obtained from MSCs ( source 41.5) cultured under regular ‘nor-

moxic’ conditions (21%  O2; 50 µg/mL;  sEVnormoxic) or sEVs obtained 
from MSCs (source 41.5) cultured under hypoxic conditions (1%  O2; 
50 µg/mL;  sEVhypoxic). Data are box plots with medians (lines inside 
boxes)/means (crosses inside boxes) ± interquartile ranges (IQR; 
boxes) with minimum/maximum values as whiskers (n = 4–6 sam-
ples per group). *p < 0.05, **p < 0.01, ***p < 0.001 compared with 
control/††p < 0.01, †††p < 0.001 compared with  sEVplatelet/‡p < 0.05, 
‡‡p < 0.01 compared with  sEVnormoxic
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as shown by NanoString gene expression analysis, which 
were upregulated (miR-126-3p, miR-140-5p, let-7c-5p) or 
downregulated (miR-186-5p, miR-370-3p, miR-409-3p) by 
 sEVhypoxic. Proteome analysis revealed 52 proteins that were 
differentially abundant in  sEVhypoxic and  sEVnormoxic, 19 of 
which were enriched and 33 reduced in  sEVhypoxic. In an 
in vivo model of ischemic stroke in mice, that is, intralu-
minal MCAO,  sEVhypoxic, but not  sEVplatelet or  sEVnormoxic 
increased microvascular length and branching point density 
in the previously ischemic striatum and cortex over up to 
56 days, increased long-term neuronal survival, reduced 
brain atrophy and enhanced neurological recovery. Hence, 
 sEVhypoxic induced a robust brain remodeling response. 
In vivo, the proangiogenic effect of MSC-sEVs depended 
on the presence of PMNs. In PMN-depleted mice,  sEVhypoxic 
did not promote microvascular network remodeling.

Accordingly to this study, the restorative effects of MSC-
derived sEV preparations on the proliferation, migration and 
tube formation of cerebral microvascular endothelial cells 
in vitro and post-ischemic angiogenesis and brain remod-
eling in the post-acute stroke phase in vivo differ from their 
effects in the acute stroke phase, in which our group has 
previously shown in the same mouse intraluminal MCAO 
model that  sEVhypoxic and  sEVnormoxic very similarly reduced 
infarct volume and neuronal injury [30]. In this earlier study, 
 sEVhypoxic, but not  sEVnormoxic reduced blood–brain barrier 

permeability evaluated by IgG extravasation [30], suggesting 
that microvascular actions of sEVs are modified by hypoxic 
preconditioning. The prevention of PMN brain entry played 
a crucial role in the acute neuroprotective effects of MSC-
sEVs [30]. In mice exhibiting PMN depletion by anti-Ly6G 
antibody delivery, MSC-sEVs did not have any additional 
effect on infarct volume, neuronal survival or the brain infil-
tration of monocytes and lymphocytes [30]. PMNs exac-
erbate ischemic injury in the acute stroke phase [15, 24]. 
While this detrimental role of PMNs is meanwhile well 
established [13], the proangiogenic role of PMNs in the 
post-acute stroke phase is new. Our data suggest a dual role 
of PMNs in the ischemic brain. The mechanisms underlying 
PMN-associated angiogenesis will deserve further studies. 
Besides the release of proteases and reactive oxygen species 
by PMNs that facilitate ECM remodeling, alterations in the 
PMN differentiation in response to sEVs might play a role.

The effects of MSC-sEVs on microvessels apparently 
depend on tissues and pathophysiological states. In cancer 
tissues, for example, MSC-sEVs may promote or inhibit 
angiogenesis depending on the precise MSC source and 
tumor microenvironment [6, 18, 41]. In cell culture, sEVs 
obtained from normoxic MSCs increased the tube formation 
of HUVECs in one [26], but not another [1] study. In the 
study exhibiting induction of tube formation by  sEVnormoxic 
[26], signaling pathways important in wound healing (Akt, 

Table 1  Proteins significantly 
enriched in sEV preparations 
obtained from MSCs cultured 
under hypoxic conditions

The column in the center presents gene IDs. The right column exhibits ratios of protein abundances in 
sEVs obtained from 41.5 MSCs cultured under hypoxic conditions (1%  O2;  sEVhypoxic) and sEVs obtained 
from MSCs cultured under regular ‘normoxic’ conditions (21%  O2;  sEVnormoxic) determined by LC/MS–
MS

Protein (Gene name) Gene ID Ratio

72 kDa type IV collagenase (MMP2) 4313 2.609
Collagen alpha-2(VI) chain (COL6A2) 1292 2.506
Collagen alpha-3(VI) chain (COL6A3) 1293 2.472
Collagen alpha-1(VI) chain (COL6A1) 1291 2.447
Insulin-like growth factor-binding protein-3 (IGFBP3) 3486 2.322
Angiopoietin-related protein-4 (ANGPTL4) 51,129 2.213
Apolipoprotein A-IV (APOA4) 337 2.177
Collagen alpha-1(XII) chain (COL12A1) 1303 2.059
Transforming growth factor-beta-induced protein ig-h3 (TGFBI) 7045 1.962
Collagen alpha-1(V) chain (COL5A1) 1289 1.930
Latent transforming growth factor beta-binding protein-2 (LTBP2) 4053 1.895
Apolipoprotein A-II (APOA2) 336 1.883
Cell migration-inducing and hyaluronan-binding protein (CEMIP) 57,214 1.873
Serum amyloid A-4 protein (SAA4) 6291 1.806
Tenascin-C (TNC) 3371 1.682
HtrA serine protease (HTRA1) 5654 1.650
Lactadherin (MFGE8) 4240 1.613
Protein-lysine-6-oxidase (PL6O) 348,959 1.593
Epidermal growth factor-like repeat and discoidin I-like domain-containing 

protein-3 (EDIL3)
10,085 1.515
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extracellular-regulated kinase-1/2, and signal transducer 
and activator of transcription-3) were activated and growth 
factors (hepatocyte growth factor, insulin-like growth fac-
tor-1, nerve growth factor, stromal-derived growth fac-
tor-1) were elevated by sEVs. A third study on MSC-sEVs 
in HUVECs described that the angiogenic effects of sEVs 
closely depended on the presence of HIF-1α in parental 
MSCs [9]. MSCs overexpressing HIF-1α were found to 
exhibit an increased abundance of the Notch ligand Jagged-1 
in sEVs [9]. Jagged-1-containing sEVs increased angiogen-
esis in Matrigel-based tube formation and plug assays [9]. 
These effects were blocked by prior incubation of sEVs with 
an anti-Jagged-1 antibody. The observation that  sEVhypoxic 

specifically induce angiogenesis in cerebral microvessels 
to the best of our knowledge is new. sEVs obtained from 
‘normoxic’ adipose tissue-derived MSCs have previously 
been shown to promote the migration and tube formation of 
primary rat brain microvascular endothelial cells exposed 
to OGD [38].

By means of NanoString expression analysis, we iden-
tified a set of miRNAs, which were upregulated (miR-
126-3p, miR-140-5p, let-7c-5p) or downregulated (miR-
186-5p, miR-370-3p, miR-409-3p) in hCMEC/D3 cells by 
 sEVhypoxic. It has previously been noted that MSC-derived 
 sEVhypoxic exhibit higher miR-126 levels than  sEVnormoxic 
[20]. In HUVECs, the elevated miR-126 levels conferred 

Table 2  Proteins significantly 
reduced in sEV preparations 
obtained from MSCs cultured 
under hypoxic conditions

The column in the center presents gene IDs. The right column exhibits ratios of protein abundances in 
sEVs obtained from MSCs cultured under hypoxic conditions (1%  O2;  sEVhypoxic) and sEVs obtained from 
41.5 MSCs cultured under regular ‘normoxic’ conditions (21%  O2;  sEVnormoxic) determined by LC/MS–MS

Protein (Gene name) Gene ID Ratio

Inter-alpha-trypsin inhibitor heavy chain H4 (ITIH4) 3700 0.208
Heparin cofactor-2 (SERPIND1) 3053 0.280
Alpha-2-HS glycoprotein (AHSG) 197 0.301
Kininogen-1 (KNG1) 3827 0.409
Lysyl oxidase homolog-4 (LOXL4) 84,171 0.422
Retinol-binding protein-4 (RBP4) 5950 0.427
Proteoglycan-4 (PRG4) 10,216 0.443
Signal peptide, CUB and EGF-like domain-containing protein-3 (SCUBE3) 222,663 0.456
Cholesteryl ester transfer protein (CETP) 1071 0.482
Secreted phosphoprotein-2 (SPP2) 6694 0.495
von Willebrand factor (VWF) 7450 0.498
Immunoglobulin heavy variable 4–28 (IGHV4-28) 28,400 0.552
Inter-alpha-trypsin inhibitor heavy chain H3 (ITIH3) 3699 0.576
Coiled-coil domain-containing protein-73 (CCDC73) 493,860 0.595
Mannan-binding lectin serine protease-2 (MASP2) 10,747 0.598
Lymphocyte antigen-6 complex locus protein G6f (LY6G6f) 259,215 0.605
Fibulin-1 (FBLN1) 2192 0.606
Peroxiredoxin-6 (PRDX6) 9588 0.607
Phosphatidylinositol-glycan-specific phospholipase D (GPLD1) 2822 0.610
Complement C1s subcomponent (C1S) 716 0.614
F-actin-capping protein subunit alpha-1 (CAPZA1) 829 0.617
Tyrosine protein kinase Lyn (LYN) 4067 0.618
Galectin-1 (LGALS1) 3956 0.643
Complement C1q tumor necrosis factor-related protein-3 (C1QTNF3) 114,899 0.649
Complement C1q subcomponent subunit-C (C1QC) 714 0.651
Kallistatin (SERPINA4) 5267 0.657
Haptoglobin (HP) 3240 0.657
Fibronectin (FN1) 2335 0.659
Procollagen C-endopeptidase enhancer-2 (PCOLCE2) 26,577 0.662
IgGFc-binding protein (FCGBP) 8857 0.662
Endoplasmin (HSP90B1) 7184 0.664
Carboxypeptidase N subunit-2 (CPN2) 1370 0.667
6-phosphogluconate dehydrogenase, decarboxylating (PGD) 5226 0.667
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angiogenic effects of  sEVhypoxic [20]. miR-126 formation was 
HIF-1α-dependent. Indeed, HIF-1α knockdown decreased 
miR-126 levels in MSCs and MSC-sEVs, thereby abolishing 
their angiogenic properties [20]. In rats, sEVs from miR-126 
overexpressing MSCs promoted angiogenesis and neurogen-
esis and reduced lesion volume after spinal cord injury [16]. 
miR-126 overexpressing sEVs promoted the migration and 
tube formation of HUVECs [16]. miR-140-5p, on the other 
hand, was previously found to be decreased in the ischemic 
brain of rats exposed to MCAO and hypoxic HUVECs [27]. 
In HUVECs, miR-140-5p transfection decreased endothe-
lial proliferation, migration and tube formation probably by 
mechanisms involving VEGF-A transcription, as indicated 
by luciferase reporter assay studies [27]. Let-7 miRNAs are 

hypoxia-responsive miRNAs induced in a HIF1α and argo-
naute-1 (AGO1)-dependent way in HUVECs which promote 
angiogenesis, as shown in let-7a and let-7e overexpression 
and antagomir-mediated downregulation studies using 
Matrigel-based tube formation and plug assays [5]. miR-186 
and miR-370 have anti-angiogenic effects in retinoblastoma 
[34] and human dermal microvascular endothelial cells, 
HUVEC spheroids and mouse aortic rings [11], respectively. 
miR-409-3p inhibits proliferation, vasculogenic mimicry and 
lung metastasis of HT1080 fibrosarcoma cells [31]. A role 
of the latter miRNAs in the proliferation, migration and tube 
formation of cerebral microvascular endothelial cells has so 
far not been shown.

Fig. 6  sEVs obtained from hypoxic MSCs induce post-ischemic 
angiogenesis, brain remodeling and neurological recovery in a mouse 
model of ischemic stroke. A Density of  CD31+ cerebral microves-
sels in the previously ischemic striatum, B number of  NeuN+ sur-
viving neurons in the previously ischemic striatum and C area of 
 GFAP+ astrocytic scar in the brain infarct at the rostrocaudal level 
of the bregma, which is the core of the middle cerebral artery terri-
tory, as well as D striatum volume, E whole-brain volume and F neu-
rological deficits evaluated using the Clark score of mice exposed 
to 40  min middle cerebral artery occlusion (MCAO), which were 
intravenously treated after 24  h, 72  h and 120  h with vehicle (nor-
mal saline), sEVs obtained from MSC culture media that contain 
platelet lysate  (sEVplatelet), sEVs released by MSCs ( source 41.5) 

cultured under regular ‘normoxic’ conditions (21%  O2;  sEVnormoxic; 
equivalent released by 2 ×  106 cells) or sEVs released by MSCs 
(source 41.5) cultured under hypoxic conditions (1%  O2;  sEVhypoxic; 
equivalent released by 2 ×  106 cells) followed by animal sacrifice after 
56  days. Representative microphotographs are also shown. Data are 
box plots with medians (lines inside boxes)/means (crosses inside 
boxes) ± IQR (boxes) with minimum/maximum values as whiskers (in 
A–E) or mean ± SD values (in F) (n = 10 animals vehicle, 6 animals 
 sEVplatelet, 9 animals  sEVnormoxic, 9 animals  sEVhypoxic). *p < 0.05, 
**p < 0.01 compared with control/†p < 0.05, ††p < 0.01 compared with 
 sEVplatelet/‡p < 0.05 compared with  sEVnormoxic. Scale bars: 50 µm (in 
A–C)/1 mm (in D, E)
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Proteome analysis by LC/MS–MS revealed 52 proteins 
that were differentially abundant in sEV preparations 
obtained from MSC-derived  sEVhypoxic and  sEVnormoxic, 
19 of which were enriched and 33 reduced. Among those 

proteins enriched in  sEVhypoxic were proteins involved in 
ECM–receptor interaction (COL6A1, COL6A2, COL6A3, 
TNC), focal adhesion (COL6A1, COL6A2, COL6A3, 
TNC), leukocyte transendothelial migration (MMP2), 

Fig. 7  sEVs obtained from hypoxic MSCs increase microvascu-
lar remodeling following ischemic stroke, which is abolished in the 
absence of polymorphonuclear neutrophils (PMNs) in  vivo. Micro-
vascular network characteristics, that is, A, E microvascular length 
density, B, F branch point density, C, G mean branch length, and D, 
H tortuosity in the previously ischemic A–D cerebral cortex and E–H 
striatum evaluated by 3D light sheet microscopy in mice exposed to 
40 min MCAO followed by 14 days survival, in which vehicle (nor-
mal saline), sEVs released by MSCs ( source 41.5) cultured under 
‘normoxic’ conditions (21%  O2;  sEVnormoxic; equivalent released 
by 2 ×  106 cells) or sEVs released by MSCs (source 41.5) cultured 
under hypoxic conditions (1%  O2;  sEVhypoxic; equivalent released 
by 2 ×  106 cells) were intravenously administered at 1, 3, and 5 days 
post-MCAO, while control (isotype) IgG or anti-Ly6G (clone 1A8; 

Ly6G indicates lymphocyte antigen-6, locus G) antibody was intra-
peritoneally applied at 1, 3, 5, and 7 days post-MCAO. I Representa-
tive axial overview images of a vehicle-treated mouse brain with 
magnifications depicting the regions of interest in the ischemic stria-
tum and cortex, in which microvascular network characteristics were 
determined. J Representative maximum intensity projection (MIP) 
images in the ischemic cortex for the five experimental groups. Data 
are box plots with medians (lines inside boxes)/means (crosses inside 
boxes) ± IQR (boxes) with minimum/maximum values as whiskers 
(n = 6 animals isotype/vehicle, 5 animals isotype/sEVnormoxic, 8 ani-
mals isotype/sEVhypoxic, 7 animals anti-Ly6G/vehicle, 7 animals anti-
Ly6G/sEVhypoxic). *p < 0.05 compared with isotype/vehicle/‡p < 0.05 
compared with isotype/sEVnormoxic/#p < 0.05 compared with isotype/
sEVhypoxic. Scale bars: 500 µm (in I)/100 µm (in J)
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protein digestion and absorption (COL5A1, COL6A1, 
COL6A2, COL6A3, COL12A1) and cholesterol metabo-
lism (APOA2, APOA4, ANGPTL4). A number of growth 
factor-associated proteins (IGFBP3, TGFBI, LTBP2, 
EDIL3) were also found. Enrichment of proteins belong-
ing to the platelet-derived growth factor [PDGF], EGF and 
FGF pathways has previously been observed in  sEVhypoxic 
compared with  sEVnormoxic [2]. Their study protocol dif-
fered from the present study in that the hypoxia stimulus 
was combined with fetal bovine serum starvation, mimick-
ing conditions of growth factor deprivation in peripheral 
artery disease [2]. In their study, enrichment of various 
proteins belonging to the nuclear factor (NF)-κB and cho-
lesterol/lipid biosynthesis pathways were furthermore 
noted [2]. Among the proteins identified, 72 kDa type IV 
collagenase (i.e., gelatinase-A, matrix metalloproteinase 
[MMP]-2) was also found [2]. Accumulation of the ser-
ine protease HTRA1 in MSC-sEVs has to be best of our 
knowledge not been shown. Among those proteins reduced 
in  sEVhypoxic were proteins involved in metabolic pathways 
(GPLD1, PGD, PRDX6), ECM–receptor interaction (FN1, 
VWF), endocytosis (CAPZA1), focal adhesion (FN1, 
VWF), regulation of the actin cytoskeleton (FN1, KNG1), 
the complement system (MASP2, SERPIND1, KNG1, 
C1QC, C1S, VWF) and platelet activation (LYN, VWF). 
The presence of coagulation and complement factors in 
MSC-sEVs has already been shown [8, 23]. In rat mod-
els of spinal cord injury, MSC-sEVs reduced complement 
activation [40]. Regarding the detection of coagulation and 
complement factors as components on MSC-sEVs, pos-
sible by-products enriched in sEVs originating from the 
plasma carefully need to be considered. Such by-products 
might contribute to the mode of action of sEVs [33] and 
perhaps confer proangiogenic activities [32]. Whatever 
the mode of action or the active components of MSC-EV 
preparations may be, this study provides robust evidence 
that hypoxia-preconditioning should increase the efficacy 
of MSC-sEV preparations in ischemic stroke recovery.
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Postischemic Neuroprotection Associated With 
Anti-Inflammatory Effects by Mesenchymal 
Stromal Cell-Derived Small Extracellular Vesicles 
in Aged Mice
Chen Wang , MD; Verena Börger , PhD; Ayan Mohamud Yusuf , PhD; Tobias Tertel , MSc;  
Oumaima Stambouli , MSc; Florian Murke, PhD; Nico Freund , MSc; Christoph Kleinschnitz, MD; Josephine Herz, PhD;  
Matthias Gunzer , PhD; Aurel Popa-Wagner , PhD; Thorsten R. Doeppner, MD; Bernd Giebel , PhD; Dirk M. Hermann , MD

BACKGROUND AND PURPOSE: Small extracellular vesicles (sEVs) obtained from mesenchymal stromal cells (MSCs) were shown to 
induce ischemic neuroprotection in mice by modulating the brain infiltration of leukocytes and, specifically polymorphonuclear 
neutrophils. So far, effects of MSC-sEVs were only studied in young ischemic rodents. We herein examined the effects of 
MSC-sEVs in aged mice.

METHODS: Male and female C57Bl6/j mice (8–10 weeks or 15–24 months) were exposed to transient intraluminal middle 
cerebral artery occlusion. Vehicle or sEVs (equivalent of 2×106 MSCs) were intravenously administered. Neurological deficits, 
ischemic injury, blood-brain barrier integrity, brain leukocyte infiltration, and blood leukocyte responses were evaluated over 
up to 7 days.

RESULTS: MSC-sEV delivery reduced neurological deficits, infarct volume, brain edema, and neuronal injury in young and aged 
mice of both sexes, when delivered immediately postreperfusion or with 6 hours delay. MSC-sEVs decreased leukocyte 
and specifically polymorphonuclear neutrophil, monocyte, and macrophage infiltrates in ischemic brains of aged mice. In 
peripheral blood, the number of monocytes and activated T cells was significantly reduced by MSC-sEVs.

CONCLUSIONS: MSC-sEVs induce postischemic neuroprotection and anti-inflammation in aged mice.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.

Key Words: exosomes ◼ inflammation ◼ ischemic stroke ◼ macrophages ◼ neutrophils

Small extracellular vesicles (sEVs) including exo-
somes (70–150 nm) mediate complex signaling 
between cells.1 Derived from the right cell type, 

sEVs can promote neurological recovery, neuronal sur-
vival, and brain remodeling.2–5 We have shown recently 
that mesenchymal stromal cell (MSC)-derived sEVs 
induce postischemic neuroprotection by modulating 
brain leukocyte and, specifically, polymorphonuclear 

neutrophil (PMN) infiltrates in mice.6 So far, stud-
ies using MSC-sEVs have been performed in young 
rodents. Ischemic stroke mostly affects old individuals. 
The efficacy of MSC-sEVs in aged rodents was not 
explored. In a head-to-head comparison, we compared 
the effects of MSC-sEVs in young (8–10-week-old) 
and aged (15–24-month-old) mice exposed to intralu-
minal middle cerebral artery occlusion (MCAO).
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METHODS
Detailed data that support the findings of this study are avail-
able from the corresponding author upon reasonable request. 
Experiments were performed with local government approval 

in accordance to E.U. directive 2010/63/EU and local insti-
tutional guidelines. Experimental details, including sample size 
calculation, randomization, blinding, inclusion, and exclusion cri-
teria, and dropouts are reported in the Materials and Methods 
in the Supplemental Material.

MSCs were raised from healthy human bone marrow.6 sEVs 
were harvested from conditioned media using polyethylene gly-
col-6000 precipitation followed by ultracentrifugation.6 MSC-
sEVs were characterized according to International Society of 
Extracellular Vesicles recommendations.7 The sEV particle con-
centration, size, protein content, and the presence of exosome 
markers (CD9, CD63, CD81) were determined as previously 
described.6 MSC and MSC-sEV characteristics are presented 
in Figures S1 and S2 and Table S1 and S2.

Thirty minutes MCAO was induced in young (8–10 weeks) 
or aged (15–24 months) male or female C57BL6/j mice, 
as outlined in Figure S3.6 Laser Doppler flow was recorded 

Nonstandard Abbreviations and Acronyms

ICAM-1 intercellular cell adhesion molecule-1
MCAO middle cerebral artery occlusion
MSC mesenchymal stromal cell
NeuN neuronal nuclear antigen
PMN polymorphonuclear neutrophil
sEV small extracellular vesicle

Figure 1. Mesenchymal stromal cell (MSC)-small extracellular vesicles (sEVs) reduce postischemic neurological deficits and 
induce neuroprotection in young and aged mice.
A, Laser Doppler flow (LDF), (B) neurological deficits, (C) infarct volume evaluated by cresyl violet staining, (D) neuronal injury in the ischemic 
striatum assessed by TUNEL/NeuN histochemistry, (E) brain edema examined by cresyl violet staining, and (F) blood-brain barrier breakdown 
determined by IgG extravasation in young and aged male mice exposed to 30 min intraluminal middle cerebral artery occlusion (MCAO). Vehicle 
or MSC-sEVs (2×106 cell equivalents) were intravenously administered immediately after reperfusion. Animals were sacrificed at 72 h post-
MCAO. Representative brain sections are shown. Note the more severe brain injury associated with reduced reperfusion and exacerbated blood-
brain barrier breakdown in aged compared with young mice. Data are means±SD (in A) or box blots with medians (lines inside boxes)/means 
(crosses inside boxes)±interquartile ranges with minimum and maximum values as whiskers (in B–F). *P<0.05/**P<0.01/***P<0.001 (n=9–11 
animals/group). Scale bars: 1 mm (in C, E, and F)/50 μm (in D).
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Figure 2.  Mesenchymal stromal cell (MSC)-small extracellular vesicles (sEVs) reduce leukocyte and specifically 
polymorphonuclear neutrophil (PMN), monocyte, and macrophage infiltrates in the ischemic brain of aged mice.
Total counts of leukocytes and leukocyte subsets in the brains of aged male mice exposed to intraluminal middle cerebral artery occlusion 
(MCAO) evaluated by flow cytometry. Vehicle or sEVs (2×106 cell equivalents) were intravenously applied immediately after reperfusion. Animals 
were sacrificed at 72 h post-MCAO. Data are box blots with medians (lines inside boxes)/means (crosses inside boxes)±interquartile ranges with 
minimum and maximum values as whiskers. *P<0.05/**P<0.01 (n=8–9 animals/group).
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above the middle cerebral artery territory.6 Immediately after 
reperfusion or with 6 hours delay, 200 μL vehicle (normal 
saline) or MSC-sEVs (equivalent of 2×106 MSCs, in normal 
saline) were intravenously administered.6 Neurological defi-
cits were evaluated using the Clark score.6 Blood samples 
were obtained by cardiac puncture. Mice were euthanized 
after 72 hours or 7 days.

Edema-corrected infarct volume and brain edema were 
determined on 20-μm-thick coronal brain sections. Sections 
from the bregma level were immunolabeled for NeuN (neu-
ronal nuclear antigen), extravasated serum IgG, the adhesion 
molecule ICAM-1 (intercellular cell adhesion molecule-1),  
the endothelial marker CD31 (cluster of differentiation-31), the 
pan-leukocyte marker CD45, the PMN marker Ly6G, and the 
T cell marker CD3 (see the Supplemental Material for details). 
NeuN stainings were processed for terminal transferase-medi-
ated dUTP-nick end labeling (TUNEL). Brains and blood sam-
ples were analyzed by flow cytometry. The antibody cocktails 
and gating strategy are summarized in Table S3 and Figure S4.

Data were analyzed by 2-way repeated measurement (longi-
tudinal analyses) or 2-way (cross-sectional analyses) ANOVA fol-
lowed by 2-tailed t tests. For statistical analysis, SPSS22.0 (IBM, 
Armonk, NY) was used. P<0.05 were considered significant.

RESULTS
Laser Doppler flow decreased to ≈10% of baseline dur-
ing MCAO in all groups, followed by laser Doppler flow 
recovery post-MCAO to 81.1±13.7% and 58.5±29.6%, 
respectively, of baseline in young and aged male vehicle-
treated mice (Figure 1A). Laser Doppler flow was not 
influenced by MSC-sEVs in both sexes (Figure 1A; Figure 
S5A). MCAO induced reproducible neurological deficits 
and brain infarcts, which were more severe in aged than 
young male mice (Figure 1B through 1D). Neurological 
deficits, infarct volume, and the number of DNA-frag-
mented (ie, irreversibly injured) TUNEL+/NeuN+ neurons 
and TUNEL+ cells in the ischemic striatum were reduced 
by MSC-sEVs in young and aged male and female mice, 
both when sEVs were administered immediately after 
reperfusion (Figure 1B through 1D; Figures S5B, S5C, 
and S6A) or with 6 hours delay (Figure SVIIB and SVIIC). 
Hence, MSC-sEVs decreased infarct volume at 3 days 
poststroke by 34.0%, 33.6%, and 36.1% in young male, 
aged male, and aged female mice, respectively, when 
sEVs were administered immediately after reperfusion. 
MSC-sEVs decreased brain edema and ICAM-1 abun-
dance, but not IgG extravasation on ischemic microves-
sels of aged male mice, which was not significant in 
young male and aged female mice (Figure 1E and 1F; 
Figure S5D and S6B). Total leukocytes, PMNs (including 
activated PMNs), monocytes (both patrolling and inter-
mediate monocytes), and macrophages were reduced by 
MSC-sEVs in ischemic brains of aged mice (Figure 2; 
Figure S8). Peripheral blood leukocytes were higher in 
young than aged vehicle-treated mice, and blood Ly6G+ 
PMNs higher in aged than young mice (Figure S9). 
MSC-sEVs reduced blood CD45+ leukocytes, which was 

significant in young mice, and decreased blood mono-
cytes and activated T cells in aged mice.

DISCUSSION
We show that MSC-sEVs very similarly induce post-
ischemic neuroprotection and functional neurological 
improvements in young and aged male and female mice, 
when administered immediately or 6 hours post-MCAO. 
Brain leukocyte, including PMN, monocyte, and macro-
phage infiltrates were reduced by MSC-sEVs in aged 
mice. Ischemic injury was more severe in aged than young 
mice. Until now, MSC-sEV effects on stroke outcome in 
rodents have been studied in middle-aged (12-month-
old) mice.8 Perhaps due to differences in experimental 
protocols or MSC properties (MSCs were raised from 
embyonic stem cells), no neuroprotective effects were 
noted.8 In good agreement with the present and our pre-
vious3,6 studies, MSC-EVs were found to modulate brain 
immune responses and to enhance fine motor recovery 
in aged (16–26-year-old) Rhesus monkeys exposed 
to cortical cold injury.9 The combined evidence of this 
previous9 and the present rodent study encourages fur-
ther proof-of-concept studies evaluating the efficacy of 
MSC-sEVs in clinic-relevant stroke settings.
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4. Discussion 
 

We herein studied the effects of sEV preparations obtained from MSCs cultured under 

hypoxic condition (1% O2) on neurological recovery, poststroke cerebral microvascular 

remodeling, and acute ischemic neuroprotection in young and aged mice after focal 

cerebral ischemia. Our results show that sEVs obtained from supernatants of MSCs 

cultured under hypoxic condition (1% O2; sEVhypoxic), but not sEVs from cell culture 

media (sEVplatelet) or sEVs from supernatants of MSCs cultured under regular ‘normoxic’ 

conditions (21% O2; sEVnormoxic), dose-dependently promoted the proliferation, 

migration, and tube formation of human cerebral microvascular endothelial cells 

belonging to the hCMEC/D3 cell line under regular ‘normoxic’ conditions and enhanced 

the survival of hCMEC/D3 cells exposed to oxygen-glucose deprivation (OGD) 

followed by reoxygenation/recultivation. Mechanistically, NanoString gene expression 

analysis indicated that sEVhypoxic regulated a distinct set of angiogenesis-related 

miRNAs in hCMEC/D3 cells, 3 of which were differentially upregulated and 3 of which 

were downregulated. Proteome analysis by liquid chromatography mass-

spectrometry/mass-spectrometry (LC–MS/MS) revealed 52 proteins that were 

differentially abundant in sEVhypoxic, 19 of which were enriched involving growth factor 

pathway and extracellular matrix and 33 reduced involving oxidative metabolism. 

Increased microvascular length and branching point density in the previously ischemic 

striatum and cortex over up to 56 days, increased long-term neuronal survival, reduced 

brain atrophy, and enhanced neurological recovery were observed in young (8–10-

week-old) ischemic mice treated with sEVhypoxic. Hence, sEVhypoxic induced a robust 

brain remodeling response. Notably, in vivo, the pro-angiogenic effect of MSC-sEVs 

depended on the presence of PMNs. In PMN-depleted mice, sEVhypoxic did not promote 

microvascular network remodeling. In addition, in aged (15–24-month-old) male and 

female mice after intraluminal MCAO, sEVhypoxic likewise reduced neurological deficits, 

infarct volume, brain edema, and neuronal injury as well as in young ischemic mice, 

when delivered immediately postreperfusion or with 6 hours delay. Mechanistically, 

flow cytometry showed that MSC-sEVs significantly decreased leukocyte and 

specifically PMN, monocyte, and macrophage infiltrates in ischemic brains and 

reduced the number of monocytes and activated T cells in peripheral blood of aged 

mice. Hence, sEVhypoxic induced postischemic neuroprotection and anti-inflammation in 

aged mice. Taken together, we herein reveal mechanisms of action of pro-

angiogenesis and anti-inflammation via which sEVs obtained from hypoxic MSCs 
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promote brain microvascular remodeling and neurological recovery and induce 

ischemic neuroprotection in young and aged mice. 

 

4.1. sEVs obtained from hypoxic MSCs promote poststroke cerebral 
angiogenesis and recovery in young mice 
 

In the present study, we found that sEVhypoxic, but not sEVnormoxic, induce cerebral 

angiogenesis, when intravenously administered 24 h after intraluminal MCAO. 

Apparently, the effects of sEVnormoxic on microvessels strongly depend on tissues and 

pathophysiological states. In cancer tissue, sEVnormoxic may promote or inhibit 

angiogenesis depending on the precise MSC sources and tumor microenvironment 

(De Palma et al., 2017; Lee et al., 2014; Zhu et al., 2012). sEVnormoxic were 

inconsistently reported to increase the proliferation and tube formation of cultured 

human umbilical vein endothelial cells (HUVECs) between two studies (Almeria et al., 

2019; Shabbir et al., 2015). A third study on MSC-sEVs in HUVECs described that the 

angiogenic effects of sEVs closely depend on the presence of hypoxia-inducible factor-

1α (HIF-1α) in parental MSCs (Gonzalez-King et al., 2017). Since HIF-1α is a well-

known transcription factor expressed uniquely in response to hypoxia, sEVhypoxic 

certainly have an increased angiogenic capacity as compared to sEVnormoxic. Indeed, 

our previous data have shown that sEVhypoxic and sEVnormoxic very similarly reduced 

infarct volume and neuronal injury, but sEVhypoxic further reduced BBB permeability 

(Wang et al., 2020), suggesting that microvascular actions of sEVs are modified by 

hypoxia preconditioning. In the same mouse intraluminal MCAO model within same 

therapeutic time windows, we have previously shown that post-acute delivery of 

sEVnormoxic derived from MSCs reduced neurological impairment and increased 

postischemic angioneurogenesis, similar to their parental MSCs (Doeppner et al., 

2015). The discrepancy of the sEVnormoxic effect on neurorestoration between the 

previous and the present studies might be attributed to severity of stroke model and 

heterogeneity of MSC-sEV preparations. 30 minutes duration of ischemia for the 

induction of MCAO was performed in the earlier study, which is milder than 40 minutes 

ischemic duration in the present study. Stroke severity is tightly correlated to ischemic 

duration, as “time is brain” (Gomez, 1993). It is estimated that in patients experiencing 

acute ischemic stroke with typical LVOs 1.9 million neurons, 14 billion synapses, and 

12 km (7.5 miles) of axonal fibers are destroyed per minute if untreated (Saver, 2006). 

In the site of a more severe focal cerebral ischemic injury, sEVnormoxic might no longer 
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be therapeutically efficacious, whereas sEVhypoxic with enhanced therapeutic capacity 

by hypoxia preconditioning still effectively confer neurorestorative effects. On the other 

hand, sEVnormoxic preparations might lose their batch-to-batch reproducibility of 

therapeutic efficacy due to the intrinsic heterogeneity of MSCs (Giebel, 2017). To 

exclude this possibility and confirm our finding that sEVhypoxic have unique pro-

angiogenic effects in ischemic stroke, we performed studies using sEVs obtained from 

MSCs of 6 other donors, and results reproducibly show that sEVhypoxic, but not sEVplatelet 

or sEVnormoxic, consistently increased hCMEC/D3 cell migration and tube formation 

(Suppl. Fig. 8A−E of Publication 1). All together, our results suggest that sEVs obtained 

from supernatants of MSCs cultured under hypoxic condition (1% O2) have unique 

characteristics that promote cerebral angiogenesis, brain remodeling, and neurological 

recovery after focal cerebral ischemia in young mice. 

Notably, sEVhypoxic-induced cerebral angiogenesis following ischemic stroke 

was abolished in the absence of PMNs in vivo. Along with our previous data that in 

PMN-depleted mice MSC-sEVs did not have any additional effects on infarct volume, 

neuronal injury, or the brain infiltration of monocytes/macrophages and lymphocytes 

(Wang et al., 2020), these results further suggest a critical role of PMNs in the mode 

of action of MSC-sEVs in ischemic stroke. PMNs exacerbate ischemic injury in the 

acute stroke phase (Herz et al., 2015; Neumann et al., 2015) and the prevention of 

PMN brain entry played a crucial role in the acute neuroprotective effects of MSC-sEVs 

(Wang et al., 2020). While this detrimental role of PMNs is meanwhile well established 

(Hermann and Gunzer, 2019), the pro-angiogenic role of PMNs in the post-acute 

stroke phase is new, indicating a dual role of PMNs in the ischemic brain. The 

mechanisms by which PMNs mediate or modulate cerebral angiogenesis after 

ischemic stroke have not been fully elucidated. Activated PMNs can release a variety 

of proteases and reactive oxygen species that facilitate ECM remodeling, a crucial 

process for angiogenesis (Tazzyman et al., 2009). It has also been shown that PMNs 

display pro- and anti-angiogenic characteristics depending on the tissue 

microenvironment (Tazzyman et al., 2009). Alterations in the PMN differentiation in 

response to MSC-sEVs might play a role. Nevertheless, the mechanisms underlying 

PMN-associated angiogenesis and interaction of PMNs and MSC-sEVs will deserve 

further studies. 

miRNAs play an important role in angiogenesis by modulating endothelial 

functions (Landskroner-Eiger et al., 2013). By means of NanoString expression 

analysis, we identified a distinct set of miRNAs, which were upregulated (miR-126-3p, 
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miR-140-5p, let-7c-5p) or downregulated (miR-186-5p, miR-370-3p, miR-409-3p) in 

hCMEC/D3 cells by sEVhypoxic. miR-126 (also referred to as miR-126-3p) has been 

shown to be the most highly enriched miRNA in endothelial cells and to positively 

regulate angiogenic signaling and vascular integrity (Fish et al., 2008). MSC-derived 

sEVhypoxic exhibit higher miR-126 levels than sEVnormoxic, conferring angiogenic effects 

in HUVECs (Liu et al., 2020). miR-126 formation was HIF-1α-dependent since 

knockdown of HIF-1α resulted in a significant decrease of miR-126 in MSCs and MSC-

sEVs, thereby abolishing their angiogenic properties (Liu et al., 2020). sEVs from miR-

126 overexpressing MSCs promoted the migration and tube formation of HUVECs in 

vitro and angiogenesis, neurogenesis, and functional recovery in vivo (Huang et al., 

2020). miR-140-5p is widely studied in cancer research as a tumor suppressor 

inhibiting cancer metastasis and angiogenesis (Lu et al., 2017). In hypoxic HUVECs 

and ischemic brain of rats exposed to MCAO, the expression of miR-140-5p was 

significantly decreased (Sun et al., 2016). In HUVECs, miR-140-5p transfection 

decreased endothelial proliferation, migration, and tube formation probably by 

targeting  VEGF-A, as indicated by luciferase reporter assay studies (Sun et al., 2016). 

Since miR-140-5p is considered to exert an inhibitory effect on angiogenesis, in our 

study the upregulation of miR-140-5p in hCMEC/D3 cells by sEVhypoxic may contribute 

to the prevention of uncontrolled sprouting of capillaries, as successful angiogenesis 

requires both pro- and anti- angiogenic factors to sophisticatedly orchestrate vascular 

development (Hermann and Chopp, 2012). In an earlier study, MSC-sEV derived miR-

let-7c promoted M2 macrophage polarization, leading to enhanced angiogenesis in the 

bone marrow microenvironment (Tian et al., 2021). Specifically, miR-let-7c-5p shows 

anti-inflammatory properties (Law et al., 2021) and can protect against cerebral 

ischemic injury (Ni et al., 2015). miR-186-5p, miR-370-3p, and miR-409-3p have anti-

angiogenic effects. Specifically, overexpression of miR‑186-5p, miR-370-3p, and miR-

409-3p induced HUVEC apoptosis (Wu et al., 2018), inhibited the sprouting of human 

dermal microvascular endothelial cells, HUVEC spheroids, and mouse aortic rings (Gu 

et al., 2019), and inhibited the proliferation and tube formation of HUVECs (Becker-

Greene et al., 2021), respectively. Importantly, these anti-angiogenic miRNAs were 

downregulated in hCMEC/D3 cells by sEVhypoxic, further indicating the pro-angiogenic 

actions of sEVhypoxic. 

Apart from miRNA modulation in hCMEC/D3 cells by sEVhypoxic, surface 

membrane and cargo proteins of sEVhypoxic were differentially modified, 19 of which 

were enriched and 33 reduced, as indicated by LC–MS/MS proteome analysis. Among 
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those proteins enriched in sEVhypoxic were proteins involved in ECM–receptor 

interaction, focal adhesion, leukocyte trans-endothelial migration, protein digestion and 

absorption, and cholesterol metabolism. A number of growth factor-associated proteins 

were also found. Among those proteins reduced in sEVhypoxic were proteins involved in 

metabolic pathways, ECM–receptor interaction, endocytosis, focal adhesion, 

regulation of the actin cytoskeleton, the complement system, and platelet activation. 

The most striking characteristic of the proteomic alterations in sEVhypoxic is the 

significant enrichment of MMP-2 and collagen VI. Remodeling of ECM is a crucial event 

during angiogenesis (Stetler-Stevenson, 1999). MMP-2 facilitates the proliferation and 

migration of endothelial cells by removing matrix barriers or by initiating angiogenic 

signaling pathways via MMP-2-generated matrix-degraded products (Stetler-

Stevenson, 1999). Collagens are essential for angiogenesis and the size of newly 

formed microvessels is influenced by the degree of collagenization of the ECM (Nicosia 

et al., 1991). Collagen substrates have profound effects on the adhesion, migration, 

and proliferation of endothelial cells, whereas collagen inhibitors have anti-angiogenic 

activity (Nicosia et al., 1991). Moreover, It has been suggested that the collagens on 

MSC-sEVs could enhance the uptake of these vesicles and that collagen I and VI can 

directly and indirectly contribute to the therapeutic potential of MSC-sEVs (van Balkom 

et al., 2019). Among those reduced proteins in sEVhypoxic, the downregulation of von 

Willebrand factor (VWF) is noteworthy, because VWF inhibition promotes proliferation, 

migration, and tube formation of HUVECs in vitro through pathways that involve 

VEGFR-2 signaling, and in vivo VWF-deficient mice show increased angiogenesis and 

blood vessel density (Starke et al., 2011). Collectively, sEVhypoxic exhibited a uniquely 

modified pattern of surface membrane and cargo proteins that promoted cerebral 

angiogenesis after focal cerebral ischemia in mice. Consistent with previous studies 

(Eirin et al., 2016; Marinaro et al., 2019), the presence of coagulation and complement 

factors in MSC-sEVs was likewise detected. In rat models of spinal cord injury, MSC-

sEVs reduced complement activation (Zhao et al., 2019). Regarding the detection of 

coagulation and complement factors as components on MSC-sEVs, possible by-

products enriched in sEVs originating from the plasma carefully need to be considered. 

Such by-products might contribute to the mode of action of sEVs (Witwer et al., 2019) 

and perhaps confer pro-angiogenic activities (Whittaker et al., 2020). Whatever the 

mode of action or the active components of MSC-EV preparations may be, this study 

provides robust evidence that hypoxia preconditioning should increase the efficacy of 

MSC-sEV preparations in ischemic stroke recovery. 
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4.2. sEVs obtained from hypoxic MSCs induce postischemic neuroprotection 
and anti-inflammation in aged mice 
 

In our subsequent study investigating the therapeutic efficacy of sEVhypoxic in aged mice, 

we show that MSC-sEVs very similarly induce postischemic neuroprotection and 

functional neurological improvements in young (8–10-week-old) and aged (15–24-

month-old) male and female mice, when administered immediately or 6 hours post-

MCAO and that brain leukocyte, including PMN, monocyte, and macrophage infiltrates 

were reduced by MSC-sEVs in aged mice. While ischemic stroke mainly affects elderly 

patients, preclinical studies of MSC-sEVs using aged animals provide valuable 

information for the future development of clinical trials. Until now, to our best knowledge, 

only few studies examined the MSC-sEV effects on stroke outcome in aged animals. 

In middle-aged (12-month-old) mice subjected to thromboembolic MCAO, Webb et al. 

observed no neuroprotective effects of MSC-sEVs on neurobehavioral recovery, infarct 

volume, and peripheral immune response and suggested that the elusive 

neuroprotection of MSC-sEVs in their study can be attributed to alteration of MSC 

properties under different tissue origins, isolation methods, and in vitro culture 

conditions (Webb et al., 2018). Indeed, we have previously demonstrated that even 

within same manufacturing workflow sEV preparations obtained from 3 different 

healthy donors exhibited considerable heterogeneity in terms of neuroprotection in 

mice after intraluminal MCAO (Wang et al., 2020). In aged (16–26-year-old) rhesus 

monkeys (Macaca mulatta) with cortical injury, MSC-sEVs were found to reduce 

microglial-mediated neuroinflammation, to enhance oligodendrocyte-mediated myelin 

maintenance, and to improve fine motor recovery (Go et al., 2020; Go et al., 2021; 

Moore et al., 2019). In aged (19–20 months) male Sprague–Dawley rats exposed to 

permanent distal MCAO, we very recently showed that MSC-sEVs promoted motor-

coordination recovery, reduced brain macrophage infiltrates in periinfarct tissue, and 

increased periinfarct angiogenesis and SVZ neurogenesis (Dumbrava et al., 2021). So 

far, our group is the first to thoroughly investigate and confirm the neuroprotective and 

neurorestorative effects of MSC-sEVs in aged rodents after focal cerebral ischemia.  

In accordance with previous reports that aging worsens stroke outcomes 

(Manwani et al., 2011; Ritzel et al., 2018), we observed that aged mice exhibited worse 

cerebral blood flow (CBF) recovery following postischemic reperfusion, greater 

neurological deficits, larger infarct volume and brain edema, and higher BBB 
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permeability than young mice after intraluminal MCAO, similar to aged rats exhibiting 

more severe motor-coordination deficits and larger brain infarcts than young rats after 

permanent distal MCAO (Dumbrava et al., 2021). Interestingly, the attenuated CBF 

recovery was only observed in aged male mice, but not in aged female mice, which 

might be attributable to sex hormone influences. However, previous studies reported 

different results on the CBF change, BBB breakdown, and infarct size in young versus 

aged ischemic animals. Manwani et al. found that CBF, evaluated by laser speckle 

flowmetry, did not differ during and after ischemia between young and aged male mice 

and BBB breakdown, evaluated by IgG extravasation, was more severe in young than 

aged male mice 72 hours after intraluminal MCAO (Manwani et al., 2014), while 

postischemic hyperemia was observed by laser Doppler flow (LDF) measurements in 

aged rats by others (Rosen et al., 2005). Moreover, results on age-related infarct size 

following focal cerebral ischemia are also highly variable; there are reports of 

decreased (Manwani et al., 2011; Ritzel et al., 2018; Sieber et al., 2011; Zhao et al., 

2017), similar (Buchhold et al., 2007; Duverger and MacKenzie, 1988; Popa-Wagner 

et al., 1998), or increased (Doyle et al., 2010; Dumbrava et al., 2021; Popa-Wagner et 

al., 2007; Rosen et al., 2005; Wang et al., 2022) infarcts in aged brains. A review article 

summarized the effects of age on stroke recovery in animal models and indicated that 

infarct volume did not differ significantly between young and aged animals (Petcu et 

al., 2008). In contrast to the highly variable infarct sizes, older animals commonly 

exhibit more severely impaired neurological function and higher mortality after focal 

cerebral ischemia. The available evidence indicates that age is not a factor that affects 

the occlusion-induced infarction; more likely age-related immune alterations worsen 

stroke outcomes (Duverger and MacKenzie, 1988; Finger et al., 2021; Ritzel et al., 

2018). 

Inflammatory responses, especially peripheral immune response, are 

exacerbated in older animals following acute ischemic stroke, leading to higher 

mortality rates and poorer neurobehavioral recovery in the elderly (Finger et al., 2021; 

Manwani et al., 2011; Ritzel et al., 2018). Neutrophilic response, blood neutrophilia, 

and brain neutrophil invasion are increased in aged mice after acute ischemic stroke 

(Finger et al., 2021; Ritzel et al., 2018). Excessive systemic inflammation aggravates 

brain inflammation, BBB damage, and brain edema formation independently of infarct 

size, thereby compromising survival (Dénes et al., 2011). Indeed, along with greater 

neurological deficits, larger infarct volume and brain edema, and higher BBB 

permeability, we observed more severe peripheral immune responses and brain 
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infiltration of immune cells in aged mice versus young mice after intraluminal MCAO. 

Specifically, in the peripheral blood, PMN frequencies and activation and activated 

CD8+ T cell counts were significantly increased (Supplemental Figure IX of Publication 

2), and in the ischemic brain, the numbers of PMNs and T cells were elevated (data 

not shown). Importantly, in the setting of exacerbated histological injury, functional 

recovery, and immune responses in aged mice, MSC-sEVs reproducibly induced 

neuroprotection presumably by reducing leukocyte and specifically PMN, monocyte, 

and macrophage infiltrates in ischemic brains and decreasing the number of 

monocytes and activated T cells in peripheral blood. In line with our previous data, 

MSC-sEVs did not significantly affect PMN frequencies or activation in the peripheral 

blood of both young and aged mice following stroke (Wang et al., 2020; Wang et al., 

2022). Mechanistically, we have previously shown that leukocytes and specifically 

PMNs contribute to MSC-sEV–induced neuroprotection (Wang et al., 2020). In this 

earlier study using young mice, PMN depletion mimicked the effects of MSC-sEVs on 

improving neurological recovery and reducing ischemic injury and brain-infiltrating 

PMN, monocyte, and lymphocyte counts, however, PMN depletion abolished the 

effects of MSC-sEVs on any of the readouts examined (Wang et al., 2020). Based on 

these observations and recent evidence, we may conclude that PMNs likewise play a 

central role in the neuroprotective effects of MSC-sEVs in aged mice and suggest that 

PMN modulation by MSC-sEVs may open a new avenue for the development of novel 

stroke treatment. 
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5. Conclusion and perspective 
 

This study provides evidence that (1) post-acute delivery of sEVs obtained from MSCs 

cultured under hypoxic condition (1% O2) exhibit unique characteristics that promote 

cerebral microvascular remodeling and neurological recovery after focal cerebral 

ischemia in young mice, presumably by MSC-sEV–induced regulation of a distinct set 

of miRNAs and proteins tightly linked to angiogenesis and (2) acute treatment of MSC-

sEVs induce postischemic neuroprotection in aged mice, presumably through MSC-

sEV–mediated immunomodulation on leukocyte and specifically PMN brain infiltrates. 

This study encourages further proof-of-concept studies evaluating the efficacy of MSC-

sEVs in clinic-relevant stroke settings. Given that MSC-sEVs possess potent 

immunomodulatory properties and rtPA exacerbates detrimental immune response, 

combined treatment of MSC-sEVs and rtPA may expand the narrow therapeutical time 

window of rtPA and may reduce the life-threatening tPA-mediated brain hemorrhage. 

The modification of PMNs by MSC-sEVs also opens promising perspectives for clinical 

translation. Although PMNs decisively contribute to ischemic injury, it is unrealistic to 

deplete PMNs in human stroke patients due to the high risk of peripheral infection (eg, 

pneumonia or sepsis) by PMN absence. Since MSC-sEVs did not significantly affect 

PMN counts or activation in the peripheral blood, as shown by our studies, we might 

be able to antagonize the detrimental effects of PMNs by MSC-sEVs without interfering 

with peripheral immune responses. Moreover, post-acute treatment of MSC-sEVs may 

provide benefits to stroke patients for their long-term neurobehavioral recovery.  
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Supplemental Figures: 

 
Supplemental Figure 1: Mesenchymal stromal cells (MSCs) cultured under 
‘normoxic’ and hypoxic conditions express bona fide MSC markers. (A) Gating 

strategy used for evaluating MSC markers. Scatters were gated and singlets were 

plotted by SSC-H and SSC-A and FSC-H and SSC-A. 7-AAD negative events were 

identified as live cells. Representative histograms of MSCs cultured under (B) 

‘normoxic’ (21% O2) and (C) hypoxic (1% O2) conditions (MSC source 153.3). Black 

histograms represent unstained samples and red histograms represent stained 

samples. 
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Supplemental Figure 2: Flow cytometric characterization of MSC-derived small 
extracellular vesicle (sEV) preparations obtained under regular ‘normoxic’ and 
hypoxic conditions. Number of (A) CD9+, (B) CD63+ and (C) CD81+ events in objects 

per milliliter tracked in different MSC-sEV preparations (labeled below x-axis as A, B 

and C) from various donors (sources 41.5, 16.3, 117.3, 126.7, 142.1, 152.6, and 153.3), 

which were cultured under regular ‘normoxic’ (21% O2; sEVnormoxic) or hypoxic (1% O2; 

sEVhypoxic) conditions evaluated by AMNIS ImageStream. Data are mean ± SD values. 

 
 

 
 
Supplemental Figure 3: Transmission electron microscopy image of 
representative CD9+ small extracellular vesicle (sEVs) obtained from 
mesenchymal stromal cells (MSCs; source 41.5) cultured under ‘hypoxic’ 
conditions. Sections were immunostained for CD9 (black dots). Scale bar, 200 nm. 
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Supplemental Figure 4: sEVs obtained from 41.5 MSCs cultured under hypoxic 
conditions increase cerebral microvascular endothelial cell proliferation 
independent of the sEV preparation. (A-C) Total number of proliferating human 
microvascular endothelial cells (hCMEC/D3) after exposure to control conditions or 50 
µg/mL of each of three preparations (labeled preparations A, B and C) of sEVs 
obtained from MSC culture media that contain platelet lysates (sEVplatelet), sEVs 
obtained from MSCs (source 41.5) cultured under regular ‘normoxic’ conditions (21% 
O2; sEVnormoxic) or (C) sEVs obtained from MSCs (source 41.5) cultured under hypoxic 
conditions (1% O2; sEVhypoxic). Data are mean ± SD values (n=3 independent 
experiments [in (A)-(C)]). **p<0.01, ***p<0.001 compared with control; ††p<0.01, 
†††p<0.001 compared with sEVplatelet; ‡‡p<0.01, ‡‡‡p<0.001 compared with sEVnormoxic. 
 

 
Supplemental Figure 5: sEVs from 16.3 MSCs cultured under hypoxic conditions 
increase cerebral microvascular endothelial cell proliferation. Relative number of 
proliferating hCMEC/D3 cells after exposure to control conditions, 50 µg/mL of sEVs 
obtained from MSCs (source 16.3) cultured under regular ‘normoxic’ conditions (21% 
O2; sEVnormoxic) or 50 µg/mL of sEVs obtained from MSCs (source 16.3) cultured under 
hypoxic conditions (1% O2; sEVhypoxic). Data are mean ± SD values (n=4 independent 
experiments). **p<0.01 compared with control. 
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Supplemental Figure 6: sEVs from hypoxic 41.5 MSCs increase cerebral 
microvascular endothelial cell migration independent of the sEV preparation. (A-
C) Total number of migrating hCMEC/D3 cells, determined in a transwell migration 

assay, after exposure to 50 µg/mL of each of three preparations (labeled preparations 

A, B and C) of sEVs obtained from MSC culture media that contain platelet lysates 

(sEVplatelet), sEVs obtained from MSCs (source 41.5) cultured under ‘normoxic’ 

conditions (21% O2; sEVnormoxic) or sEVs obtained from MSCs (source 41.5) cultured 

under hypoxic conditions (1% O2; sEVhypoxic). Data are mean ± SD values (n=3 

independent experiments [in (A)-(C)]). *p<0.05, **p<0.01, ***p<0.001 compared with 

control; †p<0.05, ††p<0.01, †††p<0.001 compared with sEVplatelet; ‡p<0.05, ‡‡p<0.01, 
‡‡‡p<0.001 compared with sEVnormoxic.  
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Supplemental Figure 7: sEVs from hypoxic 41.5 MSCs increase cerebral 
microvascular endothelial tube formation independent of the sEV preparation. 
(A-C) Total tube number, evaluated in a Matrigel-based tube formation assay, of 

hCMEC/D3 cells exposed to control conditions or 50 mg/mL of each of three 

preparations (labeled preparations A, B and C) of sEVs obtained from MSC culture 

media that contain platelet lysates (sEVplatelet), sEVs obtained from MSCs (source 41.5) 

cultured under regular ‘normoxic’ conditions (21% O2; sEVnormoxic) or sEVs obtained 

from MSCs (source 41.5) cultured under hypoxic conditions (1% O2; sEVhypoxic). Data 

are mean ± SD values (n=3 independent experiments [in (A)-(C)]). **p<0.01, 

***p<0.001 compared with control/ ††p<0.01, †††p<0.001 compared with sEVplatelet/ 
‡‡p<0.01, ‡‡‡p<0.001 compared with sEVnormoxic. 
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Supplemental Figure 8: sEVs from hypoxic MSCs of different donors 
consistently increase the migration and tube formation of cerebral 
microvascular endothelial cells. (A) Total number of migrating hCMEC/D3 cells, 

determined in a transwell migration assay, (B) tube number, (C) tube length density, 

(D) branching point density, and (E) mean branch length of hCMEC/D3 cells, evaluated 

in a Matrigel-based tube formation assay, as well as (F) endothelial viability, measured 

in a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay in 

hCMEC/D3 cells cultured under regular ‘normoxic’ conditions (21% O2), which were 

exposed to control conditions, sEVs obtained from MSC culture media that contain 

platelet lysates (50 µg/mL; sEVplatelet), sEVs obtained from various MSCs (sources 16.3, 

117.3, 126.7, 142.1, 152.6 or 153.3) cultured under regular ‘normoxic’ conditions (21% 

O2; 50 µg/mL; sEVnormoxic) or sEVs obtained from various MSCs (sources as above) 

cultured under hypoxic conditions (1% O2; 50 µg/mL; sEVhypoxic). Data are mean ± SD 

values (n=3 independent experiments [in (A)], 5 independent experiments [in (B)-(E)], 

4 independent experiments [in (F)]). *p<0.05, **p<0.01, ***p<0.001 compared with 

control/ †p<0.05, ††p<0.01, †††p<0.001 compared with sEVplatelet/ ‡p<0.05, ‡‡p<0.01, 
‡‡‡p<0.001 compared with corresponding sEVnormoxic. 
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Supplemental Figure 9: sEVs obtained from hypoxic 41.5 MSCs increase post-
ischemic microvascular density in the peri-infarct cortex. Density of CD31+ 

cerebral microvessels in the (A) peri-infarct parietal cortex and (B) infarct-remote motor 

cortex at the rostrocaudal level of the bregma, which is the core of the middle cerebral 

artery territory, of mice exposed to 40 min middle cerebral artery occlusion (MCAO), 

which were intravenously treated after 24 h, 72 h and 120 h with vehicle (normal saline), 

sEVs obtained from MSC culture media that contain platelet lysate (sEVplatelet), sEVs 

released by MSCs (source 41.5) cultured under regular ‘normoxic’ conditions (21% O2; 

sEVnormoxic; equivalent released by 2x106 cells) or sEVs released by MSCs (source 

41.5) cultured under hypoxic conditions (1% O2; sEVhypoxic; equivalent released by 

2x106 cells) followed by animal sacrifice after 56 days. Representative 

microphotographs are also shown. (C) Laser Doppler flow recording above the core of 

the middle cerebral artery territory during and after MCAO in the same groups. Data 

are box plots with medians (lines inside boxes)/ means (crosses inside boxes) ± 

interquartile ranges (boxes) with minimum/ maximum values as whiskers (in (A) and 

(B)) or mean ± SD values (in (C)) (n=10 animals vehicle, 6 animals sEVplatelet, 9 animals 

sEVnormoxic, 9 animals sEVhypoxic). *p<0.05 compared with control/ †p<0.05 compared 

with sEVplatelet/ ‡‡p<0.01 compared with sEVnormoxic. Scale bar: 50 µm (in (A), (B)). 
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Supplemental Figure 10: Transient ischemia followed by reproducible 
reperfusion in mice exposed to MCAO evaluated by 3D light sheet microscopy. 
Laser Doppler flow recording above the core of the middle cerebral artery territory 

during and after 40 min MCAO of mice which were intravenously treated with vehicle 

(normal saline), sEVs released by MSCs (source 41.5) cultured under regular 

‘normoxic’ conditions (21% O2; sEVnormoxic; equivalent released by 2x106 cells) or sEVs 

released by MSCs (source 41.5) cultured under hypoxic conditions (1% O2; sEVhypoxic; 

equivalent released by 2x106 cells) at 1, 3, and 5 days post-MCAO, while control 

(isotype) IgG or anti-Ly6G (clone 1A8; Ly6G indicates lymphocyte antigen-6, locus G) 

antibody were intraperitoneally applied at 1, 3, 5, and 7 days post-MCAO. Data are 

mean ± SD values (n=6 animals isotype/vehicle, 5 animals isotype/sEVnormoxic, 8 

animals isotype/sEVhypoxic, 7 animals anti-Ly6G/vehicle, 7 animals anti-Ly6G/sEVhypoxic). 

No significant group differences were found. 
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Supplemental Tables:  
 
Supplemental Table 1: Characterization of MSC-sEV preparations by 
nanoparticle tracking analysis (NTA) and bicinchoninic acid assay (BCA). 
 

MSC-sEV 
preparation 

Particle 
concentration 
[particles/ ml] 

Particle 
size [nm] 

Protein 
concentration 
[µg/ µl] 

Purity [particles/ 
mg protein] 

sEVplatelet (A) 6.4x1010 137.1 7.29 4.7x1010 

sEVplatelet (B) 3.3x1011 115.6 5.52 1.7x1011 

sEVplatelet (C) 3.5x1011 107.7 9.59 3.7x1010 

41.5 sEVnormox (A) 1.48x1011 119.2 5.48 2.7x1010 

41.5 sEVnormox (B) 3.8x1011 125.6 7.84 4.8x1010 

41.5 sEVnormox (C) 1.6x1011 125.6 4.80 3.3x1010 

41.5 sEVhypox (A) 8.40x1010 132.6 1.39 6.0x1010 

41.5 sEVhypox (B) 2.80x1011 119.7 2.41 1.2x1011 

41.5 sEVhypox (C) 1.36x1011 123.9 6.02 2.3x1010 

16.3 sEVnormox (A) 7.2x1010 120.9 0.62 1.2x1011 

16.3 sEVhypox (A) 5.1x1010 110.4 0.89 5.7x1010 

117.3 sEVnormox (A) 2.0x1011 117.7 7.49 2.6x1010 

117.3 sEVhypox (A) 4.0x1011 117.3 7.96 4.9x1010 

126.7 sEVnormox (A) 3.9x1011 118.4 10.44 1.8x1010 

126.7 sEVhypox (A) 8.9x1011 112.0 16.16 5.5x1010 

142.1 sEVnormox (A) 3.3x1011 115.8 6.63 4.9x1010 

142.1 sEVhypox (A) 4.7x1011 123.7 9.10 5.1x1010 

152.6 sEVnormox (A) 6.5x1011 135.0 6.76 9.6x1010 

152.6 sEVhypox (A) 1.3x1012 137.6 18.81 6.9x1010 

153.3 sEVnormox (A) 2.3x1011 111.6 6.40 3.6x1010 

153.3 sEVhypox (A) 2.1x1011 112.5 6.30 3.3 x1010 

 
In the left column, letters (A) – (C) refer to independent MSC-sEV preparations. 
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Supplemental Table 2. Microvascular network characteristics in the previously 
ischemic and contralateral non-ischemic cortex and striatum evaluated by 3D 
light sheet microscopy at 24 hours post-MCAO. 
 

 
Vessel length 

density 

Branch point 

density 

Mean branch 

length 

Tortuosity 

 Cortex Striatum Cortex Striatum Cortex Striatum Cortex Striatum 

Ischemic 
324.1± 

130.8* 

355.3± 

134.4* 

2135.3± 

957.7* 

2749.6± 

1376.9** 

53.2± 

14.4 

45.6± 

10.3 

1.21± 

0.06 

1.21± 

0.06 
         
Non-

ischemic 

773.8± 

240.6 

612.6± 

207.5 

8497.6± 

5354.8 

5709.5± 

2627.2 

53.3± 

13.0 

48.2± 

9.3 

1.27± 

0.02 

1.25± 

0.02 

 

Data are means ± S.D. values (n=5 animals). *p<0.05, **p<0.01 compared with 

corresponding non-ischemic. 
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Supplemental Materials and Methods 
 
Legal issues, animal housing, randomization and blinding 
Experiments were performed with local government approval (Landesamt für Natur, 

Umwelt und Verbraucherschutz, Recklinghausen) in accordance to EU directive 

2010/63/EU for the care and use of laboratory animals and local institutional guidelines. 

In adherence to ARRIVE guidelines 2.0, experiments were strictly randomized.10 The 

experimenter performing the animal experiments and histochemical studies (C.W.) 

was fully blinded at all stages of the study by another researcher (A.M.Y.) preparing 

the vehicle and MSC-derived small extracellular vesicle (MSC-sEV) solutions. These 

solutions received dummy names (e.g., solution A, B, C, D), which were unblinded 

after termination of the study. Animals were kept in a regular inverse 12h:12h light/dark 

cycle in groups of 5 animals/cage. Behavioral tests and animal surgeries were always 

performed in the morning hours throughout the study. 

 
Statistical planning 
Statistical planning was done by a sample size calculator (https://www.dssresearch. 

com/KnowledgeCenter/toolkitcalculators/samplesizecalculators.aspx). Assuming an 

alpha error of 5% and a beta error (1–statistical power) of 20%, these calculations 

determined that 9 animals were needed per group for behavioral and histochemical 

analyses, provided that sEVs modified the mean value by 32.5% and that the standard 

deviation of the data sample was 25% of the mean value (effect size: 1.3). Whenever 

a single or up to two animals were missing due to animal dropouts (see below), we did 

not fill them up. Wherever more animals were lost, animals were complemented by 

new animals.  

 

Expansion and characterization of MSCs  
Human MSCs were raised from bone marrow aspirate samples of healthy donors after 

informed consent as described previously.3, 6 Their usage was approved by the Ethics 

Committee of the University of Duisburg-Essen (12-5295-BO).  MSCs were expanded 

in low glucose Dulbecco’s modified Eagle medium (DMEM; Lonza), supplemented with 

10% human platelet lysate (hPL), 100 U/ ml penicillin-streptomycin-L-glutamine 

(Thermo Fisher Scientific, Waltham, MA, U.S.A.) and 5 IU/ml heparin (Heparin-

Natrium-25000, Ratiopharm, Ulm, Germany) and passaged at approximately 80% 

confluency. In passage 3, MSCs were characterized according to International Society 
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of Cell and Gene Therapy (ISCT) standards, as previously described.7 Briefly, MSCs 

were stained with fluorochrome labeled anti-CD73, anti-CD90, anti-CD105, anti-CD31, 

anti-CD34 and anti-CD45 antibodies and analysed on a multicolour flow cytometer 

(Cytoflex, Software Cytexpert 2.3; Beckman-Coulter, Krefeld, Germany) (Suppl. Fig. 
I). The osteogenic and adipogenic differentiation potentials of MSCs were confirmed 

in conventional MSC differentiation assays (Suppl. Fig. I). Starting at passage 3, 

conditioned media were harvested every 48 hours from MSCs cultured under hypoxic 

conditions (1% O2), as previously described.3, 6 The conditioned media centrifuged at 

2,000 g for 15 minutes to remove cell debris and stored at -20°C until usage. Only 

conditioned media were used which lacked mycoplasma contamination.  
 

Preparation of MSC-sEVs 

Conditioned media were simultaneously thawed and processed. To remove debris and 

larger vesicles, supernatants were centrifuged at 6,800 g for 45 min in an Avanti 

centrifuge (JA-10 rotor; k-factor: 3610; Beckman-Coulter). The preparation of MSC-

sEVs was performed using an established polyethylene glycol (PEG) precipitation 

method, as described recently.3, 6 PEG precipitation combines volume reduction 

through water molecule binding with low g-force centrifugation step at 1,500 g for 30 

minutes. PEG precipitation allows extraction of sEVs from large supernatant volumes. 

It is therefore our choice for the preparation of clinical trials. Pelleted sEVs were 

washed in 0.9% NaCl and re-precipitated by ultracentrifugation at 110,000 g for 130 

min (Ti45 rotor, k-factor: 133). MSC-sEV samples were dissolved in 10 mM Hepes/ 

0.9% NaCl (Thermo Fisher Scientific) at a concentration of 4x107 cell equivalents per 

mL and stored at -80°C. Throughout this study, only two preparations obtained from 

MSCs of different donors (sources 16.3 and 41.5) were used. sEVs obtained from MSC 

source 16.3 were evaluated in the cohort of young and aged male mice treated 

immediately after reperfusion. Source 41.5 MSC-sEVs were examined in the cohort of 

female mice treated immediate after reperfusion and the cohort of male mice treated 

with 6 hours delay. In this study, we decided to use sEVs displaying sizes smaller than 

150 nm rather than large extracellular vesicles with a size greater equal 150 nm, since 

sEVs have been suggested to mediate therapeutic effects post-ischemia.1, 3, 6 

 

Characterization of MSC-sEVs by nanoparticle tracking analysis and 
ImageStreamX flow cytometry 

According to the recently updated ISEV guidelines,7 MSC-sEV preparations were 
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characterized for concentration and size by nanoparticle tracking analysis (NTA; 

Particle Metrix, Meerbusch, Germany), as described previously.3, 6 The protein 

concentration was determined by a standardized bicinchoninic acid (BCA) assay 

according the manufacturer’s protocol (Pierce, Rockford, IL, U.S.A.). The particle 

concentration, size, protein concentration and purity are shown in Suppl. Table I. 
Using Western blots, we had previously shown the presence of the exosome markers 

CD9, CD63, CD81 and syntenin and the absence of the cytosolic markers calnexin 

and prohibitin in sEV samples.6 By imaging flow cytometry using the AMNIS 

ImageStreamX Mark II Flow Cytometer (Luminex, Seattle, WA, U.S.A.) we now 

showed that the presence of CD9+, CD63+ and CD81+ vesicles in sEV samples (Suppl. 
Table II). The gating strategy for sEVs is shown in Suppl. Fig. II. By transmission 

electron microscopy, we had previously shown the presence of sEVs within 

preparations that had the typical appearance and size of exosomes.6 Antibodies used 

for flow cytometry of sEVs are listed in Suppl. Table III. 
 

Focal cerebral ischemia 
8-10-week-old (25-32 g) or 15-24-month-old (30-48 g) male or female C57BL6/j mice 

(Harlan Laboratories, Darmstadt, Germany) were anaesthetized with 1.0-1.5% 

isoflurane (30% O2, remainder N2O). Rectal temperature was maintained between 36.5 

and 37.0°C using a feedback-controlled heating system (Fluovac; Harvard apparatus, 

Holliston, MA, U.S.A.). Cerebral blood flow was recorded by laser Doppler flowmetry 

using a flexible probe attached to the skull overlying the core of the middle cerebral 

artery territory. The left common and external carotid arteries were isolated and ligated, 

and the internal carotid artery was temporarily clipped. A silicon-coated nylon 

monofilament was introduced through a small incision into the common carotid artery 

and advanced to the carotid bifurcation for MCAO. Reperfusion was initiated by 

monofilament removal. Immediately after reperfusion (in animals sacrificed after 72 

hours) or with 6 hours, 48 hours and 96 hours delay (in animals sacrificed after 7 days), 

200 µl normal saline (as vehicle) or 2x106 cell equivalents of MSC-sEV preparations 

dissolved in 200 µl normal saline were administered through the animals’ tail vein. 

Throughout the study, all wounds were instilled with buprenorphine (0.1 mg/kg; Reckitt 

Benckiser, Slough, U.K.). Following termination of the surgeries, wounds were 

carefully sutured. For anti-inflammation, animals received daily i.p. injections of 

carprofen post-MCAO (4 mg/kg; Bayer Vital, Leverkusen, Germany) for 3 days.  
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Animal groups, exclusion criteria and dropouts 
The experimental design is summarized in Suppl. Fig. III. Mice were excluded from 

the study when they met one of the following exclusion criteria: (1) prolonged surgery 

duration > 20 minutes; (2) drop of blood flow <75% after monofilament insertion; (3) 

lack of reperfusion after monofilament withdrawal; (4) >20% weight loss, respiratory 

abnormalities (central apneas) or death within 3 days after MCAO. A total of 17 mice 

were excluded. Animal dropouts were distributed as follows: 2/13 animals in vehicle 

treated young male mouse group, 1/12 animals in sEV treated young male mouse 

group, 9/36 animals in vehicle treated aged male mouse group, 4/32 animals in sEV 

treated aged male mouse group, 1/14 animals in vehicle treated aged female mouse 

group, and 0/13 animals in sEV treated aged female mouse group.  

 
Analysis of neurological deficits after focal cerebral ischemia using the Clark 
score 
Neurological deficits were evaluated daily (in animals sacrificed after 72 hours) or at 

24 hours, 72 hours, 120 hours and 168 hours (in animals sacrificed after 7 days) after 

MCAO using the Clark score,6, 11 which evaluates general and focal neurological 

deficits (Suppl. Table IV and V). By adding general and focal deficit scores, the total 

deficit score was formed. 

 
Analysis of infarct volume and brain edema by cresyl violet staining 
20-μm-thick coronal brain cryostat sections collected at 1 mm intervals across the 

forebrain were stained with cresyl violet. In all sections, infarct area was determined 

using the indirect method that corrects for brain swelling by outlining intact tissue in 

both hemispheres using ImageJ software (National Institutes of Health). Infarct volume 

was determined by integrating infarct areas from all brain sections and brain edema 

was measured as ratio of ipsilateral to contralateral hemisphere volume. 

 

Immunohistochemical analysis of brain injury, immune infiltrates and blood-
brain barrier permeability 

20-µm-thick coronal brain sections obtained from the rostrocaudal level of the bregma 

were rinsed three times for 5 minutes in 0.1 M phosphate-buffered saline (PBS) and, 

except for IgG immunohistochemistry, immersed in 0.1 M PBS containing 0.3% Triton 

(PBS-T) and 10% normal donkey serum for 10 minutes. Sections were incubated 

overnight at 4°C in monoclonal rabbit anti-NeuN (neuronal nuclear antigen; ab177487; 
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Abcam), Alexa Fluor-594 conjugated polyclonal donkey anti-IgG (A21203; Thermo 

Fisher Scientific), polyclonal goat anti-ICAM-1 (intercellular adhesion molecule-1; 

AF796; R&D, Minneapolis, MN, U.S.A.), monoclonal rat anti-CD31 (550274; BD 

Biosciences, Heidelberg, Germany), monoclonal rat anti-CD45 (05-1416, Merck 

Millipore), monoclonal rat anti-Ly6G (lymphocyte antigen 6 locus G; 1A8; 127602; 

Biolegend, San Diego, CA, U.S.A.) or monoclonal rabbit anti-CD3 (ab16669; Abcam) 

antibodies. After rinsing, sections were incubated for 1 hour at room temperature in 

secondary antibodies, as appropriate. Nuclei were counterstained with Hoechst 33342 

(B2261; Sigma-Aldrich). In NeuN stainings, DNA-fragmented, that is, irreversibly 

injured cells were also detected by terminal deoxynucleotidyl transferase dUTP nick 

end labeling (TUNEL) (Roche Diagnostics, Mannheim, Germany) according to the 

manufacturer’s protocol. Immunofluorescence stainings were evaluated using a Zeiss 

AxioOberver.Z1 inverted microscope (Carl Zeiss, Jena, Germany). TUNEL, 

NeuN/TUNEL, Ly6G and CD3 stainings were analyzed by counting labeled cells in the 

entire ischemic striatum. CD45 staining was examined by counting labeled cells in 

three defined regions of interest (ROI; each measuring 325 μm x 325 μm) in the most 

lateral part (i.e., core) of the ischemic striatum directly adjacent to the external capsule. 

For the cell numbers determined in the 3 ROI, mean values were formed. IgG and 

ICAM-1/CD31 stainings were assessed by intensity measurement in the entire 

ischemic striatum. In the latter analyses, background stainings were determined in the 

homologous contralateral non-ischemic striatum that were subtracted from values 

determined in the ipsilateral ischemic striatum.  

 

Flow cytometry of brain peripheral blood leukocytes 
Single cell suspensions for flow cytometry analysis were obtained as previously 

described.6 Ischemic brains were harvested. One milliliter blood samples were taken 

from the animals’ hearts in deep anesthesia. After erythrocyte lysis with lysis buffer 

(BD Biosciences) followed by two washing steps with PBS, leukocytes were stained 

for 30 minutes at 4°C using antibody cocktails listed in Supplemental Table III. Cell 

suspensions were analyzed using a BD FACS Aria III cell sorter (BD Biosciences) and 

evaluated using FlowJo software V10 (Ashland, OR, U.S.A.). Leukocyte numbers were 

quantified on a Cytoflex flow cytometer (Beckman-Coulter). The gating strategy is 

shown in Supplemental Figure IV. 
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Supplemental Figure I. Cells raised from bone marrow samples of healthy 
donors fulfill bona fide MSC characteristics. (Upper) The expanded cells express 

cell surface antigens typically found on MSCs including CD73, CD90 and CD105 and 

lack expression of endothelial and hematopoietic marker proteins, that is, CD31, CD34 

and CD45. (Lower) The cells have a fibroblastoid morphology (phase contrast image 

in left column) and can differentiate along the osteogenic (calcium aggregates in 

alizarin red stainings in mid column) and adipogenic (lipid vacuoles in oil red o stainings 

in right column) lineages. Inserts in the mid and right column indicate negative controls.  
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Supplemental Figure II. Gating strategy for measurement of sEVs by 
ImageStreamX flow cytometry. From all recorded signals (1st plot from left), signals 

not showing spot counts or signal multiplets were excluded (2nd plot from left). In the 

three representative plots on the right, side scatter (SSC) intensities of single objects 

are plotted against the fluorescence intensities of CD9+ (labeled with PE), CD63+ 

(labeled with APC) or CD81+ (labeled with FITC) objects. 
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Supplemental Figure III. Experimental design and animal groups. In (A) animal 
set 1, young (8-10-week-old) and aged (19-24-month-old) male mice were exposed to 
30 minutes intraluminal MCAO. Vehicle or MSC-sEVs (2x106 cell equivalents) were 
intravenously administered immediately after reperfusion. Neurological deficits were 
evaluated daily by the Clark score. Animals were sacrificed at 3 days post-MCAO, and 
brain samples were taken for cresyl violet staining and immunohistochemistry. Blood 
samples were analyzed by flow cytometry. In (B) animal set 2, male mice (15-20-
month-old) were likewise exposed to MCAO followed by intravenous delivery of vehicle 
or MSC-sEVs (2x106 cell equivalents) immediately after reperfusion. Animals were 
killed at 3 days post-MCAO, and brain samples were examined by flow cytometry. In 
(C) animal set 3, female mice (15-16-month-old) were exposed to MCAO. Vehicle or 
MSC-sEVs (2x106 cell equivalents) were intravenously administered immediately after 
reperfusion. Neurological deficits were assessed daily by the Clark score. At 3 days 
post-MCAO, animals were sacrificed, and brain samples were taken for cresyl violet 
staining. In (D) animal set 4, male mice (15-23-month-old) were again exposed to 
MCAO followed by intravenous delivery of vehicle or MSC-sEVs (2x106 cell equivalents) 
at 6 hours, 2 days, and 4 days post-MCAO. Neurological deficits were evaluated after 
1, 3, 5, and 7 days using the Clark score. Animals were killed at 7 days post-MCAO, 
and brain samples were used for cresyl violet staining.  
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Supplemental Figure IV: Gating strategy used for analyzing brain and peripheral 
blood leukocytes and leukocyte activation via flow cytometry. Peripheral blood 

leukocytes were identified as CD45 expressing cells. Lineage antigens allowed their 

discrimination into lymphoid (upper gating strategy) and myeloid (lower gating strategy) 

subtypes. Macro, macrophages; Mono, monocytes, N, polymorphonuclear neutrophils. 
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Supplemental Figure V. MSC-sEVs reduce post-ischemic neurological deficits 
and induce neuroprotection in aged female mice. (A) LDF, (B) neurological deficits, 

(C) infarct volume and (D) brain edema in aged female mice exposed to 30 minutes 

intraluminal MCAO. Vehicle or MSC-sEVs (2x106 cell equivalents) were intravenously 

administered immediately after reperfusion. Animals were sacrificed at 72 hours post-

MCAO. Representative cresyl violet stainings are shown. Data are means ± standard 

deviations (in (A, B)) or box blots with medians (lines inside boxes)/means (crosses 

inside boxes) ± interquartile ranges with minimum and maximum values as whiskers 

(in (C, D)). *p<0.05/**p<0.01 (n=13 animals/group). Scale bars: 1 mm (in (C, D)). 
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Supplemental Figure VI. MSC-sEVs reduce cell injury after focal cerebral 
ischemia in young and aged mice. (A) DNA fragmented (that is, irreversibly injured) 

cells evaluated by terminal deoxynucleotidyl transferase dUTP nick end labeling 

(TUNEL) and (B) ICAM-1 reactivity on cerebral microvessels evaluated by 

immunohistochemistry in the ischemic striatum of young and aged male mice exposed 

to 30 minutes intraluminal MCAO. Vehicle or sEVs (2x106 cell equivalents) were 

intravenously administered immediately after reperfusion. Animals were sacrificed at 

72 hours post-MCAO. Representative TUNEL and ICAM-1 stainings are shown. Data 

are box blots with medians (lines inside boxes)/means (crosses inside boxes) ± 

interquartile ranges with minimum and maximum values as whiskers. Scale bar: 50 μm 

(in (A, B)). *p<0.05 (n=9-11 animals/group). 
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Supplemental Figure VII. MSC-sEVs reduce post-ischemic neurological deficits 
and induce neuroprotection in aged mice, when administered with 6 hours delay. 

(A) LDF, (B) neurological deficits, (C) infarct volume and (D) brain edema in aged male 

mice exposed to 30 minutes intraluminal MCAO. Vehicle or MSC-sEVs (2x106 cell 

equivalents) were intravenously administered 6 hours, 48 hours and 96 hours after 

reperfusion. Animals were sacrificed at 7 days post-MCAO. Representative cresyl 

violet stainings are shown. Data are means ± standard deviations (in (A, B)) or box 

blots with medians (lines inside boxes)/means (crosses inside boxes) ± interquartile 

ranges with minimum and maximum values as whiskers (in (C, D)). *p<0.05/**p<0.01 

(n=10 animals/group). Scale bars: 1 mm (in (C, D)). 
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Supplemental Figure VIII. MSC-sEVs prevent post-ischemic brain leukocyte and, 
specifically, PMN infiltrates in aged mice. (A) CD45+ leukocyte, (B) Ly6G+ PMN and 

(C) CD3+ T cell infiltrates in the ischemic striatum, evaluated by immunohistochemistry 

in the striatum of young and aged male mice exposed to 30 minutes intraluminal MCAO. 

Vehicle or MSC-sEVs (2x106 cell equivalents) were intravenously applied immediately 

after reperfusion. Animals were sacrificed at 72 hours post-MCAO. Representative 

microphotographs are shown. Data are box blots with medians (lines inside 

boxes)/means (crosses inside boxes) ± interquartile ranges with minimum and 

maximum values as whiskers. *p<0.05/**p<0.01 (n=9-11 animals/group). Scale bars: 

50 µm (in (A, C))/100 μm (in (B)).   
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Supplemental Figure IX. MSC-sEVs reduce blood CD115+ monocytes and 
CD69+CD8+ activated T cells in aged mice. Total leukocytes, PMNs, non-activated 
PMNs, activated PMNs, monocytes, patrolling monocytes, intermediate monocytes, 
inflammatory monocytes, macrophages, T cells, CD4+ T cells, CD4+ activated T cells, 
CD8+ T cells, CD8+ activated T cells, B cells and NK cells in the peripheral blood of 
young and aged male mice exposed to intraluminal MCAO assessed by flow cytometry. 
Vehicle or sEVs (2x106 cell equivalents) were intravenously applied immediately after 
reperfusion. Animals were sacrificed at 72 hours post-MCAO. Data are box blots with 
medians (lines inside boxes)/means (crosses inside boxes) ± interquartile ranges with 
minimum and maximum values as whiskers. *p<0.05/**p<0.01/***p<0.001 (n=6-8 
animals/ group).  
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Supplemental Tables:  
 
Supplemental Table I: Biophysical characteristics of MSC-sEV preparations. 
 
 

Particle 
concentration 
[particles/ ml] 

Particle size 
[nm] 

Protein 
concentration 
[µg/ µl] 

Purity 
[particles/ mg 
protein] 

Preparation 
source 16.3 

5.1x1010 106.6 ± 4.9  0.89 5.7x1010 

Preparation 
source 41.5 

8.1x1011 122.9 ± 10.3 5.68 1.4x1011 

 
Particle size is given as mean ± standard deviation (SD) value. 
 

 

Supplemental Table II: Flow cytometric characterization of MSC-derived sEV 
preparations.  

 

EV marker CD9+ objects [/ ml] CD63+ objects [/ ml] CD81+ objects [/ ml] 

Preparation 
source 16.3 

5.83 ± 0.04 x 109 3.04 ± 0.74 x 109 5.57 ± 0.36 x 108 

Preparation 
source 41.5 

1.95 ± 0.22 x 108 4.49 ± 1.64 x 107 2.60 ± 0.37 x 107 

 
Number of objects per milliliter evaluated by AMNIS ImageStreamX analysis. Data are 

means ± SD values. 
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Supplemental Table III: Antibodies used for flow cytometry. 

Antigen Conjugate Host/isotype Clone Supplier 

Mouse CD45 Pacific blue Rat IgG2b, kappa 30F11 BioLegend 

Mouse CD45 Brilliant violet (BV) 
421 

Rat IgG2b, kappa 30F11 BioLegend 

Mouse CD45 BV 605 Rat IgG2b, kappa 30F11 BioLegend 

Mouse Ly6G Phycoerythrin (PE) Rat IgG2a, kappa 1A8 BioLegend 

Mouse CXCR2 Peridinin-chlorophyll 
(PerCP)-Cy5.5 

Rat IgG2a, kappa SA045E1 BioLegend 

Mouse CD62L eFluor 450 Rat IgG2a, kappa MEL-14 eBioscience 

Mouse Ly6C PE-Cy7 Rat IgG2c, kappa HK1.4 BioLegend 

Mouse Ly6C 

 

Fluorescein 
isothiocyanate 

(FITC) 

Rat IgM, kappa AL21 BD Biosciences 

Mouse CD11b Allophycocyanin 
(APC) 

Rat IgG2b, kappa M1/70 eBioscience 

Mouse CD11b  PerCP-Cy5.5 Rat IgG2b, kappa M1/70 BioLegend 

Mouse CD115 PE-Cy7 Rat IgG2a, kappa AFS98 eBioscience 

Mouse CD3ε Alexa Fluor 647 Hamster IgG 145-2C11 BioLegend 

Mouse CD3 BV 510 Rat IgG2b, kappa 17A2 BioLegend 

Mouse CD4  BV 605 Rat IgG2a, kappa RM4-5 BD Biosciences 

Mouse CD8 BV 786 Rat IgG2a, kappa 53-6.7 BD Biosciences 

Mouse B220 PE Rat IgG2a, kappa RA3-6B2 BD Biosciences 

Mouse CD19 APC Rat IgG2a, kappa 1D3 BioLegend 

Mouse NK-1.1 FITC Rat IgG2a, kappa PK136 BD Biosciences 

Mouse CD69 PE-Cy7 Hamster IgG H1.2F3 BioLegend 

Human CD73 FITC Mouse IgG1, kappa AD2 BD Biosciences 

Human CD90 BV 605 Mouse IgG1, kappa 5E10 BioLegend 

Human CD105 BV 421 Mouse IgG1, kappa 43A3 BioLegend 

Human CD31 PE Mouse IgG1 1F11 Beckman-Coulter 

Human CD34 APC 750 Mouse IgG1 581 Beckman-Coulter 

Human CD45 BV 785 Mouse IgG1, kappa HI30 BioLegend 

Human CD9 PE Mouse, IgG1 MEM-61 Exbio 

Human CD63 APC Mouse, IgG1 MEM-259 Exbio 

Human CD81 FITC Mouse, IgG2a JS64 Beckman-Coulter 
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Table IV: Modified Clark score for the assessment of general deficits 
 

No. Objective Instruction Score=0 Score=1 Score=2 Score=3 Score=4 
        
1 Hair Mouse observed on 

open bench top 
(OS). Observation 
with no interference 

Hair neat and clean Lack of grooming, 
piloerection and dirt on the 
fur around nose and eyes 

   

        
2 Eyes Mouse on OS. 

Observation with no 
interference or 
stimulation 

Open and clear (no discharge) Open and characterized by 
milky white mucus 

Open and 
characterized by 
milky dark mucus 

Eyes clotted (one or 
both sides) 

Closed 

        
3 Posture Place the mouse on 

the palm of your 
hand and rock gently 
to observe stability 

The mouse stands in the 
upright position on four limbs 
with the back parallel to the 
palm. During the rocking 
movement, it uses its limbs to 
stabilize itself 

The mouse stands 
humpbacked. During the 
rocking movement, it lowers 
its body instead of using its 
limbs to gain stability 

The head or part of 
the trunk lies on the 
palm 

The mouse reclines 
to one side but may 
be able to turn to an 
upright position with 
some difficulty 

No upright 
position 
possible 

        
        
4 Spontaneous 

activity 
Mouse on OS. 
Observation with no 
interference or 
stimulation 

The mouse is alert and 
explores actively 

The mouse seems alert, but 
it is calm and quiet and it 
starts and stops exploring 
repeatedly and slow 

The mouse is 
listless, moves 
sluggishly but does 
not explore 

The mouse is 
lethargic or stuporous 
and barely moves 
during the 1 minute 

 

        
 

Adapted from Donath et al11 under the terms of the Creative Commons Attribution 4.0 International License (CC-BY). Copyright © 2016 
Donath et al. This table is an excerpt of the original. 
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Table V: Modified Clark score for the assessment of focal deficits 
 

No. Objective Instruction Score=0 Score=1 Score=2 Score=3 Score=4 
        
5 Body 

symmetry 
Mouse on OS, observation 
of undisturbed resting 
behavior and description of 
the virtual nose-tail line 

Normal. a, Body: 
normal posture, 
trunk elevated from 
the bench, with 
forelimbs and 
hindlimbs leaning 
beneath the body. 
b, Tail: straight 

Slight asymmetry. a, 
Body: leans on one 
side with forelimbs 
and hindlimbs leaning 
beneath the body. b, 
Tail: slightly bent 

Moderate 
asymmetry. a, 
Body: lean on one 
side with forelimbs 
and hindlimbs 
stretched out. b, 
Tail: slightly bent 

  

        
6 Gait Mouse on OS. Observation 

of undisturbed movements 
Normal. Gait is 
flexible, symmetric, 
and quick 

Stiff, inflexible. The 
mouse walks 
humpbacked, slower 
than normal mouse 

Limping with 
asymmetric 
movements 

More severe 
limping, drifting, 
falling with obvious 
deficiency in gait 

Does not walk 
spontaneously. (In this 
case, stimulation will be 
performed gently pushing 
the mouse with a pen. 
When stimulated, the 
mouse walks no longer 
than three steps) 

        
7 Climbing Mouse is placed in the 

center of a gripping 
surface at an angle of 45° 
to OS 

Normal. The mouse 
climbs quickly 

Climbs slowly, limb 
weakness present 

Holds onto slope, 
does not slip or 
climb 

Slides down slope, 
unsuccessful effort 
to prevent fall 

 

        
8 Circling 

behavior 
Mouse on OS. Observation 
of the mouse walking 
undisturbed on the OS 

Circling behavior 
absent. The mouse 
turns equally to left 
or right 

Predominantly one-
sided turns. Optional: 
record to which side 
the mouse turns 

Circles to one side, 
although not 
constantly 

Circles constantly 
to one side. This 
one is now 
highlighted in 
yellow 

 

        
9 Forelimb 

symmetry 
Mouse suspended by the 
tail. Movements and 
position of forelimbs are 
observed 

Normal. Both 
forelimbs are 
extended towards 
the bench and 
move actively 

Light asymmetry. 
Contralateral forelimb 
does not extend 
entirely 

Marked asymmetry. 
Contralateral 
forelimb bends 
towards the trunk. 
The body slightly 
bends on the side 
ipsilateral to stroke 

Prominent 
asymmetry. 
Contralateral 
forelimb adheres 
to the trunk 

Slight asymmetry, no 
body/limb movement 
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10 Compulsory 

circling 
Forelimbs on bench, 
hindlimbs suspended by 
tail. This position reveals 
the presence of the 
contralateral limb palsy. In 
this handstand position, 
limb weakness is displayed 
by a circling behavior when 
the animal attempts 
forward motion 

Absent. Normal 
extension of both 
forelimbs 

Both forelimbs 
extended but begins 
to circle predominantly 
to one side 

Circles only to one 
side and may fall to 
one side 

Pivots to one side 
sluggishly and 
does not rotate in 
a full circle. Mouse 
will fall to one side 

 

        
11 Whisker 

response 
Mouse is placed on the 
bench. Using a pen, touch 
the whiskers and the tip of 
ears gently from behind, 
first on the lesioned side 
and then on the 
contralateral side 

Normal symmetrical 
response. The 
mouse turns the 
head towards the 
stimulated side and 
withdraws from the 
stimulus 

Light asymmetry. The 
mouse withdraws 
slowly when 
stimulated on the 
paretic side. Normal 
response on the side 
ipsilateral to the stroke 

Prominent 
asymmetry. No 
response when 
stimulated on the 
paretic side. Normal 
response on the 
side ipsilateral to 
the stroke 

Absent response 
on the paretic side, 
slow response 
when stimulated 
on the side 
ipsilateral to the 
stroke 

Absent response 
bilaterally 

        
12 Gripping test 

of the 
forepaws 

Mouse is held by the tail 
on the wire bar cage lid, so 
that the forepaws touch the 
grid 

Mouse grasps the 
grid firmly with 
forepaws and tries 
to place the hind 
paws also onto the 
grid by pulling the 
hind paws under the 
body 

Mouse accesses the 
grid but has less 
power. A slight pull 
breaks the grip of the 
forepaws 

Mouse cannot grip 
with the impaired 
forepaw 

Mouse cannot grip 
the grip 

 

        
 

Adapted from Donath et al11 under the terms of the Creative Commons Attribution 4.0 International License (CC-BY). Copyright © 2016 

Donath et al. This table is a derivative of the original with additional objective of whisker response. 
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