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Background: Ischemic stroke (IS) causes tragic death and disability worldwide. However, effective therapeutic interventions are
finite. After IS, blood-brain barrier (BBB) integrity is disrupted, resulting in deteriorating neurological function. As a novel
therapeutic, extracellular vesicles (EVs) have shown ideal restorative effects on BBB integrity post-stroke; however, the definite
mechanisms remain ambiguous. In the present study, we investigated the curative effects and the mechanisms of EVs derived from
bone marrow mesenchymal stem cells and brain endothelial cells (BMSC-EVs and BEC-EVs) on BBB integrity after acute IS.
Methods: EVs were isolated from BMSCs and BECs, and we investigated the therapeutic effect in vitro oxygen-glucose deprivation (OGD)
insulted BECs model and in vivo rat middle cerebral artery occlusion (MCAo) model. The cell monolayer leakage, tight junction expression,
and metalloproteinase (MMP) activity were evaluated, and rat brain infarct volume and neurological function were also analyzed.

Results: The administration of two kinds of EVs not only enhanced ZO-1 and Occludin expressions but also reduced the permeability
and the activity of MMP-2/9 in OGD-insulted BECs. The amelioration of the cerebral infarction, BBB leakage, neurological function
deficits, and the increasing ZO-1 and Occludin levels, as well as MMP activity inhibition was observed in MCAo rats. Additionally,
the increased levels of Caveolin-1, CD147, vascular endothelial growth factor receptor 2 (VEGFR2), and vascular endothelial growth
factor A (VEGFA) in isolated brain microvessels were downregulated after EVs treatment. In vitro, the employment of Caveolin-1 and
CD147 siRNA partly suppressed the expressions of VEGFR2, VEGFA and MMP-2/9 activity and reduced the leakage of OGD
insulted BECs and enhanced ZO-1 and Occludin expressions.

Conclusion: Our study firstly demonstrates that BEC and BMSC-EVs administrations maintain BBB integrity via the suppression of
Caveolin-1/CD147/VEGFR2/MMP pathway after IS, and the efficacy of BMSC-EVs is superior to that of BEC-EVs.
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Introduction

Acute ischemic stroke (IS) is a cerebrovascular event that disrupts normal cerebral blood flow and energy supply, followed by
neurovascular unit dysfunctions, leading to neurological functional deficit. Miserably, IS displays a high risk in aging people,
and in the US, three-quarters of stroke cases occurred in individuals over 65 years.' As the global aging acceleration in the
population, stroke onset was increased by nearly 10% from the 1990s to 2010s, and the individual stroke risk doubled every
ten years of age during a lifetime.> Among all the neurovascular impairments, blood—brain barrier (BBB) dysfunction is one
predominant factor, which affects the pathological evolution risk and prognosis of IS patients. Physiologically, BBB plays
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critical roles in separating peripheral blood from brain parenchyma, controlling substance exchange, and maintaining cerebral
environment homeostasis. The integrity of BBB is damaged after IS onset, resulting in peripheral substances and immune cells
entering the cerebral parenchyma. It exacerbates brain edema, inflammatory injury, and neurological outcome deficits.*
Hence, the maintenance of BBB integrity is predominant to achieve a much better prognosis for IS patients.

Although numerous neuroprotective agents were reported to have positive effects on IS in pre-clinical studies, almost
none were demonstrated to exert satisfactory actions in clinical trials.*’” Since 1996, the only FDA-approved clinical
thrombolytic agent for IS treatment is recombinant tissue plasminogen activator (r-tPA),® but the potential side effects
including intracranial hemorrhage, narrow therapeutic time window, various contraindications, and inpatient costs cause
low administered rate.* '* Therefore, the development of innovative agents is imminent. Stem cell-based therapy has
emerged as a promising approach for IS and has been applied to clinical trials, suggesting that neural stem cells and bone
marrow mesenchymal stem cells (BMSCs) by intravenous administration have the potential to ameliorate neurological
outcomes post-stroke.'! However, it is necessary to be concerned that stem cell administration has some potential
hazards, such as tumor formation, immune responses, and undesirable differentiation.'? Recently, stem cells’ paracrine

extracellular vesicles (EVs) were reportedly to exert similar treatment effects on stroke to stem cells transplantation,l3’14
providing a new insight for IS treatment.
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EVs are small phospholipid bilayer vesicles developed by all the cells via endosomal pathways, containing diverse
biomolecules, such as non-coding nucleic acid, glycoproteins, and lipids.'> It can cross BBB and be engulfed by cerebral
cells.'®'” Numerous studies have revealed that EVs from optimal cell origins exert diverse therapeutic functions,
including neuroprotection, BBB integrity maintenance, cerebral inflammation regulation, and anti-apoptosis and autop-
hagy intervention and so on after IS.'®'” Hence, EVs treatment may be more predominant compared with stem cells
transplantation therapy on IS. However, the exact therapeutic mechanisms of specific EVs on IS fails to be fully defined,
although non-coding RNAs (miRNAs and circRNAs), proteomes, and lipids have been widely identified to facilitate the
restoration after cerebral ischemia via extensive molecular biological pathways.?%*!

CD147 is also named as extracellular matrix metalloproteinase inducer (EMMPRIN), which is a membrane protein
expressed in plenty of cell types, and the expression and glycosylation of CD147 are responsible for the production of
matrix metalloproteinases (MMP).>> And MMP, especially MMP-2, and MMP-9, have been extensively demonstrated that
they can degrade extracellular matrix (ECM), and damage tight junctions (TJs) between endothelial cells resulted in BBB

permeability exacerbation, which aggrades the post-IS neurological functional deficits and inflammation activation.*

CD147 has been first reported in cancer research to interact with MMP to facilitate tumor cells invasion and metastasis,**’
and in recent years, CD147 also been proved to regulate the progression of central nervous system diseases such as
intracerebral hemorrhage®® and stroke.”>° The detrimental role of CD147 in IS has been proved, and the inhibition of
CD147 can alleviate neurological function deficits and inflammatory injury after IS in mice.>>*° The definite mechanism of
how CD147 contributes to the MMP generation has yet to be fully illustrated, but as an identified downstream of
CD147,>" vascular endothelial growth factor (VEGF) can directly facilitate the activation of MMP and enhanced the
permeability of BBB resulted in hemorrhagic transformation (HT) after IS.**-* In addition, though no clear evidence
suggests that CD147 can interact with VEGF pathway in MMP activation after IS, in breast cancer, malignant melanoma,
and liver fibrosis, CD147 can intervene with VEGFR2/VEGFA dependent approach to accelerate the diseases progression.
Hence, we hypothesize that CD147 might regulate VEGF pathway to induce MMPs activation after IS.

The interaction between CD147 and MMP was determined to be associated with their upstream Caveolin-1 (Cav-1).2* As
a scaffolding protein mainly located in cell membrane lipid-raft, Cav-1 phosphorylation at Tyr 14 regulates various signaling
pathways involving VEGFE, MMP, and reactive oxygen species (ROS) production during the progression of IS.>> Additionally, it
can also bind to the glycosylated CD147 in astrocytes and brain endothelial cells (BECs) to activate MMP-2/9, which aggregated
BBB permeability and HT in diabetic IS rats with t-PA administration.*® Therefore, intervening with the expression of Cav-1 and
its downstream CD147, VEGF, and MMP may be an innovative pathway for the restoration of BBB integrity after IS.

In the current study, our results firstly demonstrated the therapeutic effect of BEC-EVs and BMSC-EVs on the
maintenance of BBB integrity in oxygen-glucose deprivation (OGD)-treated BECs and rat MCAo model. Both EVs
administrations can restore the expressions of tight junction ZO-1 and Occludin, reduce MMPs activity and significantly
ameliorate neurological function deficit in MCAo rats. Further investigation revealed that the mechanism of BEC-EVs and
BMSC-EVs treatments on BBB integrity is related to the suppression of Caveolin-1/CD147/VEGFR2/MMP pathway.

Materials and Methods

Separation of EVs

BEC (b. End3 cell line) and BMSC were both from Shanghai Zhong Qiao Xin Zhou Biotechnology Co., Ltd, whose EVs
were extracted as previous described protocol with minor improvement’’ by using Exo-prep kit (HBM-EXP-C25,
HansaBioMed Life Science) and purified by ultracentrifugation. Brieflyy, BMSCs and BECs were both seeded in
75 cm? flasks till 70-80% confluence. After that, the EVs-free medium was replaced, and cells were cultured for another
24 h until confluent. After collecting the supernatants by using 0.22 um membrane filters (Millipore) and centrifugated at
2000 g for 10 mins to abandon the cell debris, the medium was further concentrated via ultrafiltration spin columns
(28932358, Cytiva). Exo-prep reagent was added and left still for 1 h on ice. After centrifuging at 10,000 g under 4 °C,
the EVs pellet was resuspended with PBS and then ultracentrifugated at 100,000 g for 120 mins by using
a ultracentrifuge (XPN-100, Beckman Coulter) for further purification. The final purified BMSC-EVs and BEC-EVs
were represerved in PBS and stored at —80 °C for next administration.
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EVs Characterization

To characterize BEC-EVs and BMSC-EVs, the size and concentration of EVs were evaluated by nanoparticle tracking analysis
(NTA) device (Nanosight-NS500, Malvern Panalytical Ltd), and the morphological characteristics of EVs were observed by
transmission electron microscope (TEM) (Service provided by Servicebio Inc.). The markers of EVs (ALIX, TSG 101, CD 9,
and CD 63) were tested by Western blotting. The internalization of EVs by BEC was measured by using Dil labeled EVs.
Briefly, 5 uM Dil dye (V22885, Invitrogen) were incubated with EVs, and then washed by PBS with ultracentrifugation at
100,000 g for 120 mins. The isolated Dil labeled EVs were co-cultured with BECs under 37 °C for 120 mins. Thereafter, cells
were fixed by 4% paraformaldehyde (PFA), and permeabilized by 0.5% Triton X-100. DAPI (C1005, Beyotime) was stained to
visualize the nucleus, and then samples were observed by a confocal microscope (SPS8, Leica).

OGD Insulted BEC and EVs Treatment

BECs were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (11965092, Gibco) with 10% fetal bovine serum
(FBS) (26140079, Gibco) and 1% penicillin/streptomycin (15070063, Gibco). For standard culture environments, cells
were maintained in an incubator with 95% O, and 5% CO, at 37°C. For OGD modeling, cell medium was replaced with
glucose deprived DMEM (11966025, Gibco), and BEC-EVs and BMSC-EVs (1 x 10'° particles, 100 pg) were added into
the medium of cultured BECs. BECs were then transferred to a hypoxic chamber (MIC-101, Billups-Rothenberg) for N,
ventilation. The oxygen percentage in hypoxic chamber was kept at 0,% <0.5%, and OGD time lasted for 4 h at 37 °C.

Transwell Assay

BECs were cultured into the upper chamber of a 24-well transwell plate in the density of 5x 10* per well. After
incubation for 72 h, DMEM medium was replaced with medium containing 2 mg/mL TRITC-Dextran (4.4 kDa; T1037,
Sigma-Aldrich). BEC-EVs and BMSC-EVs were dissolved in glucose deprived DMEM medium and added to the upper
chamber in treatment groups, respectively. After OGD processing, 50 pL medium from each upper and lower chamber
was collected for fluorescence intensity detection by microplate reader (SpectraMax MS5) at 550 nm excitation and
572 nm emission. After that, the permeability coefficient was determined as previously described:**

Pdextran: (RFUlower chamber/RFUupper chamber) ( 1 /S) (V) ( 1 /t) .

“RFU”: the fluorescent intensity of the chambers; “S”: BEC monolayer surface area; “V”: the volume of lower chamber;
“t”: the time that TRITC-dextran allowed to leak.

Gelatin Zymography

Gelatin zymography was performed by using the detection kit (Real-Times, Beijing Biotechnology Co., Ltd.)
followed by the kit protocol. Briefly, 1 mg protein extracted from cell samples was incubated with 1/10 sample
volume of gelatin-sepharose 4B beads (17095601, GE Healthcare) overnight on ice to enrich MMPs. Afterward,
the beads were washed by PBS 3 times, and resuspended in 40 pL 10% dimethylsulfoxide for 30 mins. After
centrifugation, the supernatant was collected, mixed with loading buffer, and electrophoretic separated in 10%
sodium dodecyl sulfate (SDS) polyacrylamide gels containing 0.1% gelatin. MMPs standard control was loaded as
MMPs positive control. The gels were then incubated with refolding buffer for 30 mins and developing buffer
overnight. Finally, the gels were stained in Coomassie blue fast staining solution (P0017, Beyotime), and then
destained in decolorizing solution (7% acetic acid and 5% methanol) for 2 h. The gels were then imaged by
GelDoc MP Imaging System (Bio-Rad), and MMP bands were analyzed using image software.

MCAo Model Establishment and EVs Administration

The animal experiment protocol was approved by the Ethics Committee of the University of Macau (Ethics number:
UMARE-035-2020). The animal study was conducted according to the Guide for the Care and Use of Laboratory
Animals (8th edition, Washington, D.C.: The National Academies Press, 2011). Male Sprague—Dawley (SD) rats (6—8
weeks, 250-280g) were anesthetized by intraperitoneally injection of 1.5% (w/v) pentobarbital sodium (30 mg/kg) before
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they suffered from surgery. All rats were divided into four groups: SHAM, MCAo, BEC-EVs (1 x 10'°, 100 pg BEC-
EVs), and BMSC-EVs (1 x 10'°, 100 pg BMSCs-EVs). MCAo model establishment was conducted as our previous work
described,’’ briefly, incisions were made in rat neck, and rat common carotid artery, internal carotid artery, and external
carotid artery were separated, and then, external carotid artery was temporarily ligated, and a monofilament coated with
silicone was inserted approximately 1.6—1.8 cm from the micro incision made at rat common carotid artery, via the
internal carotid artery and upward to the middle cerebral artery. After modeling, the wounds of rats were sutured and
disinfected. Rats were kept warm at 37°C to avoid loss of body temperature by animal heating pad. Food and water were
supplied freely in the cage after surgery. The BEC-EVs, BMSC-EVs and Dil labeled EVs were injected by tail vein
within 30 minutes after the MCAo procedure, and the rats in MCAo and SHAM groups were injected with PBS. 6 and 24
hours post-surgery, rats were sacrificed by inhalation of carbon dioxide for brain sampling.

Isolation of Brain Cortex Microvessels

Brain microvessels were isolated as the previous study.”® Briefly, after rats sacrifice, the whole brains were immersed in MCDB
131 medium (10372019, Gibco). The cortex was roughly separated and homogenated in MCDB 131 medium and the mixture was
centrifuged at 2000 g under 4°C for 5 mins. The precipitate was resuspended in 15% dextran (MW ~ 70 kDa; Sigma-Aldrich).
After centrifugating at 10,000 g for 15 min under 4 °C, the pellets rich in brain cortex microvessels were obtained for further
experiments.

Evans Blue Dye Leakage for the Measurement of BBB Leakage and TTC Staining

For BBB leakage measurement, rats were injected intravenously with 2% Evans Blue (4 mL/kg) prior to sacrifice and
kept circulating for 1 h. After intracardiac perfused with 50 mL PBS under anesthesia, the brains were imaged by IVIS®
Spectrum small animal image system (PerkinElmer) at 620 nm excitation wavelength and 710 nm emission wavelength.
Afterward, equal weighted ischemic brain hemispheres were homogenized with 1 mL 50% trichloroacetic acid, and
centrifuged at 15,000 g under 4 °C for 15 min. The supernatant was mixed with 4 times volume of ethanol, and the
fluorescence intensity was determined by microplate reader (SpectraMax M5) at 620 nm excitation and 710 nm emission.
The Evans Blue concentration was evaluated by using Evans Blue standard curve. For TTC staining, brain samples were
cut into 2 mm coronal slices and stained with 2% 2,3,5-Triphenyl tetrazolium chloride (TTC, T819366, Macklin) for 20
minutes at 37 °C in a light-proof environment. Ratio of stained white area (infarct volume) to whole brain area was
measured by Image] software and calculated according to previous published study.*® Briefly, the infarct ratio was
calculated by using the following equation: I=(M-S)/T. M is the area of infarct, S is the brain swelling area, and S=M-T,
where M is the area of the ischemic hemisphere slices and T is the area of the non-ischemic hemisphere slices.

Neurological Function Scores Evaluation

The neurological function scores in rats were assessed using the Longa score (5-points scoring scale)*' and modified Neurological
Severity Score (mNSS) score (18-points scoring scale)’” at the end of experiments. The experimental scores were recorded by
trained technician who was unaware of the experimental design. The detailed scores criteria was attached in Supplementary File.

Corner and Adhesive Removal Tests

For corner test, the experiments were carried out according to previous study.*? In short, rats were placed in the middle
front of two boards (30 cm*20 cmx1 cm) attached at a 30° angle. After rats entering to the deep part, they reared forward
and upward, and then turned back to face the open end. The right turns ratio was recorded in 10 runs of each rats. All rats
were trained to adapt to the experiments 3 days before the MCAo modeling. For adhesive removal test, a previous study
was referenced with minor modifications.*> Adhesive tape (3mmx4mm) was applied on the right forepaws of rats, and
the time that rats used to remove the tape was recorded (maximum recording time:120 s) to assess the neurological
function.
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In-Situ Zymography

In-situ zymography was performed according to previous report with modifications.** Briefly, unfixed brain samples
were prepared as 20 pum frozen sections, and processed by EnzCheck Gelatinase/Collagenase Assay Kit (E-12055,
Invitrogen). Sections were incubated with reaction buffer containing 100 ug/mL FITC-labeled DQ-gelatin at 37 °C for 2
h. After washed in PBS for 3 times, and fixed by 4% PFA, the sections were observed under fluorescent microscopy

(DMi8, Leica). The MMPs activity was determined as green fluorescence intensity calculated by image] software.

Western Blotting

Protein samples were lysed and extracted from cell samples, brain microvessels, and EVs. After denaturation by boiling,
the proteins were separated with 10% sodium SDS polyacrylamide gels and transferred to 0.22 um pore sized
polyvinylidene difluoride (PVDF) membranes (1620177, Bio-Rad). Blocked with 5% skimmed milk, the membranes
were then incubated with primary and secondary antibodies. ChemiDoc MP Imaging System (Bio-Rad) was used to
image the bands, and grey value was calculated by ImageJ software. Antibodies used in the study were provided in
Supplementary File.

Immunofluorescence

After the rats were sacrificed, 50 mL cold PBS and 50 mL cold 4% PFA were intracardiac perfused, and then, the whole
brains were collected and further fixed in 4% PFA, and gradient dehydrated in 15% and 30% sucrose solution. 10 um
cryosections were made by a microtome (CryoStar NX70, Thermo Fisher Scientific). For cell samples, BECs were
cultured in confocal dish, and followed by OGD and EVs administration. Tissue sections and cells samples were fixed by
4% PFA and permeabilized by 0.1% Triton X-100. After blocking in 5% BSA, primary and secondary antibodies were
incubated with cell samples and tissue sections, respectively. Followed by washing, DAPI was stained for nucleus
indicating, and lectin (Lycopersicon Esculentum (Tomato) Lectin (LEL, TL), DyLight 488, Vector) was stained for
vessels visage. Antibodies used in the study were provided in Supplementary File. The slices were imaged by fluorescent

microscope (DMi8, Leica) or confocal microscope (SP8, Leica). Mean fluorescence intensity were analyzed by using
ImageJ software.

siRNA Transfection

Caveolin-1 and CD147 siRNAs were synthesized by GenePhrama (GenePhrama, Shanghai) and were transfected in
BECs by using lipofectamine 2000 reagent (11668027, Invitrogen) according to the manufacturer’s protocol. Protein
samples were collected 72 h after transfection. siRNA sequences were provided in Supplementary File.

Real-Time Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR)

BECs total RNA was extracted by Trizol reagent (15596018, Invitrogen) and reverse transcripted to cDNA by using
gPCR RT kit with gDNA remover (MF949-01, Mei5bio). RT-PCR was conducted by using primers and SYBRgreen M5
HiPer Realtime PCR mix (MF015-01, Mei5bio) in QuantStudio™ 7 Flex Real-Time PCR System (Thermo Fisher
Scientific). Relative mRNA expression level was calculated by the comparative 2~ “*“" method.

Primers used in this study were provided in Supplementary File.

Statistical Analysis

All experimental data were presented as mean + standard deviation (SD) analyzed by using GraphPad Prism 8 software.
Significant differences were determined by one-way analysis of variance (ANOVA) followed by Tukey’s multiple
comparisons test, when P value <0.05, the statistical significance was determined. All data were normalized and were

presented as fold of control or sham groups.
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Results

The Size, Morphology, and Cellular Internalization of EVs

To purify EVs from BECs and BMSCs, we collected cells culture medium and combined the commercial Exo-Prep
exosome isolation kits with ultracentrifugation technologies, and the brief protocol as the scheme showed in (Figure 1A).
Next, we evaluated the nanoparticle size of the isolated EVs and confirmed the average size of BMSC-EVs was around
183 nm, and BEC-EVs was 184 nm, respectively (Figure 1B). Based on the nanosize analysis, most EVs are sized
approximately 50-250nm, which is the typical size of sEVs or exosomes (Figure 1C). Subsequently, the typical EVs
markers ALIX, TSG101, CD9, and CD63 were expressed in two kinds of EVs, whereas the endoplasmic reticulum
marker Calnexin was highly expressed in BECs and BMSCs, and was nearly absent in EVs and the supernatants after
EVs isolation (Figure 1D). To determine the morphology of EVs, TEM images showed that two kinds of isolated EVs
had a intact spherical shape (Figure 1E). Furthermore, to verify whether BEC-EVs and BMSC-EVs can be phagocytized
by BECs, we labeled two kinds of EVs by Dil, and co-cultured Dil-EVs with BECs, and as expected, both of them were
internalized by BECs (Figure 1F). Altogether, the above results demonstrated that our isolated EVs was pure, and
preserved the ability to be uptake by BECs.
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Figure | Characterization of BEC-EVs and BMSC-EVs. (A) Schematic diagram of EVs isolation and purification. (B) NTA of BMSC-EVs and BEC-EVs to determine the
nanoparticle average size. (C) BEC-EVs and BMSC-EVs nanoparticles size distribution based on size evaluated by NTA (n=3). (D) EVs markers determination by Western
blotting. ALIX, TSG101, CD9, and CD63 were regarded as EVs markers. Calnexin was regarded as cells marker, which was absent in EVs, and supernatant after EVs isolation
was used as EVs negative control. (E) TEM images of BEC-EVs and BMSC-EVs. Typical EVs were identified by black arrow. The magnification of the upper panel: 15,000 X,
scale bar: | pm, and the magnification of the lower panel: 40,000 X, scale bar: 200 nm. (F) Dil labeled BEC-EVs and BMSC-EVs phagocytosis by BECs. Images were taken
when Dil labeled BEC-EVs and BMSC-EVs cultured with BECs for 2h. Scale bar: 50 pm.
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EVs Administration Attenuated the Permeability and MMP Activity in OGD-Insulted

BECs
To evaluate the efficacies of BEC and BMSC-EVs administrations on the BECs permeability, we applied OGD-insulted

b. End 3 cells co-cultured with two kinds of EVs. The expressions of ZO-1 and Occludin were astonishingly decreased, but
they were significantly restored by BEC and BMSC-EVs administrations. And the restorative effect of BMSC-EVs was
superior to that of BEC-EVs (Figure 2A and B). In addition, the leakage of BECs monolayer in transwell after OGD
stimulation was higher by about 1.5-fold than that in normoxia condition, and it was declined by two kinds of EVs
administrations with no difference (Figure 2C). Moreover, the immunofluorescent staining signals of ZO-1 and Occludin in
OGD-insulted BECs were attenuated, but significantly recovered by BEC and BMSC-EVs treatments (Figure 2D and E).

Next, we tested the effects of BEC and BMSC-EVs on the expression and activation of MMPs in BECs after OGD
stimulation. The expressed levels of MMP-2/9 were obviously upregulated, while downregulated by BEC and BMSC-
EVs treatments (Figure 3A and B). Similarly, the mRNA levels of MMP-2/9 were also enhanced by 3—4 folds after OGD
stimulation, whereas decreased by two kinds of EVs treatments (Figure 3C). Additionally, we employed gelatin
zymography assay to detect the release and activation of MMPs in OGD-insulted BECs culture medium (Figure 3D).
Analogously, the activity of MMP-2/9 was promoted, and harnessed by BEC and BMSC-EVs treatments, especially by
BMSC-EVs administration (Figure 3E and F).
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Figure 2 BEC-EVs and BMC-EVs administrations decreased leakage of BECs and increased T) proteins expression after OGD. (A) Western blotting of ZO-1 and Occludin
in OGD-insulted BECs after EVs treatment. (B) Relative quantitative analysis of ZO-1 and Occludin (n=3). (C) Sketch of transwell assay and the relative OGD-insulted BECs
monolayer leakage after EVs treatment (n=4). (D) Immunofluorescence staining of ZO-1 and Occludin in OGD-insulted BECs after EVs treatment. Scale bar: 50 um. (E)
Mean fluorescence intensity relative quantification of ZO-I and Occludin (n=4). **P < 0.001, **P < 0.01, *P < 0.05.
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Figure 3 BEC-EVs and BMC-EVs administrations attenuated MMPs expression and activity in OGD-insulted BECs. (A) Western blotting of MMP-2/9 after EVs treatment.
(B) Relative quantitative analysis of MMP-2/9 (n=3). (C) Relative quantification of MMP-2/9 mRNA expressed levels by RT-PCR (n=3). (D) Schematic diagram of MMPs
activity. (E) MMP-2/9 activity evaluation by gelatin zymography in OGD-insulted BECs culture medium after EVs treatment. Std: positive control of MMP standard sample. (F)
Relative quantification of MMP-2/9 activity (n=3). ***P < 0.001, **P < 0.01, *P < 0.05.

Taken together, the above results demonstrated the positive intervention effects of EVs from BECs and BMSCs on the
permeability and MMP-2/9 activation in OGD-insulted BECs.

EVs Administration Alleviated BBB Permeability and Neurological Function Deficit

After Cerebral Ischemia in Rats

Thereafter, to determine the BBB protective efficacies of BEC and BMSC-EVs administrations, we established
permanent MCAo model in rats, and administrated EVs via tail vein immediately after the rats were modeled. The
chart flow of the experiment was presented in (Figure 4A). After 6 hours cerebral ischemia, the Dil labeled EVs were
significantly ingested by lectin labeled BECs in brain vessels and Tuj-1 labeled neurons, and the ingestion rate of both
kinds of EVs in BECs is higher than that in neurons (Figure 4B). Also, the administrated BEC and BMSC-EVs reduced
the brain infarct volume significantly with no difference (Figure 4C).

Additionally, the Evans Blue leakage in ischemic brain hemisphere was significantly reduced by two kinds of EVs
administrations, especially by BMSC-EVs treatment (Figure 4D). Notably, the neurological function of MCAo rats evaluated
by Longa score, mNSS, corner test and adhesive removal test was significantly improved by two kinds of EVs treatments after
24 hours cerebral ischemia (Figure 4E-H). The results proved that the intravenous administrated BEC and BMSC-EVs
contributed to the maintenance of BBB integrity and neurological outcome improvement after acute cerebral ischemia in rats.

EVs Administration Enhanced the Expression of T] Proteins and Suppressed the
Activity of MMPs in MCAo Rats

The result of Western blotting showed ZO-1 expression in brain microvessels from ischemic cortex was enhanced by
both kinds of EVs administrations; however, Occludin expression was only increased by BMSC-EVs administration
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Figure 4 BEC-EVs and BMC-EVs administrations reduced BBB leakage and ameliorated neurological function in MCAo rats. (A) Schematic diagram of animal experimental
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Neurological function evaluation by Longa score (n=10). (F) Neurological function evaluation by mNSS score after EVs administration in MCAo rats (n=10). (G)
Neurological function evaluation by corner test (n=6). (H) Neurological function evaluation by adhesive removal test (n=6). ***P < 0.001, **P < 0.01, *P < 0.05.

(Figure 5A). Interestingly, the immunofluorescence staining results had similar trend (Figure 5B and C). Afterward, the
in-situ zymography results showed that the MMPs activity in ischemic brain was dramatically upregulated and attenuated
by two kinds of EVs administrations (Figure 5D and E). Although the quantitative analysis indicated MMPs activity in
BMSC-EVs group was lower than that in BEC-EVs group, there was no statistic difference between these two groups.
The ameliorated results in TJ proteins and MMPs activity in MCAo rats were consisted with those in OGD-insulted
BECs after EVs treatment.

EVs Administration Suppressed Caveolin-1/CD147/VEGF Expressions in MCAo Rats
To further determine the mechanism of EVs on the maintenance of BBB integrity, we tested the expressions of Caveolin-1,
CD147, VEGFR2, and VEGFA in MCAo rats. Western blotting results showed that, the expression levels of Caveolin-1,
CD147, VEGFR2 and VEGFA were significantly upregulated in brain microvessels from ischemic cortex. The adminis-
tration of BMSC-EVs was evidenced in downregulation of all these indicators, whereas for the administration of BEC-EVs,
it only downregulated VEGFA, Caveolin-1 and CD147 expressions but CD147 expression in BEC-EVs group had no
statistical significance compared with that in MCAo group (Figure 6A and B). The immunofluorescence staining results
also presented the Caveolin-1, VEGFR2 and CD147 signals notably declined in BMSC-EVs group, whereas in BEC-EVs
group, although the three signals were also attenuated, VEGFR2 signal had no significant difference compared with that in
MCAo group (Figure 6C—F). The above results illustrated the treatments of BEC and BMSC-EVs, especially BMSC-EVs
administration played predominant role in the inhibiting Caveolin-1/CD147/VEGFR2 pathway in MCAo rats.
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Caveolin-1/CD147/VEGFR2/MMP Pathway is Pivotal in OGD-Insulted BECs

Permeability

To better understand the role of Caveolin-1/CD147/VEGFR2/MMP pathway in BBB protection, we employed OGD-
insulted BECs to simulate BBB damage after IS. After OGD stimulation, the transwell assay results suggested that the
increased BECs monolayer leakage was partly inhibited by the administrations of Cav-1 and CD147 siRNAs (Figure 7A—
C), suggesting Cav-1 and CD147 exerted important actions on BECs permeability. Additionally, we also tested the
MMPs activity by gelatine zymography. As expected, the knockdown of Caveolin-1 and CD147 by siRNAs abolished the
activation of MMP-2/9 in OGD-insulted BECs (Figure 7D). Thereafter, we further investigated the relationships among
Caveolin-1, CD147, VEGFR2 and VEGFA. It showed that OGD induced the upregulation of CD147, VEGFR2 and
VEGFA expressions was partly muted by Cav-1 siRNA, indicating CD147, VEGFR2 and VEGFA were downstream of
Caveolin-1 (Figure 7E and F). Similarly, we observed a significant decline of VEGFR2 and VEGFA expressions and
a rise of ZO-1 and Occludin expressions, but no significant alteration for Caveolin-1 expression after CD147 siRNA
administration (Figure 7G and H), which further proved that VEGFR2/VEGFA was a downstream of CD147 whereas
Caveolin-1 was the upstream. In the above results, our designed two siRNAs for Caveolin-1 and CD147 showed equal
knockdown effects and downstream pathways interventions with no significant difference and off-target effect. The
above results verified that CD147 had the ability to regulate TJ proteins expression, and Caveolin-1/CD147/VEGFR2/
MMP pathway had a dominant effect on OGD-insulted BECs permeability.
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Discussion

In the present study, our results demonstrated the therapeutic efficacies of BEC and BMSC-EVs on the maintenance of
BBB integrity after IS. It showed that the administrations of BEC and BMSC-EVs significantly enhanced the expressions
of ZO-1 and Occludin, inhibited BBB leakage, and harnessed the activation of MMP-2/9, which was related to the
suppression of Caveolin-1/CD147/VEGFR2/MMP pathway.

EVs are believed to be “nano sized messenger” which convey complex biological substances such as non-coding
RNA and biofunctioned proteins to mediate cells communication.*> EVs are easy to cross BBB, with fewer concerns of
immunogenicity, microvascular occlusion, and uncontrolled proliferation than their parent cells.*® Accordingly, EVs from
apposite cell sources might be promising candidate for IS treatment. In stroke treatment, dozens of studies have
illustrated that the administration of EVs can ameliorate pathologic outcomes on neurovascularunit (NVU) injury.*’
Especially EVs from mesenchymal stem cells, remarkably improved neurological function deficit, BBB disruption, and
inflammation activation.'® For instance, neural stem cells (NPCs) derived EVs can mediate neuronal survival, neuroin-
flammation response and functional recovery in rat MCAo model.*® Mesenchymal stem cells derived EVs also proved to
promote angiogenesis after IS in rats.** And adipose stem cells derived EVs were reported to transfer miR-25 for
autophagy inhibition in MCAo model, which enhanced the neurological outcomes. Apart from stem cells, BECs derived
EVs were also reported to induce neuroprotective effects by miR-126 dependent pathway in diabetic stroke mice
model,” and endothelial progenitor cells derived EVs were proved optimal to treat MCAo induced stroke mice when
combined with NPCs derived EVs.’' So, different stem cells and endothelial cells originated EVs are of great

significance for IS therapeutic strategy.
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Our previous study demonstrated BEC and BMSC-EVs administrations effectively alleviated BBB damage in MCAo
rats, and the potential mechanisms are partly related to the inhibition of Caveolin-1 dependent ZO-1 and Claudin-5
endocytosis.>” Apart from the TJ proteins endocytosis, the broader therapeutic mechanisms of EVs from BECs and
BMSCs should be defined.

MMPs are a series of calcium-dependent zinc endopeptidases and have been broadly reported to deteriorate BBB
integrity after IS.>> Among MMPs category, the activation of MMP-2/9 is mainly responsible for the degradation of
ECM, and TJ proteins injury, neuroinflammation, brain edema and cerebral hemorrhage transformation in acute IS.**>
Inhibition of MMP-2/9 by gene silencing or inhibitors is effective to improve post-stroke outcomes.”* For example,
applying gelatinase inhibitor SB-3CT to inhibit the activity of MMPs contributed to the function recovery of NVU in
mice embolic IS.>* However, the exact mechanisms of how NVU components produce and activate MMPs fails to been
fully understood. In recent years, CD147 is newly identified as MMPs upstream, and the glycosylation of CD147 is
crucial for MMPs activation.”? Some membrane proteins can bind to CD147 and regulate its glycosylation, and Caveolin-
1 is regarded as one of the proteins that can actively participate in the high-glycosylation of CD147.%>> Our previous
study evidenced that the upregulation of Caveolin-1 involved in the endocytosis of TJ proteins after IS resulted in BBB
Studies have illustrated that Caveolin-1 can bind to
low glycosylated CD147 and inhibit its high-glycosylation, which further reduced MMPs induction.’>-® Nevertheless,
the role of Caveolin-1 binding to CD147 to increase MMPs activity against BBB integrity is still ambiguous after
cerebral ischemia. In diabetic MCAo rat model, Caveolin-1 was proved to be linked with high glycosylated CD147 in
BECs and astrocytes, which activated MMP2/9 to degrade BBB components after r-tPA treatment.*® Though the

glycosylation of CD147 was reported to induce MMPs activation, its exact downstream mechanism is unclear. VEGF

disruption and neurological function exacerbation in MCAo rats.’’
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and its receptors are classic angiogenesis mediators. However, their increased expressions after stroke were able to
enhance BBB permeability.” Evidence showed that VEGF was a downstream of CD147, and the decreasing of CD147
was proved to dwindle VEGF production in endothelial cells.’! Regrettably, few studies reported crosstalk between
CD147 and VEGF in stroke study. Additionally, Caveolin-1 involved in the regulation of VEGF and MMPs activities in
BECs had been definite, because genetic knockdown of Caveolin-1 decreased MMPs activity and VEGF-dependent
angiogenesis in human endothelial cells,’” and identically, knockdown of Caveolin-1 by siRNA was verified to inhibit the
expression of MMP-9 in BECs after tPA treatment.”® The above results trigger us to focus on the relationship between
Caveolin-1/CD147/VEGFR2/MMP pathway and BBB integrity after IS.

In our study, we used siRNA to knockdown CD147 and Caveolin-1, respectively, and found the BECs leakage and the
activity of MMPs significantly declined after OGD stimulation. Simultaneously, low expressions of CD147, VEGFR2 and
VEGFA were regarded as Cav-1 downregulation by the administration of Cav-1 siRNA; the knockdown of CD147 by siRNA
transfection decreased the expressions of VEGFA and VEGFR2, as well as recovered the expressions of ZO-1 and Occludin,
however the CD147 knockdown did not change the Caveolin-1 expression. The results evidenced that Caveolin-1 was upstream
of CD147/VEGFR2/MMP pathway, and the pathway suppression contributed to the attenuation of BBB permeability.

Our results also showed that BMSC-EVs administration was more evidenced in downregulating CD147 and VEGFR2
expression and inhibiting MMP2 activity, together with enhancing Occludin expression in brain microvessels from
ischemic cortex, which definitely explained the phenomenon why BBB leakage in BMSC-EVs group was significantly
lower than that in BEC-EVs group in MCAo rats. As BMSC-EVs were widely demonstrated to mediate NVU recovery
via different pathways,'* and our study also demonstrated BMSC-EVs were superior to BEC-EVs in the maintenance of
BBB integrity in MCAo rats. Therefore, BMSC-EVs treatment ought to be more promising therapy for acute IS.

The current study remains some limitations, first, our permanent MCAo rat model is very suitable for simulating acute
large vessel occlusion in clinical stroke practice; however, the model is not optimal for ischemic-reperfusion study, and
subsequent studies should discover the EVs therapeutic effects on transient MCAo models for better understanding of
EVs role in ischemic-reperfusion injury. Second, our EVs isolating and purification presented low EVs production and
recovery rates, though currently, there is no economic and perfect measures for EVs high output isolation,>® this
limitation may hinder the EVs widely clinical translation. On the other hand, the limited understanding of EVs content
and their complex treatment mechanisms may also be obstacles for EVs application in clinic. More studies toward EVs
biochemistry content and their border mechanisms are essential for EVs research development. Upliftingly, based on
records in clinicaltrials.gov, many EVs clinical trials have been carried out for stroke treatments (eg NCT03384433,
NCT06138210, and NCT05326724), through which, EVs therapeutic may finally benefit stroke patients in the future, and
advance the development of stroke interventions.

Conclusion

In conclusion, our study firstly affirmed the therapeutic efficacies of BEC-EVs and BMSC-EVs on the maintenance
BBB integrity and neurological outcome after IS, and the mechanisms are partly related to inhibiting Caveolin-1/
CD147/VEGFR2/MMP pathway. Integrately, the employment of BMSC-EVs is regarded as more promising treatment
strategy.
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