g

Laboratory Investigation (2021) 101:837-850
https://doi.org/10.1038/541374-021-00545-1

P>

ARTICLE

Check for
updates

Extracellular vesicles derived from M2 microglia reduce ischemic
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Abstract

Accumulating evidences have suggested that extracellular vesicles (EVs) are crucial players in the pathogenesis of ischemic
brain injury. This study was designed to explore the specific functions of M2 phenotype microglia-derived EVs in ischemic
brain injury progression. The expression of microRNA-135a-5p (miR-135a-5p) in M2 microglia-derived EVs was
determined by reverse transcription-quantitative polymerase chain reaction (RT-qPCR), followed by the identification of
expression relationship among miR-135a-5p, thioredoxin-interacting protein (TXNIP), and nod-like receptor protein 3
(NLRP3) by dual luciferase reporter gene assay. After construction of an oxygen-glucose deprivation/reperfusion (OGD/R)
cell model, the effects of miR-135a-5p on the biological characteristics of HT-22 cells were assessed by cell counting kit 8
(CCK-8) assay and flow cytometry. Finally, a mouse model of transient middle cerebral artery occlusion (tMCAQO) was
established and cerebral infarction volume was determined by triphenyltetrazolium chloride (TTC) staining and the
expression of IL-18 and IL-1f in the brain tissue was determined by enzyme-linked immunosorbent assay (ELISA). We
found that M2 microglia-derived EVs had high expression of miR-135a-5p, and that miR-135a-5p in M2 microglia-derived
EVs negatively regulated the expression of NLRP3 via TXNIP. Overexpression of miR-135a-5p promoted the proliferation
but inhibited the apoptosis of neuronal cells, and inhibited the expression of autophagy-related proteins. M2 microglia-
derived EVs delivered miR-135a-5p into neuronal cells to inhibit TXNIP expression, which further inhibited the activation
of NLRP3 inflammasome, thereby reducing neuronal autophagy and ischemic brain injury. Hence, M2 microglia-derived
EVs are novel therapeutic targets for ischemic brain injury treatment.

Introduction

Ischemic brain injury is induced by insufficient blood sup-
ply, which leads to energy depletion, loss of mitochondrial
function, and nerve cell apoptosis [1, 2]. Brain ischemia
is one of the most common causes of death and disability
worldwide, thus posing an alarming health threat and add-
ing a huge financial burden globally [3]. Microglial cells,
as the primary immune cells in brain, are crucial mediators
in the progression of brain ischemia [4, 5]. Extracellular
vesicles (EVs), a family of membrane-bounded vesicles
that are secreted from multiple cells including immune cells,
can greatly affect intercellular communications through
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effectively delivering cargos of proteins, lipids, and various
nucleic acids, and can be applied to treat many diseases [6].
EVs can be further divided into exosomes and micro-
vesicles, which are all nano- to micrometer-sized vesicles
[7]. Moreover, a previous study has confirmed that EVs
derived from microglial cells are mediators of the progres-
sion of neuroinflammatory diseases [8]. Hence, the current
study was designed to explore the underlying mechanism
and specific functions of EVs derived from M2 microglial
cells in ischemic brain injury.

MicroRNAs (miRNAs) are a group of small single-
stranded non-coding RNAs, which are proposed to be
important regulators in the occurrence and development of
cerebral ischemia [9]. For instance, miR-135a-5p was
confirmed to protect against the development of cerebral
hypoxia/reoxygenation injury [10]. Also, miRNAs can be
delivered by EVs to target cells and furthermore be used
as potential biomarkers in various pathological conditions
such as ischemia [11-13]. Thioredoxin-interacting protein
(TXNIP) is an innate suppressor of thioredoxin [14].
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Meanwhile, thioredoxin is a small molecular weight redox
protein that participates in maintaining the redox balance
in living cells [15]. Previous research revealed that low-
ered expression of TXNIP in neurons can bring about an
amelioration of ischemic brain injury [16]. Nod-like
receptor protein 3 (NLRP3) inflammasome, which is a
member of NOD-like receptor family, plays a central role
in inflammatory responses that are associated with diverse
inflammatory diseases [17]. Previous work has demon-
strated that NLRP3 downregulation can alleviate aspects
of the pathology due to cerebral ischemia [18]. Further-
more, the NLRP3 inflammasome was observed to be
regulated by TXNIP, and is thus implicated in the reg-
ulation of damage following cerebral artery occlusion
[19]. In addition, TXNIP-mediated NLRP3 expression can
be reduced by miR-17-5p overexpression to serve as
therapeutic pathway for neonatal hypoxic-ischemic brain
injury in rats [20]. Based on the aforementioned findings,
we hypothesized that EVs derived from M2 microglial
cells were involved in the development of ischemic brain
injury through TXNIP-mediated NLRP3 repression via
miR-135a-5p.

Materials and methods
Bioinformatic analysis

Key miRNAs for ischemic brain injury were obtained
through reviewing existing literature, and the downstream
genes of miRNAs were predicted using the databases Tar-
getScan (Total context + + score < —0.3) (http://www.ta
rgetscan.org/vert_72/), RAID (Score>0.7) (http://www.
rna-society.org/raid2/index.html), ~ mirDIP  (Integrated
Score >0.65, Number of Sources>15) (http://ophid.
utoronto.ca/mirDIP/), RNA22 (https://cm.jefferson.edu/rna
22/) and microRNA (energy < —15, mirsvr_score < —0.55)
(http://www.microrna.org/microrna/home.do), respectively.
Then. an intersection was taken by plotting the Venn dia-
gram among the predicted genes. String (minimum required
interaction score: 0.150) (https://string-db.org) was
employed to predict the relevant genes obtained from the
intersection and to construct a protein—protein interactions
(PPI) network. Cytoscape (https://cytoscape.org) was used
to draw diagrams of the network and calculate the core
degree of the genes; the gene with the highest core degree in
the brain injury network was selected as the key gene, and
its possible downstream pathway was obtained by com-
bining data from the existing studies. The binding site of
miRNA and gene was predicted through TargetScan and the
co-expression of key genes and their downstream pathways
was detected through Multi Experiment Matrix (MEM)
(https://biit.cs.ut.ee/mem/index.cgi).
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Activation and identification of M2 microglial cells

BV2 cells purchased from the Chinese Academy of Sci-
ences Cell Bank were cultured in Dulbecco’s modified
minimal medium (DMEM, HyClone, Logan, UT, USA)
containing 10% fetal bovine serum (FBS, GIBCO BRL,
Grand Island, NY, USA) and 1% penicillin-streptomycin
antibiotic (HyClone). Next, the BV2 cells were treated with
interleukin 4 (IL-4, 20 ng/mL, HEILP-0401, Cyagen, Santa
Clara, CA, USA) for 48h to activate M2 phenotype
polarization followed by identification with immunocy-
tochemistry (ICC) and polymerase chain reaction (PCR).

Oxygen-glucose deprivation/reperfusion (OGD/R)
cell model construction

Mouse hippocampal neuronal cells HT-22 purchased from
the Chinese Academy of Sciences Cell Bank were cultured
in a humidified incubator at 37 °C in 5% CO, with DMEM
medium (BasalMedia, Shanghai, China) containing 10%
FBS. The medium was renewed every 2 days. Cell passage
was conducted when the cell confluence reached 90%. After
being cultured for 7-10 days, HT-22 cells were washed
twice with DMEM without glucose (BasalMedia, Shanghai,
China), and incubated in deoxygenated glucose-free
DMEM (BasalMedia, Shanghai, China) containing 10%
FBS in a hypoxic incubator (95% N, and 5% CO,) to
conduct OGD experiments. After 45 min, cells were
removed from the incubator, the OGD solution in the cul-
ture was replaced with maintenance medium, and then the
cells were placed for recovery in a conventional incubator
for 12 h and then collected for subsequent analysis.

Lentivirus infection

The TXNIP lentiviral overexpression vector purchased from
Genechem (Shanghai, China) was cloned into a self-
inactivating lentiviral vector (pSicoR). The synthesized
oligonucleotides were annealed and inserted into the clon-
ing restriction sites of Hpa 1 and Xho I, positive clones
were identified by restriction enzyme digestion and DNA
sequencing, and then Lipofectamine 2000™ (Invitrogen,
Carlsbad, CA, USA) was used to transfect lentiviral vectors
and packaging vectors (psPAX2 and pMD2.G) containing
positive inserts into 293 T cells. From 24 to 72h after
transfection, the supernatant containing lentiviral particles
was collected every 12h and filtered through a 0.45 um
cellulose acetate filter and formulated to give a final virus
titer of 10° TU/mL. One day before infection, neuronal cells
were detached by 0.25% trypsin, modeled as above, and
counted. Cells were then seeded into a six-well plate at a
cell density of 2 x 10° cells/well, and cultured in a DMEM
medium with 10% FBS containing EVs (A2720801,
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GIBCO BRL, Grand Island, NY, USA) and placed in the
incubator at 37 °C with 5% CO,. When the cell confluence
reached 30-50%, cells were added with 1 mL/volume of
complete culture solution already containing tenfold dilu-
tion of the virus (the dilution ratio at 10°-~10”) and Poly-
brene (H8761, Solarbio, Beijing, China) for incubation at
37°C with 5% CO,. On the second day, the virus-
containing culture medium was aspirated, and 2mL of
fresh complete culture medium was added for culturing
overnight. After 5 days of culturing, the GFP expression in
cells was measured under a fluorescent microscope, which
showed a >95% rate of GFP positive cells. After infection
with lentiviral particles, cells stably transfected with lenti-
virus were screened in medium containing 0.5 pg/mL
puromycin.

Cell transfection

M2-BV2 cells were transfected with miR-135a-5p mimic,
miR-135a-5p inhibitor, and their negative controls (NC
mimic, NC inhibitor). The modeled HT-22 cells were
transfected with miR-135a-5p mimic, miR-135a-5p inhi-
bitor, miR-135a-5p mimic + TXNIP and their negative
controls (NC mimic, NC inhibitor, miR-135a-5p mimic +
NC mimic).

One day before transfection, M2-BV2 cells and HT-22
cells in the logarithmic growth phase were inoculated into a
6-well plate at a concentration of 1x 10° cells/mL. When
cell confluence reached 50-70%, 800 uL of serum-free
medium was added to each well, and then the mixture of the
above mimic, inhibitor or plasmid (all purchased from
Biomics Biotech, Nantong, Jiangsu, China) and lipo2000
(11668027, Thermo Fisher Scientific, Waltham, MA, USA)
was added to the six-well plate. After 6h in culture, the
medium was renewed, and after 24 h of transfection, cells
were screened with the antibiotic G418 at a final con-
centration of 600 mg/L, and the medium was changed every
3 days. After 12 days in culture, the M2-BV?2 cells and HT-
22 cells that had received no transfection all died while 48%
of the cells receiving transfection were still alive. After-
ward, the culture was further performed at a maintenance
concentration of 300 mg/L. G418 to obtain stable expression
cell lines.

Isolation of EVs

M2-BV2 cells at logarithmic growth period were cultured at
37 °C with 5% CO, using DMEM medium without EVs
(10% FBS and 1% penicillin-streptomycin antibiotics), the
cell supernatant was collected 2 days after culture, followed
by filtration using a 0.22 ym filter to remove cell clumps.
After gradient centrifugation, the liquid at the bottom of the
centrifuge tube were retained and the supernatant discarded.

Then cells were resuspended in sterile PBS, centrifuged at
110000 1/min at 4 °C for 90 min to obtain a precipitate,
which was then resuspended in 10 mL of phosphate buffer
(PBS). The left pellets after centrifugation at 4 °C and
110,000 r/min for 90 min were designated as EVs, which
were resuspended in 100 uL. PBS and stored at —80 °C
until use.

Transmission electron microscope (TEM)
observation

EVs were precipitated and then immediately fixed in 2.5%
glutaraldehyde at 4 °C. After fixation, the specimens were
dehydrated with a gradient alcohol and immersed in epoxy
resin for embedding. The ultrathin sections were stained
with uranyl acetate and lead citrate and observed under a
TEM (JEM-1010, JEOL, Tokyo, Japan).

Nanoparticle tracking analysis (NTA)

The collected EVs were diluted with PBS to a particle
concentration of 10° cells/mL-10° cells/mL, and then a 1
mL syringe was used to draw the sample into a Nanosight
analyzer (Nanosight NS300, Malvern Panalytical, Worces-
tershire, UK) for detection and analysis.

EV internalization

EVs were incubated with 2 uM red fluorescent dye PKH26
(Sigma-Aldrich, St. Louis, MO, USA) for 5min and
washed 5 times through a 100 kDa filter (Microcon YM-
100) to remove excess staining solution. HT-22 cells after
modeling were plated in a six-well plate of neuronal basal
medium at a density of 5 x 10° cells/well. The labeled EVs
extracted from M2-BV2 cells were co-cultured with neu-
ronal cells at the concentration of 100 pg/mL in an incubator
with 5% CO, at 37 °C and saturated humidity. Neuronal
cells were cultured in serum for 12 h before the stimulation
experiment. After incubation for 3 days, images were taken
with a Zeiss LSM 780 confocal microscope (Zeiss, Jena,
Germany).

Cell counting kit 8 (CCK-8) assay

CCK-8 kit (WH1199, Biotechwell Co., Ltd., Shanghai,
China) was used to detect cell proliferation. Cells at loga-
rithmic growth phase were adjusted to 5x 10* cells/mL
using DMEM medium containing 10% FBS, and then
seeded to a 96-well culture plate at 100 uL/well and cul-
tured. Next, 10 uL CCK-8 solution was added into each
well at the corresponding time points, and then the optical
density (OD) value at wavelength of 450 nm was measured
by Multiskan FC microplate reader (51119080, Thermo
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Fisher Scientific) after incubation at 37 °C for 2h. Five
parallel wells were set and the average value was taken.

Flow cytometry

HT-22 cells were seeded in a 24-well plate. After 24 h of
culturing, cells were detached with trypsin. After 24 h, cells
were mixed gently with 400 uL containing Annexin-V-
fluorescein isothiocyanate (FITC) and propidium iodide (PI)
binding buffer (PromoKine, Heidelberg, Germany), incu-
bated at room temperature for 10 min in the dark. Flow
cytometer (Becton Dickinson, USA) was excited at a
wavelength of 488 nm, AnnexinV at a wavelength of 525/
530 nm, PI at a wavelength of 690/50 nm, and cell apoptosis
was detected using Guava Easy Cyte 6-2 L system (Merck
Millipore, Billerica, MA, USA).

Transient middle cerebral artery occlusion (tMICAQ)
mouse model construction

Sixty adult male ICR mice weighing 25-30 g (provided by
Shanghai Laboratory Animal Center, Chinese Academy of
Sciences) were fed with standard mouse chow with free
access to water and a light/dark cycle of 12h/12h. Mice
were anesthetized with 1.5-2% isoflurane and 30%/70%
oxygen/nitrous oxide, and a silicone-coated 6-0 nylon
suture was inserted through the external carotid artery, the
internal carotid artery, and then the middle cerebral artery of
the mice. An occlusion was considered successful a when
the cortical surface cerebral blood flow (CBF) lowered to
10% of the baseline value, as measured using a laser
Doppler flowmeter (Moor Instruments, Devon, UK). After
the occlusion for one hour, the suture was removed for
reperfusion. Immediately after suture removal, EVs were
immediately injected into the mice through a tail vein. The
injection was repeated for 3 days at a dose of 100 pg/kg
per day.

Brain weight measurements

After treatment with EVs, tMCAQO mice were euthanized
under deep anesthesia, and the brain was removed without
pre-perfusion. The cerebellum and brain stem were dis-
sected from the forebrain, and the cerebral hemispheres
were separated along the mid-line and weighed with a high-
precision balance (sensitivity 1mg). The results were
expressed as the mass ratio of the ipsilateral (right) and
contralateral (left) hemispheres of mice.

Triphenyltetrazolium chloride (TTC)

After treatment with EVs, tMCAQO mice were euthanized
under deep anesthesia, and the brain was removed as above
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and cut into 2 mm sections with a vibrotome, and the brain
sections were incubated in the dark in 1% tetracycline
(TTC) solution (SR0229, Oxiod, Thermo Fisher Scientific)
for Smin and then fixed with 10% formaldehyde and
mounted for microscopic examination. Image J software
(Version 1.43 u, National Institutes of Health, Bethesda,
MD, USA) was used to track and analyze the volume of
cerebral infarction. The following formula was used to
calculate the percentage of infarction: (total area of con-
tralateral hemisphere-uninfarcted area of ipsilateral hemi-
sphere)/(total area of contralateral hemisphere x 2).

Enzyme-linked immunosorbent assay (ELISA)

After treatment with EVs, tMCAQO mice were euthanized
under deep anesthesia, and the brain was collected without
pre-perfusion. The mouse brain was placed in a 2.0 cen-
trifuge tube, and centrifuged at 3000 r/min for 10 min at
4 °C with the supernatant collected. The concentration of
IL-18 and IL-1p in the supernatant was detected by an
ELISA kit (69-21183; 69-21178, MSKBio Co., Ltd.,
Wuhan, Hubei, China) in strict accordance with the stan-
dard procedures on the instructions. The OD value of each
well at 450 nm was measured using a universal microplate
reader (Synergy 2, BioTek, Biotek Winooski, Vermont,
USA). Taking the standard concentration as the abscissa
and the OD value as the ordinate, the regression equation of
the standard curve was calculated, and the OD value of
sample was substituted into the equation to calculate the
target protein concentration in the sample.

Dual-luciferase reporter gene assay

HEK-293T cell line (purchased from the Cell Bank of
Shanghai Institute of Cytology, Chinese Academy of Sci-
ences) was cultured in DMEM medium. When the cell
density reached 80-90%, cells were detached with 0.25%
trypsin, passaged, and cultured in a constant temperature
incubator with 5% CO, at 37°C. Cells in logarithmic
growth phase were taken for experiments. The biological
prediction website Targetscan.org was used to analyze the
target gene of miR-135a-5p, and then the dual-luciferase
reporter gene assay was used to verify whether TXNIP was
the direct target gene of miR-135a-5p. The synthetic TXNIP
3’'UTR gene fragment was introduced into the pmirGLO
vector (Promega, Madison, WI, USA) using the endonu-
clease site, and the complementary sequence mutation
(MUT) site of the seed sequence was designed on the
TXNIP wild type (WT) through the use of restriction
enzyme. The target fragment was inserted into the pGL3-
control vector using T4 DNA ligase. After confirming the
sequence, the luciferase reporter plasmids WT and MUT
were co-transfected with miR-135a-5p mimic into
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Table 1 Primer sequence for RT-qPCR.

Genes Primer sequences

TXNIP F: 5-TCTTTTGAGGTGGTCTTCAACG-3’
R: 5-GCTTTGACTCGGGTAACTTCACA-3'

Arginase 1 F: 5-TGGACAGACTAGGAATTGGCA-3’
R: 5-CCAGTCCGTCAACATCAAAACT-3’

IL-10 F: 5-TGCCTAACATGCTTCGAGATCTCCG-3'
R: 5“TTAGAGGGAGGTCAGGGAAAACAGC-3’
F: 5-GGGTTGCTATCACTCTCTATGC-3’
R: 5-TTTCTTGTCTGTTGCCGTAGTT-3’

B-actin F: 5-AGCGGGAAATCGTGCGTG-3’

R: 5-CAGGGTACATGGTGGTGCC-3’

CD206

TXNIP thioredoxin-interacting protein, /L-10 interleukin 10, RT-gPCR
reverse transcription-quantitative polymerase chain reaction, F for-
ward, R reversed.

HEK-293T cells. Cells were collected and lysed 48 h after
transfection, and the luciferase activity was detected on a
Luminometer TD-20/20 detector (E5311, Promega) using
the Dual-Luciferase Reporter Assay System kit (Promega).

miRNA analysis

miRNAs in EVs were isolated using SeraMir exosome
RNA Purification Kit (System Biosciences, Mountain
View, CA, USA), and total RNA was extracted from cul-
tured cells using Trizol reagent (15596026, Invitrogen).
Subsequently, miRNA was reversely transcribed according
to the instructions of the miScript Reverse Transcription Kit
(Qiagen GmbH, Hilden, Germany). The primer sequences
of miR-135a-5p are F: 5-CCGGCGTATGGCTTTT-
TATTCC-3'; R: 5-CAGTGCAGGGTCCGAGGT-3’, and
U6 (F: 5-CTCGCTTCGGCAGCACATATACT-3'; R: 5'-
ACGCTTCACGAATTTGCGTGTC-3') was taken as
internal control. Quantitative PCR detection was performed
according to the instructions of Stem-Loop Detection Kit
(GenePharma, Shanghai, China). The relative transcription
level of the target gene mRNA was calculated by the 2744
method. Each sample was analyzed in triplicate and the
average value was taken.

Reverse transcription-quantitative PCR (RT-qPCR)

PrimeScriptTM RT Reagent Kit (Perfect Real Time) (Takara,
Japan) was used to synthesize 1pug of total RNA into
cDNA. Then, the StepOnePlus™ Real-Time PCR System
(Invitrogen) was used to perform RT-qPCR analysis of
TXNIP, Arginase 1, IL-10, and CD206. The primer
sequences are presented in Table 1. Using P-actin as an
internal reference, SYBR® Premix Ex TaqTM (Tli RNaseH
Plus, Takara) was used for amplification. The relative
transcription level of the target gene mRNA was taken as

the CT value (inflection point of the amplification power
curve). The 222" method was used to indicate relative
expression of each gene.

Western blot analysis

Cells or tissues were added with 1 mL of cell lysis buffer
(containing protease inhibitors) (P0O013J, Beyotime, Shanghai,
China) for 45 min and lysed for 30 min at 4 °C and 8000 rpm.
The supernatant was collected and the protein concentration of
each sample was determined using a bicinchoninic acid (BCA)
kit (PC0020, Solarbio). Then, 50 ug protein was taken from
each group for electrophoretic separation by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and
then the proteins were transferred onto a polyvinylidene
fluoride membrane (66485, PALL, USA) by the wet method.
The membrane was blocked with 5% skimmed milk powder,
sealed at room temperature for 2 h, washed with TBST three
times, and incubated with primary antibodies: TXNIP (#
14715, 1: 1000, CST, Danvers, MA, USA), Beclin-1
(ab207612, 1: 2000, Abcam, Cambridge, UK), light
chain3A/B (LC3A/B; #12741, 1: 1000, CST), lysosomal-
associated membrane protein 1 (LAMP-1; ab108597, 1: 1000,
Abcam), P62 (ab155686, 1: 3000, Abcam), nod-like receptor
protein 3 (NLRP3; #15101, 1: 1000, CST), pro-IL-1p
(ab2105, 1: 1000, Abcam), Caspase-1 p20 (22915-1-AP, 1:
2000, Proteintech, Rosemont, IL, USA), tumor susceptibility
gene 101 (TSGI101; ab125011, 1: 1000, Abcam), CD63
(25682-1-AP, 1: 1000, Proteintech), heat shock protein
70 (Hsp70; ab181606, 1: 1000, Abcam), calnexin (ab10286, 1:
2000, Abcam), and p-actin (ab8227, 1: 1000, Abcam) at 4 °C
overnight. Then the membrane was added with horseradish
peroxidase (HRP)-labeled immunoglobulin G (IgG, ab6721, 1:
2000, Abcam) secondary antibody working solution of the
corresponding species and incubated at room temperature for
1h followed by immersion in enhanced chemiluminescence
(ECL) reaction solution (BM101, Biomiga, San Diego, CA,
USA) at room temperature for 1 min. Observation was con-
ducted with a chemiluminescence instrument in the dark.
B-actin was taken as internal reference, and the ratio of the
gray value of the target band to the internal reference band was
used as the relative expression of the protein.

Statistical analysis

The SPSS 21.0 statistical software (IBM Corp, Armonk,
NY, USA) was used for statistical analysis. Measurement
data were expressed as mean + standard derivation. Com-
parison between groups was analyzed by independent #-test.
Comparisons among multiple groups were analyzed by one-
way analysis of variance (ANOVA) and followed by
Tukey’s post hoc test. A value of p <0.05 was considered
statistically significant.
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Results

miR-135a-5p modulates ischemic brain injury
predicted by bioinformatics analysis

It has been reported that EVs derived from M2 microglia
can protect the brain of mice from ischemia-reperfusion
injury [21]. In addition, miR-135a is a regulator of central
nervous system growth and migration in vivo and in vitro,
and can reduce neuronal damage induced by OGD/R [22].
Thus, we tried to focus on the regulatory role of miR-135a-
5p in ischemic brain injury. First, the downstream genes of
miR-135a-5p were predicted using the TargetScan, RAID,
mirDIP, RNA22, and microRNA databases, which obtained
312, 34,421, 10905, and 358 genes, respectively. Three key
downstream genes NR3C2, VLDLR, and TXNIP were
obtained from the intersection (Fig. 1A). String was used to
predict the related genes of these three important genes and
a PPI network was established. The core level was mapped
and calculated by Cytoscape, which showed that the
VLDLR and TXNIP genes both had a core level of 5,
whereas the core degree of NR3C2 was 2 (Fig. 1B). TXNIP
has been demonstrated to aggravate brain injury by acti-
vating NLRP3 inflammasomes, and this relationship was
also been predicted in the PPI network. The binding site
map of miR-135a-5p and TXNIP was predicted by Tar-
getScan (Fig. 1C). The co-expression relationship between
TXNIP and NLRP3 was explored by MEM analysis, the
results of which indicated an obvious co-expression
between these two genes (Fig. 1D). Hence, TXNIP and
NLRP3 were identified as two downstream genes of miR-
135a and their specific functions were investigated
subsequently.

EVs derived from M2 microglia inhibits neuronal
autophagy and ischemic brain injury

In order to study the mechanism of M2 microglia-derived
EVs in ischemic brain injury, M2 polarization was primarily
induced in BV2 cells. The results of ICC revealed that,
compared with that of BV2 cells, the expression of micro-
glia activation indicator CD68 in M2-BV?2 cells increased
notably (Fig. 2A). RT-qPCR demonstrated that, compared
with that of BV2 cells, the expression of M2 microglia
markers Arginase 1, IL-10, and CD206 in M2-BV2 cells
were increased (Fig. 2B). M2-BV2 cells were selected and
then EVs produced by M2-BV2 cells were separated and
purified. A group of membranous vesicles with obvious
heterogeneity in size and round or elliptical membranes
were observed under TEM, in which the membranous
structure could be seen on the periphery of the vesicle, with
a low electron density component in the center (Fig. 2C).
According to the results of the Nanosight Nanoparticle
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Tracking Analyzer, EVs exhibited irregular Brownian
motion indicating a diameter between 30 and 120 nm
(Fig. 2D). Results of Western blot analysis proved that EVs
expressed EV marker proteins TSG101, CD63, and Hsp70,
but did not express calnexin (Fig. 2E).

In order to verify whether EVs derived from M2
microglia can enter neuronal cells and affect their function,
an OGD/R model was established in HT-22 cells, which
were then incubated with the PKH26 labeled EVs. After 6 h
of culture, PKH26 red fluorescence was observed in HT-22
cells, indicating that PKH26-labeled EVs were internalized
by HT-22 cells (Fig. 2F). Then the effect of M2 microglia-
derived EVs on neuronal cells was detected through a series
of experiments. We found that, compared with cells after
sham operation, the expression of P62 (Fig. 2G) in HT-22
cells and proliferation in cells (Fig. 2H) after OGD/R
modeling were both reduced remarkably, whereas the
expression of Beclin-1, LC3A/B, and LAMP-1 (Fig. 2G),
and cell apoptosis (Fig. 2I) were increased. Compared with
cells treated by OGD/R + PBS, with increasing concentra-
tion of EVs (50 pg/mL in the L-EVs group, 70 pg/mL in the
M-EVs group was, and 100 pg/mL in the H-EVs group), the
expression of P62 (Fig. 2G) and cell proliferation (Fig. 2H)
increased, while the expression of Beclin-1, LC3A/B and
LAMP-1 (Fig. 2G) and cell apoptosis (Fig. 2I) were both
lower in HT-22 cells treated with OGD/R.

Subsequently, the tMCAO model was constructed in
mice followed by intravenous treatment with EVs. We
observed that, compared with sham-operated mice, the mass
ratio of the brain on the ipsilateral (right) and contralateral
(left) hemispheres (Fig. 2J) of tMCAO model mice was
lowered, but the cerebral infarction rate (Fig. 2K) and the
concentration of IL-18 and IL-1p (Fig. 2L) in the brain
supernatant were increased markedly. Compared with mice
treated by tMCAO + PBS, with increasing concentration of
EVs, the mass ratio of the ipsilateral (right) and contralateral
(left) hemispheres (Fig. 2J) of tMCAO mice showed an
increasing trend, and the cerebral infarction rate (Fig. 2K)
and the concentrations of IL-18 and IL-1f in the brain tissue
supernatant both decreased (Fig. 2L). In summary, M2
microglia-derived EVs inhibited the autophagic activity of
neurons, while promoting their proliferation, and thus
repressing ischemic brain injury.

EVs derived from M2 microglia inhibits neuronal
autophagy and ischemic brain injury by delivering
miR-135a-5p

In order to further study the mechanism of M2 microglia-
derived EVs affecting neuronal cells, M2-BV2 cells were
transfected with miR-135a-5p mimic, miR-135a-5p inhi-
bitor, and their negative controls (NC mimic, NC inhibitor),
respectively, and changes in the miR-135a-5p expression in
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the M2-BV2 cells were determined by RT-qPCR. At 48 h
after transfection, the expression of miR-135a-5p in MV-
BV2 cells transfected with miR-135a-5p mimic was
increased, and the expression of miR-135a-5p in M2-BV2
cells transfected with miR-135a-5p inhibitor was reduced
(Fig. 3A). Then RT-qPCR results illustrated that, compared
with M2-BV2 cells treated by EVs-NC mimic, the expres-
sion of miR-135a-5p in cells treated by EVs-miR-135a-5p
mimic was increased. Compared with EVs-NC inhibitor
treatment, expression of miR-135a-5p after EVs-miR-135a-
Sp inhibitor treatment was reduced (Fig. 3B).

Then, the EVs were cultured with HT-22 cell models.
Compared with HT-22 cells co-cultured with EVs-NC
mimic, the expression of miR-135a-5p in HT-22 cells co-
cultured with EVs-miR-135a-5p mimic elevated. Compared
with EVs-NC inhibitor, the expression of miR-135a in HT-
22 cells cultured with EVs-miR-135a-5p inhibitor decreased
(Fig. 3C).

Then a series of experiments were conducted to study the
effect of M2 microglia-derived EVs on neuronal cells, with
results showing that, compared with HT-22 cells

TXNIP  201008__3. at
96305 NLRP3  207075_at
0000784 NLRP3  216015__s_at

B 00154 NLRP3 216016 at

the genes with higher the core degree, and blue a lower the core
degree. C The binding sites of miR-135a-5p and TXNIP in human
(top) and mouse (bottom) predicted by TargetScan. D The co-
expression relationship between TXNIP and NLRP3 predicted by
MEM analysis.

co-cultured with EVs-NC mimic, the expression of P62
(Fig. 3D) and cell proliferation (Fig. 3E) were both pro-
moted, while the expression of Beclin-1, LC3A/B and
LAMP-1 (Fig. 3D) and cell apoptosis (Fig. 3F) were both
inhibited in HT-22 cells co-cultured with EVs-miR-135a-5p
mimic. Opposite effects were seen in HT-22 cells co-
cultured with EVs-miR-135a-5p inhibitor compared with
HT-22 cells co-cultured with EVs-NC inhibitor
(Fig. 3D-F). To sum up, M2 microglia-derived EVs con-
taining miR-135a-5p inhibited the autophagic activity of
neurons, promoted cell proliferation, and thus reducing
ischemic brain injury.

M2 microglia-derived EVs inhibit TXNIP expression
by delivering miR-135a-5p

Through prediction results of online websites, there was
specific binding between miR-135a-5p and TXNIP. Next,
dual-luciferase reporter gene assay was used to verify that
miR-135a-5p could bind to TXNIP. Results showed, that
compared with NC mimic + TXNIP-3’'UTR-WT, the
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Fig. 2 Neuronal autophagy and ischemic brain injury can be
suppressed by EVs derived from M2 microglia. A The expression
of microglia activation markers determined by ICC. B The expression
of M2 microglia markers determined by RT-qPCR. C Morphological
characteristics of EVs observed by TEM (Scale bar = 100 nm). D EVs
observed by Nanosight nanoparticle tracking analysis. E The expres-
sion of EV-related proteins determined by Western blot analysis. F
The binding of fluorescence-labeled EVs and HT-22 cells received
OGD/R modeling observed by laser confocal. G The expression of
autophagy-related proteins measured by Western blot analysis. H The
proliferation of HT-22 cells after OGD/R modeling and co-culture

fluorescence intensity of cells treated by miR-135a-5p
mimic + TXNIP-3’'UTR-WT decreased. Compared with
cells treated by NC mimic + TXNIP-3’UTR-MUT, there
was no significant change in fluorescence intensity in cells
treated by miR-135a-5p mimic + TXNIP-3’'UTR-MUT
(Fig. 4A), indicating that miR-135a-5p can specifically bind
to TXNIP.

Then OGD/R model was constructed in HT-22 cells, and
the expression of TXNIP after modeling was determined by
RT-qPCR. Compared with cells after the sham procedure,
the expression of TXNIP in HT-22 cells after OGD/R
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treatment detected by CCK-8. I The apoptosis of HT-22 cells after
OGD/R modeling and co-culture treatment detected by flow cyto-
metry. J Brain mass ratio of the ipsilateral (right) and contralateral
(left) hemispheres of mice after tMCAO modeling (n = 6). K Cerebral
infarction in mice after tMCAO modeling detected by TTC (n =6). L
The concentration of IL-18 and IL-1p in the brain tissue supernatant of
mice after tMCAO modeling determined by ELISA (n=06). Com-
parison between two groups was analyzed by independent # test, and
comparison among multiple groups was analyzed by one-way
ANOVA and followed by Tukey’s post hoc test. *p <0.05. Cell
experiments were repeated three times.

modeling was up-regulated (Fig. 4B). To verify whether
miR-135a-5p can regulate the expression of TXNIP in
neuronal cells, cells were transfected with miR-135a-5p
mimic, miR-135a-5p inhibitor, and their negative controls
(NC mimic and NC inhibitor), and transfection efficiency
was determined by RT-qPCR. At 24 h after transfection, the
expression of miR-135a-5p in HT-22 cells transfected with
miR-135a-5p mimic was elevated, and the expression of
miR-135a-5p in HT-22 cells transfected with miR-135a-5p
inhibitor down-regulated (Fig. 4C). Western blot analysis
presented that, compared with NC mimic treatment, the
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Fig. 3 miR-135a-5p delivered by M2 microglia-derived EVs
represses neuronal autophagy and ischemic brain injury. A The
transfection efficiency of miR-135a-5p detected by RT-qPCR. B The
expression of miR-135a-5p in the EVs derived from M2-BV2 cells
measured by RT-qPCR. C The expression of miR-135a-5p in HT-22
cells after transfection measured by RT-qPCR. D The expression of
autophagy-related proteins in HT-22 cells after transfection measured

expression of TXNIP in HT-22 cells transfected with miR-
135a-5p mimic reduced. Compared with NC inhibitor,
expression of TXNIP in HT-22 cells transfected with miR-
135a-5p inhibitor was promoted (Fig. 4D).

In addition, EVs were extracted from M2-BV?2 cells after
transfection of miR-135a-5p mimic, miR-135a-5p inhibitor
and their negative controls (NC mimic and NC inhibitor)
and co-cultured with HT-22 cells after OGD/R modeling.
Western blot analysis was used to measure the expression of
TXNIP. Results revealed that, compared with HT-22 cells
co-cultured with EVs-NC mimic, the expression of TXNIP
in HT-22 cells co-cultured with EVs-miR-135a-5p mimic
was lowered. Compared with HT-22 cells co-cultured with
EVs-NC inhibitor, expression of TXNIP in HT-22 cells co-
cultured with EVs-miR-135a-5p inhibitor elevated
(Fig. 4E). To sum up, M2 microglia-derived EVs could
deliver miR-135a-5p to inhibit TXNIP.

In order to verify whether the EVs derived from M2
microglia can inhibit TXNIP through the delivery of miR-
135a-5p and thereby affect the function of neurons, cells
were treated by overexpressed TXNIP and the transfection
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by Western blot analysis. E The proliferation of HT-22 cells after
OGD/R treatment and transfection detected by CCK-8 assay. F The
apoptosis of HT-22 cells after OGD/R treatment and transfection
detected by flow cytometry. Comparison between two groups was
analyzed by independent r-test, and comparison among multiple
groups was analyzed by one-way ANOVA and followed by Tukey’s
post hoc test. *p <0.05. Cell experiments were repeated three times.

efficiency was detected by RT-qPCR. After 24h, the
expression of TXNIP in HT-22 cells after TXNIP treatment
increased notably (Fig. 4F). Then, the EVs isolated from
M2-BV2 cells overexpressing miR-135a-5p were co-
cultured with the TXNIP overexpression-treated cells.
Compared with the NC treatment, the expression of miR-
135a-5p in HT-22 cells after TXNIP treatment was unal-
tered, but the expression of TXNIP was up-regulated.
Compared with cells treated by TXNIP + EVs-NC mimic,
the expression of miR-135a-5p in HT-22 cells treated with
TXNIP + EVs-miR-135a-5p mimic was  obviously
increased, and the expression of TXNIP was remarkably
reduced (Fig. 4G).

Then a series of experiments were employed to study
the effect of M2 microglia-derived EVs on neuronal cells.
Compared with NC treatment, the expression of P62
(Fig. 4H) and cell proliferative capacity (Fig. 4I) were
suppressed, and the expression of Beclin-1, LC3A/B, and
LAMP-1 (Fig. 4H) and cell apoptotic capacity (Fig. 4])
were enhanced in HT-22 cells after TXNIP treatment.
Compared with cells treated by TXNIP 4 EVs-NC

SPRINGER NATURE
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without and with EV treatment measured by RT-qPCR. H The
expression of autophagy-related proteins modeled in HT-22 cells
without and with EVs treatment determined by Western blot analysis.
I The proliferation of modeled HT-22 cells without and with EV
treatment detected by CCK-8. J The apoptosis of modeled HT-22 cells
without and with EV treatment detected by flow cytometry. Com-
parison between two groups was analyzed by independent #-test, and
comparison among multiple groups was analyzed by one-way
ANOVA and followed by Tukey’s post hoc test. *p<0.05. Cell
experiment was repeated three times.
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Fig. 5 M2 microglia-derived EVs containing miR-135a-5p alleviate
ischemic brain injury through the TXNIP/NLRP3 axis. A The
expression of NLRP3 inflammasome in HT-22 cells after modeling
measured by Western blot analysis. B The expression of NLRP3
inflammasome in HT-22 cells after modeling and transfection mea-
sured by Western blot analysis. C The expression of miR-135a-5p in
modeled HT-22 cells with EV treatment measured by RT-qPCR.
D The expression of TXNIP, autophagy-related protein and NLRP3
inflammasome in modeled HT-22 cells with EVs treatment measured
by Western blot analysis. E The proliferation of HT-22 cells detected

mimic, the expression of P62 (Fig. 4H) and cell pro-
liferative capacity (Fig. 4I) were promoted, and the
expression of Beclin-1, LC3A/B and LAMP-1 (Fig. 4H)
and cell apoptotic capacity (Fig. 4J) were decreased
in HT-22 cells treated by TXNIP + EVs-miR-135a-5p

SPRINGER NATURE

by CCK-8. F The apoptosis of HT-22 cells detected by flow cyto-
metry. G The brain mass of mice after tMCAO modeling (n = 6).
H The cerebral infarction in mice after tMCAO modeling determined
by TTC (n=6). I The concentration of IL-1f, IL-18 in brain super-
natant of mice tissues after tMCAO modeling determined by ELISA
(n=6). Comparison between two groups was analyzed by indepen-
dent ¢ test, and comparison among multiple groups was analyzed by
one-way ANOVA and followed by Tukey’s post hoc test. *p <0.05.
Cell experiments were repeated three times.

mimic (Fig. 4H-J). To sum up, the miR-135a-5p deliv-
ered by EVs derived from M2 microglia can repress
TXNIP, thereby inhibiting the autophagic activity of
neurons and promoting their proliferation, ultimately
alleviating ischemic brain injury.
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M2 microglia-derived EVs containing miR-135a-5p
alleviates ischemic brain injury via TXNIP/NLRP3
axis

The expression of NLRP3 inflammasome in the cells after
OGD/R modeling was determined by Western blot analysis.
Compared with the cells after sham operation, the expres-
sion of NLRP3, pro-IL-1p, and Caspase-1 p20 increased in
HT-22 cells after OGD/R modeling (Fig. 5A). Then cells
after modeling were treated with TXNIP or miR-135a-3p
mimic + TXNIP, and western blot analysis was conducted
to measure the expression of NLRP3 inflammasome.
Compared with cells transfected with NC, the expressions
of NLRP3, pro-IL-1B, and Caspase-1 p20 in HT-22 cells
treated by TXNIP were up-regulated. Compared with cells
transfected with TXNIP 4 NC mimic, expressions of
NLRP3, pro-IL-1B and Caspase-1 p20 in HT-22 cells
treated by TXNIP 4 miR-135a-5p mimic were reduced
(Fig. 5B).

In order to further study the mechanism of M2 microglia-
derived EVs on ischemic brain injury, EVs in M2-BV2 cells
transfected with miR-135a-5p mimic were extracted and
then cultured with HT-22 cells after OGD/R modeling or/
and TXNIP treatment. Compared with EVs-NC mimic, the
expression of miR-135a-5p in HT-22 cells treated by EVs-
miR-135a-5p mimic was elevated (Fig. 5C). The expression
of TXNIP, autophagy-related protein, and NLRP3
inflammasome-related detection indicators in the cells after
modeling was measured by Western blot analysis. Com-
pared with EVs-NC mimic, the expressions of TXNIP,
Beclin-1, LC3A/B, LAMP-1, NLRP3, pro-IL-1p, and
Caspase-1 p20 declined in HT-22 cells co-cultured with
EVs-miR-135a-5p mimic, and the expression of P62 was
up-regulated. Compared with EVs-miR-135a-5p mimic +
NC treatment, the expressions of TXNIP, Beclin-1, LC3A/
B, LAMP-1, NLRP3, pro-IL-1f, and Caspase-1 p20 was
elevated in HT-22 cells co-cultured with EVs-miR-135a-5p
mimic + TXNIP, and the expression of P62 was decreased
(Fig. 5D).

The effect of M2 microglia-derived EVs on neuronal
cells was then investigated through a series of experiments.
Our findings uncovered that, compared with EVs-NC
mimic, the proliferative ability was enhanced while the
apoptosis ability was repressed in cells co-cultured with
EVs-miR-135a-5p mimic. Compared with cells co-cultured
with EVs-miR-135a-5p mimic + NC, the proliferative
ability was repressed in HT-22 cells co-cultured with EVs-
miR-135a-5p mimic 4+ TXNIP, but the apoptotic ability was
promoted (Fig. SE, F).

Finally, EVs extracted from untreated M2-BV2 cells,
those treated with miR-135a-5p, miR-135a-5p mimic + NC
mimic, or miR-135a-5p mimic 4+ TXNIP were injected into
tMCAO mice by tail vein injection. Compared with EVs-

NC mimic treatment, the mass ratio of the ipsilateral (right)
and contralateral (left) hemispheres (Fig. 5G) of mice
treated by EVs-miR-135a-5p mimic was higher, the cerebral
infarction volume (Fig. SH) and the concentration of IL-18
and IL-1f (Fig. 51) in the brain supernatant were remarkably
lower, while opposite effects were seen in mice treated by
EVs-miR-135a-5p mimic + TXNIP compared with mice
treated by EVs-miR-135a-5p mimic +NC mimic
(Fig. 5G-I). In summary, M2 microglia-derived EVs deliver
miR-135a-5p to inhibit TXNIP, thereby inhibiting the
activation of NLRP3 inflammasome, reducing autophagic
activity of neurons, and reducing ischemic brain injury.

Discussion

Irreversible injury and subsequent cell death in brain are
induced by ischemia as occurs after diminished tissue blood
flow leading to an imbalance of oxygen supply and energy
demand [23, 24]. Ischemic brain injury can occur in infants
as well as adults, caused a striking morbidity and mortality
[25, 26]. Novel therapeutic agents for ischemia management
are urgently demanded since existing agents are applicable
for only a small portion of patients and may trigger adverse
effects (e.g. tissue damage) [27]. A recent study has
reported that EVs may play an important role in the
development of brain ischemia [28]. Hence, this study
aimed to investigate the function and molecular mechanism
involving EVs derived from M2 microglial cells in ischemic
brain injury. Our results illustrated that M2 microglia-
derived EVs can inhibit TXNIP-mediated NLRP3 inflam-
masome activation through miR-135a-5p, thereby reduce
neuronal autophagy and further alleviate ischemic brain
injury in a mouse tMCAQO model.

Primarily, this study identified that EVs derived from M2
microglia elevated the expression of p62 while reducing the
expression of Beclin-1, LC3A/B, and LAMP-1 in the OGD/
R cell model, and decreased the expression of IL-18 and IL-
1B in the tMCAO mouse model, supporting that EVs
derived from M2 microglia could inhibit neuronal autop-
hagy and alleviate ischemic brain injury. Microglia are
crucial cells that play immune functions in the central ner-
vous system, and which are proposed as key players in the
pathogenesis of neurodegenerative diseases and stroke
injury [29]. Under ischemic conditions, microglia exhibit
two opposite activation states or phenotypes: proin-
flammatory M1 and anti-inflammatory M2 phenotypes [30].
Therefore, the prospect of forcing microglial differentiation
into the M2 polarized form to exert neuroprotective effects
has received great attention, and studies have provided a
theoretical basis for this approach and confirmed its feasi-
bility [31, 32]. Moreover, EVs derived from microglial were
identified as alleviators of neuroinflammatory diseases [8].
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In addition, astrocyte-derived exosomes also repressed
autophagy and ameliorated neuronal injury in ischemic
stroke [33]. p62 is a multivalent protein that participates in
cargo isolation in the process of selective autophagy, which
was observed previously to have increased expression
after therapeutic treatment of the OGD/R cell model
[34, 35]. Beclin-1, LC3A/B, and LAMP-1 are all essential
autophagic regulators, which have upregulated expression
in the context of autophagy [36-38]. IL-18 and IL-1P
are inflammation-related proteins, which show up-
regulation after effective management in cerebral
ischemia-reperfusion injury in rats [39]. Thus, EVs derived
from M2 microglia serve as neuroprotective factors in
ischemic brain injury.

Subsequently, we further uncovered that M2 microglia-
derived EVs relieved ischemic brain injury by decreasing
TXNIP-mediated NLRP3 inflammasome expression
through miR-135a-5p. Indeed, previous work showed that
MiR-135a protected against OGD/R-induced neuron injury
[22]. Accumulating evidence indicates that EVs delivering
miRNAs are involved in several pathological conditions,
including ischemia [11, 40]. Furthermore, a recent study
validated that M2 microglia-derived exosomes attenuated
ischemic brain injury and promoted neuronal survival via
exosomal miR-124, representing a promising avenue for
treating ischemic stroke [21]. TXNIP is an enhancer of the
internalization of glucose transporters, which is responsible
for inflammasome activation and autophagy [41]. Down-
regulation of TXNIP was also verified to protect against
cerebral ischemia and reperfusion injury by suppressing
NLRP3 inflammasome activation [42]. Other research
implicated NLRP3 in inflammatory response activation via
activation and secretion of IL-1f and IL-18 [43]. Mean-
while, NLRP3 inflammasome inactivation was identified as
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Fig. 6 Schematic map of the molecular mechanism of EVs derived
from M2 microglia in ischemic brain injury. M2 microglia-derived
EVs can inhibit TXNIP-mediated NLRP3 inflammasome activation
through miR-135a-5p, thereby reduce neuronal autophagy and further
alleviate ischemic brain injury in a mouse tMCAO model.
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a potential therapeutic target in ischaemic stroke [44].
Importantly, NLRP3 inflammasome activation was inhib-
ited by miR-148a in M2 macrophage-derived exosomes
through TXNIP inhibition, thereby combating against
myocardial ischemia/reperfusion injury [45]. In summary,
M2 microglia-derived EVs are the protective against
ischemic injury through TXNIP-mediated alteration in
NLRP3 inflammasome expression via miR-135a-5p.

Taken together, this study supported the proposal that an
elevation of miR-135a-5p expression in M2 microglia-derived
EVs inactivated the NLRP3 inflammasome through TXNIP
downregulation, and repressed neuronal autophagy, all of
which ultimately alleviated ischemic brain injury (Fig. 6).
These early results in experimental models are promising for
translational studies in the clinical setting testing the neuro-
protective effect of M2 microglia-derived EVs.
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