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Abstract

Aims: We investigated whether human umbilical cord mesenchymal stem cell (hUC-
MSC)-derived exosomes bear therapeutic potential against lipopolysaccharide (LPS)-
induced neuroinflammation.

Methods: Exosomes were isolated from hUC-MSC supernatant by ultra-high-speed
centrifugation and characterized by transmission electron microscopy and western
blotting. Inflammatory responses were induced by LPS in BV-2 cells, primary micro-
glial cultures, and C57BL/6J) mice. H,O, was also used to induce inflammation and
oxidative stress in BV-2 cells. The effects of hUC-MSC-derived exosomes on inflam-
matory cytokine expression, oxidative stress, and microglia polarization were studied
by immunofluorescence and western blotting.

Results: Treatment with hUC-MSC-derived exosomes significantly decreased the LPS-
or H,0,-induced oxidative stress and expression of pro-inflammatory cytokines (IL-6
and TNF-a) in vitro, while promoting an anti-inflammatory (classical M2) phenotype in
an LPS-treated mouse model. Mechanistically, the exosomes increased the NRF2 lev-
els and inhibited the LPS-induced NF-kB p65 phosphorylation and NLRP3 inflamma-
some activation. In contrast, the reactive oxygen species scavenger NAC and NF-xB
inhibitor BAY 11-7082 also inhibited the LPS-induced NLRP3 inflammasome activa-
tion and switched to the classical M2 phenotype. Treatment with the NRF2 inhibitor
ML385 abolished the anti-inflammatory and anti-oxidative effects of the exosomes.
Conclusion: hUC-MSC-derived exosomes ameliorated LPS/H,O,-induced neuro-
inflammation and oxidative stress by inhibiting the microglial NRF2/NF-«B/NLRP3
signaling pathway.
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1 | INTRODUCTION

Microglia activation resulting from the immune response produces ex-
cessive pro-inflammatory cytokines and leads to oxidative stress, thus
playing a pivotal role in various brain disorders. Lipopolysaccharide
(LPS)-stimulated microglial cells activate an inflammatory cascade,
which releases inflammatory mediators that induce neuronal death,
leading to sepsis-associated encephalopathy (SAE).? Moreover, these
cells acquire pro-inflammatory (classical M1) or anti-inflammatory
(classical M2) phenotypes upon activation. Pro-inflammatory microglia
releases inflammatory cytokines, such as nitric oxide (NO), interleu-
kin-1B (IL-1p), and inducible nitric oxidase synthase (iINOS), whereas
anti-inflammatory microglial cells produce CD206, ARG1, YM1,
and other protective molecules to promote neural tissue repair.>*
Neuroinflammation is common in multiple acute and chronic brain
diseases, including stroke, Alzheimer's, and Parkinson's diseases.’
Therefore, novel therapeutic strategies are required to alleviate neu-
roinflammation and improve neurological outcomes.

Stem cell therapy is considered a promising approach owing to its
regenerative and immunomodulatory ability. Human umbilical cord
mesenchymal stem cells (hUC-MSCs) have been widely used to treat
numerous diseases,’ including chronic liver failure, nasopharyngeal
carcinoma, arthritis, and COVID-19. Exosomes are small extracellu-
lar vesicles of 30-150-nm diameter’ that are present in the blood,
urine, sperm, cerebrospinal fluid, breast milk, and almost all other
body fluids.® They contain bioactive molecules, such as proteins, lip-
ids, microRNAs, and mRNAs,9 which are secreted by one cell type
and endocytosed by another. Exosome-mediated therapy is safer
and more effective than stem cell therapy for certain diseases,*
such as stroke. Preclinical studies have demonstrated the exosome
therapeutic effects in animal disease models,'? thereby highlighting
their potential as clinical therapies.

Dental pulp stem cell- or bone marrow mesenchymal stromal
cell-derived exosomes could protect against ischemia-reperfusion-
induced brain damage.!? Further, h\UC-MSC-derived exosomes have
been used to protect rat retinal neurons under hyperglycemic condi-
tions.'® Exosomes from different sources have exhibited neuropro-
tective potential against detrimental insults. These findings drove us
to investigate whether exosomes have beneficial effects on neuroin-
flammation remission in the brain.

Inflammasomes are inducible high-molecular-weight protein
complexes, involved in many pathological processes.'* The microg-
lia NOD-like receptor pyrin domain containing 3 (NLRP3) inflam-
masome is one of the most extensively studied inflammasomes
in multiple neurodegenerative diseases. Activation of the NLRP3
inflammasome is emerging as a critical contributor to neuroin-
flammation and may be a potential target to treat neuroinflammation-
associated diseases. The NLRP3 inflammasome, consisting of the
NLRP3 Apoptosis-associated speck-like (ASC) scaffold protein and
Caspase-1,'> can be activated by damage-associated molecules
consisting of adenosine triphosphate, high mobility group box-1
(HMG1), monosodium urate, and reactive oxygen species (ROS)*
or pathogen-derived LPS and lipoteichoic acid.” Nuclear factor kB

(NF-xB), a key activator of inflammation, primes the NLRP3 inflam-
masome for activation by inducing pro-IL-1 and NLRP3 expression.
Therefore, activation of the NLRP3 inflammasome could be regu-
lated by the NF-kB signaling pathway.!®> The NLRP3 inflammasome
assembly causes the maturation and secretion of downstream in-
flammatory cytokines, such as IL-1p and IL-18,*>18 which induces the
inflammatory process. The Nuclear factor-erythroid-related factor 2
(NRF2) is an emerging drug target for neurodegenerative diseases.”?
NRF2 nuclear translocation competes with NF-xB p65 for the com-
mon transcriptional coactivator P300, thereby suppressing NF-kB-
driven pro-inflammatory responses.?° However, the contribution of
NRF2 activation to hUC-MSC-derived exosome function in neuroin-
flammation remains elusive.

Therefore, in this study, we aimed to investigate whether exo-
somes derived from hUC-MSCs could exert a neuroprotective effect
on LPS-induced neuroinflammation in vitro and in vivo. Further-
more, we explored the molecular mechanism underlying the protec-
tive function of hUC-MSC-derived exosomes against LPS-induced

neuroinflammation.

2 | METHODS

2.1 | Materials

Dulbecco's modified Eagle's medium (DMEM), phosphate-buffered
saline (PBS), penicillin-streptomycin, fetal bovine serum (FBS), Mito-
SOX™ Red, MitoTracker™ Green FM, and various fluorescently con-
jugated secondary antibodies were purchased from Thermo Fisher
(Thermo Fisher Scientific). Extracellular vesicle-depleted FBS medium
was purchased from SBI (System Biosciences). LPS (Escherichia coli
0111: B4) and H,O, were purchased from Sigma (St. Louis). A protein
extraction kit, bicinchoninic acid (BCA) protein assay kit, DAPI, and
actin-tracker green kit were purchased from the Beyotime Institute of
Biotechnology (Beyotime, Haimeng, China). Primary antibodies against
Interleukin-6 (IL-6, 21,865-1-AP), Tumor necrosis factor-a (TNF-q,
17,590-1-AP), NLRP3 (10904-1-AP), IBA1 (10904-1-AP), ARG1 (16001-
1-AP), COX2 (12375-1-AP), NRF2 (16396-1-AP), Caspase-1 (22915-1-
AP), Lamin B1 (12987-1-AP), and GAPDH (60004-1-Ig) were obtained
from Proteintech. Primary antibodies against iNOS (sc-7271), Flotillin-1
(sc-74,566), CD63 (sc-5275), GM130 (sc-55,590), Calnexin (sc-23,954),
and TSG101 (sc-7964) were purchased from Santa Cruz Biotechnol-
ogy. Antibodies for NF-kB pé5 (8242), phospho-NF-kB pé5 (3033),
and ASC (67824S) were purchased from Cell Signaling Technology. The
antibody for CD86 (553689) was obtained from BD Biosciences. The
antibody against CD206 (AF2535) was purchased from R&D Systems,
and the primary antibody against YM1 (ab192029) was purchased
from Abcam. Proteintech (Wuhan, China) provided secondary antibod-
ies for western blotting. A PKH26 Red Fluorescent Cell Linker Kit was
obtained from MaoKang Biotechnology (Shanghai, China). The NF-
kB pathway inhibitor BAY 11-7082, NRF2 inhibitor ML385, and ROS
scavenger N-acetylcysteine (NAC) were purchased from Medchem
Express. All other chemicals used in this study were of analytical grade.
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2.2 | Preparation and characterization of exosomes
hUC-MSCs were purchased from Cyagen Biotechnology Inc. The cul-
ture medium used to expand cells was DMEM/F12 (Gibco, USA) con-
taining 10% FBS (Gibco), and culturing was performed at 21% O,, 5%
CO,,and 37°C. Cells at passage 5 were used for the experiment. When
hUC-MSCs reached 80% confluency, they were incubated with 0.25%
trypsin-EDTA solution for 2min. After adding a 2mL culture medium
to stop the trypsin digestion, the cells were centrifuged at 1000rpm
for 3min. Subsequently, they were cultured in exosome-depleted me-
dium at 1x10°/mL, and 24h later, the medium was collected. They
were isolated from the medium using multiple ultracentrifugation
steps, and the exosome pellet was suspended in 1000 pL lysis buffer or
sterile PBS, depending on subsequent experiments. The concentration
and size distribution of the isolated exosomes were confirmed via the
nanoparticle tracking analysis using the NanoSight NS300 (Malvern
Panalytical). The morphology was detected using transmission elec-
tron microscopy (TEM). Western blotting was performed to detect the

levels of exosome markers, such as Flotillin-1, CD63, and TSG101.

2.3 | Microglia cell cultures and treatment

2.31 | BV-2celllines

BV-2 microglia cells were obtained from the Cell Bank of the Chinese
Academy of Sciences (Shanghai, China). The cells were cultured in
F12/DMEM with 10% FBS and 1% penicillin-streptomycin follow-
ing the recommendations of the American Type Culture Collection.
BV-2 cells at 80% confluency were pretreated with hUC-MSC-
derived exosomes (10pg/mL) for 2h and then with 500ng/mL LPS
or 150pM H,0,* for 12h.

The BV-2 cells were pretreated with NAC 5mM for 1h, followed
by exposure to LPS (500ng/mL) for 12h.?? Based on a previous
study,?® the BV-2 cells were also pretreated with 5nM of ML385, a
specific inhibitor of NRF2, for 2h before exosome treatment.

2.3.2 | Primary microglia culture

Neonatal mice (3days after birth), purchased from Shanghai JieSi-
Jie Laboratory Animals Ltd, were used to isolate primary microglia.
Briefly, each neonatal mouse was rinsed in 75% ethanol and cold
PBS to ensure sterile conditions, and the brain was isolated using
a surgical scissors. The meninges and blood vessels were carefully
stripped away under a light microscope (Leica DM 2500, Leica Mi-
crosystems GmbH, Germany). Subsequently, the brain tissues were
minced with scissors and digested with 0.25% trypsin for 20min at
37°C. Digestion was terminated by adding equal volume of culture
medium. The mixed cell suspension was filtered using a 40-pm cell
strainer and centrifuged at 1000 rpm for 5min. A single-cell suspen-
sion of the mixed cells was seeded into 75-cm? flasks coated with
0.05mg/mL poly-L-lysine (Sigma Aldrich, P9155). The mixed cell

culture supernatant was removed the next day. On day 7, the culture
flask was placed on a shaker at 180rpm for 2h at 37°C, and subse-
quently, the supernatant was centrifuged at 1000rpm for 5min. The
cells were then used in subsequent experiments. The treatment for
the primary microglial cultures was the same as that for BV-2 cells.

2.4 | hUC-MSC-derived exosome uptake in vitro

The red fluorescent dye PKH26 (MaoKang Biotechnology, Shanghai,
China) was used to label exosomes according to the manufacturer's
instructions. The labeled exosomes were co-cultured with BV-2 cells
or primary microglial cultures at a concentration of 10pug/mL for 6 h,
12h, and 24 h. Subsequently, the cells were fixed with 4% paraform-
aldehyde for 40 min and blocked using 5% bovine serum albumin for
1h at room temperature. The cytoskeleton was stained with Actin-
Tracker Green and the nucleus with DAPI. A confocal laser-scanning
microscope (Leica TCS SP 5, Leica Microsystems GmbH) was used

for imaging.

2.5 | Invivo exosome injection and brain tissue
preparation

All animal experiments were approved by the Institutional Animal
Care and Use Committee of Fudan University (number 2022010115S).
Adult male C57BL/6J mice (SPF grade) were obtained from Shanghai
JieSilJie Laboratory Animals Ltd and housed in standard cages at 20-
25°C, 40+ 5% humidity, and light-dark cycle of 12h:12h.
PKH26-labeled exosomes were injected into the mouse tail vein
to validate the uptake of hUC-MSC-derived exosomes in vivo. The
mice in the sham group were injected with saline only. For subse-
quent experiments, based on previous studies (30), 18 adult male
mice (8 weeks old) were randomly divided into three groups: (1) the
control group (n=6) was intravenously administered 100uL saline
for 7days; (2) the LPS group (n=46) was intraperitoneally injected
with 0.5mg/kg LPS once a day for 7days; and (3) the Exos+LPS
group (n=6) was injected with exosomes (40 pg/100 pL)?*%> 1 h prior
to LPS treatment. The mice in all groups were perfused with ice-cold
PBS at the end of the experiment. Subsequently, the hippocampal
tissues were harvested for western blotting, or brain tissues were
fixed using 4% paraformaldehyde for immunofluorescence and his-

tology analyses.

2.6 | ROS assay

Intracellular ROS were detected via 2,7-dichlorodi-hydrofluorescein
(DCFH) staining. After the BV-2 cells were treated with H,0,/LPS
and/or exosomes for 12h, the cells were washed three times with
PBS and incubated in a medium containing 2.5M DCFH at 37°C for
30min. Subsequently, they were washed three times with PBS and
stained with DAPI for 15 min.
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FIGURE 1 Isolation and characterization of exosomes derived from human umbilical cord mesenchymal stem cells. (A) Exosome
morphology was captured using transmission electron microscopy. (B) Exosome size was quantified via nanoparticle tracking analysis. (C)
Western blot was used to detect exosome-positive (Flotillin-1, TSG101, and CD63) and exosome-negative (Calnexin and GM-130) markers.

For mitochondrial ROS measurements, the cells were washed
three times with PBS after LPS treatment and incubated with
DMEM medium containing 5 pM MitoSox red in the dark for 30 min
at 37°C. Subsequently, the cells were incubated with DMEM me-
dium containing 200nM MitoTracker green in the dark for 30 min
at 37°C.

ROS images were captured using a confocal microscope and ana-

lyzed using Image Pro Plus 6.0 (Media Cybernetics Co.A).

2.7 | Immunofluorescence analysis

BV-2 cells or primary microglia cultures were washed three times
with PBS and fixed with 4% paraformaldehyde for 20min at room
temperature. Subsequently, 0.1% TritonX-100 was used to permea-
bilize the cells for 10 min, followed by blocking in 5% BSA for 40 min
and incubation with primary antibodies at 4°C overnight. The next
day, the cells were washed three times with PBS and incubated with
secondary antibodies for 2h at room temperature. After washing
three times with PBS, the cells were incubated with DAPI for 10 min
to stain the nucleus. Images were captured using a confocal fluores-
cence microscope and analyzed via Image Pro Plus 6.0 (Media Cy-
bernetics Co.).

The hippocampal slices were rinsed with PBS containing 0.1%
Triton X-100 for 40 min and blocked with 5% BSA for 60 min at room
temperature. Subsequently, the sections were incubated with pri-
mary antibodies overnight at 4°C. After washing three times with
PBS, the sections were incubated with the corresponding secondary
antibodies for 1h at room temperature. A fluorescence microscope
with a Nikon DS-U3 imaging system (Nikon Corp.) was used to cap-

ture images of the brain sections.

2.8 | Western blot

The total protein content of the cells or hippocampal tissues was iso-
lated using radioimmunoprecipitation assay (RIPA) lysis buffer. The
protein concentration was determined using a BCA kit. The proteins

in the nucleus and cytoplasm were extracted using a Nuclear and

Cytoplasmic Protein Extraction Kit (Beyotime, Shanghai, China) ac-
cording to the manufacturer's instructions. Equal amounts of protein
were separated via sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis and transferred to a polyvinylidene fluoride membrane.
The membrane was blocked using 5% skim milk for 1h at room tem-
perature and incubated with primary antibodies at 4°C overnight.
The next day, it was washed three times with Tris-buffered saline
with 0.1% Tween® 20 and incubated with secondary antibodies
for 1h at room temperature. All proteins were visualized using en-
hanced chemiluminescence reagent, and relative protein levels were
normalized to those of glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) using the ImageJ software (NIH Image J system).

2.9 | Statistical analysis

The data are expressed as the mean+SD. Shapiro-Wilk test was
used to analyze the normal distribution. The differences between
groups were analyzed using one-way analysis of variance, and dif-
ferences were considered significant at p <0.05. All statistical analy-
ses were performed using GraphPad Prism 6.0 (GraphPad Software
Inc.).

3 | RESULTS

3.1 | Characterization of hUC-MSC-derived
exosomes

TEM revealed that the exosomes exhibited a typical elliptical shape
(Figure 1A), and the nanosystem indicated that they had a mean
diameter of 148.3nm (Figure 1B). The initial concentration of ex-
osomes was 3.2 x 10%° particles/mL. Western blot analysis indicated
that these vesicles contained exosomal markers, including CDé63,
TSG101, and Flotillin-1 (Figure 1C). The Calnexin and GM-130 lev-
els were negligible in the purified exosomes, suggesting that these
preparations contained no endoplasmic reticulum or Golgi contami-
nation (Figure 1C). Collectively, our results confirmed the successful
isolation of hUC-MSC-derived exosomes.
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3.2 | Exosomes alleviate LPS- and H,0,-induced
oxidative stress and inflammation in BV-2 Cells

Confocal microscopy revealed that exosomes gradually gathered
in the BV-2 cells after co-culturing the labeled exosomes with BV-2
cellsfor 6h,12h, and 24 h (Figure 2A,B), suggesting that they were
gradually taken up by BV-2 cells. Furthermore, western blot analy-
sis indicated that LPS stimulation increased the levels of the pro-
inflammatory cytokines TNF-a and IL-6 in BV-2 cells. However,
the exosome treatment counteracted the LPS-induced increase in
TNF-a and IL-6 levels compared with their levels in non-treated
cells (Figure 2C-E). Intracellular ROS measurements demon-
strated that the exosome treatment also decreased the ROS levels
compared with those in the LPS group (Figure 2F,G). LPS admin-
istration significantly decreased NRF2, an anti-inflammatory and
antioxidant factor, which was reversed upon exosome treatment.

Huang et al. reported that H,0O, increases the inflammatory
cytokine levels.?® We found that H,0, treatment significantly in-
creased the cellular ROS levels, whereas pretreatment with exo-
somes reversed this effect. The NRF2 inhibitor ML385 decreased

(A)

PKH26

6h

12h

FIGURE 2 Anti-inflammatory and
antioxidant effects of human umbilical
cord mesenchymal stem cell (hUC-MSC)-
derived exosomes on lipopolysaccharide

24h

(LPS)-induced neuroinflammation in (C)
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mass and mitochondrial ROS were
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NRF2 levels and abrogated the anti-oxidative and anti-inflammatory
effects of exosome treatment.

Mitotracker Green and MitoSOX Red double staining may be
used to indicate mitochondrial function.?’ In this study, the LPS
treatment increased mitochondrial ROS and mitochondrial mass. In

contrast, exosome treatment reversed this effect (Figure 2H-J).

3.3 | Exosomes induce microglia polarization from the
pro-inflammatory to anti-inflammatory phenotype

As shown in Figure 3A,B, the M1l-associated markers in LPS-
stimulated BV-2 cells were upregulated, whereas the M2-associated
markers ARG1 and YM1 were downregulated compared with
those in the control group. However, exosome treatment sig-
nificantly decreased the pro-inflammatory and increased the anti-
inflammatory marker levels compared with LPS treatment alone
(Figure 3C,D). Additionally, exosome administration downregu-
lated the pro-inflammatory surface marker CD86 and upregulated

the anti-inflammatory surface marker CD206 in BV-2 cells after
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LPS treatment (Figure 3E-G). For primary microglia, we sought to
identify the purity of the primary cultured microglia. Similar to BV-2
cells, exosome treatment regulated the abundance of CD86 and
CD206 (Figure 3H-J) in primary microglia. These results indicated
that LPS-stimulated hUC-MSC-derived exosomes altered microglia
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FIGURE 3 Effect of human umbilical cord mesenchymal stem cell-derived exosomes on the microglia cell polarization. (A and B) Western
blot analysis and quantification of iNOS and COX-2. (C and D) Western blot analysis and quantification of YM1 and ARG1. (E) Representative
images of microglia bearing a pro-inflammatory (M1) phenotype in each group were examined using anti-CD86 (green) and anti-lba-1 (red)
antibodies, as well as DAPI (blue); scale bar=25 um. (F) Representative images of anti-inflammatory phenotype microglia in each group

were examined using anti-CD206 (green), and anti-lba-1 (red) antibodies, as well as DAPI (blue); scale bar=25pum. (G) Relative fluorescence
intensity analysis for CD86 and CD206. (H) Representative images of primary microglia bearing a pro-inflammatory phenotype in each
group were examined using anti-CD86 (green), anti-lba-1 (red) antibodies, and DAPI (blue); scale bar=25pm. (I) Representative images of
anti-inflammatory phenotype primary microglia in each group were examined by using anti-CD206 (green) and anti-lba-1 (red) antibodies, as
well as DAPI (blue); scale bar=25pum. (J) Relative fluorescence intensity analysis for CD86 and CD206 in primary microglia; n=3; mean+SD;
*p<0.05; **p<0.01; ***p<0.001, compared with the control group; #p <0.05; ##p <0.01; ###p <0.001, compared with the LPS group.
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###p <0.001, compared with the LPS Control
group.
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hUC-MSC-derived exosomes switch the microglia phenotype from
pro-inflammatory (classical M1) to anti-inflammatory (classical M2)
by inhibiting ROS production.

3.4 | Exosomes decrease NLRP3 inflammasome
activation by inhibiting the NF-k B pathway in vitro

NLRP3, ASC, and Caspase-1, increased after LPS exposure, however,
exosome treatment significantly decreased the LPS-induced up-
regulation of these proteins in BV-2 cells (Figure 4A-D). hUC-MSC-
derived exosomes reduced the NLRP3 levels compared with those
of LPS treatment only (Figure 4E,F). These results demonstrated
that exosomes suppressed the activation of NLRP3 inflammasomes
to alleviate neuroinflammation.

The NF-kB signaling pathway regulates inflammatory responses,
therefore, we monitored the expression of NF-kB pé5 and its
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phosphorylation to an activated form.2® LPS stimulation increased
the expression of phospho-NF-kB pé5, whereas exosomes inhibited
the expression of phospho-NF-xB p65 (Figure 5A,B). NAC treatment
inhibited the LPS-induced phosphorylation of NF-kB p65, suggesting
that oxidative stress might participate in p65 phosphorylation. The
inhibition of ROS by NAC also decreased the TNF-a and IL-6 levels in
LPS-induced cells. Xue et al. found that the lincRNA-Cox2 promoted
NF-kB p65 nuclear translocation and transcription, which modu-
lated the expression of the inflammasome sensor NLRP3 and adaptor
ASC,? thus, we performed nucleocytoplasmic separation to compare
the NF-xB p65 levels in the nucleus and cytoplasm and observed that
LPS promoted the nuclear translocation of NF-kB p65. In contrast,
the exosomes significantly reduced the LPS-induced nuclear translo-
cation of NF-kB p65 (Figure 5C-E).

Subsequently, we used the NF-xB pé5 inhibitor BAY 11-7082
(10pM) to determine whether NF-kB signaling mediates the activa-
tion of NLRP3 inflammasomes. NF-kB pé5 inhibition significantly
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FIGURE 5 Contribution of NF-kB P65 to the function of human umbilical cord mesenchymal stem cell-derived exosomes in the BV-2
cells. (A and B) The levels of p65 and those of its phosphorylated form (p-p65) were detected via western blotting. (C and D) The pé5 nuclear
translocation was determined via western blotting. (E) Immunofluorescence demonstrating the nuclear location of p65 in BV-2 cells; scale
bar=10pum. (F-1) The levels of NLRP3, IL-6, and TNF-a in different groups after administration of the NF-xB pathway inhibitor BAY 11-7082
were detected via western blot; n=3; mean+SD; *p<0.05; **p<0.01; ***p <0.001, compared with the control group; #p <0.05; ##p <0.01;

###p <0.001, compared with the LPS group.

reduced the LPS-mediated upregulation of NLRP3 as well as cy-
tokines IL-6 and TNF-« (Figure 5F-I). Further, we showed that the
NRF2 inhibitor ML385 blocked the anti-inflammatory effects of
hUC-MSC-derived exosomes in LPS-stimulated BV-2 cells. Collec-
tively, these findings suggest that exosomes inhibit the activation of
NLRP3 via the Nrf2/NF-kB signaling pathway.

3.5 | Exosomes alleviate LPS-induced
neuroinflammation in mice brains

To evaluate the effects of hUC-MSC-derived exosomes on neu-
roinflammation in vivo, the exosomes were labeled with the red

fluorescent dye PKH26 and injected through the tail vein. After 24 h,
we successfully detected exosomes in the cortex and hippocampus;
however, we could not detect PKH26-labeled exosomes in the sham
group. As a marker of activated microglia, IBA1 levels were signifi-
cantly increased in the hippocampus upon LPS treatment compared
with those in the control group. In contrast, exosome treatment sig-
nificantly abolished the LPS-induced increase in IBA1 abundance in
the hippocampus (Figure 6A).

Furthermore, colocalization studies showed that LPS trig-
gered the upregulation of NLRP3 in the hippocampal microglia,
whereas the administration of exosomes counteracted this ef-
fect (Figure 6A). LPS stimulation increased the levels of NLRP3,
ASC, and Caspase-1 in the hippocampus, whereas exosomes
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FIGURE 6 Effect of human umbilical cord mesenchymal stem cell-derived exosomes on neuroinflammation in vivo. (A) Representative
photomicrographs of NLRP3 and Iba-1 positive cells in the hippocampus. White arrows indicate the colocalization (yellow) of NLRP3 (red)
with IBA1 (green). Low-magnification scale bar=200pum, high-magnification scale bar =50 um. (B-E) NLRP3, ASC, and Caspase-1 levels in
the hippocampus, measured via western blotting. (F and G) Western blot analysis of the protein levels of IL-6 and TNF-a in the hippocampus.
(H and 1) Protein levels of iNOS in the hippocampus were measured via western blotting. (J and K) The M1 marker CD86 was measured via
western blotting. (L and M) The M2 marker CD206 was measured via western blotting; n=6; mean+SD; *p <0.05; **p <0.01; ***p<0.001,
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significantly prevented their increase (Figure 6B-E). The IL-6
and TNF-a levels were upregulated upon LPS treatment in vivo
but decreased upon hUC-MSC-derived exosome administra-
tion (Figure 6F,G). Furthermore, the administration of exosomes
significantly reduced the LPS-mediated increase in iNOS levels
(Figure 6H,1). Similar to cells, exosomes promoted hippocampal
microglia anti-inflammatory (M2) polarization (Figure 6J-M), and
the CD86 and CD206 stainings were also similar.

4 | CONCLUSION

As potential cell therapy agents, hUC-MSCs confer therapeutic
benefits by secreting various small soluble molecules, including
exosomes.’%3! |n the present study, we demonstrated that hUC-
MSC-derived exosomes could alleviate LPS- or H,0,-induced neu-
roinflammation and oxidative stress in vitro and in vivo, evidenced
by the inhibition of NLRP3 inflammasome activation and down-
regulation of pro-inflammatory cytokine levels. Mechanistically,
exosomes inhibit the NRF2/NF-kB p65/NLRP3 inflammasome
signaling pathway to alleviate neuroinflammation and oxidative
stress, as well as promote a shift from a pro-inflammatory micro-
glia phenotype (M1) to an anti-inflammatory one (M2). Therefore,
our study provides experimental evidence that hUC-MSC-derived
exosomes possess therapeutic potential for neuroinflammation-
associated diseases.

Exosomes are small bioactive vesicles secreted from various cell
types that transmit signals between cells. Exosomes from different
sources have been used to treat several diseases,®? and the ther-
apeutic effects of hUC-MSC-derived exosomes have been evalu-
ated for several kidney diseases, Alzheimer's disease, inflammatory
bowel disease, spinal cord injury, and acute myocardial ischemia.®
Exosome extraction by ultracentrifugation reduces the cost and risk
of contamination and allows for the simultaneous processing of large
sample volumes.>* We successfully obtained and characterized suf-
ficient exosomes to perform in vitro and in vivo studies. The isola-
tion of hUC-MSC exosomes by ultracentrifugation is highly efficient
and convenient, therefore, this exosome therapy strategy has con-
siderable clinical translational value.®®

Few studies have investigated the use of MSC-derived exo-
somes for neuroinflammation control. Zhang et al. showed that
hUC-MSC-derived exosomes could reduce microglial-mediated
neuroinflammation and, thus, infarct volume and behavioral defi-
cits in an ischemic stroke animal model.3® Dong et al. demon-
strated that bone marrow MSC-secreted exosomes attenuated the
microglia activation, induced by middle cerebral artery occlusion,
and M1 polarization, as well as upregulated the expression of pro-
inflammatory factors.®” These effects are regulated by microR-
NAs, carried by exosomes. Our results that hUC-MSC-derived
exosomes can downregulate LPS-induced inflammation in the mi-
croglia and mouse brain by means of oxidative stress inhibition

are in accordance with another study, in which exosomes secreted

by bone marrow MSCs modulated the LPS-stimulated microglial
M1/M2 polarization and alleviated the inflammation-mediated
neurotoxicity.38

LPS are endotoxins that commonly induce SAE and NF-kB ex-
pression by binding to toll-like receptor 4 (TLR4).%? LPS cause
neurotoxicity to microglia, which acquires a pro-inflammatory
(M1) phenotype.*® Activated microglia produces higher levels of
pro-inflammatory cytokines, which exacerbate neuronal damage.
In contrast, the alternative anti-inflammatory (M2) phenotype is
characterized by the release of protective cytokines, which allevi-
ates neuroinflammation and promotes tissue restoration.** There-
fore, the classical M1/M2 polarization is widely used for assessing
whether neuroinflammation is relieved in in vitro and in vivo mod-
els.*? Using multiple approaches, we demonstrated that hUC-MSC-
derived exosomes promoted a shift from a pro-inflammatory to an
anti-inflammatory phenotype in LPS-stimulated microglia.

Bone marrow MSC-derived exosomes regulate the acquisition
of microglia phenotypes,*® promote remyelination, and reduce neu-
roinflammation.** Exosomes may help maintain brain homeostasis,
and therefore, they bear promising therapeutic potential for neuro-
degenerative diseases.®

The beneficial effects of exosomes involve the IDO/Treg and
FasL/Fas,*® AK1/TRAF6,% and the NLRP3-related signaling path-
ways.”” The NLRP3 inflammasome, a critical regulator of inflam-
mation and infection, has been studied Widely.48 We observed that
LPS increased NLRP3 and IL-1f protein levels while exosome treat-
ment downregulated the levels of inflammasome-related proteins.
The NF-kB signaling pathway is involved in NLRP3 activation. LPS
activate NLRP3 in BV2 cells by translocating NF-xB p65 from the
cytoplasm to the nucleus.*’ There, it regulates the expression of
several inflammatory mediators, which cause neuronal receptors
to activate protein kinases, trigger inflammation, and accelerate
neurodegeneration.50

We explored the mechanism underlying the anti-
neuroinflammatory and anti-oxidative effects of hUC-MSC exo-
somes. Increased ROS generation activated the microglia, whereas
reduced mitochondrial ROS accumulation alleviated the NLRP3
inflammasome activation.”® ROS scavengers also inhibited NF-xB
p65phosphorylation, whereas an NF-kB pé5 inhibitor decreased
NLRP3 activation. Therefore, inhibition of ROS production may par-
ticipate in exosome-mediated inhibition of NLRP3 activation and
regulation of microglia polarization.

The transcription factor NRF2 has been reported to interact
with NF-xB pé5 to exert anti-inflammatory and anti-oxidative ef-
fects.>? Our findings indicated that exosome treatment attenuated
oxidative stress and inflammation by increasing the NRF2 levels.
This evidence indicates that the NRF2/NF-kB/NLRP3 pathway
mediates the anti-oxidative and anti-neuroinflammatory effects of
hUC-MSC-derived exosomes. Further studies should investigate
whether hUC-MSC-derived exosome treatment could improve
neurobehavioral outcomes in neuroinflammation-associated brain

diseases.



CNS Neuroscience & Therapeutics

WILEY 11 0f 12

Roh JS, Sohn DH. Damage-associated molecular patterns in inflam-
matory diseases. Immune Netw. 2018;18:e27.

Rumora L, Hlapci¢ I, Hulina-Tomaskovi¢ A, Somborac-Bacura A,
Bosnar M, Rajkovi¢ MG. Pathogen-associated molecular patterns
and extracellular Hsp70 interplay in NLRP3 inflammasome activa-
tion in monocytic and bronchial epithelial cellular models of COPD
exacerbations. APMIS. 2021;129:80-90.

Feng Y, Tan Z, Wu L, Dong F, Zhang F. The involvement of NLRP3
inflammasome in the treatment of Alzheimer's disease. Ageing Res
Rev. 2020;64:101192.

Dinkova-Kostova AT, Kostov RV, Kazantsev AG. The role of Nrf2
signaling in counteracting neurodegenerative diseases. FEBS J.
2018;285:3576-3590.

Kim SW, Lee HK, Shin JH, Lee JK. Up-down regulation of HO-1 and
iNOS gene expressions by ethyl pyruvate via recruiting p300 to Nrf2
and depriving it from p65. Free Radic Biol Med. 2013;65:468-476.
Tang YW, Shi CJ, Yang HL, et al. Synthesis and evaluation of
isoprenylation-resveratrol dimer derivatives against Alzheimer's
disease. Eur J Med Chem. 2019;163:307-319.

Dilshara MG, Lee K, Lee C, et al. New compound, 5-O-isoferulo
yl-2-deoxy-D-ribono-y-lacton from Clematis mandshurica: anti-
inflammatory effects in lipopolysaccharide-stimulated BV2 microg-
lial cells. Int Inmunopharmacol. 2015;24:14-23.

Hu L, CaoY, Chen H, et al. The novel Nrf2 activator Omaveloxolone
regulates microglia phenotype and ameliorates secondary brain in-
jury after intracerebral hemorrhage in mice. Oxid Med Cell Longev.
2022;2022:4564471.

Goh WJ, Zou S, Ong WY, et al. Bioinspired cell-derived nanoves-
icles versus exosomes as drug delivery systems: a cost-effective
alternative. Sci Rep. 2017;7:14322.

He L, He T, Xing J, et al. Bone marrow mesenchymal stem cell-
derived exosomes protect cartilage damage and relieve knee os-
teoarthritis pain in a rat model of osteoarthritis. Stem Cell Res Ther.

Huang Z, Zhou T, Sun X, et al. Necroptosis in microglia contributes
to neuroinflammation and retinal degeneration through TLR4 acti-
vation. Cell Death Differ. 2018;25:180-189.

Hu M, Wang R, Chen X, et al. Resveratrol prevents haloperidol-
induced mitochondria dysfunction through the induction of auto-
phagy in SH-SY5Y cells. Neurotoxicology. 2021;87:231-242.
Giridharan S, Srinivasan M. Mechanisms of NF-kB p65 and strate-
gies for therapeutic manipulation. J Inflamm Res. 2018;11:407-419.
Xue Z, Zhang Z, Liu H, et al. lincRNA-Cox2 regulates NLRP3 inflam-
masome and autophagy mediated neuroinflammation. Cell Death
Differ. 2019;26:130-145.

Bobis-Wozowicz S, Kmiotek K, Kania K, et al. Diverse impact of
xeno-free conditions on biological and regenerative properties
of hUC-MSCs and their extracellular vesicles. J Mol Med (Berl).
2017;95:205-220.

Chen K, Wang D, Du WT, et al. Human umbilical cord mesenchymal
stem cells hUC-MSCs exert immunosuppressive activities through
a PGE2-dependent mechanism. Clin Immunol. 2010;135:448-458.
He J, Ren W, Wang W, et al. Exosomal targeting and its potential
clinical application. Drug Deliv Transl Res. 2021;12:2385-2402.

Y, Movassaghpour A, Zamani M, Talebi M,
Mehdizadeh A, Yousefi M. Human umbilical cord mesenchy-
mal stem cells derived-exosomes in diseases treatment. Life Sci.
2019;233:116733.

Li P, Kaslan M, Lee SH, Yao J, Gao Z. Progress in exosome isolation
techniques. Theranostics. 2017;7:789-804.

Lee BC, Kang I, Yu KR. Therapeutic features and updated clinical
trials of mesenchymal stem cell (MSC)-derived exosomes. J Clin
Med. 2021;10:711.

CHE ET AL.

16.

ACKNOWLEDGMENTS

This research is supported by Nature Science Foundation of China 17.

(to Jun Zhang, No. 81971002).

CONFLICT OF INTEREST STATEMENT

The authors declare that they have no conflicts of interest in asso- 18.

ciation with the present study.

19.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available from

the corresponding author upon reasonable request. 20.

ORCID 21

Ji Che " https://orcid.org/0000-0002-6163-1733 .

Jun Zhang "' https://orcid.org/0000-0002-3197-0427

22.

REFERENCES

1. Saba ES, Karout M, Nasrallah L, Kobeissy F, Darwish H, Khoury SJ.
Long-term cognitive deficits after traumatic brain injury associated 23
with microglia activation. Clin Immunol. 2021;230:108815.
2. Kirkley KS, Popichak KA, Afzali MF, Legare ME, Tjalkens RB.
Microglia amplify inflammatory activation of astrocytes in manga-
nese neurotoxicity. J Neuroinflammation. 2017;14:99. 24.
3. Dong R, Huang R, Wang J, Liu H, Xu Z. Effects of microglial acti-
vation and polarization on brain injury after stroke. Front Neurol.
2021;12:620948. 25.
4. Bok E, Chung YC, Kim K, Baik HH, Shin W, Jin BK. Modulation of
M1/M2 polarization by capsaicin contributes to the survival of do-
paminergic neurons in the lipopolysaccharide-lesioned substantia 2020:11:276.
nigra in vivo. Exp Mol Med. 2018;50:1-14. 2.
5. Rasheed M, Liang J, Wang C, Deng Y, Chen Z. Epigenetic regula-
tion of neuroinflammation in Parkinson's disease. Int J Mol Sci.
2021;22:4956. 27
6. Hoang DM, Pham PT, Bach TQ, et al. Stem cell-based therapy for
human diseases. Signal Transduct Target Ther. 2022;7:272.
7. Théry C, Zitvogel L, Amigorena S. Exosomes: composition, biogen- 28.
esis and function. Nat Rev Immunol. 2002;2:569-579.
8. XuR, Greening DW, Zhu HJ, Takahashi N, Simpson RJ. Extracellular 29.
vesicle isolation and characterization: toward clinical application. J
Clin Invest. 2016;126:1152-1162.
9. Pegtel DM, Gould SJ. Exosomes. Annu Rev Biochem. 2019;88: 30.
487-514.

10. Yeo R, Lai RC, Tan KH, Lim SK. Exosome: a novel and safer ther-
apeutic refinement of mesenchymal stem cell. Exosomes and
Microvesicles. 2013;1:1. 31.

11. Abbaszadeh H, Ghorbani F, Derakhshani M, Movassaghpour A,

Yousefi M. Human umbilical cord mesenchymal stem cell-derived
extracellular vesicles: a novel therapeutic paradigm. J Cell Physiol. 32
2020;235:706-717.

12. LiS, Luo L, HeY, et al. Dental pulp stem cell-derived exosomes al- 33. Yaghoubi
leviate cerebral ischaemia-reperfusion injury through suppressing
inflammatory response. Cell Prolif. 2021;54:e13093.

13. Gao X, He GH, Zhang XT, Chen S. Protective effect of human um-
bilical cord mesenchymal stem cell-derived exosomes on rat retinal 34.
neurons in hyperglycemia through the brain-derived neurotrophic
factor/TrkB pathway. Int J Ophthalmol. 2021;14:1683-1689. 35.

14. Rathinam VAK, Chan FK. Inflammasome, inflammation, and tissue
homeostasis. Trends Mol Med. 2018;24:304-318.

15. Chen R, Yin C, Fang J, Liu B. The NLRP3 inflammasome: an emerg- 36.

ing therapeutic target for chronic pain. J Neuroinflammation.
2021;18:84.

Zhang Z, Zou X, Zhang R, et al. Human umbilical cord mesenchy-
mal stem cell-derived exosomal miR-146a-5p reduces microglial-
mediated neuroinflammation via suppression of the IRAK1/TRAF6


https://orcid.org/0000-0002-6163-1733
https://orcid.org/0000-0002-6163-1733
https://orcid.org/0000-0002-3197-0427
https://orcid.org/0000-0002-3197-0427

12 of 12
4|_Wl L E Y_ CN'S Neuroscience & Therapeutics

37.
38.
39.

40.

41.
42.
43.
44,

45.

CHE ET AL.

signaling pathway after ischemic stroke. Aging (Albany NY). 2021;13:
3060-3079.

Dong C, Chen M, Cai B, Zhang C, Xiao G, Luo W. Mesenchymal stem
cell-derived exosomes improved cerebral infarction via transferring
miR-23a-3p to activate microglia. Neuromolecular Med. 2022;24:
290-298.

Zong L, Huang P, Song Q, Kang Y. Bone marrow mesenchymal
stem cells-secreted exosomal H19 modulates lipopolysaccharides-
stimulated microglial M1/M2  polarization and alleviates
inflammation-mediated neurotoxicity. Am J Transl Res. 2021;13:
935-951.

Verstrepen L, Bekaert T, Chau TL, Tavernier J, Chariot A, Beyaert
R. TLR-4, IL-1R and TNF-R signaling to NF-kappaB: variations on a
common theme. Cell Mol Life Sci. 2008;65:2964-2978.

Chhor V, Le Charpentier T, Lebon S, et al. Characterization of phe-
notype markers and neuronotoxic potential of polarised primary
microglia in vitro. Brain Behav Immun. 2013;32:70-85.

Gan Y, Liu D, Chen C, Duan W, Yang Y, Du J. Phthalide derivative
CD21 alleviates cerebral ischemia-induced neuroinflammation: in-
volvement of microglial M2 polarization via AMPK activation. Eur J
Pharmacol. 2020;886:173552.

Ladwig A, Walter HL, Hucklenbroich J, et al. Osteopontin augments
M2 microglia response and separates M1- and M2-polarized mi-
croglial activation in permanent focal cerebral ischemia. Mediators
Inflamm. 2017;2017:7189421.

Liu X, Zhang M, Liu H, et al. Bone marrow mesenchymal stem cell-
derived exosomes attenuate cerebral ischemia-reperfusion injury-
induced neuroinflammation and pyroptosis by modulating microglia
M1/M2 phenotypes. Exp Neurol. 2021;341:113700.

Zhang J, Buller BA, Zhang ZG, et al. Exosomes derived from bone
marrow mesenchymal stromal cells promote remyelination and re-
duce neuroinflammation in the demyelinating central nervous sys-
tem. Exp Neurol. 2022;347:113895.

Guo S, Wang H, Yin Y. Microglia polarization from M1 to M2 in neu-
rodegenerative diseases. Front Aging Neurosci. 2022;14:815347.

46.

47.

48.

49.

50.

51.

52.

Li XL, Li H, Zhang M, et al. Exosomes derived from atorvastatin-
modified bone marrow dendritic cells ameliorate experimental au-
toimmune myasthenia gravis by up-regulated levels of IDO/Treg
and partly dependent on FasL/Fas pathway. J Neuroinflammation.
2016;13:8.

Cunha C, Gomes C, Vaz AR, Brites D. Exploring new inflammatory
biomarkers and pathways during LPS-induced M1 polarization.
Mediators Inflamm. 2016;2016:6986175.

Swanson KV, Deng M, Ting JP. The NLRP3 inflammasome: molec-
ular activation and regulation to therapeutics. Nat Rev Immunol.
2019;19:477-489.

Li X, Lin J, Hua Y, et al. Agmatine alleviates epileptic seizures and
hippocampal neuronal damage by inhibiting Gasdermin D-mediated
Pyroptosis. Front Pharmacol. 2021;12:627557.

Shahbazi S, Zakerali T, Frycz B, Kaur J. Impact of novel N-aryl
substituted piperamide on NF-kappa B translocation as a potent
anti-neuroinflammatory agent. Biomed Pharmacother. 2020;127:
110199.

Han X, Xu T, Fang Q, et al. Quercetin hinders microglial activation
to alleviate neurotoxicity via the interplay between NLRP3 inflam-
masome and mitophagy. Redox Biol. 2021;44:102010.

Sandberg M, Patil J, D'Angelo B, Weber SG, Mallard C. NRF2-
regulation in brain health and disease: implication of cerebral in-

flammation. Neuropharmacology. 2014;79:298-306.

How to cite this article: Che J, Wang H, Dong J, et al. Human
umbilical cord mesenchymal stem cell-derived exosomes
attenuate neuroinflammation and oxidative stress through
the NRF2/NF-kB/NLRP3 pathway. CNS Neurosci Ther.
2024;30:e14454. doi:10.1111/cns. 14454


https://doi.org/10.1111/cns.14454

	Human umbilical cord mesenchymal stem cell-­derived exosomes attenuate neuroinflammation and oxidative stress through the NRF2/NF-­κB/NLRP3 pathway
	Abstract
	1|INTRODUCTION
	2|METHODS
	2.1|Materials
	2.2|Preparation and characterization of exosomes
	2.3|Microglia cell cultures and treatment
	2.3.1|BV-­2 cell lines
	2.3.2|Primary microglia culture

	2.4|hUC-­MSC-­derived exosome uptake in vitro
	2.5|In vivo exosome injection and brain tissue preparation
	2.6|ROS assay
	2.7|Immunofluorescence analysis
	2.8|Western blot
	2.9|Statistical analysis

	3|RESULTS
	3.1|Characterization of hUC-­MSC-­derived exosomes
	3.2|Exosomes alleviate LPS-­ and H2O2-­induced oxidative stress and inflammation in BV-­2 Cells
	3.3|Exosomes induce microglia polarization from the pro-­inflammatory to anti-­inflammatory phenotype
	3.4|Exosomes decrease NLRP3 inflammasome activation by inhibiting the NF-­κB pathway in vitro
	3.5|Exosomes alleviate LPS-­induced neuroinflammation in mice brains

	4|CONCLUSION
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


