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Abstract

We aim to investigate the effect of RVG-Lamp2b-modified exosomes (exos) loaded with neurotrophin-3 (NT-3) on facial
nerve injury. Exos were collected from control cells (Ctrl Exo) or bone marrow mesenchymal stem cells co-transfected with
RVG-Lamp2b and NT-3 plasmids (RVG-NT-3 Exo) by gradient centrifugation and identified by western blotting, trans-
mission electron microscopy, and nanoparticle tracking analysis. Effect of RVG-NT-3 Exo on oxidative stress damage was
determined by analysis of the morphology, viability, and ROS production of neurons. Effect of RVG-NT-3 Exo on facial
nerve axotomy (FNA) was determined by detecting ROS production, neuroinflammatory reaction, microglia activation,
facial motor neuron (FMN) death, and myelin sheath repair. Loading NT-3 and modifying with RVG-Lamp2b did not alter
the properties of the exos. Moreover, RVG-NT-3 Exo could effectively target neurons to deliver NT-3. Treatment with RVG-
NT-3 Exo lowered H,0,-induced oxidative stress damage in primary neurons and Nsc-34 cells. RVG-NT-3 Exo treatment
significantly decreased ROS production, neuroinflammatory response, FMN death, and elevated microglia activation and
myelin sheath repair in FNA rat models. Our findings suggested that RVG-NT-3 Exo-mediated delivery of NT-3 is effective
for the treatment of facial nerve injury.
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Introduction

Facial paralysis is mainly caused by facial nerve damage
leading to facial muscle paralysis, and its typical symp-
toms include crooked corners of the mouth and air leakage
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during speech [1]. This disease causes significant damage
to the physical and mental health of patients, resulting in a
decrease in their quality of life [2, 3]. Drugs such as dexa-
methasone, mannitol, and B vitamins are commonly used
clinically to treat facial nerve palsy, which reduces symp-
toms of inflammation and local edema of damaged nerves
but is less effective in facial recovery [4]. Therefore, it is

Department of Stomatology, Beijing Hospital of Integrated
Traditional Chinese and Western Medicine, Beijing 100000,
China

Department of Stomatology, Beijing Friendship Hospital,
Capital Medical University, Beijing 100000, China

Department of Stomatology, School of Clinical Medicine,
Beijing Tsinghua Changgung Hospital, Tsinghua University,
Beijing 102200, China

Department of Stomatology, The First Medical Center,
Chinese PLA General Hospital, No.28 Fuxing Road, Haidian
District, Beijing 100853, China

Beijing Research Institute of Traumatology
and Orthopaedics, Beijing 102200, China


http://crossmark.crossref.org/dialog/?doi=10.1007/s13577-024-01086-7&domain=pdf

Delivery of neurotrophin-3 by RVG-Lamp2b-modified mesenchymal stem cell-derived exosomes... 1379

necessary to actively explore new treatment strategies for
better treatment of facial nerve palsy.

The successful regeneration of peripheral nerves mainly
depends on the regulation of neuronal survival and axon
regeneration by the regenerative microenvironment, and
neurotrophins mainly play a decisive role in the regen-
erative microenvironment [5]. To exert their effects,
neurotrophins are transported to neuronal somas via ret-
rograde axons through binding to the corresponding spe-
cific receptors [6, 7]. Neurotrophin-3 (NT-3), a member
of the neurotrophin family, is extremely important for the
development, maturation, and regeneration of the nervous
system [8]. Studies have shown that NT-3 is essential for
the development and maturation of the nervous system,
including the regulation of neuronal survival, axon growth,
synaptic plasticity, and neurotransmission [9-11]. Also,
the combination of surgical reconstruction and NT-3 gene
therapy has been reported to be promising for the treat-
ment of facial paralysis in humans [12]. NT-3 fused with
a collagen-binding domain enhances facial nerve regenera-
tion and functional recovery [13]. These data shed light
on the importance of exogenous NT-3 delivery in repair-
ing facial nerve damage. Some delivery systems of NT-3
have been established for other diseases, such as adeno-
associated virus-mediated NT-3 for Charcot—-Marie—Tooth
disease and NT-3/fibroin coated gelatin sponge scaffold
for spinal cord injury [14, 15]. However, adeno-associated
virus vectors have a drawback of the delay of transgene
expression for gene delivery applications [16]; while the
administration way of gelatin sponge scaffold is not suit-
able for general facial paralysis treatment. Therefore, it
is of great significance to efficiently develop a new NT-3
delivery system for facial paralysis.

Exosomes (Exos), nanoscale membranous vesicles with a
particle size of 40—100 nm, are released from cells and can
be precipitated by high-speed centrifugation (100,000 X g)
[17]. Exos have high biocompatibility and low immuno-
genicity, which makes them have great potential for trans-
porting nucleic acid sequences and drugs [18, 19]. Recently,
exos derived from mesenchymal stem cells (MSCs) exhib-
ited a superior benefit for facial nerve injury recovery, sup-
porting the therapeutic potential of exos in facial paralysis
[20]. The natural exos modified through biotechnology can
enhance their drug delivery, targeting, and slowing down
aggregation and protein adsorption capabilities [21]. For
example, a previous study revealed that exos isolated from
human umbilical cord MSCs are more effective in myo-
cardial infarction therapy after increasing the content of
platelet-derived growth factor D by Akt modification with
human umbilical cord MSCs [22]. Besides, Tamura et al.
applied the cationized pullulan to modify the surface of
exos, thereby enhancing their targeted ability and therapeu-
tic effect to the injured liver [23].

To make the exos have neuron-specific targeting ability,
researchers have engineered the rabies virus glycoprotein
(RVG) that can specifically bind to the acetylcholine recep-
tor (AchR) into the exos membrane by fusing it into the lyso-
some-associated membrane glycoprotein 2b (Lamp2b) [24].
Several studies reported that using exos derived from bone
marrow MSCs modified with RVG-Lamp2b could promote
the targeted delivery of gene drugs to the brain [25, 26].
Therefore, we supposed that modifying MSC-derived exos
with RVG-Lamp2b could improve the delivery efficacy of
NT-3, thereby promoting its therapeutic efficiency on facial
paralysis. In the present study, we extracted exos from bone
marrow MSCs co-transfected with RVG-lamp2b and NT-3
to explore the efficacy of RVG-lamp2b and NT-3-modified
exos in the treatment of facial paralysis.

Materials and methods
Cell culture

Rat bone marrow MSCs purchased from Procell (Cat#CP-
R131, Wuhan, China) were cultured in a-MEM medium
(Cat#41,061,037, Gibco, USA) containing 10% fetal bovine
serum (FBS) (Cat#G8001, Servicebio, Wuhan, China) and
1% penicillin/streptomycin (Cat# PB180120, penicillin/
streptomycin, Procell). The motor neuron-like cell line Nsc-
34, a hybrid cell line generated by the fusion of mouse spi-
nal cord neurons and mouse neuroblastoma purchased from
MINGZHOUBIO. (Cat#MZ-0662, Ningbo, China), was
cultured in EMEM (Cat#ZQ-301, Zhong Qiao Xin Zhou
Bio., Shanghai, China), which was widely used in study-
ing pathophysiology of motor neurons [27]. All cells were
maintained at 37°C in the humidified incubator with 95%
relative humidity and 5% carbon dioxide. The experiments
were performed on cells between passages 2 and 4.

Isolation and cultivation of primary neurons

Cerebral cortical neurons were obtained from the brains
of neonatal Sprague-Dawley rats (Chengdu Dossy Experi-
mental Animals Co., Ltd., Chengdu, China) within 24 h as
previously described [28]. Briefly, the removed brain tissues
were placed on 35 mm glass petri dishes containing ice-cold
D-Hanks (2 mL, Cat#H9394, Sigma, St. Louis, MO, USA)
and cut into tiny particles, followed by digestion with trypsin
(Cat#25,200,072, Livning, Beijing, China) for 20 min at
37°C. The cortex was easily dissociated by triturating in
DMEM/F12 (Cat#C11330500BT, Gibco) containing 10%
FBS. After pipetting, the cells (1 x 10° /mL) were planted
in 96-well plates coated with 100 mg/L poly-L-lysine and
incubated at 37°C in a humidified incubator containing 5%
carbon dioxide for 4 h. Then, the cells were incubated in
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serum-free neurobasal A medium (Cat#10,888,022, Gibco)
supplemented with 2% B27 (Cat#12,587-010, Gibco),
5 umol/L glutamine (Cat#G0200, Solarbio, Beijing, China),
100 U/mL penicillin (Cat#PB 180120, Procell), and 100 U/
mL streptomycin (Cat#PB180120, Procell). Cytosine ara-
binoside (2.5 mg/L, Cat#C1768, Sigma) was supplemented
and incubated for 24 h to suppress the growth of glial cells
on day 3. Cell purity was checked by staining the cells with
toluidine blue.

Transfection and preparation of exos

The pcDNA GNSTM-3-RVG-10-Lamp2b-HA (RVG-
Lamp2b) (Cat#71,294, Addgene, Watertown, MA, USA)
and pLV-NT-3/D15A (NT-3) (Cat#73,035, Addgene) plas-
mids were diluted in Opti-MEM (Cat#51,985,091, Gibco)
and co-transfected into bone marrow MSCs using Lipo-
fectamine 2000 (Cat#11,668,500, Invitrogen, Carlsbad,
CA, USA) according to the manufacturer’s recommended
protocols.

For the isolation of exos, the transfected bone marrow
MSCs were cultured under standard conditions. At 70-80%
confluency, bone marrow MSCs were washed and then
cultured in a completely fresh medium supplemented with
10% Exo-deficient FBS (Cat#Exo-FBS-250A-1, SBI System
Biosciences, USA) for 48 h. Then, the conditioned medium
was collected and used for exo isolation. As described in the
report [29], exos were obtained by gradient centrifugation
using an L-80XP supercentrifuge (Beckman Colter Optima
L-100XP, Beckman Corter). First, the collected conditioned
medium was subjected to sequential ultracentrifugation at
2000 g for 10 min at 4 °C to remove cell debris and then
passed through 0.22 pm filters, spun at 10,000 g for 30 min,
then 100,000 g for 4 h at 4 °C. Exo pellets were resuspended
in PBS washed once with PBS and resuspended for further
characterization or stored at — 80 °C.

Exo characterization and analysis

For the identification of purified exos, western blotting
was performed using antibodies against Tumor Suscepti-
bility 101 (TSG101) (Cat#A01233, Boster, Guangzhou,
China), CD63 (Cat#orb736293, Biorbyt, Wuhan, China),
or CD9 (Cat#144-01703, RayBiotech, Guangzhou, China)
to detect the characteristic membrane proteins of exos. For
the observation of the morphology of exos, purified exos
re-suspended in PBS were fixed with 3% glutaraldehyde
solution (Cat#G5882, Sigma) for half an hour and added to
a copper grid, and dyed with 1% phosphotungstic acid for
5 min at room temperature, followed by examination with
a transmission electron microscopy (TEM) (Zeiss Libra
120, Zeiss, Germany) at 120 kV. Automatic tracking of
the number and size of purified exos was performed by
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nanoparticle tracking analysis (NTA) using the NanoSight
LM10-HSB instrument (A&P Instrument Co, United
Kingdom). A high-resolution particle-size distribution
was detected and processed with the NTA 2.2 Analytical
Software Suite.

Reverse transcription-quantitative polymerase
chain reaction (RT-qPCR)

Total RNA was extracted from exos using the Exo RNA
Isolation Kit (Cat#58,000, Norgen Biotek, Thorold, ON,
Canada) according to the manufacturer’s instructions and
then quantified using a DS-11 Series Spectrophotometer/
Fluorometer (DeNovix, Wilmington, DE, USA). One
microgram of total RNA was reverse-transcribed to com-
plementary (c) DNA with the iScript Reverse Transcrip-
tion Supermix (Cat#1,708,840, Bio-Rad, Hercules, CA,
USA). For qPCR amplification, 5 ng of cDNA was ampli-
fied with specific primers using TagMan Fast Advanced
Master Mix (Cat#4,444,963, Thermo, Waltham, MA,
USA). Using GAPDH as a reference gene, we calculated
NT-3 mRNA expression with the 2724¢ method [30].
The primers used were listed in Table 1.

Western blotting

Total protein was extracted from exos with the BBproEx-
tra® Exo-IsolationTM (Cat#BB-396, Bestbio, Shanghai,
China) and from tissue samples with RIPA lysis buffer
containing protease inhibitor cocktail (Cat#P8340, Sigma)
and phosphatase inhibitor cocktail (Cat#P0044, Sigma).
Protein concentration was determined using the BCA
assay (Cat#23,225, Thermo). Proteins were separated by
SDS-PAGE and transferred to a nitrocellulose membrane
(Cat#10,600,007, GE Healthcare, Logan, UT, USA).
The membranes were incubated overnight with primary
antibodies (Table 2). After washing, secondary antibod-
ies were incubated for 1 h. Protein bands were visualized
using SuperSignal TM West Dura Extended Duration Sub-
strate (Cat#34,075, Thermo) or Femto Maximum Sensi-
tivity Substrate (Cat#34,094, Thermo) and quantified by
using Image J software (NIH, Bethesda, USA).

Table 1 Primer sequences

Gene Sequence

NT-3 Forward CTCCTAAGGCAGCAGAGACG
Reverse AGCGGATGATTTGTCCGTGA

GAPDH Forward GAGAGTGTTTCCTCGTCCCG
Reverse ACTGTGCCGTTGAATTTGCC
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Table 2 The antibodies used in this research

Antibody Manufacturer Cat.no

NT-3 MyBioSource.com MBS841227
Lamp2b MyBioSource.com MBS9410702
CD81 GeneTex GTX101766
TSG101 GeneTex GTX70255
Ibal GeneTex GTX635399
iNOS Proteintech Group Inc 18,985-1-AP
Argl Merck SAB4200508
Myelin PLP GeneTex GTX134433
B3-tubulin MyBioSource.com MBS355132
GAPDH Abcam ab8245

Cell viability experiment

The viability of primary neurons and Nsc-34 cells with or
without H,O, stimulation (0.5 mM) was evaluated using
Cell Counting Kit-8 (CCK-8, Beyotime, Shanghai, China).
Cells (5 x 103 cells/well) were seeded into 96-well plates and
stimulated with H,0, for 8 h, followed by treatment with
RVG-NT-3 Exo or Ctrl Exo (100 pg) for 24 h. Next, 10pL of
CCK-8 solution (Cat#CA1210, Ribobio, Guangzhou, China)
was added into each well and incubated for 2 h. The absorb-
ance was measured at 450 nm using a microplate reader
(BioTek, Winooski, VT, USA).

Reactive oxygen species (ROS) experiment

The levels of intracellular ROS were determined using the
ROS assay kit (Cat#S0033S, Beyotime) following the manu-
facturer’s protocol. The peroxide-sensitive fluorescent probe
2,7-dichlorodihydrofluorescein diacetate (DCFH-DA) was
used to measure the intracellular levels of ROS in primary
neurons and Nsc-34 cells. Images of cells were captured
with a confocal microscopy (FV3000, Olympus). The fluo-
rescence intensity was quantified via Image-Pro Plus soft-
ware (NIH).

Facial nerve axotomy (FNA)

Six-week-old male Sprague—Dawley rats (200-250 g)
(Beijing Vital River Laboratory Animal Technology Co.,
Ltd.) were subjected to a 1-week quarantine and adaptation
period. Rats were fed standard laboratory chow and water
ad libitum and housed under an artificial 12-h light on/off
cycle before and after surgery. This study was performed
after being approved by the First Medical Center, Chinese
PLA General Hospital Animal Care and Use Committee.
According to previously published protocols, rat models of
unilateral FNA at stylomastoid foramen were established.
Briefly, rats were anesthetized by 10% chloral hydrate

(3 mg/Kg, Cat#C8383, Sigma). A vertical incision (1 cm)
was made along the retroauricular groove to expose the
facial nerve trunk after the iodophor disinfection and skin
preparation. The stylomastoid foramen was located along
the nerve trunk. At the stylomastoid foramen, an ophthal-
mic tweezer was used to gently separate the facial nerve
and pulled outside for 2 mm. Then, the facial nerve was
cut off with ophthalmic shears, resulting in the FNA at a
high position, followed by suturing the skin incision. For
the sham operation, the skin incision was made and the
facial nerve was exposed up to the stylomastoid foramen.
No cut was made on the facial nerve. After surgery, the rat
models were re-warmed in the incubator and then returned
to the cage with regular feeding. The facial paralysis was
observed every 24 h. After the surgery, due to the lack
of blinking and rapid reflexes, it was confirmed that the
facial nerve was cut off. For treatment, rats were admin-
istered with RVG-NT-3 Exo or Ctrl Exo (100 pg) via a
single intravenous injection into the tail vein at days 0
and 7. Recovery of facial movements was tested weekly
for 2 weeks after surgery. By blowing air onto the cornea,
the eye closure ability was activated after the blink reflex.
Movements were recorded with a video camera. Rats
(n=15) were euthanized at 14 days post-operation using
CO, inhalation and cervical dislocation. Facial nerve sam-
ples were removed for subsequent analysis.

Enzyme-linked immunosorbent assay (ELISA)

The nerve samples were homogenized in cold PBS and the
supernatants were collected. The levels of inflammatory
cytokines IL-4 (Cat#PI615, Beyotime), IL-10 (Cat#PI1525,
Beyotime), IL-33 (Cat#ER 1903, Finetest, Wuhan, China),
TNF-a (Cat#PT516, Beyotime) and IL-6 (Cat#PI328, Bey-
otime) were assessed using rat ELISA kits according to the
manufacturer’s instructions.

Tunel staining

Tunel staining was performed using the One-step Tunel
In Situ Apoptosis Kit (Green, FITC) (Cat#E-CK-A320
Elabscience, Wuhan, China) according to the manu-
facturer’s instructions. In brief, paraffin-embedded rat
nerve slices (4 pm thick) were deparaffinized in xylene
(Cat#1330-20-7, Kbsys, China), rehydrated in gradient
ethanol (Cat#64-17-5, Kbsys), incubated with Tunel rea-
gent mixture for 60 min, counterstained with DAPI for
5 min and examined under a fluorescence microscope
(Olympus). The Tunel index was calculated as the propor-
tion (%) of Tunel-positive neurons among DAPI-positive
neurons.
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Nissl staining

Nissl staining was performed using the Nissl Stain Kit
(methyl violet method) (Cat#G1432, Solarbio) following
the manufacturer’s instructions. Observation of the results
was performed under an optical microscope (Olympus).
Nissl-positive cells were calculated by analyzing 4 randomly
selected high-power fields through Image-Pro Plus software
(NIH).

Luxol fast blue (LFB) staining

The dewaxed slices were immersed for 3—4 h in the LFB
staining buffer (A) (Cat#B0018, Powerful Biology, Wuhan,
China) preheated for 30 min in a 60 °C oven. The slices were
differentiated alternately in 70% ethanol (B) (Cat#B0018,
Powerful Biology) and lithium carbonate solution (C)
(Cat#B0018, Powerful Biology), and the differentiation was
stopped by washing. The degree of differentiation was con-
trolled under a microscope. Then slices were mounted with
neutral gum (Cat#G8590, Solarbio). Photos were taken with
an optical microscope (BX51, Olympus, Japan).

Statistical analysis

All data were presented as mean + standard deviation (SD)
and were analyzed by GraphPad Prism 8 (GraphPad Inc., La
Jolla, CA, USA). The two-tailed Student’s t-test was applied
for comparison between two groups, one-way analysis of
variance (ANOVA) with Bonferroni’s post hoc test for mul-
tiple comparisons. p <0.05 was considered statistically
significant.

Results

Co-expression of RVG-lamp2b and NT-3 in bone
marrow MSC-derived exos

To discuss the effect of bone marrow MSC-derived exos
co-expressed with RVG-lamp2b and NT-3 on facial nerve
injury, bone marrow MSCs were co-transfected with RVG-
lamp2b and NT-3 plasmids to obtain stable cell strains.
Exos derived from control bone marrow MSCs and bone
marrow MSCs with RVG-Lamp2b + NT-3 were obtained
by gradient centrifugation and named Ctrl Exo and RVG-
NT-3 Exo respectively. Western blotting analysis of exo
characteristic membrane proteins CD63, TSG101, and
GM130 further confirmed the identity of the obtained par-
ticles Ctrl Exo and RVG-NT-3 Exo (Fig. 1B). As expected,
the Lamp2b and NT-3 proteins were abundant in RVG-
NT-3 Exo, while they were but not in Ctrl Exo (Fig. 1B).
Through TEM, it could be seen that the electron density at
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the edges of Ctrl Exo and RVG-NT-3 Exo was higher than
the inner densities, with a tea tray-like structure concave to
one side, which is consistent with the basic morphology of
exos (Fig. 1C). NTA detection of the particle size of Ctrl
Exo and RVG-NT-3 Exo showed that their diameters were
distributed between 50 and 150 nm, consistent with the
diameter of exos (Fig. 1D). These results showed that there
were no significant differences between the morphologies
of Ctrl Exo and RVG-NT-3 Exo.

RVG-NT-3 Exo targeted neurons to deliver NT-3

To verify the ability of RVG-NT-3 Exo to target neurons,
we incubated control bone marrow MSCs, primary neu-
rons, and Nsc-34 cell lines with different concentrations of
RVG-NT-3 Exo (0, 20, 50, and 100 pg). RT-qPCR results
showed that the levels of NT-3 mRNA in primary neurons
and Nsc-34 cells were increased with increasing concen-
tration of incubated RVG-NT-3 Exo, while those in bone
marrow MSCs had no obvious change (Fig. 2A). The lev-
els of NT-3 protein in different cells treated with 100 pg of
RVG-NT-3 Exo are shown in Fig. 2B. After co-incubation
with RVG-NT-3 Exo, the levels of NT-3 protein in primary
neurons and Nsc-34 cells were significantly higher than
before incubation, but not in bone marrow MSCs. These
results suggested that RVG-NT-3 Exo could target neurons
to deliver NT-3.

RVG-NT-3 Exo effectively lowered H,0,-induced
oxidative stress damage in neurons

To address the protective effect of RVG-NT-3 Exo on neu-
ronal damage, primary neurons and Nsc-34 cells were stimu-
lated with H,O, (0.5 mM) and then treated with 100 pg of
RVG-NT-3 Exo. Morphological observation was performed
using a bright-field microscope. H,O, stimulation caused
the disappearance of synapses and cell contraction in pri-
mary neurons and Nsc-34 cells, which were weakened by
RVG-NT-3 Exo or Ctrl Exo treatment, especially treatment
with RVG-NT-3 Exo (Fig. 3A). Exposure of primary neu-
rons and Nsc-34 cells to H,0, for 8 h resulted in a decrease
in cell viability to about half of the control, while treatment
with RVG-NT-3 Exo and Ctrl-Exo significantly improved
H,0,-induced reduction in cell viability (Fig. 3B and C).
Stimulation of primary neurons and Nsc-34 cells to H,0,
elicited a threefold increase in ROS production compared
to the control group, and ROS generation was attenuated
significantly when cells were treated with RVG-NT-3 Exo or
Ctrl-Exo (Fig. 3D and E). Collectively, these data manifested
that RVG-NT-3 Exo could effectively ease H,0,-induced
oxidative stress damage in neurons.
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RVG-Lamp2b’ NT-3

Co-transfection

Ctrl Exo

RVG-NT-3 Exo

Fig. 1 Preparation and characterization of engineered RVG-NT-3
Exo. A Schematic diagram of the preparation of engineered RVG-
NT-3 Exo. B Western blotting detection of the protein levels Lamp2b,
NT-3, CD81, and TSG101 in Ctrl Exo and RVG-NT-3 Exo (n=3). C

RVG-NT-3 Exo reduced FNA-induced inflammation

To verify the protective effect of RVG-NT-3 Exo on neu-
ronal damage, FNA rat models were constructed, followed
by treatment with Ctrl Exo or RVG-NT-3 Exo. Supplemen-
tary Fig. 1A showed the flowchart of Ctrl-Exo or RVG-NT-
3-Exo administration on the FNA rat model. Supplementary
Figs. 1B and C displayed the structure of the facial nerve and
related images of the FNA surgical process. The number of
blinks per unit of time was used to evaluate the success of
surgery, and the results showed that the number of blinks
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Representative TEM images of Ctrl Exo and RVG-NT-3 Exo (n=3).
Scale bar, 100 nm or 500 nm. D NTA detection of the particle diam-
eter of Ctrl Exo and RVG-NT-3 Exo (n=3)

on the ipsilateral side of the injury was significantly smaller
than on the contralateral side, indicating the successful con-
struction of the FNA rat model (Supplementary Fig. 1D).
FNA rat models were administrated with Ctrl-Exo or
RVG-NT-3-Exo at days 0 and 7. Rats were euthanized at
14 days to collect facial nerve samples to investigate the
effects of Ctrl-Exo or RVG-NT-3-Exo on FNA-induced
inflammation. The production of ROS was detected, and the
results showed that FNA led to an increase in ROS produc-
tion in facial nerve samples, while RVG-NT-3-Exo treat-
ment significantly reduced ROS production instead of Ctrl
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Fig.2 RVG-NT-3 Exo effectively targeted neurons to deliver NT-3.
A RT-gPCR detection of NT-3 mRNA levels in bone marrow MSCs,
primary neurons, and Nsc-34 cell lines co-incubated with different
concentrations of RVG-NT-3 Exo (0, 20, 50, and 100 pg) (n=3).
B Western blotting analysis of NT-3 protein levels in bone mar-

Exo treatment (Fig. 4A). ELISA showed that FNA signifi-
cantly increased the release of pro-inflammatory cytokines
TNF-a and IL-6 in facial nerve samples and reduced the
release of anti-inflammatory cytokines IL-4, IL-10, and IL-
33(Fig. 4B-F). The FNA-induced alterations in the release
of inflammatory cytokines described above were signifi-
cantly attenuated after RVG-NT-3-Exo treatment, while
Ctrl Exo treatment only weakened the alterations in IL-10
(Fig. 4B-F). Microglial activation and polarization markers
Ibal, iNOS (M1 type marker), and Argl (M2 type marker)
were detected by western blotting (Fig. 4G). Figure 4G dis-
played that FNA increased Ibal and iNOS protein levels, as
well as decreased Argl protein levels, while RVG-NT-3-Exo
treatment significantly attenuated the FNA-mediated effects
on Ibal, iNOS, and Argl protein levels, but Ctrl Exo treat-
ment did not, indicating that RVG-NT-3-Exo treatment pro-
moted the polarization of microglia to the anti-inflammatory
phenotype (M2). All outcomes manifested that RVG-NT-3
Exo could diminish FNA-induced inflammation.

RVG-NT-3 Exo reduced FNA-induced neuron
apoptosis and facial motor neuron (FMN) death

Further experiments were carried out to discuss the effect
of RVG-NT-3 Exo on reduced FNA-induced motor neuron
apoptosis and death in facial nerve samples. Tunel staining
showed that the number of Tunel-positive cells was higher
in FNA-derived facial nerve samples, but RVG-NT-3 Exo
treatment lowered the elevated number of Tunel-positive
cells mediated by FNA rather than Ctrl-Exo treatment
(Fig. 5A). Changes of Nissl bodies were determined by
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row MSCs, primary neurons, and Nsc-34 cell lines co-incubated
with 100 pg of RVG-NT-3 Exo (n=3). Statistical analysis was
done by one-way ANOVA with multiple comparisons (**p<0.01
and ***p<0.001 vs. MSCs). All quantitative data are presented as
mean+SD

Nissl staining. As shown in Fig. 5B, FNA resulted in an
overt decrease in the number of motor neurons, but RVG-
NT-3 Exo treatment improved FNA-mediated reduction in
the number of motor neurons. Together, RVG-NT-3 Exo
reduced FNA-induced neuron apoptosis and FMN death.

RVG-NT-3 Exo promoted myelin sheath repair
after facial nerve injury

Den-myelination of axons is an important factor causing
neurological dysfunction after facial nerve injury, there-
fore promoting myelin sheath regeneration is crucial [31].
In the control group, the LFB staining was uniform and
tightly arranged, while the LFB staining in the FNA group
was messy and the number of myelinated nerve fibers was
significantly reduced. After the treatment of Ctrl-Exo and
RVG-NT-3-Exo, the myelin damage was weakened, which
was manifested by an increase in the number of myelinated
nerve fibers, and the treatment effect of RVG-NT-3-Exo
was more pronounced than that of Ctrl-Exo (Fig. 6A).
Myelin PLP and p3-tubulin proteins associated with mye-
lin sheath were detected, and the results showed a signifi-
cant reduction in Myelin PLP and p3-tubulin protein lev-
els in facial nerve samples in the FNA group, while only
RVG-NT-3-Exo treatment partially reversed the decreased
levels of Myelin PLP and p3-tubulin protein (Fig. 6B).
What’s more, RVG-NT-3-Exo treatment alleviated the
decrease in blink frequency caused by FNA (Fig. 6C).
On balance, RVG-NT-3 Exo boosted myelin sheath repair
after facial nerve injury.
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«Fig.3 The protective effect of RVG-NT-3 Exo on H,O,-induced oxi-
dative stress damage in neurons. A Morphological changes for pri-
mary neurons and Nsc-34 cells were observed using a bright-field
microscope in different groups (Control, H,0,, H,0,+Ctrl Exo,
and H,0,+RVG-NT-3 Exo) (n=3). B and C The viability of pri-
mary neurons and Nsc-34 cells in different groups was determined
by CCK-8 assays (n=3). D and E Estimation of ROS production in
different groups by DCFH-DA. The fluorescence intensity was nor-
malized to the control group (% control) (n=3). Statistical analysis
was done by two-tailed unpaired Student’s ¢ test (***p <0.001 vs.
Control) or one-way ANOVA with multiple comparisons (*p <0.05,
#p<0.01, and "5 <0.001 vs. H,0,). All quantitative data are pre-
sented as mean +SD

Discussion

The main function of the facial nerve is to control the move-
ment of facial muscles. The facial nerve is the 7th cranial
nerve and contains three main fibrous components, most of
which are motor fibers and a small part of which are para-
sympathetic and sensory fibers [32]. Unlike other traumas,
once peripheral nerves are damaged, the connection between
the center and the target organ is interrupted and difficult
to recover, resulting in motor or sensory impairment of the
target organ [33]. After facial nerve injury, it is extremely
difficult to regenerate nerves and restore their functions, so
the treatment of facial paralysis caused by facial nerve injury
is difficult [34]. Therefore, the study of facial nerve repair
has an important significance.

Exos are lipid bilayer membrane vesicles that are
secreted by a variety of cell types and participate in cell-to-
cell communication by delivering coding and non-coding
RNAs, receptors, and enzymes between cells [35]. It has
been reported that exos derived from MSCs do not contain
human major histocompatibility complex (MHC) I and II
antigens and co-stimulatory molecules such as CD80 and
CDS86 [36]. Exos lacking these surface proteins are suitable
for allogeneic therapy without immune rejection, and long-
term repeated injections of exos do not produce toxicity [37].
Increased evidence confirms the ability of exos to cross the
blood-brain barrier. Therefore, exos play crucial roles in the
pathologic process of the peripheral nervous system [38].
Recent research supports the role of exos in exhibiting neu-
rotherapeutic effects through axonal growth, schwann cell
activation, and regulating inflammation [39-41]. Due to the
lack of modification on the membrane surface, exos do not
have natural targeting, but they can bind to a range of surface
adhesion proteins and specific carrier ligands (tetra trans-
membrane proteins, integrins, CD11b receptors, and CD18
receptors) to deliver drugs to target cells [42]. To endow the
exos with the ability to specifically target neurons, research-
ers fused RVG that can specifically bind to AchR into
Lamp2b and then engineered it onto the extracellular vesi-
cle membrane [43]. Moreover, RVG-Lamp2b-modified exos
have been studied for drug or gene delivery. For instance,
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RVG-Lamp2b-modified exos efficiently transferred siRNA
to the central nervous system to downregulate MOR expres-
sion levels, thus mediating the treatment of morphine relapse
[44]. RVG-Lamp2b-modified exos loaded with miR-25 or
miR-181a reduced neuron apoptosis and induced motor
improvements in SCA3 mouse models [45]. These studies
have demonstrated the potential of RVG-Lamp2b-modified
exos as carriers for targeting the nervous system.

NT-3, a classic trophic factor, plays a crucial role in cell
survival, differentiation, and axonal growth in the periph-
eral nervous system [46]. NT-3 can bind to tyrosine kinase
receptors present on cells throughout the peripheral nervous
system, thereby mediating neuronal cell migration, myelina-
tion formation, and axon growth and improved sensory axon
regeneration [47—49]. The use of NT-3 as a clinical thera-
peutic drug is limited by its short half-life, so the delivery
of NT-3 through biomaterials is of interest and exploration
[14]. Li et al. declared that transplantation of a NT-3/fibroin-
coated gelatin sponge scaffold to the spinal cord injury site
in rats could promote tissue regeneration and axonal exten-
sion related to the myelin sheath, leading to a significant
reduction in the cavity area of the injury site [15]. The elec-
trospun fiber-mediated delivery of NT-3 elevated the ability
of Schwann cells and accelerated the axonal growth of the
dorsal root ganglion [10]. Adipose-derived stem cell-derived
exos encapsulated NT-3 were loaded into alginate hydro-
gel, and this platform could promote nerve regeneration and
improve the functional recovery of gastrocnemius muscles
[50]. Genetic engineering technology is the most common
method endowing exos with stronger targeting properties
by making recipient cells highly express targeting proteins
or polypeptides, thereby secreting target-specific exos [51].
Besides, it’s also an accepted approach to package biological
molecules into secreted exos [52]. In this study, we co-trans-
fected RVG-Lamp2b and NT-3 plasmids into bone marrow
MSCs and then obtained RVG-NT-3 Exo by gradient centrif-
ugation. As a result, Lamp2b and NT-3 proteins were more
abundant in RVG-NT-3 Exo than Ctrl Exo, which indicated
that Lamp2b and NT-3 proteins were successfully incorpo-
rated into RVG-NT-3 Exo. Through characterization experi-
ments, it was found that there was no significant difference
between RVG-NT-3 Exo and Ctrl Exo, indicating that load-
ing NT-3 and modifying with RVG-Lamp2b did not alter the
properties of the exos, including morphology, particle size
distribution, and size distribution or protein marker expres-
sion. Unlike biochemical methods, genetic engineering tech-
nology incorporates target substances in the process of exo-
somal biogenesis hence without causing damage to exosome
membrane proteins [53]. In addition to primary neurons,
our study also included NSC-34 motorneuron-like cells for
further in vitro analysis, an accepted model for studying the
pathophysiology of motorneurons, which share numerous
morphological and physiological characteristics with mature
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Fig.4 RVG-NT-3 Exo overtly lowered FNA-induced inflammation.
A The production of ROS in facial nerve samples of different groups
(Control, FNA, FNA+Ctrl-Exo, or FNA+RVG-NT-3-Exo) was
detected by DCFH-DA (n=5). B-F ELISA analysis of the release of
inflammatory cytokines TNF-a (B), IL-6 (C), IL-4 (D), IL-10 (D),
and IL-33 (E) (n=5). G Microglial activation and polarization mark-

primary motorneurons [54]. After co-incubation with RVG-
NT-3 Exo, NT-3 mRNA levels in primary neurons and Nsc-
34 cells were higher than before incubation, indicating that
RVG-NT-3 Exo could target neurons for NT-3 delivery.
Oxidative stress damage is a common pathological
mechanism in various neurodegenerative diseases [55],
and it is closely related to abnormal nerve fiber tangles,
neuroinflammatory reactions, and neuronal apoptosis

ers Ibal, iNOS, and Argl in facial nerve samples were detected by
western blotting (n=5). Statistical analysis was done by two-tailed
unpaired Student’s r-test (*p <0.05, **p <0.01, and ***p <0.001 vs.
Control) or one-way ANOVA with multiple comparisons (¥*p <0.05,
*#*p <0.01, and ***p <0.001 vs. FNA). ns no significance. All quan-
titative data are presented as mean+SD

[56, 57]. ROS can not only affect the neurophysiological
processes such as synaptic plasticity and neurotransmit-
ter release of neurons [58, 59], but also act on biological
macromolecules such as cell membrane structure, protein,
and nucleic acid, causing peroxidation damage, even neu-
ronal death [60]. ROS is one of the contributors to the
pathogenesis of facial nerve injury [61], which causes
cellular damage through oxidative stress. Thus, inhibiting
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A Control

Dapi Tunel

Merge

FNAfCtrI Exo

Fig.5 RVG-NT-3 Exo lightened FNA-induced neuron apoptosis and
FMN death. A Tunel staining analysis of neuron apoptosis in facial
nerve samples in different groups (Control, FNA, FNA + Ctrl-Exo, or
FNA +RVG-NT-3-Exo) (n=5). B Changes of Nissl bodies in facial
nerve samples were determined by Nissl staining (n=35). Statistical

ROS production could mitigate oxidative damage induced
by facial nerve injury. Exposure of primary neurons and
Nsc-34 cells to H,O, was used to observe the protec-
tion of RVG-NT-3 Exo on ROS-induced neuron dam-
age in vitro. Herein, RVG-NT-3 Exo treatment allevi-
ated H,0,-mediated synaptic loss and cell contraction in
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analysis was done by two-tailed unpaired Student’s ¢ test (**p <0.01
and ***p<0.001 vs. Control) or one-way ANOVA with multiple
comparisons (¥p <0.05 and **p <0.01 vs. FNA). ns no significance.
All quantitative data are presented as mean+SD

primary neurons and Nsc-34 cells compared to Ctrl Exo.
Furthermore, RVG-NT-3 Exo treatment impaired H,0,
stimulation-mediated decreased viability and increased
ROS production in primary neurons and Nsc-34 cells.
These data suggested that RVG-NT-3 Exo could effectively
alleviate H,O,-induced neuronal oxidative stress damage.



Delivery of neurotrophin-3 by RVG-Lamp2b-modified mesenchymal stem cell-derived exosomes... 1389

== Control

= FNA

== FNA+Ctrl Exo

= FNA+RVG-NT-3 Exo

S 100- * k%
° g . ns
g 80 %‘ ok ok
c ® - v
S
3 60-
e}
B 40+ . A
©
=
>
= ‘ |
0
B kDa _
Myelin PLP[s= - - = s==(23 s 159 e
B3-tubulin [se= == == ——=]|50 £ & o
on
GAPDH[ s s e w| 2T 104 78 T
O lo) c o
C & §= 1]
C o » g = 0.5+
(4
&P 23 rﬁ
* K
& € 00
g 1.5 C 20-
-g nS * %k k
o £ * % g
£2 104 T = ?
[ =] ol
£ & l - g of —ms_
&g . o 104 | o
2 5 Ke) YYv
9T E L [F
'.; E 4 ]
2
2 oL o &1

Fig.6 RVG-NT-3 Exo intensified myelin sheath repair after facial ber of blinks in different groups of rats on the injured side (n=>5).
nerve injury. A LFB staining analysis of the morphology, structure, Statistical analysis was done by two-tailed unpaired Student’s #-test
and pathological changes of the myelin sheath in facial nerve samples (***p <0.001 vs. Control) or one-way ANOVA with multiple com-
(n=5). B Detection of myelin PLP and p3-tubulin proteins associ- parisons (*p<0.05, **p<0.01, and ***p<0.001 vs. FNA). ns no
ated with myelin sheath in facial nerve samples (n=5). (C) The num- significance. All data are presented as mean +SD
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The facial nerve is a peripheral nerve that is an impor-
tant nerve of the cranial face, with a superficial anatomi-
cal position and a complex anatomical structure. Damage
and regeneration of peripheral nerves is a complex process
that includes the survival of axon-breaking neurons, the
regeneration of a sufficient number of nerve axons, accu-
rate reinnervation of target organs, and reconstruction of
functional synaptic connections [62, 63]. The disconnec-
tion of the axon means that a certain volume of the cytosol
is cut off on the neuronal cell body, resulting in significant
changes in the function of the cell structure and even caus-
ing cell death [64]. Axon disconnection also triggers a pro-
grammed apoptosis response in FMNs [65, 66]. Microglia
in the facial nerve nucleus plays an important role in the
central immunomodulatory and inflammatory response
triggered by axon disconnection, thereby affecting FMN
survival and axon regeneration [67, 68]. Microglia in the
peripheral nervous system are distributed along neuronal
axons and wrapped around nerve fibers to form myelinated
nerve fibers [69, 70]. Once peripheral nerve damage occurs,
microglial cells can secrete a large amount of NT-3, promote
the survival of damaged neurons and the regeneration of
axons, and participate in the formation of nerve fibers in the
peripheral nervous system [71, 72]. Microglia also promote
the survival of damaged neurons, guide and support axon
regeneration [73], secrete neurotrophins [74], and regenerate
myelin sheaths [75].

Due to the advantages of simplicity, reproducibility,
interspecies consistency, reliable survival rates, and an
increased anatomic size relative to murine models, the
FNA rat model was the most widely used for studying
nerve regeneration [76]. In this study, we constructed
FNA rat models to explore the function of RVG-NT-3
Exo. Since the important precursors to facial nerve injury,
such as Nissl body dissolution and facial neuron apoptosis,
were usually observed on 7 days after surgery [77, 78],
the administration was also performed on day 7 except
for day 0. The results showed that RVG-NT-3 Exo treat-
ment significantly reduced ROS production and release
of pro-inflammatory cytokines TNF-a and IL-6, as well
as increased release of anti-inflammatory cytokines IL-4,
IL-10 and IL-33, suggesting that RVG-NT-3 Exo treat-
ment reduced inflammatory and oxidative stress in FNA
rat models. RVG-NT-3-Exo treatment lowered Ibal and
iNOS protein levels, as well as increased Argl protein
levels, indicating that RVG-NT-3-Exo treatment promoted
the polarization of microglia to the anti-inflammatory phe-
notype. RVG-NT-3 Exo treatment lowered the elevated
number of Tunel-positive cells mediated by FNA. RVG-
NT-3 Exo treatment improved FNA-mediated reduction in
the number of motor neurons, manifesting that RVG-NT-3
Exo reduced FNA-induced apoptosis and facial motor neu-
ron death. RVG-NT-3-Exo treatment partially elevated the
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number of myelinated nerve fibers and Myelin PLP and
p3-tubulin protein levels, suggesting that RVG-NT-3 Exo
boosts myelin repair after facial nerve injury. Thus, our
animal studies showed that this nanoplatform (RVG-NT-3
Exo) has the potential to penetrate facial nerves and pro-
mote axonal, FMN, and myelin regeneration.

However, there were a few methodological limitations
in this study. Our animal experiments only used male rats.
It has reported the sex-specific differences in the actions
of gonadal hormones on central and peripheral glia [79].
For example, estradiol and progesterone regulate Schwann
cell proliferation in the peripheral nervous system, which
is essential for the maintenance, regeneration, and remy-
elination of peripheral nerves; but this effect was only
observed in the peripheral nerves of males [80]. Hence,
further studies are required to be performed on female
rats to validate the neuroprotective effects of RVG-NT-3
Exo. The present study only focuses on the immediate and
short-term therapeutic effects of RVG-NT-3 Exo, lacking
an investigation of its long-term outcomes and functional
recovery, and a deeper exploration into the post-delivery
mechanisms, which will be the important direction of our
future research. Moreover, to better position RVG-NT-3
Exo within the existing treatment landscape, a compara-
tive analysis comparing the efficacy of RVG-NT-3 Exo
treatment directly with the standard therapies is required.
Besides, since the potential of modifications with RVG-
Lamp2b and NT-3 altering the immunogenic profile of
MSC-derived exos, the immunogenicity, biodistribution,
pharmacokinetics, and safety of RVG-NT-3 Exo need to be
further explored before the clinical application. Lastly, to
accelerate the clinical translation of these findings, design-
ing manufacturing strategies for producing clinical-grade
and large-scale exos and determining minimal effective
dose and route of delivery for clinical trials is another
important future research mission.

In summary, we designed an engineered exo-based thera-
peutic platform targeting neurons and delivering NT-3. The
results showed that engineered RVG-NT-3 Exo could reduce
oxidative stress damage, neuroinflammatory response, facial
motor neuron death, and boosted microglia activation and
myelin sheath repair. Our work can provide new strategies
for the treatment of facial nerve injury, hoping to broaden
the prospects for accurate diagnosis and treatment of facial
nerve injury in the future.
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