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Abstract

Background: Acute spinal cord injury (SCI) is a devastating result of neurological trauma with subsequent micro-
environment dyshomeostasis that induces neurotoxic phenotype acquisition by astrocytes, exacerbating neurologi-
cal function impairment. Exosomes derived from human umbilical cord mesenchymal stem cells (hUCMSCs) have
demonstrated essential therapeutic effects after central nervous system trauma. However, whether hUCMSC-derived
exosomes exert therapeutic effects on neurotoxic astrocytes to facilitate SCI function recovery remains unclear. Addi-
tionally, the limited efficiency of single exosomes may restrict the optimization of exosomal biological functions.

Methods: We first determined that exosomes reduce the deleterious effects of neurotoxic astrocytes in vitro and

in vivo. Then, we identified critical functional microRNAs (miRNAs). miR-146a-5p was overexpressed in exosomes, and
then, miR-146a-5p-modified exosomes were used to investigate the ability of exosomes to reduce neurotoxic astro-
cyte effects, preserve neurons and promote neurological function recovery in rats with SCI.

Results: Cell counting kit-8 and neurite length analyses revealed that exosomes partially reduced the negative
effects of neurotoxic astrocytes on PC12 cell viability and neurites in vitro. The exosomes also attenuated inflamma-
tory responses, reduced the number of neurotoxic astrocytes and preserved neural tissue in rats with SCI. Immuno-
fluorescence assays suggested that the number of neurotoxic astrocytes was rapidly increased by injury, reaching

a peak 5 days post-injury (dpi) and returning to the normal level 14dpi. Exosomal miR-146a-5p was identified as

the critical functional miRNA. Overexpression of miR-146a-5p in exosomes strengthened the biological function of
the exosomes. Therefore, the modified exosomes exerted more powerful therapeutic effects than the unmodified
exosomes, reducing the deleterious effects of neurotoxic astrocytes both in vitro and in vivo and promoting locomo-
tor function of the hindlimbs in the rats with SCI. Through a series of gain- and loss-of-function experiments, Trafé and
Irak1 were identified as targets of exosomal miR-146a-5p. Ultimately, we found that miR-146a-5p-modified exosomes
exerted their function by targeting Traf6/Irak1/NFkB pathway in neurotoxic astrocytes.

Conclusions: In summary, miR-146a-5p-modified exosomes exerted a more powerful effect than unmodified
exosomes to promote neurological function recovery in rats with SCI by targeting neurotoxic astrocytes. Therefore,
miR-146a-5p-modified exosomes are promising therapeutics for SCI.
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Introduction

Acute spinal cord injury (SCI) is a devastating neurologi-
cal outcome of trauma resulting in dysfunction of sen-
sory, motor or autonomic nerves [1]. Acute SCI consists
of two basic pathophysiology phases. The primary phase
involves immediate effects of the initial trauma, which
typically require surgical intervention, and the second
phase is the subsequent spinal microenvironment dysho-
meostasis involving an inflammation cascade, ischemia
and cytotoxic substance production, which aggravates
damage to neural tissue [2—4].

Astrocytes are the most abundant cells in the healthy
central nervous system (CNS) and exert many critical
functions, including neurotrophic, blood flow regulation
and other homeostatic maintenance functions [5]. Acute
SCI triggers a serious inflammatory response involv-
ing microglial activation and immune cell infiltration,
subsequently driving astrocyte reactivity [6]. Reactive
astrocytes may exert neural preservation by contribut-
ing to tissue debris clearance and inhibiting excessive
inflammatory responses [7, 8]. However, CNS insults also
induce acquisition of the neurotoxic phenotype by astro-
cytes, causing corresponding excessive damage to neural
tissue. Neurotoxic astrocytes lose their normal functions
and exhibit neurotoxic effects on neurons and mature oli-
godendrocytes [9]. Therefore, reversing neurotoxic phe-
notype acquisition or eliminating the deleterious effects
of neurotoxic astrocytes is an essential way to promote
neurological recovery in SCI patients.

Exosomes are nanosized cellular vesicles with diam-
eters ranging from 50 to 150 nm and that contain RNAs,
DNAs and proteins inside the bilayer lipid membrane
[10]. According to the literatures, stem cell-derived-
exosomes share the biological effects similar to those of
stem cells in inhibiting activation of microglia and reliev-
ing inflammation responses [11, 12]. However, some fac-
tors, such as a relatively low yield of exosomes from cell
culture supernatant, limit exosome applications [13].
Interestingly, exosomes also possess advantages such as
the capability to carry and protect nucleic acids, cross
biological barriers, and target cells, qualifying them as
excellent drug delivery systems[14]. Therapeutic RNAs
such as small interfering RNA (siRNA) and microRNA
(miRNA) can be loaded into exosomes to obtain better
therapeutic effects [15, 16].

The preliminary results of our study demonstrated
that human umbilical cord mesenchymal stem cell
(hUCMSC)-derived exosomes (MSC-Exos) partially
reduced the deleterious effects of neurotoxic astrocytes

to preserve neurons and neural tissue in vitro and in vivo.
Subsequently we identified miR-146a-5p as the func-
tional component of these exosomes. miR-146a-5p-mod-
ified exosomes exerted better effects than unmodified
exosomes reducing the deleterious effects of neurotoxic
astrocytes by inhibiting Traf6 and Irakl, mediators of
signaling during the activation of the canonical NF-xB
pathway, thereby promoting neurological function recov-
ery after SCL

Materials and methods

Ethics statement

Ethics approval for the experiments was obtained from
the Animal Ethics Committee of South China Agricul-
tural University (Ethics number: 2021d119). All experi-
ments were performed following relevant laws and
institutional guidelines of the Animal Ethics Committee
of South China Agricultural University. This study did
not involve human subjects.

Animal experiment protocols

Female Sprague—Dawley rats were purchased from
Hunan SJA Laboratory Animal Co., Ltd. (Hunan, China)
and were housed in a specific pathogen-free facility
with controlled temperature and humidity (temperature
22 £+ 1°C; humidity, 65%-70%) with free access to food and
water. Animal experiments were conducted according
to protocols approved by the Animal Ethics Committee
of South China Agricultural University (detailed animal
information is provided in Additional file 1).

Exosome purification and characterization
When Passage 5 hUCMSCs reached 80% confluency, the
culture medium was replaced with exosome-depleted
fetal bovine serum (FBS; Gibco, Australia), and the
cells were incubated for an additional 48 h. The culture
medium was collected, and exosomes were isolated from
the supernatants of this medium with Total Exosome
Extraction Reagent (Invitrogen, Carlsbad, California,
USA) following the manufacturer’s instructions.
Exosomes isolated from supernatants were diluted in
PBS (concentration 200 pg/100 pl) after we finished the
quantification of protein concentration. The distribu-
tion of vesicle diameters was analyzed with a NanoSight
NS300 system (Malvern Panalytical, Malvern, UK).
Morphological analysis was carried out by transmission
electron microscopy (TEM; Hitachi HT-7700, Tokyo,
Japan). The exosome protein concentration was quanti-
fied using a bicinchoninic acid protein (BCA) assay kit
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(Thermo Fisher, Boston, MA, USA). Primary antibodies
against CD9 (Abcam, Cambridge, UK), CD63 (Abcam,
Cambridge, UK), and B-actin (CST, Boston, MA, USA)
were used to identify the surface markers of exosomes
by western blotting (detailed methods and materials are
provided in Additional file 2, Additional file 3, Additional
file 4 and Additional file 5).

Statistical analyses

All data are presented as the mean 4 standard deviation
(SD). GraphPad Prism 9.0 software (San Diego, CA, USA)
was used to calculate the P values and generate graphs.
We performed Student’s t tests for two-group compari-
sons and one-way analyses of variance (one-way ANO-
VAs) for comparisons involving more than two-groups. A
P value <0.05 was considered statistically significant.

Results

Identification of hUCMSCs, primary astrocytes

and hUCMSC-derived exosomes

hUCMSCs were provided by Guangzhou Saliai Stem Cell
Science and Technology Co., Ltd. hUCMSCs from Pas-
sage 3 were identified on the basis of morphology and
flow cytometry analyses. Morphologically, the cells at
80% confluency presented with a spindle-like shape. Flow
cytometry was performed to identify surface makers, and
the results confirmed that the stem cell markers CD73,
CD90, and CD105 were highly expressed, while the non-
stem cell markers CD34, CD45, and HLA-DR were not
expressed (Additional file 6A). Primary astrocytes were
characterized by immunostaining for GFAP, S100p, and
Vimentin (Additional file 6B). We isolated exosomes
from the supernatants of the hUCMSCs using Total Cell
Exosome Extraction Kit. Nanoparticles isolated from
cell supernatants presented as vesicles with a round-cup
shape, as assessed via TEM (Additional file 6C). Nano-
particle tracking analysis (NTA) revealed that the size
of the vesicles ranged from 30 to 150 nm. (Additional
file 6D). The typical markers (CD9 and CD63) of the
exosomes were also detected in these vesicles, which did
not express P-actin (Additional file 6E). Taken together,
the data indicated that the vesicles obtained were
exosomes.

Exosomes reduced the toxicity of neurotoxic astrocytes

in vitro and in vivo

We first investigated whether the exosomes derived
from the hUCMSCs can reduce the toxicity of neuro-
toxic astrocytes. We generated astrocytes with a neu-
rotoxic phenotype by treating primary astrocytes with
a mixture of IL-1a (3 ng/mL), TNF-a (30 ng/mL), and
Clq (400 ng/mL) for 24 h. The visualization of PKH26
labeled exosomes via confocal microscopy confirmed
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the successful endocytosis of exosomes by neurotoxic
astrocytes (Additional file 6F). After administration of
the induction mixture, the expression of markers (com-
plement C3, lipocalin-2 (Lcn2)) of the neurotoxic astro-
cytes was significantly elevated at the protein and mRNA
levels, which was subsequently partially reduced by exo-
some treatment (Fig. la, b, ¢).To investigate whether
exosomes reduce the toxic effect of neurotoxic astro-
cytes on neurons, we pretreated PC12 cells with NGF
to induce the differentiation and growth of neurites and
then cultured these cells with conditioned medium (CM)
obtained from neurotoxic astrocytes culture (CM-Mix)
or CM from culture of neurotoxic astrocytes treated
with exosomes (CM-Mix+Exo). The results revealed
that the CM-Mix caused a significant increase in neur-
ite decline and the length of the neurites in this culture
was extremely short (Fig. 1d). When cultured with CM-
Mix + Exo, more neurites of PC12 cells were preserved
(Fig. 1d). The results also revealed that CM from neuro-
toxic astrocyte culture significantly reduced the viability
of PC12 cells in a dose dependent manner, while CM-
Mix+ Exo have weaker influence on PC12 cells viabil-
ity (Fig. 1e). These results demonstrated that the CM of
neurotoxic astrocyte exerted powerful toxic effect that
hindered the growth and neurite extension of PC12
cells, and these adverse effects were partially reversed by
exosomes treatment.

To further investigate the effect of exosomes in vivo,
exosomes were injected intravenously into rats with
SCI. Tracking of PKH-26-labeled exosomes by immu-
nofluorescence confirmed the successful delivery of the
exosomes to lesions (Additional file 7A). Three days post-
injury (dpi), immunofluorescence showed that C3-pos-
itive astrocytes were abundant around the spinal cord
lesions, and the number of neurons stained by Neu-N
was obviously decreased (Fig. 2a—c). These results dem-
onstrated that neurotoxic astrocytes were activated, and
correspondingly, neural tissue was severely damaged in
the SCI group. Fortunately, the group with administered
exosomes showed a decrease in the number of neuro-
toxic astrocytes and a higher degree of neural tissue
preservation 3 dpi (Fig. 2a—c). We analyzed the expres-
sion of proinflammatory factors (TNFa, IL-1f, and IL-6)
and anti-inflammatory factors (IL-4 and IL-10). The
results showed that the expression of the proinflamma-
tory factors was significantly elevated at the mRNA level,
while that of the anti-inflammatory factors was much
lower in the SCI group (Fig. 2d). In contrast, exosome
administration reversed the increase in proinflamma-
tory mRNA expression and promoted the expression of
anti-inflammatory factors (Fig. 2d). These results indicate
that MSC-Exos reduced the toxicity of neurotoxic astro-
cytes and increased neural preservation in rats with SCL
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induced astrocytes (neurotoxic astrocytes) and exosomes treated

Inflammation was also relieved by the administration of
exosomes. Taken together, these results indicated that
exosomes derived from hUCMSCs reduced the toxicity
of neurotoxic astrocytes to preserve neurons in vitro and
in vivo.

Exosomal miR-146a-5p was critical for reducing the toxicity
of neurotoxic astrocytes

miRNAs are the most abundant nucleic acids in MSC-
Exos and are the main functional components of these
exosomes. Exosomes play critical roles in many dis-
eases like inflammation, trauma, tumor et al. To better
understand the exosomal miRNA profile and underlying

functions, in a previous study, we preformed absolute
quantitative sequencing, and the results were deposited
in the NCBI GEO database (GSE 159814). Approximately
990 miRNAs were identified in MSC-Exos, and the 5
most abundant miRNAs were miR-21-5p, miR-24-3p,
miR-22-3p, miR-26a-5p, and miR-146a-5p (Fig. 3a).
To investigate the function of the miRNAs detected
in these exosomes on neurotoxic astrocytes, we pre-
transfected primary astrocyte with miRNA mimics fol-
lowed by an induction mixture. The results of RT-qPCR
assays revealed that miR-146a-5p, which was abundant
in MSC-Exos, significantly suppressed mixture-induced
expression of neurotoxic astrocyte markers (C3 and
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Lcn2) in dose depend manner (Fig. 3b). The results of
the other 4 abundant miRNAs did not show significant
effects (Additional file 8). Considering these results and
the therapeutic effects of exosomes, we presumed that
miR-146a-5p-modified (overexpressed) hUCMSCs-Exos
(ExoOEs) exerted more powerful function than nor-
mal hUCMSCs-Exos (ExoNs) in reducing the toxicity
of neurotoxic astrocytes. To investigate the function of
miR-146a-5p-modified MSC-Exos, we first determined
the level of total RNAs and miR-146a-5p in the exosomes.
A concentration analysis showed that the total RNA con-
tent was positively correlated with the concentration of
exosomal proteins, and the expression of miR-146a-5p
showed the same relationship as that found for exosomal
proteins (Fig. 3¢, g). Then, we constructed miR-146a-5p-
overexpressing hUCMSCs by transfecting miR-146a-5p
mimics using Lipofectamine. The results showed the effi-
ciency of the transfection procedure (Fig. 3d). Exosomes
were isolated from supernatants of normal hUCMSCs
culture or miR-146a-5p-overexpressed hUCMSCs cul-
ture. RT-qPCR revealed a significant increased miR-
146a-5p level in the ExoOEs than that in ExoNs (Fig. 3e).

In astrocytes treated with ExoNs, the expression level of
miR-146a-5p was increased, and this level was signifi-
cantly higher in astrocytes treated with ExoOEs (Fig. 3f).

miR-146a-5p-modified exosomes reduced the toxicity

of neurotoxic astrocytes in vitro

To determine whether ExoOEs exert a more powerful
reducing effect on the toxicity of neurotoxic astrocytes
than ExoNs, we induced neurotoxic phenotype acqui-
sition by astrocytes by treating primary astrocytes with
induction mixture and treated neurotoxic astrocytes with
ExoNs or ExoOEs. The RT-qPCR results revealed that
both ExoNs and ExoOEs reduced the mRNA expression
of markers C3 and Lcn2 in the neurotoxic astrocytes, and
that the ExoOEs exerted a better effect than the ExoNs
(Fig. 4b). These functions were confirmed at the protein
level by the western blot and immunofluorescence results
(Fig. 4a, c). To further investigate whether ExoOEs lead
to greater neurite preservation, we cocultured PC12 cells
with CM-Mix, CM-Mix+ExoN or CM-Mix+ ExoOE
after induction by NGF. Analysis of neurite length in
the different groups revealed that CM-Mix+ ExoN and
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CM-Mix+ExoOE both preserved PC12 cells neurite
growth to different degrees (Fig. 4d, e). After coculture
with CM-Mix+ ExoOE, the PC12 cells showed greater
preservation of neurite length (Fig. 4d, e). The results
of cell count kit-8 (CCK-8) assay also revealed that the
CM of exosome-treated neurotoxic astrocytes showed
less toxic effect on PC12 cells, while CM-Mix + ExoOE
had an even smaller toxic effect (Fig. 4f). Taken together,
these results demonstrated that miR-146a-5p-modified
exosomes exerted powerful effects by reducing toxicity of
neurotoxic astrocytes.

miR-146a-5p-modified exosomes reduced the toxicity

of neurotoxic astrocytes in vivo and promoted

the functional recovery of rats with SCI

To determine whether ExoOEs exert therapeutic effects
similar to those observed in vitro, we constructed SCI
model rats and treated them with PBS (the SCI group),
ExoN (the SCI+ ExoN group), ExoOE (the SCI+ ExoOE
group). First, we observed the natural development of
C3-positive astrocytes at different time points (3 dpi, 5
dpi, 7 dpi, and 14 dpi) through immunofluorescence. The

results showed that the number of C3-positive astrocytes
increased significantly 3 dpi and reached a peak 5 dpi.
However, it decreased dramatically 7 dpi and had almost
disappeared by 14 dpi (Fig. 5a, b). After administration of
ExoNs or ExoOEs, the number of C3-positive astrocytes
in both groups was decreased significantly, and ExoOEs
showed an even stronger ability to reduce C3-positive
astrocytes at 3 dpi, 5 dpi, and 7 dpi, although there were
no differences between the SCI and SCI+ExoN groups
7 dpi (Fig. 5a, ¢, d). Interestingly, by 14 dpi, C3-positive
astrocytes were undetectable in all three groups (Fig. 5a,
d). Astrocytes adjacent to lesions in the three groups 14
dpi were larger and exhibited elongated morphologies
with overlapping cell processes. TUNEL staining revealed
a large number of apoptotic cells around the spinal
cord lesion in the SCI group 3 dpi and this number was
reduced by the administration of ExoNs in SCI+ ExoN
group. The SCI+ ExoOE group showed fewer apoptotic
cells than the other groups (Fig. 5e, ).

To further investigate the therapeutic effects of
ExoNs and ExoOEs in vivo, we carried out a series of
experiments to evaluate the functional recovery of SCI
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rats in the different groups. The successful delivery of
miR-146a-5p was confirmed by RT-qPCR (Additional
file 7B). The Basso, Beattie and Bresnahan (BBB) scale
used to evaluate locomotor function of hindlimbs
showed that exosomes improved functional recovery,
which had been compromised by SCI. ExoOEs per-
formed better than ExoNs in our experiment (Fig. 6a).
The footprint analysis of the three groups confirmed
the BBB scale results (Fig. 6b). The MRI scans used
to detect lesions in vivo indicated that exosomes
decreased the lesion area, in contrast to the area in
the SCI group, and ExoOEs exhibited a greater ability
to reduce lesion volume (Fig. 6¢, d). We also applied

immunofluorescence to investigate the function of
exosomes in neurons, and neuronal marker (MAP2)
staining revealed that ExoOEs preserved more neural
tissue than ExoNs, but both showed the therapeutic
effects in terms of neuron preservation (Fig. 6e). Hema-
toxylin—eosin (HE) staining indicated that the ExoOE
group had smaller lesions than the ExoN group, but
both groups showed reduced lesion volume (Fig. 6f).

These results demonstrated that ExoOEs were more
powerful than ExoNs, and that miR-146a-5p strength-
ened the capability of exosomes to reduce toxicity of
neurotoxic astrocytes and markedly promoted the
functional recovery of SCI in rats.
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Exosomal miR-146a-5p regulates Irak1 and Trafé
expression by targeting their mRNA 3’-UTRs

To further investigate the underlying mechanism of exo-
somal miR-146a-5p in the ExoOE regulation of neuro-
toxic astrocytes, we focused on the downstream targets
of miR-146a-5p. According to the online database used
for miRNA target prediction, we focused on TNF recep-
tor associated factor 6 (TRAF6) and interleukin 1 recep-
tor associated kinase 1 (IRAK1) and hypothesized that
they were direct targets of miR-146a-5p (Fig. 7a). To ver-
ify whether miR-146a-5p targets the respective 3'-UTR
of TRAF6 and IRAKI, we constructed wild-type (WT)
and mutant (MUT) mRNA 3"-UTR sequences in TRAF6
and IRAK1 based on binding-site prediction. We cloned
these genes into the psiCHECK-2 dual luciferase miRNA

target expression vector. Plasmids were cotransfected
with miRNA mimics into HEK293 cells. Relative lucif-
erase activity was significantly decreased when the mim-
ics were cotransfected with the WT-3"-UTR of TRAF6
or IRAK1 mRNA, but changes in luciferase activity was
not be observed when mimics were cotransfected with
the MUT-3"-UTR of TRAF6 or IRAK1 mRNA (Fig. 7b).
Marked alterations in luciferase activity were not be
observed when a scramble sequence (negative control
(NC) group) were cotransfected with the WT-3'-UTR
or MUT-3"-UTR of target gene mRNAs (Fig. 7b). The
scramble control did not influence luciferase activity
(Fig. 7b).

Furthermore, we investigated whether miR-146a-5p
regulates TRAF6 and IRAK1 gene expression at the
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transcriptional or posttranscriptional level. First, we
overexpressed miR-146a-5p by transfecting mim-
ics into astrocytes, and we found that the expression of
the TRAF6 and IRAK1 genes was decreased at both the
mRNA and protein levels as the doses were increased
(Fig. 7c, d). Then we transfected inhibitors into the
astrocytes to knockdown miR-146a-5p expression, and
the mRNA and protein levels of TRAF6 and IRAK1
were found to be increased as the doses were increased
(Fig. 7e, f). These results suggested that the TRAF6 and
IRAK1 genes are downstream targets of miR-146a-5p.

miR-146a-5p-modified exosomes reduced the toxicity

of neurotoxic astrocytes by targeting Irak1 and Traf6

To further explore the relationship between
miR-146a-5p-modified exosomes and Irakl/Traf6 in the
regulation of neurotoxic astrocytes toxicity, a series of

gain- and loss-of-function experiments were carried out.
Since the marker expression of neurotoxic astrocytes
was extremely low in primary astrocytes, we performed
these gain- or loss-of-function experiments on neuro-
toxic astrocytes. Overexpression of the targets genes
(Irakl/Traf6) resulted in higher expression of neuro-
toxic astrocyte markers, while administration of ExoOEs
showed the opposite results at the mRNA and protein
levels (Fig. 8a-c). Then, we overexpressed the target
genes (Irakl/Traf6) on the basis of ExoOE administration
to investigate whether they neutralize the knockdown
effects of the ExoOEs. The results showed that the effects
of the ExoOEs were largely reversed by overexpression of
the target genes (Fig. 8a-c). These results were also con-
firmed by the alteration of the neurotoxic phenotype of
astrocytes, as determined by neurite length and a cell via-
bility analysis in coculture with PC12 cells and different
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conditioned medium (Fig. 8d, e). Overexpression of the
target genes (Irakl/Traf6) reversed the ExoOE effects
on neurite length and PC12 cells preservation (Fig. 8d,
e). Taken together, these results demonstrated that
miR-146a-5p-modified-exosomes reduced the toxicity of
neurotoxic astrocytes by targeting Irakl and Traf6.

miR-146a-5p-modified exosomes reduced the toxicity

of neurotoxic astrocytes by targeting the Traf 6/Irak1/NFkB
pathway

Reports in the literature have suggested that the activa-
tion of neurotoxic astrocytes is mediated by the NF«B
signaling pathway. Traf 6 and Irakl are mediators of
NF«kB signaling. Our western blot results revealed that
the induction mixture increased the relative expression
of phosphorylated (p)-ikb and p-p65 without altering
the total expression of ikb or p65 (Fig. 9a). These effects

were partially blocked by the administration of ExoNs
and mostly blocked by the administration of ExoOEs
(Fig. 9a). Interestingly, ExoOEs-induced effects simi-
lar to those of ammonium pyrrolidine dithiocarbamate
(PDTC), which is an inhibitor of the NFkB signaling
pathway (Fig. 9a). The protein expression of p-p65 in
the nucleus was also increased in cells exposed to the
induction mixture, but it was reversed by ExoOE treat-
ment, similar to the effect observed after the adminis-
tration of PDTC (Fig. 9b). These results were verified
by immunofluorescence assays (Fig. 9c d). Then, we
focused on the markers C3 and Lcn2 of neurotoxic
astrocytes. The results showed that when we blocked
the activation of NFkB signaling with PDTC, the pro-
tein expression of C3 and Lcn2 was markedly decreased
(Fig. 9a). Taken together, these results demonstrated
that miR-146a-5p-modified exosomes reduced the
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Discussion

SCI, as a central nervous system insult, triggers mul-
tiple responses involving neurons, glia and nonneural
cells. Robust activation of microglia and inflammatory
responses subsequently induce astrocyte reactivity, caus-
ing neurotoxic phenotype changes and exerting power-
ful neural toxicity [9]. Previous studies have indicated
that exosomes share therapeutic effects similar to those
of MSCs in inhibiting inflammation and converting the

microglial phenotype to the M2 phenotype [11, 12]. We
induced the acquisition of the neurotoxic phenotype in
astrocytes by applying a mixture of TNF«, IL-1a, and
Clq as previously described [9], and the results demon-
strated that the administration of exosomes reduced the
neurotoxic effects of neurotoxic astrocytes to preserve
PC12 cells and neurites. An in vivo study confirmed these
results, with fewer number of neurotoxic astrocytes and
greater neural tissue preservation. Our previous study
had also shown that exosomes from hUCMSCs pro-
moted neurite outgrowth [17]. Taken together, the data
indicated that exosomes promoted neurological function
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recovery through multiple mechanisms. Neurotoxic
astrocytes are critical targets through which exosomes
exert their therapeutic effects on SCI.

miRNAs are the most abundant nucleic acids in
exosomes and are among the main functional compo-
nents in exosomes [18]. We previously quantified miRNA
expression profiles using absolute quantitative sequenc-
ing [17]. miR-146a-5p, as one of the five most abundant
cargo miRNAs in hUCMSC-exosomes, significantly
reduced the expression of neurotoxic astrocyte markers
in our study. These results indicated that miR-146a-5p
was the critical functional component of these exosomes.
miR-146a-5p has been previously shown to exert modu-
latory effects on inflammation and immune responses
[19, 20]. However, oligonucleotides are susceptible to
degradation, rapid clearance, and immune responses,
which limit their efficiency [21]. Additionally, some fac-
tors, such as relatively low yield of exosomes from cell
culture supernatant, limit exosomal functions [13].

Interestingly, exosomes possess advantages such as the
capability to carry and protect nucleic acids, the capabil-
ity to cross biological barriers, and the ability to target
cells qualifying them as excellent drug delivery systems
[14]. Lou et al. showed that miR-199a-modified exosomes
from adipose tissue-derived MSCs improve hepatocellu-
lar carcinoma chemosensitivity [22].

To combine the respective advantages of miR-146a-5p
and exosomes, we constructed miR-146a-5p-modi-
fied exosomes by overexpressing miRNAs in normal
exosomes. The results showed that miR-146a-5p-mod-
ified exosomes performed better than normal exosomes
in reducing neurotoxic astrocytes and restoring neuro-
logical function in SCI rats. In turn, these results con-
firmed the crucial role of miR-146a-5p and the superior
therapeutic effects of modified exosomes.

The dynamics of neurotoxic astrocytes in acute SCI
are of great significance to understand the pathology
and management of the disease. Qian et al. showed
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that few neurotoxic astrocytes were apparent in the
early stage of injury and that the number was increased
significantly by 28 dpi [23]. Activation of microglia,
inflammatory responses and trauma are considered
as critical factors contributing to the reaction of neu-
rotoxic astrocytes. Liddelow et al. [9] suggested that
neurotoxic astrocytes form rapidly after CNS injury
and are present in many human neurodegenerative
diseases, which was consistent with our results. Our
study suggested that the number of neurotoxic astro-
cytes increased over time, reaching a peak 5 dpi, and
then returned to the normal level 14 dpi. From the
perspective of treatment timing, the administration of
exosomes in early stage of SCI is the optimal strategy
to obtain the best therapeutic effects.

From an online database (miRDB.org) of predicted
miRNA targets, we identified Traf6 and Irakl as tar-
gets of exosomal miR-146a-5p, and our luciferase
reporter and western blot analyses confirmed that
they are miR-146a-5p targets. The results of a series of
gain- and loss-of-function experiments confirmed that
miR-146a-5p-modified exosomes reduced the neuro-
toxicity of neurotoxic astrocytes by inhibiting Traf6
and Irakl expression.

Traf6 and Irakl are signal mediators of canoni-
cal NFkB pathway activation. Previous studies have
indicated that NFkB signaling is involved in inducing
neurotoxic astrocytes in optic nerve crush and Alzhei-
mer’s disease [9, 24]. In the present study, administra-
tion of an induction mixture activated NFxB signaling
and induced the neurotoxic effect of astrocytes. Block-
ing the activation of the NFkB pathway by PDTC led
to the opposite results which were consistent with the
results of miR-146a-5p-modified exosomes experi-
ments. These results indicated that miR-146a-5p-mod-
ified exosomes reversed the neurotoxic phenotype of
astrocytes by inhibiting NFkB signaling cascades, and
this mechanism was consistent with the negative feed-
back regulating role previously shown to be played by
miR-146a-5p in activating the canonical NFkB path-
way [25].

Although our results implied neurological improve-
ment with the administration of miR-146a-5p-mod-
ified exosomes, which attenuated the toxic effects of
neurotoxic astrocytes, problems and shortcomings
remain. We cannot rule out the possibility that other
exosomal miRNAs may have exhibited the same ther-
apeutic effects as miR-146a-5p. Although modified
and unmodified exosomes are regarded as promis-
ing therapeutics, considerable effort must be directed
to address safety issues, such as immunogenic or
toxic effects, before exosomes can be used in clinical
applications.
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Conclusions

In summary, miR-146a-5p-modified exosomes exerted
a more powerful effect than unmodified exosomes to
promote the neurological function recovery of SCI in
rats by dramatically reducing the toxic effects of neu-
rotoxic astrocytes. These effects were mainly obtained
by inhibiting the expression of Traf6 and Irakl, which
are mediators of signaling during canonical NF«B path-
way activation. To obtain the best therapeutic outcomes,
exosomes should be administered within 7 dpi to attenu-
ate astrocyte neurotoxic effects.
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