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Objective: A systematic review of the role of stem cell-derived exosomes in repairing
spinal cord injury (SCI) and the existing problems in animal experiments to provide a
reference for better animal experiments and clinical studies in the future.

Method: Three electronic databases, namely PubMed, Web of Science, and
Ovid-Embase were searched. The studies were retrieved from inception to October 2021.
Two researchers independently screened the literature, extracted data, and evaluated the
methodological quality based on the inclusion criteria.

Results and Discussion: Thirty-two studies were incorporated into the final analyses.
Exosomes derived from stem cells could not only significantly improve the motor function
of animals with SCI, but also significantly increase the expression of anti-inflammatory
factors IL-4 and IL-10 and anti-apoptotic protein Bcl-2, while significantly lowering the
pro-inflammatory factor IL-18 and TNF-a and the expression of the apoptotic protein
BAX. However, the mechanism of exosome-mediated SCI repair, as well as the best
source and dosage remain unknown. In addition, there are still some issues with the
design, implementation, and reporting of animal experiments in the included studies.
Therefore, future research should further standardize the implementation and reporting
of animal studies and fully explore the best strategies for exosomes to repair SCl so as to
promote the translation of preclinical research results to clinical research better and faster.

Keywords: stem cell, exosomes, spinal cord injury, animal study, systematic review

INTRODUCTION

Spinal cord injury (SCI) is a devastating disease that can result in impaired sensorimotor function,
defects in the autonomic nervous system, and neuropathic pain (1). The annual incidence of SCI
is as high as 15-40 cases per 100,000, and the global mortality rate of hospitalized patients with
acute SCI is as high as 4.4-16.7, which is on the rise worldwide (2). While SCI causes severe
pain for patients, it also has a significant financial impact. Although various treatments such as
drugs, physical therapy, hyperbaric oxygen therapy, and surgical intervention have been used
clinically, the complicated pathological conditions of SCI, for instance extensive cell death and
severe inflammation make these treatments difficult to obtain satisfactory results (3). The greatest
challenge at the moment is promoting nerve function recovery after SCL

Frontiers in Neurology | www.frontiersin.org

1 March 2022 | Volume 13 | Article 847444


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://doi.org/10.3389/fneur.2022.847444
http://crossmark.crossref.org/dialog/?doi=10.3389/fneur.2022.847444&domain=pdf&date_stamp=2022-03-10
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:ery_kangxw@lzu.edu.cn
https://doi.org/10.3389/fneur.2022.847444
https://www.frontiersin.org/articles/10.3389/fneur.2022.847444/full

Zhang et al.

Exosomes for SCI

Stem cell therapy has shown promise in the treatment of SCI
in recent years, which can effectively promote axon regeneration,
inhibit astrocyte scar, and reduce inflammation (4). Although the
efficacy of stem cells in the treatment of SCI has been confirmed
in animal studies, the results of animal experiments have not
been easily translated into clinical practice. The main reasons
are the low survival rate of stem cell transplantation, limited
targeting ability, difficulty in passing through the blood-brain
barrier, prone to immune rejection, dedifferentiation, formation
of malignant tumor formation, etc. (5, 6). In addition, some
studies have revealed that the transplantation efficiency of stem
cells is extremely low, where only 1% of the transplanted stem
cells can migrate to the target tissue. Most of the stem cells
transplanted by vein gather in the lung or liver, and cannot reach
the SCI site to play a repair role (7, 8). Further studies have shown
that the restoration of nerve function of damaged spinal cord
induced by stem cells depends on the transmission of intercellular
signals through paracrine and endocrine mechanisms, rather
than the regeneration of transplanted stem cells. Among them,
exosomes, as the main substances secreted by stem cells, may play
a major role in the treatment of SCI and are considered to be the
best potential choice (9, 10).

Exosomes are extracellular vesicles with a diameter between
30 and 100nm that are actively secreted by cells. They are
an important medium for material transfer and information
exchange between cells. They can cross the blood-brain barrier
and transfer proteins, lipids, DNA, and RNA transfers to target
cells and regulate their biological processes (11). Compared
with transplanted stem cells, exosomes have the advantages of
long residence time in vivo, low carcinogenicity, high targeting
efficiency, low immune rejection, easy to pass through the blood-
brain barrier, and easy to obtain and store (12-15). In addition,
the sources of exosomes are diverse and can be derived from
various cells. In particular, exosomes derived from stem cells can
mimic the phenotype of parental stem cells, thereby activating
the self-renewal program of target cells to achieve the purpose of
treating diseases (16). Several studies have shown that exosomes
derived from mesenchymal stem cells can significantly reduce
neuronal apoptosis and inflammation, promote the regeneration
of blood vessels in the injured spinal cord and, thus, promote the
functional recovery of the injured spinal cord (17-19). However,
the application of exosomes in SCI still has certain controversies
and limitations. For example, Huang et al. tracked exosomes
through an animal imaging system and found that most of the
exosomes still gather in the liver and lungs, and are finally
swallowed by monocytes. In fact, only a limited number of
exosomes reach the spinal cord (20, 21). However, Chen et al.
reported that exosomes are much smaller than stem cells and are
easily accessible through the blood-brain barrier without being
captured by liver or lung tissue (22).

Although exosomes derived from stem cells have made
important progress in the repair of SCI in animal experiments,
the current unclear and inconsistent research results have limited
the further study of exosome therapy to a certain extent and it
also hinders the pace of clinical translation of exosome therapy.
Therefore, as the first systematic review in this field, we intend
to comprehensively evaluate whether and to what extent stem

cell-derived exosomes can repair SCI and the problems existing
in current animal experiments by strictly evaluating the risk
of bias, quality of evidence, internal and external authenticity
of animal experiments, with a view to better promoting the
development of animal experiments and the translation of animal
experimental results to clinical studies in the future.

MATERIALS AND METHODS

Inclusion and Exclusion Criteria

Subjects

Animal models of SCI were included, without limiting animal
species and modeling methods.

Interventions

The exosomes are derived from stem cells. Stem cell-derived
extracellular vesicles were excluded because extracellular vesicles
are vesicles that fall off the membrane or are secreted from
cells, ranging in diameter from 40 to 1,000 nm, contain a large
number of proteins, mRNA and miRNA, etc. These components
also have a function to regulate macrophage phenotype and
inhibit the inflammatory response and have not been well-
studied (23). Extracellular vesicles can be further divided into
three main types according to their release mechanism and size:
exosomes (<150 nm in diameter), microvesicles, and apoptotic
bodies (both larger than 100 nm) (24). Exosomes are the only
ones with the smallest diameter.

Comparisons: Normal Saline, PBS, and Other
Negative Controls

Outcomes

1) Basso-Beattie-Bresnahan (BBB) locomotor rating scale

The BBB score ranges from 0 to 21, which can directly reflect the
recovery of motor function. The higher the score, the better the
recovery of the rat’s motor function (25).

2) Apoptotic Protein and Anti-Apoptotic Protein

The expression levels of BAX and Bcl-2 protein in animals with
SCI were measured by Western blot analysis.

3) Pro-Inflammatory Factors

The expression levels of IL-18 and TNF-a in animals with SCI
were measured by Elisa.

4) Anti-Inflammatory Factor

The expression levels of IL-4 and IL-10 in animals with SCI were
measured by Elisa.

Type of Study
Control studies were included, with no restrictions on the
blind method.

Exclusion Criteria
Repeatedly published
literature; no access
incomplete data.

studies; non-Chinese
to full text and/or

and English
studies with
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Search Strategy

We searched scientific databases such as PubMed, Ovid-Embase,
and Web of Science. The relevant literature was retrieved from
inception to October 2021. The search terms were (exosome
OR exosomes OR secretome OR allochthon OR exosomal) AND
(spinal cord compression OR spinal cord contusions OR SCI OR
spinal cord injuries OR spinal injuries OR spinal cord trauma
OR spinal cord transection OR spinal cord laceration OR post
traumatic myelopathy), refer to Supplementary Table 1 for full
search strategies of each database.

Literature Screening and Data Extraction

Two trained researchers selected the articles and stringently
extracted the data based on the inclusion/exclusion criteria, and
the selections were cross-checked. In the case of disagreement, a
third researcher settled the conflict with a common consensus.
Data were extracted according to the pre-established full-text
data extraction checklist, including (1) Basic characteristics of
studies such as authors, publication years, country, type of study;
sex, age, body weight, sample size, and modeling methods of
the animals; type, source, dose, route, timing of transplantation
of exosomes; and intervention measures in the control group.
(2) Outcomes: BBB score, apoptotic protein and anti-apoptotic
protein, pro-inflammatory factors, and anti-inflammatory factor.

Risk of Bias Assessment

Based on SYRCLE's risk of bias tool for animal studies (26), two
trained researchers independently evaluated and crosschecked
the inherent risk of bias in the included studies, covering selection
bias, implementation bias, measurement bias, follow-up bias,
report bias, and other bias from a list of 10 questions or tools.
A difference in opinions were negotiated or decided by a third
party. The answer to the assessment questions (tools) should be
either “yes” that indicated low-risk of bias, or “no” that indicated
high-risk of bias. For unclear items, an answer with “unclear”
was assigned.

Quality Assessment of the Evidence

Whether the results of a systematic review of animal studies can
lead to clinical translation depends on the quality of the evidence.
Based on the GRADE evidence grading system (27), quantitative
indicators were used to assess the evidence quality in the
following five aspects: (1) research limitation; (2) inconsistency of
results; (3) indirectness; (4) inaccuracy; and (5) publication bias.
First of all, the evidence quality of each result was evaluated, and
then the evaluation results of each part were integrated to achieve
the grades of evidence: high, medium, low, and extremely low.

Statistical Analysis

STATA 16 software was used for statistical analysis. Weighted
mean difference (WMD) was used to study the effect analysis
statistic for continuous variable and the 95% CI as the effect
amount. Heterogeneity of results between studies was assessed
by a x2-test (the significant level for the heterogeneity test was
p = 0.1). Also, I? was used to judge the degree of heterogeneity.
The fixed-effect model was used for meta-analysis if the research
results were not statistically different. Conversely, if there were

statistical heterogeneity, the source of heterogeneity was further
analyzed, and the random-effects model was used for meta-
analysis after the exclusion of evident clinical heterogeneity. The
significance level (p-value) for tests was set at 0.05. A funnel chart
was drawn for the publication bias test.

RESULTS

A total of 701 related articles were obtained. After excluding the
literature based on the exclusion criteria, eventually 32 studies
were included (19-21, 28-56). The entire screening process is
summarized in Figure 1.

Basic Information for Inclusion in the Study
Among the included 32 studies, only two studies were controlled
studies (29, 33), and the remaining 30 studies were randomized
controlled studies. The species of animals included SD rats (19—
21, 28-37, 39, 40, 42-44, 46, 47, 49-53, 55, 56), Wistar rats
(41, 54), and C57BL/6 mice (38, 45, 48); gender included male
(28, 30-32, 38-45, 49, 53, 54) and female (19, 20, 29, 33, 34, 36,
37, 46-48, 50-52, 55, 56), two studies did not report the sex of
the animals (21, 35); the weights of animals were between 150
(41) and 300 g (20, 44), the weight of the mouse was between 17
and 22 g (48), and seven of the studies did not report the weight
of the animals (21, 29, 30, 38, 42, 45, 50); age was between 6
(38, 44, 45, 50, 51) and 12 weeks (47, 56), and nine of the studies
did not report the age of the animals (19, 21, 35-37, 42, 46, 51, 52);
samples size were between 10 (51) and 100 (41); models of SCI
included contusion (20, 21, 28-32, 34-53, 56), hemisection (54),
and transection (19, 33, 55); the types of exosomes included the

Publications screened and selected through database searches (n=701), including
PubMed (n=138), Web of science (n=302), Embase (n=261).

]

A 4

Duplicates removed(n=272)

| Records after duplicates removed(N=429) |
v
| Records screened(N=429) |

Excluded(n=383)

»| ® Irrelevant Animal models(n=101)
©®  Irrelevant interventions(n=95)

®  Irrelevant study types(n=187)

A

Full texts assessed for eligibility(N=46)

Excluded(n=14)
®  Irrelevant study types (n=2)
® Invitro (n=3)

®  Irrelevant interventions (n=9)

v

Publications included in the final synthesis(N=32)

FIGURE 1 | Flow chart of literature screening.
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exosomes of bone marrow mesenchymal stem cells of SD rats
(BMSCs-Exo) (20, 21, 28, 30, 34-37, 39, 42-44, 47, 49, 52, 53,
56), BMSCs-Exo of Wistar rats (41, 54), BMSCs-Exo of human
(19, 33, 50), exosomes of human placental mesenchymal stem
cells (HpMSC-Exo) (55), exosomes of human umbilical cord
mesenchymal stem cells (hUC-MSC-Exo) (48, 51), and exosomes
of neural stem cells from SD rats (NSCs-Exo) (29). Six studies
reported types of exosomes but did not report specific sources
(31, 32, 38, 40, 45, 46). The transplantation route of exosomes
included tail vein (19-21, 29-32, 34-50, 52-56), intranasally (33)
and subcutaneous (51), and one study did not report the route
of exosome transplantation (28); the time transplantation of
exosome ranged from 0 (19, 20, 31, 38, 41, 44-47, 49) to 24 h (42,
43) after modeling, one study did not report the time of exosome
transplantation (40); dose of exosomes ranged from 20 (29) to
200 g (28,30-33,36-38, 41, 43, 45-49, 53, 56); the control group
includes PBS (19-21, 28-32, 34, 35, 38, 39, 41, 43-51, 53-56),
saline (33, 36, 37, 40, 42), and blank (52). Basic information of
the study subjects was summarized in Supplementary Table 2.

Results From Assessing the Risk of Bias,

Quality of Evidence, and Publication Bias

Among the included 32 studies, 30 studies were randomized
controlled studies, but they did not report the specific
randomization method and whether covert groupings are
implemented. A total of 30 studies reported the similarity of
baseline characteristics such as age, sex, or weight of animals;
in total, 25 studies reported randomized placement of animals
during the experiment. Based on the limited information

provided by the included studies, none of the studies were
able to determine whether or not blinding animal breeders
and/or researchers. Only two studies reported measuring results
by randomly selecting animals, only 19 studies blinded the
evaluators of the results. All the experimental animals of 32
studies were included in the final analysis, although no research
protocol was available for any of the studies, all expected results
were reported. The risk of bias assessment for all studies is
detailed in Figure 2.

Among the seven outcome indicators, the quality of evidence
was either “low” or “very low.” The reasons for the degradation
of evidence quality included the lack of intrinsic authenticity of
animal studies and the possibility of large publication bias. The
results of the evidence quality assessment included in the study
are shown in Supplementary Table 3.

Through the publication bias detection of the research data of
1 week of BBB score, the results showed that the funnel plot was
asymmetric, suggesting that there was a certain publication bias
in the included research (Figure 3).

Results of the Meta-Analysis

BBB Score

Twenty-nine studies reported the results of BBB scores of animals
after exosome transplantation (19-21, 28-37, 39-44, 46, 47, 49—
56). The meta-analysis results of the random effects model
showed that the BBB score of the exosome group was significantly
better than that of the negative control group, and the difference
was statistically significant [1st week after transplantation: WMD
= 1.82 (1.18, 2.46). Second week after transplantation: WMD
= 2.75 (2.21, 2.39), 3rd week after transplantation: WMD =

Was the allocation sequence adequately generated and applied?

Were the groups similar at baseline or were they adjusted for confounders in the
analysis?

Was the allocation adequately concealed?

Were the caregivers and/or investigators blinded from knowledge which
intervention each animal received during the experiment?

Are reports of the study free of selective outcome reporting?

Were the animals randomly housed during the experiment? [

Were animals selected at random for outcome assessment? [l

Was the outcome assessor blinded? [
Were incomplete outcome data adequately addressed? [ .

Was the study apparently free of other problems that could result in high risk of —_——-——-—
bias?
0 5 10 15 20 25 30 35
Unclear risk of bias

¥ Low risk of bias ® High risk of bias

FIGURE 2 | Risk of bias of each item of SYRCLE tool for overall included studies. Each risk of bias item presented as percentages across all included studies, which
indicated the proportion of the different level risk of bias for each item.
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Eunred dlotlih PR - 3.18 (2.52, 3.83), and 4th week after transplantation: WMD =
unnel plot with pseudo 6 contiaence limits . . .
- 4.00 (3.25, 4.75), Figure 4]. The abovementioned meta-analysis
i results are a combined analysis of the research results of different
AR animals, modeling methods, different sources, transplantation
8 \ routes, and transplantation doses of exosomes. Although the
n \ . . . .
5 \e® o results of different periods are very consistent, there is a large
\ . . - .
T SN s = heterogeneity, which may reduce the reliability of meta-analysis
bS] L) .
5 - results. Therefore, we conducted a meta-analysis of the above
s \ factors into subgroups to reduce the heterogeneity among the
8 \ included studies. The results of subgroup analysis showed that the
] \ L
& P \ BBB score of the exosome group was significantly better than that
\ . .
\ of the negative control group, and the heterogeneity among the
N included studies was significantly reduced (Table 1). Therefore,
. R . . . our results are reliable.
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FIGURE 3 | Funnel plot of BBB score at the 1st week. A total of seven studies reported the expression level of BAX
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FIGURE 4 | Meta-analysis results of BBB score (A) 1st week; (B) 2nd week; (C) 3rd week; (D) 4th week.
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TABLE 1 | Results of subgroup analysis of BBB score (number of studies in brackets).

Species SCI models Source Transplant route Transplant dose WMD 2

SD rats (27) Contusion (23) BMSCs-Exo (21) Tail veins (19) 100 pg (8) 1 week: 1.47 [0.30, 2.65] 24.0%
2 weeks: 2.26 [1.04, 3.49] 20.5%
3 weeks: 2.48 [0.27, 4.70] 26.6%
4 weeks: 3.72 [1.81, 5.63] 25.4%

SD rats (27) Contusion (23) BMSCs-Exo (21) Tail veins (19) 200 ng (11) 1 week: 1.76 [1.16, 2.36] 16.9%
2 weeks: 2.98 [2.33, 3.63] 18.3%
3 weeks: 3.74 [2.93, 4.56] 15.5%
4 weeks: 4.36 [3.46, 5.26] 13.9%

SD rats (27) Contusion (23) BMSCs-Exo (21) Subcutaneous (1)

SD rats (27) Contusion (23) BMSCs-Exo (21) Not reported (1)

SD rats (27) Contusion (23) NSCs-Exo (2) Tail veins (2) 20 ng (1)

SD rats (27) Contusion (23) NSCs-Exo (2) Tail veins (2) Not reported (1)

SD rats (27) Transection (3) BMSCs-Exo (2) Intranasal (1)

SD rats (27) Transection (3) BMSCs-Exo (2) Tail veins (1)

SD rats (27) Transection (3) HpMSC-Exo (1)

SD rats (27)
C57BL/6 mice (3)
Wistar rats (2)
Wistar rats (2)

Not reported (1)
Not reported (3)
Hemi-sectioned (1)
Contusion (1)

random effects model showed that the expression level of BAX
of the exosome group was significantly lower than that of
the negative control group, and the difference was statistically
significant [WDM = —0.70 (—0.98, —0.42), Figure 5]. A total of
eight studies reported the expression level of Bcl-2. The meta-
analysis results of the random effects model showed that the
expression level of Bcl-2 of the exosome group was significantly
better than that of the negative control group, and the difference
was statistically significant [WDM = 0.45 (0.25, 0.66), Figure 5].
Subgroup analysis is impossible due to the limited number of
included studies.

Pro-inflammatory Factors

A total of seven studies reported the expression level of IL-18
(31, 38, 39, 45, 49, 53, 56). Also, a total of seven studies reported
the expression level of TNF-a (31, 38, 39, 45, 48, 49, 53). The
meta-analysis results of the random effects model showed that
the expression level of IL-1p and TNF-a of the exosome group
was significantly lower than that of the negative control group,
and the difference was statistically significant [IL-18: WDM
= —158.37 (—207.70, —109.04), Figure 6A; TNF-o: WDM =
—259.92 (—336.28, —153.56), Figure 6B].

Anti-inflammatory Factor

A total of three studies reported the expression level of IL-4 and
IL-10 (31, 45, 48). The meta-analysis results of the random effects
model showed that the expression level of IL-4 and IL-10 of the
exosome group was significantly better than that of the negative
control group, and the difference was statistically significant [IL-
4: WDM = 33.77 (2.89, 64.66), Figure 6C; IL-10: WDM = 46.47
(13.87,79.07), Figure 6D].

DISCUSSION

Overview of Evidence

The recovery of sensory and motor functions is crucial for
patients with SCI. Our meta-analysis results indicated that
exosomes derived from different stem cells can significantly
improve the motor function of animals with SCI. The possible
reason is that exosomes can improve the integrity of the blood-
brain barrier (57) and inhibit neuronal apoptosis and necrosis
(32). Based on the BBB score results at different time points, we
found that the effect size of the BBB scores increased from the
1st to 4th weeks, indicating that the effect of exosome treatment
gradually increased with time. The possible reason was that the
exosome circulated in the body for a long time, and so the
effect time was also long. Of course, the sustained repair role of
endogenous stem cell activation on SCI also could not be ruled
out (58). Although our study evaluates the therapeutic effect of
exosomes as much as possible, the current study includes only 4-
week follow-up data, and it is unknown whether the exosomes
still perform well over a longer period of time. Therefore, future
studies should further extend the follow-up time to observe
whether or when exosomes can promote the complete recovery
of motor function in SCI animals. In addition, while a direct
comparison of exosomes of different stem cell sources is currently
lacking, we could draw from the results of subgroup analysis
that HpMSC-Exo and hUC-MSC-Exo are superior to BMSCs-
Exo and NSCs-Exo in promoting motor function recovery in
animals with SCI. However, fewer studies were included in
subgroup analysis, which reduced the reliability of meta-analysis
results. Therefore, more studies are needed to explore the efficacy
of exosomes from different stem cell sources in repairing SCI
to determine the best source of exosomes and promote the
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FIGURE 5 | Meta-analysis results of BAX and Bcl-2.

translation of animal experimental results to clinical practice.
Meanwhile, a direct comparison of efficacy between exosomes
of different stem cells is also an aspect of future studies. In
addition, there may be great differences in the efficacy of different
doses of exosome transplantation to promote the recovery of
SCI. For example, Sun et al. compared the results of 200 and 20
ng of exosome transplantation doses and found that the motor
function score of the 200 jLg exosome group was significantly
higher than that of the 20 pug exosome group, and there was no
significant difference between the 20 g exosome group and the
PBS group (48). Therefore, the optimal transplantation dose of
exosomes should also be of concern in the future.

The pathophysiological mechanism of SCI is very
complicated, including apoptosis, inflammation, vascular
injury, excitotoxicity, electrolyte disturbance, and mitochondrial
dysfunction (35). Among them, apoptosis and inflammation are
the two main events of secondary injury after SCL. The degree
of apoptosis affects the functional recovery of SCI, which plays
an important role in neuronal survival and axon regeneration
(59). Apoptosis is mainly regulated by the upstream Bcl-2 family
and the downstream caspase family, where anti- (Bcl-2) or
pro-apoptotic (BAX) molecules are the most common apoptotic
markers of programmed cell death, affecting the recovery of
function after SCI (35, 60). Previous studies have shown that

SCI promotes BAX expression and inhibits Bcl-2 expression
(61, 62). In our study, the protein expression levels of apoptotic
proteins (BAX) were significantly lower in the Exo group than
in the negative group, while the anti-apoptotic protein (Bcl-2)
level was observed to be significantly elevated. This suggests that
exosomes have a protective effect on neuronal apoptosis induced
by SCI (29).

In addition to the neuronal apoptosis, the blood-brain
barrier of animals after SCI is destroyed. Neutrophils and M1
macrophages in the blood can rapidly infiltrate the damaged
spinal cord tissue and secrete a large number of inflammatory
factors, such as TNF-a, IL-1f, and IL-6 (63, 64). Increased levels
of TNF- and IL-1 can be detected as early as 15 min after SCI,
causing further SCI through its involvement in responses such
as inflammation, demyelination, neuronal apoptosis, astrocyte
toxicity, excitotoxicity, and oligodendrocyte death (2). In
contrast, M2 macrophages suppress the inflammatory immune
response by producing IL-4 and IL-10 cytokines (65, 66). The
anti-inflammatory factor IL-10 can reduce the TNF-a produced
by astrocytes and the antigen presentation of astrocytes and
microglia, and significantly improve the functional recovery
of animals after SCI (67, 68). Consistent with the results of
animal studies, our meta-analysis showed that the secretion levels
of anti-inflammatory factors were significantly higher in the
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FIGURE 6 | Meta-analysis results of pro-inflammatory factors and anti-inflammatory factors (A) IL-18; (B) TNF-a; (C) IL-4; (D) IL-10.

exosome group than in the negative controls, and instead, the
levels of pro-inflammatory factors were significantly lower than
in the negative controls (31, 38, 39, 45, 48, 49, 53). We found that
exosome transplantation can significantly reduce the apoptosis
and inflammatory response of SCI animals, which is essential
to promote the recovery of sensory and motor functions and
prevent secondary SCI.

In conclusion, through the strict systematic review, we
found that stem cell-derived exosomes have anti-inflammatory
and anti-apoptotic effects and can significantly improve the
motor function of animals with SCI. Therefore, the therapeutic
potential of exosomes in SCI is enormous. Despite the success
of exosome therapy for SCI in animal disease models, there
are still some potential issues that need to be addressed before
this approach can be translated into clinical applications due to
the vast physiological differences between animals and humans.
For example, future animal studies should further extend the
follow-up time of animals and explore the therapeutic effect
of exosomes over a longer period of time. At the same time,
the therapeutic effect of different stem cell-derived exosomes

should also be compared, and the types of exosomes with the
most potential should be explored, as well as the best treatment
strategies of exosomes, such as the best transplantation route,
dose, and timing.

Quality of Evidence

Based on the strict systematic review, our study found that
the current animal experimental evidence quality of stem cell
repair of SCI was not high, which reduced the reliability of the
experimental results to a certain extent.

There Was Heterogeneity in the Included Studies

1. Inconsistencies in the definition of exosomes in different
studies, such as the diameter of 20-130nm extracted by
Huang et al. (35) and Huang W et al. as 30-200 nm (21).

2. Exosome types (BMSCs, hUCMSCs, HpMSCs, and NSCs),
sources (allogeneic animals or human tissues), transplantation
route (intranasal, intravenous, subcutaneous transplantation),
transplantation timing (immediately to 24h after surgery),
and transplantation dose (20-200 jLg) are inconsistent.
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3. The baseline characteristics of animal species (SD rats, Wistar
rats, C57/BL6 mice), age (6-12 weeks), body weight (17-
300 g), and models (contusion, hemisection, and transection)
are inconsistent.

4. There was also inconsistency in the outcome measures.
Especially for BBB scores, although its 21 entries clearly
illustrate how to score, differences in familiarity and
understanding of BBB score criteria among different
experimental researchers can lead to differences in scores
obtained on the same degree of SCI between different studies,
ultimately affecting the reliability of the results (69).

Although our subgroup analysis has reduced the heterogeneity
among included studies to some extent, the test efficacy of
the subgroup analysis was limited by the small number of
studies. In conclusion, the limitation of included interstudy
heterogeneity somewhat reduces the reliability of the results of
our meta-analysis.

Insufficient Intrinsic Authenticity of Included Studies
Selection Bias

Although the baseline characteristics of animals in the same
study, such as age, gender, and weight, are balanced, the baseline
characteristics of animals in different studies are quite different.
In addition, the included studies have not reported the details
of the random allocation of animals to the experimental group
and the control group. Therefore, we cannot determine whether
the random grouping method is correct. At the same time, there
is no research report on whether allocation concealment was
implemented; therefore, there is a certain selective bias in the
included studies. Future research needs to further standardize
the grouping of animals and report the implementation details
of experiments in accordance with the ARRIVE guidelines so as
to improve the quality of the report of animal experiments (70).

Implementation Bias

Although 78.13% (25/32) of the studies reported randomized
placement of animals during the breeding process, none of
the studies could determine whether to blind animal breeders
and researchers. Although there is no need to blind animals,
it is necessary to blind the experimenters to avoid the
introduction of implementation bias due to subjective factors in
the implementation stage of intervention measures.

Measurement Bias

Only 59.38% (19/32) of the studies blinded the result evaluators,
and 6% (2/32) of the studies randomly selected animals during
the evaluation of the results, leading to a certain measurement
bias in the included studies. Therefore, future studies should
focus more on the application of randomization and blinding in
outcome evaluation to improve the repeatability and reliability of
animal experiments (71).

Report Bias

Protocols were not available for all studies, and it cannot be
determined whether all of their experimental results will be
reported without bias. Selective reporting of results can lead
to publication bias, which affects the reliability of experimental

results (72). Although it is difficult to register and report
protocols of animal experiments, we still encourage animal
experiment researchers to register experiment protocols forward-
looking to avoid publication bias caused by selectively reporting
animal experiment research results (72).

Publication Bias

Experiments with positive results are generally more likely to
be published than those with negative or invalid results (73).
Publication bias may be more serious in animal experiments
(74). Systematic reviews that do not include unpublished studies
are likely to overestimate the effects of interventions. The
asymmetric funnel plot suggests that the current study may be
subject to publication bias to some extent. In conclusion, in the
field of experimental research, it is necessary to take measures
to promote data sharing and develop policies to encourage and
require journals to publish studies with negative or neutral results
in order to avoid the “drawer document” effect and reduce the
impact of publication bias on their results (75).

Quality of Evidence

The overall quality of evidence is a key factor affecting decision-
making. Due to the large inherent bias risk and publication bias
in the current animal experiments, as well as the inaccuracy of
the results (mainly the wide confidence interval), the credibility
of our meta-analysis results is greatly reduced. Therefore, future
animal experiments should follow the ARRIVE guidelines and
SYRCLE’s risk of bias tool, improve the evidence quality of
animal experiments as much as possible, and promote the clinical
translation of exosome therapy for SCI as soon as possible.

Insufficient External Authenticity of Included Studies
External authenticity refers to the extent to which clinical trial
results can be reproduced repeatedly in the target population and
daily population (76). For animal studies, external authenticity
mainly relates to the reproducibility of animal experiments and
the feasibility of transforming animal experiment results into
clinical practice.

1. Through a comprehensive evaluation of the included studies,
we found that the internal authenticity of current animal
experiments is insufficient, and the quality of animal
experiments reports needs to be improved, which reduces
the reliability and repeatability of animal experiments to
some extent.

2. In animal studies, the efficacy of exosomes can only be
explored by BBB score, apoptosis protein, inflammatory
factors, and other relatively objective outcome indicators.
However, the subtle changes in sensory function, nerve root
movement, and pain that are clinically concerned cannot be
fully studied by animal studies.

3. There are various sources of exosomes in animal experiments,
but in clinical research, due to safety and ethical restrictions,
exosomes can only come from human tissues.

4. In animal studies, there are various models of SCI (including
contusion, transection, and hemisection), and the injury sites
are all thoracic spine or lumbar spine. In clinical research,
cervical spine injury is more common (77). Meanwhile,
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experimental animals, in contrast to human patients, are
injured under controlled conditions with a simple wound
to a targeted spinal region and are more uniform and less
complex. Generally, people suffer from multiple injuries, such
as fractures of vertebrae, or even accompanying traumatic
injury of the brain (78).

. In clinical studies, patients with SCI may have debilitating
states such as aging and diabetes that may decrease the ability
of exosomes to promote neural regeneration and angiogenesis,
while it is difficult to simultaneously simulate the debilitating
state in animal studies (79).

. The safety of a drug or treatment is the prerequisite for
its clinical application, followed by its effectiveness (80).
However, except for Huang et al. (20), few studies evaluated
the side effects of exosomes, such as hepatotoxicity. Therefore,
future research should also pay attention to the side effects of
exosome transplantation.

In short, due to the abovementioned external authenticity
restrictions, the feasibility of the current animal experimental
results to be transformed into clinical practice is reduced.

Strengths and Limitations of the Present
Study

Key strengths of this systematic review: (1) We comprehensively
evaluated and analyzed the role of exosomes in SCI and the
limitations of current animal experiments while pointing out
the problems and directions for improvement. This is the first
time in the current field. (2) We comprehensively evaluated the
therapeutic effect of exosomes in SCI from the macro (BBB
score) and micro (apoptotic proteins, inflammatory factors)
perspectives, and conducted subgroup analysis of the research
results to increase the reliability of the results. (3) Based on the
internationally recognized SYRCLE bias risk assessment tool, the
internal bias risk of animal studies was strictly evaluated, and the
problems in the design and implementation of animal studies
in this field were pointed out. At the same time, suggestions
on how to improve the quality of animal experiments were
given. This is essential to improve the quality of future animal
experiments and explore the therapeutic effect of exosomes more
accurately. (4) Based on the GRADE evidence grading system, the
evidence quality of each outcome indicator was evaluated, and
the feasibility of transforming animal studies to clinical trials was
evaluated more scientifically.

Limitations of this systematic review: (1) We determine
whether the study was included in our comprehensive analysis
based on the definition of exosomes in animal studies. It
may be excluded that some exosomes are not well-defined,
but the intervention is the study of exosomes. (2) For the
outcome indicators such as apoptotic proteins and inflammatory
factors, most studies only reported the results at the end of
the follow-up, and there were significant differences. Therefore,
our data at different time points were combined, resulting
in greater heterogeneity and reducing the reliability of meta-
analysis results. (3) We could not accurately identify the source

of heterogeneity; therefore, we adopted a random-effects model
for meta-analysis, making our conclusions more conservative. (4)
Only Chinese and English databases were retrieved, which may
lead to a certain language bias. (5) Gray literature and conference
abstracts were not searched, potentially leading to the generation
of publication bias.

CONCLUSION

Through the comprehensive analysis of the 32 studies included,
we found that exosomes from different stem cells could
significantly improve the motor function of animals with
SCI, increase the levels of anti-apoptotic proteins and anti-
inflammatory factors, and reduce the levels of apoptotic proteins
and pro-inflammatory factors. We also found that the repair
effect of exosomes derived from human tissues is better than
that of exosomes derived from animal tissues, and the longer
the treatment time of exosomes, the more significant the
improvement effect on SCI.

However, through a comprehensive analysis of the quality of
evidence, internal authenticity and external authenticity of the
included studies, we believed that current animal studies still
have certain problems in randomization, allocation concealment,
blinding, and result from measurement and reporting. Therefore,
future research needs to further standardize the implementation
and reporting of animal studies to improve the quality
of evidence in preclinical research and promote better the
translation of preclinical research results into clinical practice.
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