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Abstract

Stem cell transplantation has been applied to treat spinal cord injury (SCI) in clinical trials for many years. However, the
clinical efficacies of stem cell transplantation in SCI have been quite diverse. The purpose of our study was to systematically
investigate the efficacy of stem cell transplantation in patients with SCI. The PubMed, Web of Science, Ovid-Medline,
Cochrane Library, China National Knowledge Infrastructure, VIP, Wanfang, and SinoMed databases were searched until
October 27, 2020. Quantitative and qualitative data were analyzed by Review Manager 5.3 and R. Nine studies (n = 328)
were included, and the overall risk of bias was moderate. The ASIA Impairment Scale (AlS) grading improvement rate was
analyzed in favor of stem cell transplantation group [odds ratio (OR) = 6.06, 95% confidence interval (Cl): 3.16—11.62, P <
0.00001]. Urodynamic indices also showed improvement in bladder function. In subgroup analyses, the results indicated that
in patients with complete (AIS A) SCI, with the application of cell numbers between n*(107—10%), two cell types (i.e., bone
marrow—derived mesenchymal stem cells and bone marrow mononuclears), and treatment time of more than 6 months,
stem cell transplantation was more beneficial for sensorimotor function (P << 0.05 for all groups). The risk of fever incidence
in the stem cell transplantation group was 4.22 (95% Cl: 1.7-10.22, P = 0.001), and principal component analysis (PCA)
suggested it was more related to transplanted cell numbers. Thus, stem cell transplantation can promote functional recovery
in SCI patients. Moreover, the type and quantity of transplanted stem cells and treatment time are important factors affecting
the therapeutic effect of stem cell transplantation in SCI. Further studies are needed to evaluate the effects and elucidate the
mechanisms of these factors on stem cell therapy in SCI.
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Introduction
Spinal cord injury (SCI) is a grievous neurological disease ' Department of Histology and Embryology, College of Basic Medical
caused by traumatic and nontraumatic injuries, which leads Sciences, Jilin University, Changchun, P.R. China

to different degrees of sensorimotor injury and sphincter
dysfunction. The incidence of SCI reaches 0.015%o to
0.04% and the cases exceed 1 million in North America'.
In addition, in Japan, the proportion of SCI in trauma
patients is increasing annually*. Meanwhile, the healthcare =~ Corresponding Authors:
cost is extremely high and can reach as much as $7 billion Ying Liu, Department of Histology and Embryology, College of Basic
1 . .. Medical Sciences, Jilin University, Changchun 130021, Jilin Province,

a year'. Studies have also shown that the incidence of SCI PR. China.
increases with age, peaking at 46 and 60°. SCI is still incur- Email: 86656456@qq.com
able because of high disability, and there is no suitable
therapy to improve functional recoveryﬁ. Medical Sciences, Jilin University, Changchun 130021, Jilin Province, P.R.

Currently, many therapies, such as surgery’°, medication China.
physical treatment!*>!#, and traditional Chinese therapy, have  Email: liujm@jlu.edu.cn

* They are co-first authors.
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been applied to SCI, but the clinical efficacy of these thera-
pies is not satisfactory. Stem cells have a great application
prospect due to the ability to renew themselves and differen-
tiate into functional cells. In recent years, stem cells, includ-
ing mesenchymal stem cells (MSCs)!'>!°, neural stem cells
(NSCs)!7, embryonic stem cells (ESCs), and induced plurip-
otent stem cells (iPSCs)'8, were frequently used in basic
experimental research and clinical studies for SCI. These
stem cells have the ability to deliver growth factors, provide
trophic support, improve the microenvironment, regulate the
inflammatory response, and remyelinate!>!*2!. All of them
can live within the host spinal cord for a period of time,
differentiating into neurons and glial cells, and then they can
promote the recovery of spinal cord functions to different
degrees". However, there are inconsistencies in the efficacy
of clinical trials. A case report has shown that a patient has
significant improvement in sensory function and lower limb
muscle strength recovery after MSCs and CD34 cells in
combination with intrathecal injection’*?. But studies have
shown that transplanting MSCs with lumbar puncture (LP)
or injecting MSCs into the lesion site for treating SCI has no
functional recovery, or the functional improvement between
the treatment and control groups is not significant?>-2>,

Thus, it is necessary to critically review these trials with
respect to methodology, trial design, transplantation strate-
gies (i.e., cell numbers, transplantation methods, and cell
types), and outcome indicators [i.e., ASIA Impairment Scale
(AIS) grading and urodynamic index]. This meta-analysis
aims to provide a comprehensive reference for treating SCI
with stem cell transplantation using different cell numbers,
cell types, and transplantation methods. We also analyzed the
urodynamic index and adverse reactions to provide the impe-
tus for further studies.

Method

Protocol and Registration

The protocol of the meta-analysis was registered in the
International Platform of Registered Systematic Review and
Meta-analysis Protocols (No. INPLASY202140034).

Search Strategy

The PubMed, Web of Science, Ovid-Medline, Cochrane
Library, China National Knowledge Infrastructure (CNKI),
VIP, Wanfang, and SinoMed databases were searched up to
October 27, 2020. The search terms included “spinal cord
injuries,” “stem cell transplantation,” “progenitor cell trans-
plantation,” “cell transplantation,” and “clinical trials” in com-
bination with the Boolean operators “OR” and “AND.” The
detailed search strategies are listed in Supplementary Table 1.

ERINT3

Inclusion and Exclusion Criteria

All studies were screened according to inclusion and exclusion
criteria?®. The inclusion criteria included (1) study subjects:

patients with SCI; (2) intervention: stem cell transplantation;
(3) outcome indicators: (a) sensorimotor function indicator:
AIS grading and (b) urodynamic indices; and (4) study types:
clinical control trials (CCTs) or randomized controlled trials
(RCTs).

The exclusion criteria included (1) study subjects: ani-
mals; (2) the outcome indicators in the study did not include
those listed in the inclusion criteria; and (3) the study was not
a CCT or RCT, such as case reports, reviews, and economics
or satisfaction studies.

Data Extraction

Two researchers independently reviewed the included stud-
ies and extracted information based on uniform standards,
including the first author’s name, publication year, country,
methodological characteristics (study types, allocation,
blinding), sample size and basic information (average age,
gender), the degree of SCI before treatment, treatment mea-
sures (cell types, cell numbers, transplantation methods), the
outcome indicator (AIS grading and urodynamic index), and
adverse reactions. An AIS grading that increased by a level
or more before and after treatment was considered efficient.
In all included studies, information was cross-examined.
Inconsistencies were discussed, and then, a third researcher
determined the final result.

Assessment of Quality

The quality of the included studies was assessed by the
Cochrane manual. The evaluation items included (1) random
sequence generation; (2) allocation concealment; (3) blind-
ing of participants and personnel; (4) blinding of outcome
assessment; (5) incomplete outcome data; (6) selective
reporting; and (7) other bias. According to the extracted
information, each item of the included studies had three
levels: “low risk of bias,” “unclear risk of bias,” or “high risk
of bias.” The bias of publication was assessed by the funnel
plot and Egger’s test.

Statistical Analysis

Data were collected by Microsoft Excel 2016, and meta-
analysis was performed by Review Manager 5.3. For senso-
rimotor function indicator and adverse events, dichotomous
data were assessed using odds ratio (OR) or risk ratio (RR)
with 95% confidence intervals (95% Cls) and P values. The
heterogeneity evaluation adopted chi-square test or /* test.
2 < 50% or P > 0.1 was interpreted as low heterogeneity,
and a fixed-effects model was used; otherwise, a random-
effects model was used. For the urodynamic index, a sys-
tematic review was conducted due to a small number of
studies and inconsistent data. Principal component analysis
(PCA) was conducted by prcomp function of factoextra
package in R software to evaluate the correlation between
the incidence of adverse events and treatment measures. To
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Studies were identified through searching
PubMed(n=205), Web of science(n=48),
OvidMedline(n=39) and The Cochrane Library(n=14)

Studies were identified through searching China
National Knowledge Infrastructure(n=25), VIP(n=2),
Wanfang(n=31) and SinoMed databases(n=06)

|

| Duplicated studies were removed(n=280) |

}

I Studies were screened(n=280) |

Studies were excluded, with reasons(n=238)

1.Animal model(n=101)

2 Reviews(n=83)
3 Non-clinical trials(n=44)
4.Other diseases(n=5)

I Full-text articles were assessed for eligibility(n=42) I

3.0ther treatment methods(n=5)
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1.Non RCTs or CCTs(n=23)
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3.Others(n=3): case report(n=2) and safety
assessment(n=1)

Studies were included in qualitative synthesis(n=9)
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Studies were included in qualitative synthesis
(meta analysis)(n=9)

Figure |. PRISMA flow diagram.

AIS: ASIA Impairment Scale; CCT: clinical control trial; PRISMA: Preferred Reporting Items for Systematic Reviews and Meta-Analyses; RCT: randomized

controlled trial.

verify the robustness of the conclusions, a sensitivity analy-
sis was performed by computing the impact of excluding
individual studies from the analysis.

Result

Search Results

After searching the PubMed, Web of Science, Ovid-Medline,
Cochrane Library, CNKI, VIP, Wanfang, and SinoMed data-
bases, we obtained 460 studies in total. We deleted 180
duplicate studies using Endnote X9. A total of 280 studies
were excluded after browsing the titles/abstracts, and 238
studies were excluded with reasons of animal models
(n = 101), reviews (n = 83), non-clinical trials (n = 44),
other diseases (n = 5), and other treatment methods (n = 5).
After reading the full text, 33 studies were excluded due to
23 being non-CCTs or non-RCTs, 7 studies not reporting out-
come indicators, 2 studies being a case report, and 1 study
being a safety assessment. Finally, nine studies’’>° were
included in the meta-analysis. The flow chart is shown in the
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) flow diagram (Fig. 1).

Study Characteristics

The study types were mainly phase I/II CCTs. Studies were
performed in six countries from Asia, Europe, and Africa.
Among the 328 patients in the included studies (188 in the

stem cell transplantation group and 144 in the control group),
sample sizes ranged from 7 to 50, participants’ average age
was 30 to 40 years, and most of them were male (Table 1). A
total of 272 patients had severe SCI before treatment, with an
AIS grading of A, and 53 patients had an AIS grading of B or
C before treatment. All patients received surgery, rehabilita-
tion, physiotherapy, or meditation; the transplantation group
adopted stem cell transplantation, whereas the control group
did not. Six studies treated SCI by transplanting bone mar-
row—derived mesenchymal stem cells (BM-MSCs, n = 234),
and three studies used one type of umbilical cord—derived
mesenchymal stem cells (UC-MSCs, n = 24), human fetal
brain—derived nerve stem/progenitor cells (WNSPCs, n =
34), and bone marrow mononuclears (BM-mononuclears,
n = 36). The cell transplantation numbers ranged from 10° to
108. A total of 125 patients in three studies received trans-
plant cells via LP, 146 patients in four studies received trans-
plant cells by injection into the lesion site, 36 patients in one
study received transplant cells by injection into the cystic
cavity and intravenous drip, and 14 patients in one study
received transplant cells via two methods (half of them by LP
and half by injection into the lesion site). The treatment time,
which was the period from transplantation to neurological
assessment, ranged from 3 to 12 months (Table 2).

Risk of Bias in the Included Studies

Five studies reported random sequences but did not report
specific methods of random sequence generation. No study
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Table 1. Basic Characteristics of the Study Design of Included Clinical Trials.

Sample size/gender

Author Year Country  Design Blinding SCT Control Average age (years)
Cheng et al.?’ 2014 China RCT NR 10/NR 14/NR 35.25
Karamouzian et al.32 2012 Iran CCT NR 11(7/M, 4/F) 20(17/M, 3/F) 334

Shin et al.3' 2015 Korea CCT NR 19(16/M, 3/F) 15(12/M, 3/F) 37.2

Dai et al.?® 2013 China RCT NR 20(16/M, 4/F) 20(16/M, 4/F) 34.9
El-Kheir et al.34 2014  Egypt RCT Single-blind 50(61M, 9F) 20 | 6-45
Chernykh et al.?” 2007 Russia CCT NR 18(14/M, 4/F) 18(12/M, 6/F) 324
Chhabra et al.® 2016 India RCT Single-blind 14(1'1/M, 3/F) 7/NR 24.9/T
Yoon et al.3? 2007 Korea CCT Single-blind 35(26/M, 6/F) 13(9/M, 4/F) 413

Xie et al.3 2007 China RCT NR 11(9/M, 2/F) 13(10/M, 3/F) 18—49/T, 21-53/C

C: control group; CCT: clinical controlled trail; F: female; M: male; NR: not reported; RCT: randomized controlled trail; SCT: stem cell transplantation;

T: stem cell transplantation group.

conducted allocation hiding. Among three studies, a single-
blind procedure was reported, in one of which observers did
not know the way of group assignment. Only one study had
missing data, but the reasons and processing results of miss-
ing data were reported. No study had selective reporting or
other bias. The overall risk of bias of included studies was
assessed as moderate (Fig. 2).

Major Outcomes

Sensory and Motor Function Indicator

This indicator was assessed among 328 patients in nine
studies. The fixed-effects model was used to evaluate the
AIS grading improvement rate due to low heterogeneity
between studies (P = 0.83, > = 0%). The forest plot indi-
cated that compared with the control group, the AIS grad-
ing of the stem cell transplantation group was statistically
improved (OR = 6.06, 95% CI: 3.16-11.62, P < 0.00001)
(Fig. 3). The funnel plot showed that no study was outside
the funnel, and Egger’s test indicated that there was no
publication bias (P = 0.226) (Fig. 4). The sensitivity anal-
ysis confirmed the reliability and stability of the current
findings.

Urodynamic Index

The urodynamic index was reported for 95 patients in four
studies (Table 3). The results showed that the bladder func-
tion of patients improved after stem cell transplantation com-
pared with that before treatment.

Subgroup analysis

Subgroup analysis of different AlS gradings before treatment. We
divided the patients into two subgroups based on their degree
of injury before treatment. Eight studies with 272 patients
with AIS A reported that the AIS grading significantly

improved (OR = 5.60, 95% CI: 2.87-10.93, P < 0.00001).
Three studies with 53 patients with AIS B or C reported that
the AIS grading improved, but not significantly (OR = 8.45,
95% CI: 1.04-68.50, P = 0.05) (Fig. 5).

Subgroup analysis of different cell transplantation numbers. We
divided patients into three subgroups based on the cell
transplantation numbers. One study with 31 patients
reported AIS grading had no statistically significant
improvement with n*10° cells between groups (OR = 4.72,
95% CI: 0.86-26.04, P = 0.07). Two studies with 64
patients reported that the AIS grading significantly
improved with n*107 cells between groups (OR = 10.33,
95% CI: 2.60-41.02, P = 0.0009). Five studies with 197
patients reported that the AIS grading significantly
improved with n*108 cells between groups (OR = 5.30,
95% CI: 1.96-14.31, P = 0.0010) (Fig. 6).

Subgroup analysis of different transplantation methods. We
divided patients into three subgroups based on the trans-
plantation methods. Three studies with 125 patients reported
that the AIS grading significantly improved by LP between
groups (OR = 7.63, 95% CI: 2.43-23.96, P = 0.0005). Four
studies with 146 patients reported that the AIS grading sig-
nificantly improved by injecting into lesion site between
groups (OR = 6.62, 95% CI: 2.34-18.78, P = 0.0004). One
study with 36 patients reported that the AIS grading sig-
nificantly improved by injecting into the cystic cavity and
intravenous drip between groups (OR = 5.20, 95% CI:
1.25-21.57, P = 0.02) (Fig. 7).

Subgroup analysis of transplanted stem cell types. We divided
patients into four subgroups based on cell types. Six stud-
ies with 234 patients reported that the AIS grading signifi-
cantly improved with adopting BM-MSCs between groups
(OR =6.97,95% CI: 2.93-16.59, P < 0.0001). One study
with 24 patients reported that the AIS grading did not sig-
nificantly improve when adopting UC-MSCs between
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Figure 2. Risk of bias graph (A) and risk of bias summary (B).

groups (OR = 4.20, 95% CI: 0.74-23.91, P = 0.11). One
study with 34 patients reported that the AIS grading did not
significantly improve when adopting hNSPCs between
groups (OR = 5.00, 95% CI: 0.52-48.46, P = 0.16). One
study with 36 patients reported that the AIS grading sig-
nificantly improved when adopting BM-mononuclears

between groups (OR = 5.20,95% CI: 1.25-21.57, P = 0.02)
(Fig. 8).

Subgroup analysis of different treatment time after injury. We
divided patients into three subgroups based on the treatment
time after injury. One study with 24 patients reported that the
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SCT Control Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Fixed, 95% CI M-H, Fixed, 95% Cl
E. R. Chernykh2007 12 18 5 18 18.9% 5.20[1.25,21.57] e —
Guanghui Dai2013 10 20 0 20 2.8% 41.00(2.18,770.08] —_—t
Honghin Cheng2014 7 10 5 14 14.2% 4.20([0.74,23.91) I I —
HS Chhabra2016 3 14 1 7 11.9% 1.64[0.14,19.39)
Ji Cheol Shin2015 5 19 1 15  93% 5.00[0.52, 48.46)
Saeid Karamouzian2012 5 11 3 20 13.2% 4.72[0.86, 26.04) IS
SEUNG HWAN YOON2007 7 35 1 13 13.2% 3.00(0.33,27.12)
Wael Abo El-kheir2014 17 50 0 20 53% 21.42[1.22,375.62) >
Zuiwei Xie2007 5 1 2 13 11.3% 4,58 [0.67,31.20) -1 T
Total (95% Cl) 188 140 100.0%  6.06 [3.16, 11.62] -
Total events 71 18
Heterogeneity: Chi*= 4.25, df= 8 (P = 0.83); F= 0% b t t i
Test for overall effect: Z=5.42 (P < 0.00001) 0,01 Favngs [control]1 Favours [S1CUT] 100

Figure 3. Forest plot and meta-analysis of AlS grading improvement rate.
AlS: ASIA Impairment Scale; Cl: confidence interval; SCT: stem cell transplantation.
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Figure 4. Funnel plot for publication bias.

AIS grading did not significantly improve with treatment
time of less than 6 months between groups (OR = 4.58, 95%
CI: 0.67-31.20, P = 0.12). Five studies with 169 patients
reported that the AIS grading significantly improved with
treatment time between 6 and 12 months between groups
(OR = 6.03, 95% CI: 2.72-13.41, P < 0.0001). Three stud-
ies with 125 patients reported that the AIS grading signifi-
cantly improved with treatment time of more than 12 months
between groups (OR = 6.76, 95% CI: 1.73-26.45, P =
0.006) (Fig. 9).

Subgroup analysis of whether receiving rehabilitation. We
divided patients into two subgroups based on whether they
were receiving rehabilitation. Five studies with 143 patients
reported that the AIS grading significantly improved with
receiving rehabilitation between groups (OR = 5.93, 95%
CI: 2.37-14.83, P = 0.0001). Four studies with 185 patients
reported that the AIS grading significantly improved with
not receiving rehabilitation between groups (OR = 6.19,
95% CI: 2.46-15.60, P = 0.0001) (Fig. 10).

Adverse Events

There were four studies that reported neuropathic pain. The
forest plot indicated that the average RR of incidence of neu-
ropathic pain in these studies was 1.58 (95% CI: 0.92-2.72,
P = 0.10) with low heterogeneity (P = 0.37, I> = 4%). There
were three studies that reported fever. The forest plot indi-
cated that the average RR of incidence of fever in these stud-
ies was 4.22 (95% CI: 1.74-10.22, P = 0.001) with low
heterogeneity (P = 0.42, > = 0%). There were three studies
that reported headache. The forest plot indicated that the
average RR of incidence of headache in these studies was
2.40 (95% CI: 0.57-10.17, P = 0.23) with low heterogeneity
(P = 0.65, > = 0%) (Fig. 11). These results suggested that
stem cell transplantation increased the risk of fever, and
Egger’s test showed that there was no publication bias (P =
0.359). Therefore, PCA was performed to further assess cor-
relation between the studied parameters. The number of vari-
ables used to construct the PCA plot is 4, including incidence
of fever, cell numbers, cell types, and transplantation meth-
ods. The result of Biplot showed that the weights of variation
explained by principal component 1 (PC1) and principal
component 2 (PC2) are 84.8% and 15.1%, and the incidence
of fever was positively correlated with transplanted cell
numbers (Fig. 12). However, these adverse events caused by
stem cell transplantation were alleviated spontaneously or
after symptomatic treatment. In addition, there was no tumor,
wound infection, cerebrospinal fluid leakage, intracranial
infection, or spinal cord diameter increase reported in these
studies. Only one patient was reported to have a suture frac-
ture on the second day after the surgery.

Discussion

In this meta-analysis, nine studies evaluated the clinical effi-
cacy of stem cell transplantation on sensorimotor and urinary
function after SCI, and the results indicated that AIS grad-
ing significantly improved after stem cell transplantation
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Table 3. Results of Urodynamic Index.

Maximum Maximum Residual urine Maximum ISCIS
Author urinary flow rate bladder capacity volume detrusor pressure scores
Dai et al.?® 2
Cheng et al.?? b a b a
Chhabra et al.3° b
Xie et al.?® 2
ISCIS: International Spinal Cord Injury Scale.
*Compared with index before treatment.
PReported the indicator in the study.
SCT Control Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Fixed, 95% CI M-H, Fixed, 95% CI
1.2.1AISA
E. R. Chernykh2007 12 18 5 18 18.0% 5.20[1.25,21.57] —
Guanghui Dai2013 10 20 0 20 2.7% 41.00[2.18,770.08] —= ¥
Hongbin Cheng2014 7 10 5 14 135% 4.20[0.74, 23.91) T
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Figure 5. Forest plot and meta-analysis of AlS grading improvement of SCT and control groups in subgroups of different AlS gradings

before transplantation.

AIS: ASIA Impairment Scale; Cl: confidence interval; SCT: stem cell transplantation.

therapy. In subgroup analyses, our study indicated that stem
cell transplantation was more efficient for complete SCI, and
the application of BM-MSCs, BM-mononuclears, and cell
number between n*(107—10%) seemed to be more beneficial.
Moreover, urodynamic indices showed that there was
improvement in bladder function in SCI patients after
treatment.

For patients with AIS A before treatment, there was sig-
nificant improvement in AIS grading, while for patients with
AIS B or C, there was no improvement in AIS grading, sug-
gesting that the therapeutic effect of stem cell transplantation
for patients with a severe degree of SCI was better. Studies
have indicated that mechanisms of compensation and neural

plasticity represent major factors underlying clinical recov-
ery in human SCI®¢. Patients with AIS A have fairly limited
and predictable neurological recovery compared with those
with AIS B/C/D. Most of the spontaneous neurological
recovery in AIS A subjects is likely to occur within the Zone
of Partial Preservation®*3. In these clinical trials, the sample
size of patients with AIS B or C was small. Therefore, for
evaluating the clinical efficacy of stem cell transplantation
for patients with AIS B or C, more clinical trials are needed
to provide further evidence.

In SCI patients treated with stem cell transplantation in
numbers of n*10°, the AIS grading was not significantly
improved. However, the AIS grading was significantly
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Figure 6. Forest plot and meta-analysis of AlS grading improvement of SCT and control groups in subgroups of different cell numbers.
AlS: ASIA Impairment Scale; Cl: confidence interval; SCT: stem cell transplantation.
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Figure 7. Forest plot and meta-analysis of AlS grading improvement of SCT and control groups in subgroups of different methods of
transplantation.
AIS: ASIA Impairment Scale; Cl: confidence interval; LP: lumbar puncture; SCT: stem cell transplantation.
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Figure 8. Forest plot and meta-analysis of AlS grading improvement of SCT and control groups in subgroups of different cell types.
AIS: ASIA Impairment Scale; BM-MSCs: bone marrow—derived mesenchymal stem cells; Cl: confidence interval; hNSPCs: human fetal brain—derived nerve
stem/progenitor cells; SCT: stem cell transplantation; UC-MSCs: umbilical cord—derived mesenchymal stem cells.

improved in patients with n*107 and n*108 cell numbers. The
results showed that stem cell transplantation could signifi-
cantly improve AIS grading in high cell number subgroups
(107 and 108 of cells), but not in low cell number subgroup
(10° cells). This was consistent with the conclusions of the
other two meta-analysis of clinical trials, whose results
showed that cell numbers of 107 and 10® were more benefi-
cial than 10° for SCI patients®”*®. The reason might be that
certain stem cell numbers (n*107-10%) were necessary for
treating SCI patients to ensure the survival, proliferation, and
differentiation of transplanted cells*. The safety data in pre-
clinical trials, including tolerable level of cell dose, injection
location or number, and cell suspension volumes based on
neurological examination and neuropathology, provide guid-
ance for the dose and delivery method for clinical trials**#!,
The final dose is determined a priori based on stopping and
reduction rules for safety and tolerability*!. Seung Hwan
Yoon and his colleagues® used a dose of 300 ml, whereas

other researchers used a dose of 25 ml1?®. Their results sug-
gested that the larger volume of transplantation may result in
more edema, which will increase the risk of secondary
injury.?® Thus, more phase I/II clinical trials are needed to
confirm the number and dose of stem cells used in transplan-
tation for SCI with high efficacy and good tolerability.
Among the transplantation methods, the results showed
that AIS grade significantly improved in three transplanta-
tion methods (LP, injected into the lesion site, and injected
into cystic cavity and intravenous drip). To be injected into
the lesion site, the cone needs to be opened, and point injec-
tion or even multipoint injection is adopted. The surgical
wound is large, which increases the chance of wound infec-
tion. However, Takahashi et al.*> concluded that in terms of
grafted cell survival and safety, injection into the lesion site
is the most effective and feasible method for NS/PC trans-
plantation. Compared with injection into the lesion site, the
wound of LP is small. Studies have shown that when
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Figure 9. Forest plot and meta-analysis of AlS grading improvement of SCT and control groups in subgroups of different treatment

time after injury.

AIS: ASIA Impairment Scale; CI: confidence interval; SCT: stem cell transplantation.

BM-MSCs were injected by LP into animal SCI models,
BM-MSCs homed toward injured spinal cord tissues*’. The
LP route allows more efficient delivery of cells to the injured
cord compared with the intravenous route. However, this
route also has limitations. As transplanted stem cells need to
migrate to the damaged spinal cord through cerebrospinal
fluid (CSF), the number of effective stem cells to reach the
therapeutic target is uncertain. A study also raises questions
about how long the cells remain in the CSF, what happens,
and what effects they have*. Compared with the above two
methods, injection into the cystic cavity and intravenous drip
have a high requirement of the number of stem cells.
Moreover, the cystic cavities packaged with stem cells need
to have the characteristics of a suitable microenvironment

and low immunogenicity to maintain the proliferation and
differentiation of stem cells. In addition, other issues such as
uncertain number of cells reaching the target and adverse
reactions may exist?”*. Furthermore, in choosing the trans-
plantation methods, the patient’s condition and the operating
proficiency of the surgeon should also be considered*®.
About the types of stem cells, the AIS grading of
patients was significantly improved after BM-MSC and
BM-mononuclear transplantation, but did not significantly
improve after hNSPC and UC-MSC transplantation. This
difference is due to the differentiation potential of different
stem cells. BM-MSCs have different mechanisms to promote
the repair of damaged tissues. They not only have an anti-
inflammatory effect, but also deliver different growth factors
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Figure 10. Forest plot and meta-analysis of AlS grading improvement of SCT and control groups in subgroups of whether receiving

rehabilitation.

AIS: ASIA Impairment Scale; CI: confidence interval; SCT: stem cell transplantation.

to provide nutritional support and neuroprotection!**>4¢, The
results of other clinical trials of meta-analysis have also veri-
fied the efficiency of BM-MSC transplantation in SCI
patients**#’. BM-mononuclears produce neurotrophic fac-
tors that stimulate neuronal growth and myelin remyelin-
ation. Their cell suspension contains endothelial precursors,
which promote angiogenesis and regeneration of nerve
tissue?’. The nerve stem/progenitor cells are heterogeneous
and are based on their types and regional origins. Preclinical
studies have shown that after transplanting hNSPCs into the
epicenter of the injured cord, only 21.3% of hNSPCs differ-
entiate into neurons, and most of them differentiate into glio-
cyte or even remain in an undifferentiated state®'*3. Studies
have shown that oligodendrocytes differentiated from
hNSPCs are limited**°. Meanwhile, there are many vari-
ables in the differentiated process of hNSPCs after trans-
plantation, including the source of cells, culture technology,
cell preparation, and injury models®'. UC-MSCs, com-
bined with various factors, have neurotrophic, anti-inflam-
matory, antiapoptotic, and angiogenesis-related effects,

which could promote nerve tissue repair?’. However, our
results showed that AIS grading is not significantly improved
by the transplantation of these cell types; therefore, for
hNSPC and UC-MSC transplantation, more experimental
studies and clinical trials are needed to further clarify their
therapeutic mechanism and optimize their therapeutic
variables.

For the treatment time between stem cell transplantation
and neurological assessment, the AIS grading of patients was
significantly improved in subgroups of more than 6 months
after transplantation, but did not significantly improve in
subgroup of less than 6 months. These results indicate that
treatment time after injury is also an important variable
affecting stem cell transplantation in the treatment of SCI.
The reason may be that the nervous functional reorganization
after injury is time-dependent®'->2,

Rehabilitation therapy is an important method for the
treatment of SCI. Therefore, we observed its effect on stem
cell transplantation. The AIS grading of patients was signifi-
cantly improved whether receiving rehabilitation or not.
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Figure I 1. Forest plot and meta-analysis of incidence of adverse events (A: neuropathic pain; B: fever; C: headache).

Cl: confidence interval; SCT: stem cell transplantation.

These showed that rehabilitation therapy was not the key fac-
tor determining the effectiveness of stem cell therapy. In
view of the therapeutic effect of rehabilitation on SCI,
more research is needed in the future to determine the effec-
tive combination of these two approaches.

Our study found that stem cell transplantation increased
the risk of fever, and the incidence of fever was positively
related to transplanted cell numbers. Fever is one of the
manifestations of engraftment syndrome (ES), and the hos-
pital stay duration is directly related to its occurrence>*>>.
Meanwhile, fever is a common event after transplantation,
regardless of patients’ age or CD34" cell numbers>°. Studies
showed that leukocyte or T-cell numbers were predictors for
fever . More studies, which aim to decrease the risk of
fever and improve prognosis, are needed.

This meta-analysis also has some limitations. First, the
risk of bias in studies was moderate. Most of these studies
did not report clearly randomness, blinding method, and
allocation concealment, which may make the strength of evi-
dence to weaken. Second, the sample size was small. In the
subgroup analyses, we found that there was only one study in
some subgroups, and the numbers of patients in the trans-
plantation and control groups were not exactly the same.
This may be related to whether the patients were willing or
suitable to conduct stem cell transplantation. Moreover, ethi-
cal policy between countries, medical healthcare policy, and
economic condition are restrictions. Third, the required
information was not reported in every study, which led to the
incompletion of data. For example, only patients in the trans-
plantation group performed urodynamic tests.
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Figure 12. The Biplot between incidence of fever and
transplantation measures.
PCA: principal component analysis.

In summary, stem cell transplantation for treating SCI has
gradually entered phase I/II clinical trials. The systematic
review and meta-analysis indicated that stem cell transplan-
tation for treating SCI can improve AIS grading and bladder
function. A reasonable dose of cell transplantation has not
been determined. The choice of delivery mode should be
based on the actual situation in the treatment process. Large-
sample, well-designed clinical trials are needed to update the
evidence on the use of stem cell transplantation for SCI.
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