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Progress in clinical trials of cell transplantation for the 
treatment of spinal cord injury: how many questions 
remain unanswered?
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Abstract  
Spinal cord injury can lead to severe motor, sensory and autonomic nervous dysfunctions. 
However, there is currently no effective treatment for spinal cord injury. Neural stem 
cells and progenitor cells, bone marrow mesenchymal stem cells, olfactory ensheathing 
cells, umbilical cord blood stem cells, adipose stem cells, hematopoietic stem cells, 
oligodendrocyte precursor cells, macrophages and Schwann cells have been studied as 
potential treatments for spinal cord injury. These treatments were mainly performed in 
animals. However, subtle changes in sensory function, nerve root movement and pain 
cannot be fully investigated with animal studies. Although these cell types have shown 
excellent safety and effectiveness in various animal models, sufficient evidence of efficacy 
for clinical translation is still lacking. Cell transplantation should be combined with tissue 
engineering scaffolds, local drug delivery systems, postoperative adjuvant therapy and 
physical rehabilitation training as part of a comprehensive treatment plan to provide 
the possibility for patients with SCI to return to normal life. This review summarizes and 
analyzes the clinical trials of cell transplantation therapy in spinal cord injury, with the aim 
of providing a rational foundation for the development of clinical treatments for spinal 
cord injury.
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Introduction 
Spinal cord injury (SCI) is a severe type of trauma to the 
central nervous system (CNS), and is associated with a high 
rate of disability. SCI can cause total or partial loss of sensory, 
motor and sphincter function below the injured segment 
(Anderson et al., 2018). The main clinical manifestations of 
patients with SCI are paraplegia, and urination and defecation 
dysfunctions. These symptoms hinder social reintegration, 
and place a heavy economic burden on society. According to 
current statistics, more than 600,000 people lose sensory and 
motor function in their limbs because of SCI caused by trauma 
every year (Tran and Silver, 2015). Therefore, nerve repair is an 
urgent unmet medical need for SCI patients (Tran and Silver, 
2015). Research on SCI is gradually garnering the attention of 
researchers worldwide, and many studies with breakthrough 
findings have been published. These studies have mainly 
focused on the epidemiology, treatment and pathophysiology 
of SCI, among which the latter is the most well-studied. The 
pathophysiology of SCI can be classified into two stages—
primary injury and secondary injury (Ahuja et al., 2017a). 
Primary injury is caused by direct damage to neural tissue by 
the primary mechanical insult. Secondary injury is caused by 
a series of secondary events, such as hemorrhage, edema, 
demyelination, and axonal and neuronal necrosis caused by 

the cascade of inflammatory reactions. The damage caused by 
the secondary injury may be much greater than the damage 
caused by the primary injury (Ahuja et al., 2017b). This not 
only gives us insight into the occurrence and development of 
SCI, but also provides a basis for its treatment.

The use of autologous or allogeneic cell transplantation to 
repair tissue defects at the site of SCI is a potential treatment 
(Figure 1), and researchers hope that these cells can promote 
tissue and functional reconstruction after SCI through different 
mechanisms, including neuroprotection, immune regulation, 
axonal regeneration, neuronal circuit formation and myelin 
regeneration. Currently, stem cell transplantation is the main 
cell therapy for SCI, but some differentiated mature cells have 
also been demonstrated to have a good therapeutic effect 
(Table 1). However, at present, the majority of studies on SCI 
are based on cell and animal models, including cats (Bamford 
et al., 2017), dogs (Wu et al., 2018), monkeys (Capogrosso 
et al., 2016) and rodents (Kjell and Olson, 2016), rather than 
patients with SCI. In particular, subtle changes in sensory 
function, nerve root movement and pain cannot be fully 
inves-tigated with animal studies. Because of a lack of data 
on mechanisms and safety, it is difficult to translate research 
results into clinical application (Cyranoski, 2019). Therefore, 
clinical randomized controlled trials are urgently needed for 
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the treatment of SCI. After surveying current studies, we 
found that cell transplantation therapy, exercise therapy, 
electrophysiological stimulation therapy and a number of 
supplementary therapies have gradually entered the stage of 
clinical randomized controlled trials (Cyranoski, 2019). Here, 
we systematically review and analyze the results of clinical 
experiments related to SCI to provide constructive suggestions 
for the formulation and improvement of clinical treatments 
for SCI.

Search Strategy
Related articles were searched in the Medline database with 
the English search term “spinal cord injury, clinical trial” from 
January 2014 to February 2020, and a total of 615 related 
articles were retrieved. Inclusion criteria: articles related 
to the treatment of SCI-related clinical research and the 
corresponding previous basic research; similar research ideas 
to select the latest articles published in authoritative journals. 
Exclusion criteria: repeat or retrospective studies. Through 
title and abstract reading, literature not related to the 
treatment of SCI and high-similarity studies were excluded. 
Overall, 70 articles were included in the reference catalogue.

Neural Stem Cells/Neural Precursor Cells
Neural stem cells (NSCs) have the potential to differentiate 
into neurons, astrocytes and oligodendrocytes, and produce 
a large number of brain cells through proliferation and 
differentiation (Shi et al., 2020). NSCs can be proliferated, 
cryopreserved and stored, while retaining key biological 
properties, including self-renewal, capacity for implantation, 
paracrine secretion of factors to enhance neural plasticity, 
migration ability and triple differentiation ability (neurons, 
oligodendrocytes and astrocytes). Because of these biological 
characteristics, NSC transplantation is one of the most 

promising strategies for the treatment of nervous system 
diseases (Zhu et al., 2018).

Curtis et al. (2018) conducted a phase I clinical trial of 
NSC transplantation in four patients with thoracic (T2–12) 
American Spinal Injury Association (ASIA) Impairment Scale 
grade A SCI. These patients received intraspinal injection of 
human spinal cord-derived NSCs (NSI-566 cells) at 12–24 
months after injury. During the follow-up of 27 months, three 
of the four subjects showed improvements in motor and 
sensory function and electrophysiological examination, and 
no significant adverse reactions were found in any patient. 
This demonstrates that allogeneic NSCs can be used in 
cell transplantation therapy after SCI. Although the results 
were not statistically significant because of small sample 
size, the study suggests that further clinical trials of NSC 
transplantation are warranted, and provides a basis for future 
research on transplantation dose.

The safety and neurological effects of NPC transplantation 
for traumatic SCI were evaluated in another phase I/IIa open 
label nonrandomized controlled clinical trial conducted by 
Shin et al. (2015). In their study, a total of 19 patients with 
cervical SCI (17 patients with complete sensorimotor injury 
and two patients with complete motor injury) were enrolled. 
Fetal telencephalon-derived NSCs/NPCs were cultured into 
neurospheres and then transplanted into the spinal cord. One 
year later, patients who received cell transplantation had no 
adverse reactions such as syringomyelia, tumor formation, 
neurodeterioration, or aggravating neuropathic pain or spasm. 
At the same time, the ASIA impairment scale grade changed 
from A to C in five cases, from B to D in two cases, and from 
A to B in one case, while only one case in the control group 
showed symptom improvement from grade A to B.

In another clinical trial, Levi et al. (2018) injected NSCs into 12 

Review
Table 1 ｜ Cells with therapeutic potential for SCI

Cells Abbreviation Stem cell
Nervous 
system Source Advantages Disadvantages References

Neural stem cells/
neural precursor 
cells

NSCs/NPCs √ √ Central 
nervous 
system

High security Few sources of cells; 
Difficult to extract; 
Ethical disputes

Shin et al., 2015; Curtis et al., 2018; Levi et 
al., 2018

Bone marrow 
mesenchymal stem 
cells

BMSCs √ × Bone marrow No problems of 
ethics and cell 
origin

Ectopic migration; 
Potential 
tumorigenicity

Attar et al., 2011; Karamouzian et al., 2012; 
Saito et al., 2012; Dai et al., 2013; El-Kheir 
et al., 2014; Mendonça et al., 2014; Jarocha 
et al., 2015; Bansal et al., 2016; Chhabra et 
al., 2016; Satti et al., 2016; Vaquero et al., 
2016, 2017, 2018; Xiao et al., 2018

Olfactory 
ensheathing cells

OECs × × Olfactory 
mucosa

High security; 
no problems of 
ethics and cell 
origin

Low survival rate Huang et al., 2006; Hummel et al., 2007; 
Mackay-Sim et al., 2008; Wu et al., 2012; 
Rao et al., 2013; Tabakow et al., 2013

Umbilical cord 
mesenchymal stem 
cells

UCMSCs √ × Umbilical 
cord

No ethical 
disputes; high 
safety and 
effectiveness

No enough 
evidence

Cheng et al., 2014

Adipose 
mesenchymal stem 
cells

ASCs √ × Fat No enough 
evidence

No enough 
evidence

Hur et al., 2016

Hematopoietic 
stem cells

HSCs √ × Peripheral 
blood

No enough 
evidence

No enough 
evidence

Cristante et al., 2009; Frolov and 
Bryukhovetskiy, 2012

Human embryonic 
stem cell-derived 
oligodendrocyte 
progenitor cells

AST-OPC1 √ √ Embryonic No obvious 
side effects; no 
pain; no risk 
of teratoma or 
tumor formation

Not found Keirstead et al., 2005; Alsanie et al., 2013; 
Manley et al., 2017

Macrophages × × Peripheral 
blood

No enough 
evidence

No enough 
evidence

Knoller et al., 2005; Lammertse et al., 2012

Schwann cells SCs × √ Nervous 
system

No enough 
evidence

No enough 
evidence

Chen et al., 2014; Anderson et al., 2017

At present, most of the cells used for SCI cell transplantation are stem cells, of which BMSCs are the most widely used. NSCs/NPCs have also been used 
frequently by clinical researchers. UCMSCs, ASCs, HSCs and AST-OPC1 cells have also been investigated for the treatment of SCI. In addition to stem cells, OECs, 
which have the potential to regenerate, have received considerable attention. BMSCs, SCs and macrophages have also been used in the treatment of SCI. SCI: 
Spinal cord injury.
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patients with chronic traumatic thoracic SCI and 17 patients 
with chronic traumatic SCI in the neck. In the first year after 
injection, four of the 12 thoracic cases had four serious 
adverse events, and nine of the 17 patients with cervical 
spondylosis had 15 serious adverse events. Cervical magnetic 
resonance images showed slight increases in T2 signals in 
eight of the 17 transplant subjects, with no hypokinesia or 
neuropathic pain, and all T2 signal changes disappeared 6–12 
months after transplantation.

Although these two clinical trials (Shin et al., 2015; Levi et 
al., 2018) demonstrate that the application of NSCs in the 
treatment of SCI is safe and effective, these two studies 
are limited by small sample size or low quality. Therefore, 
these studies are insufficient to support the use of NSC 
transplantation in the treatment of SCI. However, as phase 
I clinical trials, they lay the foundation for the next stage 
of clinical trials in this field. It is important to note that the 
dose of cells used in this type of cell transplantation therapy 
is relatively high, and therefore we believe that the most 
important factor hindering the development of this field is 
obtaining a sufficient number of cells through legal means for 
clinical transplantation (Shin et al., 2015; Curtis et al., 2018; 
Levi et al., 2018).

Bone Marrow Mesenchymal Stem Cells
Bone marrow mesenchymal stem cells (BMSCs) are adult stem 
cells with low immunogenicity (García et al., 2019). They are 
widely distributed in bone marrow and have the potential to 
self-renew and differentiate into various cell types (such as 
osteoblasts, chondrocytes and adipocytes) (He et al., 2018). 
In addition, BMSCs are easily isolated and expanded in vitro. 
Because of their paracrine and immunomodulatory functions, 
BMSCs can migrate to damaged tissue and can be induced to 
differentiate into specific cell types to reconstruct the local 
tissue microenvironment (Boido et al., 2014; He et al., 2018). 
By enhancing the function of endogenous cells and regulating 
the immune response, BMSCs participate in tissue repair, 
which makes them ideal seed cells for transplantation (Karaoz 
et al., 2012; Boido et al., 2014). BMSCs promote tissue repair 
following SCI by affecting inflammation, apoptosis, axonal 
regeneration, angiogenesis, tissue protection, astrocyte scar 
formation and motor recovery (Karaoz et al., 2012; Nakajima 
et al., 2012; Boido et al., 2014). Furthermore, the supply of 
BMSCs is relatively abundant, and there are no ethical issues, 
making them ideal candidates for SCI cell transplantation (Ning 
et al., 2019).

Bansal et al. (2016) successfully extracted BMSCs from 
patients and injected them into the L1/L2 level within a period 
of 12 weeks. In this clinical trial of 10 patients, improvement 
in ASIA grade was observed in six patients, virtual time to 
contact and walking were restored in eight patients, bladder 
control was improved in three patients, sexual function was 
improved in five patients, and spasm was relieved in eight 
patients. Jarocha et al. (2015) conducted a 2-year intensive 
treatment experiment of BMSC transplantation in a patient 
with SCI at the T2–3 level. In this study, the patient received 
a total of 1.54 × 108 BMSCs (intravenous and intrathecal 
injection of autologous bone marrow mononuclear cells 10 
weeks after SCI, and BMSCs were injected five times every 
4 months by lumbar puncture). Following treatment, the 
patient’s ASIA score increased from 112 to 231 (from grade 
A to C/D), the sensation level expanded from T1 to L3–4, 
and control of the body and urine were restored. In the MRI 
examination, hemorrhagic necrosis at the T2–3 level was low, 
and new tissue appeared. In a phase II clinical trial, Vaquero 
et al. (2018) administered three intrathecal injections of 
BMSCs (1 × 108) into chronic SCI patients, and performed 
follow-up for a period of 10 months from the first injection. 
Motor function, sensation, limb control ability, and urine and 
stool control ability were improved to varying degrees. In the 
clinical trial conducted by Dai et al. (2013), 20 patients with 
complete and chronic cervical SCI were treated with local 
injection of BMSCs. ASIA grade, ASIA score, residual urine 
volume, electromyography and paraspinal somatosensory 
evoked potential all showed that the BMSCs effectively 
improved neurological dysfunction, with an effectiveness 
rate of 50%. There were no adverse reactions such as wound 
infection, cerebrospinal fluid leakage, intracranial infection 
or aggravation of symptoms after transplantation. However, 
some patients showed tumors 6 months after injection. 
Thus, while this treatment is safe in the short term, its long-
term safety needs to be evaluated further. Satti et al. (2016) 
conducted a clinical trial of BMSC transplantation in six 
patients with chronic SCI and three patients with subacute 
SCI. In this trial, the researchers isolated BMSCs by density 
gradient separation, and then transplanted them into the 
subarachnoid space by lumbar puncture. During a median 
follow-up of 644 days, no adverse events were reported. 
Furthermore, no intraspinal abnormal mass was found in 
follow-up MRI. This shows that BMSC transplantation is safe in 
patients with SCI. Saito et al. (2012) performed BMSC injection 
in five patients with cervical SCI and complete quadriplegia, 
and then followed up for 4 years. BMSC transplantation had a 
rapid and significant effect in patients with ASIA grades B and C, 
while effectiveness was slow and limited in patients with ASIA 
grade A. The effectiveness of BMSCs in the treatment of SCI 
is not limited to the chronic stage of SCI. Karamouzian et al. 
(2012) reported that BMSC transplantation is also effective in 
the treatment of patients with subacute SCI.

Although the puncture technique seems to be a safe and 
effective method for the treatment of SCI with BMSC 
transplantation, this relatively blind method may have large 
variability that reduces therapeutic effectiveness. However, 
assistance with imaging and biomarkers can greatly reduce the 
incidence of puncture errors, but not all medical institutions 
have the ability to implement these technologies. Therefore, 
cell transplantation using traditional surgery is a direct way 
to solve this problem. Attar et al. (2011) recruited two male 
and two female patients with traumatic SCI (ASIA grade A) 
and performed the following operations on them: anterior 
decompression, stabilization and fusion of vertebral trauma, 
and posterior implantation of BMSCs. After a 1-year follow-up, 
there were two cases of ASIA grade C, one case of ASIA grade B, 
one case without neurological change, and no obvious adverse 
reactions in any of the three patients. Mendonça et al. (2014) 
recruited 14 patients with thoracic or lumbar SCI (all of whom 
had undergone spinal cord decompression and stabilization 

Figure 1 ｜ Basic procedure of cell transplantation in the treatment of 
spinal cord injury.
The basic process of cell transplantation in the treatment of spinal cord 
injury mainly includes three important steps: isolation and extraction of cells, 
purification and screening in vitro and stable culture, and transplantation of 
cells into patients. However, in some studies, the purified cells were induced 
to differentiate in vitro, which is not a routine, but increasingly common, 
procedure.
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surgery). After laminectomy and spinal canal decompression, 
the researchers opened the dura mater to expose the injured 
segment under the microscope, and injected a fixed number 
of cells (5 × 106/cm3) into each lesion under direct vision. The 
study showed the potential benefit of BMSC transplantation 
in varying degrees of motor and sensory improvement, 
clinical analgesia and urodynamic parameters. This study 
showed that BMSCs can effectively promote neural repair 
after SCI, and seven subjects (58.3%) changed from complete 
injury to incomplete injury (from grade A to C). Although one 
patient had cerebrospinal fluid leakage in this study, this is 
a common postoperative complication of spinal surgery and 
is not directly related to cell transplantation, and therefore, 
BMSC transplantation can be considered safe. In a clinical trial 
of 21 patients with ASIA grade A SCI, Chhabra et al. (2016) 
used both puncture injection transplantation and surgical 
incision site transplantation of BMSCs in different groups of 
patients. Unfortunately, although this study demonstrated the 
effectiveness and safety of BMSC transplantation to an extent, 
it did not make a detailed analysis of the difference between 
the two transplantation methods. This is unfortunate. If this 
study had made a comprehensive and detailed analysis of the 
data, no matter which transplantation method had a better 
therapeutic effect, or even if the results were not statistically 
significant, it would have provided a very valuable theoretical 
basis for further research on BMSC transplantation therapy.

BMSCs need a conducive local microenvironment to 
maintain their ability to proliferate and differentiate after 
transplantation. Thus, giving cells a special liquid environment 
during transplantation is a good strategy. Vaquero et al. 
(2017) performed BMSC transplantation (30 × 106) into 
the subarachnoid space of 10 patients with incomplete SCI 
on the 1st, 4th, 7th and 10th months of a clinical study. What 
distinguishes this study from the team’s previous study 
(Vaquero et al., 2017) is that the BMSCs in this study were 
transplanted with the support of the patients’ autologous 
plasma. The clinical parameters (motor, sensory, sphincter 
and limb control, neuropathic pain, spasm, sexual function) of 
all patients showed gradual improvement, but did not reach 
a steady state at the end of the follow-up period. Fortunately, 
however, the investigators found that spinal cord tissue repair 
began after the first transplantation.

In another study, Vaquero et al. (2016) conducted a clinical 
trial of 12 patients with complete and chronic paraplegia, 
consisting of early intravenous injection and late subarachnoid 
injection of autologous plasma-supported BMSCs, in which the 
dose of BMSCs was 100–230 × 106 and 30 × 106, respectively. 
The patients were followed up clinically, with urodynamics, 
neurophysiology and neuroimaging at 3, 6, 9 and 12 months 
after injection. All patients showed improvement, in terms 
of sensitivity and sphincter control. Motor function was also 
improved in some patients.

Although many studies have shown that BMSC transplantation 
in SCI is safe and relatively effective, its therapeutic 
effectiveness is still unclear. Therefore, BMSC transplantation 
combined with other treatment methods may help enhance 
recovery following SCI. In the controlled single-blind phase 
I/II clinical trial conducted by El-Kheir et al. (2014), 70 
patients with chronic cervical and thoracic SCI with injury 
duration of at least 12 months were treated with intrathecal 
injection of autologous adherent bone marrow cells 
combined with physiotherapy or physiotherapy alone. ASIA, 
electrophysiological somatosensory evoked potentials, MRI 
and functional independence measures were used for clinical 
and neurological assessment. Chronic cervical and thoracic 
SCI patients treated with autologous adherent bone marrow 
cells combined with physiotherapy (15 ASIA grade A patients 
and 35 ASIA grade B patients) showed improved function 
compared with the control group given physiotherapy alone 

(10 ASIA grade A patients and 10 ASIA grade B patients), and 
there were no side effects associated with long-term cell 
therapy. At 18 months after treatment, of the 50 patients 
who received cell therapy, 23 (46%) showed continuous 
functional improvement. Compared with cervical spine injury, 
the duration of thoracic injury is shorter, myelopathy is less 
severe, and the rate of functional improvement is higher. 
However, this study did not compare the efficacy and safety 
of combined therapy with that of cell therapy alone, and 
therefore it did not demonstrate that physiotherapy can 
potentiate the efficacy of BMSC transplantation.

The biggest hidden danger of the application of BMSC 
transplantation in SCI is that the cells cannot effectively attach 
to the lesion area after entering the patient, but migrate to 
other parts with the circulation of cerebrospinal fluid. This 
phenomenon of ectopic migration not only greatly reduces 
the efficacy of BMSC transplantation, but also may cause 
damage to other tissues (Dai et al., 2013). Therefore, how to 
accurately target the BMSCs to the injured site and prevent 
them from migrating to other locations is an important 
and difficult problem that needs to be addressed. Nerve 
tissue engineered scaffolds are the most direct and effective 
way to solve this problem. Xiao et al. (2018) successfully 
prepared a NeuroRegen scaffold composed of ordered 
collagen fibers from bovine tendon sheath. This scaffold 
exhibited low antigenicity, good biocompatibility and suitable 
biodegradability, and is therefore a biomaterial suitable for 
clinical use. Then they implanted BMSCs and NeuroRegen 
stents into two patients with acute complete SCI. In the 
follow-up the following year, sensory and motor functions were 
improved, suggesting that the application of NeuroRegen 
stents combined with BMSCs is a safe and effective treatment 
for SCI (Xiao et al., 2018).

Current research suggests that BMSCs may have more 
application potential than NSCs/NPCs (El-Kheir et al., 2014; 
Vaquero et al., 2016, 2017; Xiao et al., 2018), and their 
use is not limited by ethical problems or source. However, 
the application of BMSCs in SCI cannot yet be clinically 
implemented. Ectopic migration and potential tumorigenicity 
remain great hurdles to the clinical application of BMSCs. 
Therefore, the combination of BMSC transplantation and 
other treatments will bring great progress to the field. 
First, nerve tissue engineered scaffolds can provide a local 
environment that supports BMSC adhesion and colonization. 
These scaffolds can also be loaded with bioactive factors or 
drugs to promote BMSC proliferation and differentiation. 
Second, the multidirectional differentiation ability of BMSCs 
means that they cannot differentiate exclusively into neurons 
after entering the human body. Therefore, BMSCs need to 
be induced to differentiate into neurons or other CNS cells in 
vitro before transplantation. Thus, BMSC transplantation has 
great application potential in the treatment of SCI, but further 
improvements in technology and concept are required.

Olfactory Ensheathing Cells
Olfactory ensheathing cells (OECs) are a type of glial cell 
present in both the peripheral and central nervous systems 
(Lindsay et al., 2010). They establish synaptic connections 
in the olfactory bulb to ensure the accurate transmission 
of the sense of smell by wrapping the bundle of olfactory 
nerve fibers between the nasal mucosa and the olfactory 
bulb (Barnett, 2004). At the same time, they nourish nerve 
fibers and promote synapse formation by secreting a variety 
of cytokines. From the point of view of nerve regeneration, 
the key ability of OECs is their migration from the peripheral 
to the CNS (Gómez et al., 2018). OECs have been shown 
to accurately migrate to the injured site and promote the 
recon-struction of injured axons (Anna et al., 2017; Yao et al., 
2018). Because OECs exhibit continuous regeneration and 
the ability to stimulate axonal growth, numerous studies have 
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transplanted OECs into the injured spinal cord for potential 
therapeutic use (Anna et al., 2017; Yao et al., 2018). OECs 
have been demonstrated effective and safe in animal models 
of SCI, and therefore clinical trials of OECs in the treatment 
of SCI have been carried out in many countries (Gomes et al., 
2016; Thornton et al., 2018; Zhang et al., 2019). Huang et al. 
(2006) implanted fetal OECs into the injured spinal cord in 
300 patients with complete SCI (ASIA grade A) and incomplete 
SCI (ASIA grade D). Wu et al. (2012) also used OECs from 
aborted fetus in clinical trials in patients with SCI. In their 
study, they tested safety in six patients with thoracic injury, 
and effectiveness in five patients with cervical injury. Although 
OECs showed good safety, therapeutic effectiveness was very 
limited. Although these cells are extracted and derived from 
the olfactory bulb of 12 to 16-week-old human fetuses, some 
investigators have ques-tioned whether these cells should be 
termed “OECs” (Hummel et al., 2007). Thus, it is controversial 
whether these studies can be defined as clinical trials of OECs 
in SCI.

Mackay-Sim et al. (2008) conducted a clinical trial of OEC 
transplantation in six patients with ASIA grade A SCI (three 
patients with cervical SCI and three patients with thoracic 
SCI). In their study, the researchers performed the following 
procedures: laminectomy, and after a dural incision, cells 
were injected into the spinal cord in multiple parts of the 
entire injured spinal cord, and into the proximal and distal 
ends of the intact spinal cord as well. During a follow-
up of up to 3 years, they followed patients with medical, 
psychosocial, radiological and neurological tests, as well as 
specialized tests for neurological and functional defects. 
These assessments showed that OEC transplantation was 
safe for SCI. Tabakow et al. (2013) recruited six patients with 
ASIA grade A SCI for a phase I clinical trial, in which three 
patients received OEC transplantation and the other three 
patients received non-transplant therapy. Patients in the 
transplantation group received 1.5–10 × 104 OECs within 15 
seconds, while patients in the non-transplantation group did 
not receive cell transplantation. During the 1-year follow-
up after transplantation, there were no complications such 
as neurological deterioration, neuropathic pain, nerve 
infection, cerebrospinal fluid leakage or local infection at the 
surgical site. In terms of therapeutic effect, patient 1 changed 
from ASIA grade A to C and patient 2 from ASIA grade A 
to B. Although patient 3 was still ASIA A, an improvement 
in sensory and motor function was nonetheless observed. 
This demonstrates that OEC transplantation is effective. 
Rao et al. (2013) recruited eight patients with SCI, and 
injected autologous OECs into the area around the injury 
site under the guidance of MRI, twice a week for 4 weeks. 
The ASIA impairment scale, ASIA sensory and motor score 
and functional independence measure score were evaluated 
before treatment and at follow-up at 3, 6, 12 and 24 months 
after treatment. At 3 and 6 months after treatment, the 
average ASIA score and functional independence measure 
scores were significantly improved compared with those 
before treatment, but there was no further improvement 
in ASIA score 1 year after treatment. Sensory and motor 
functions of various muscles below the injury level were 
examined in three patients during the follow-up period. In 
addition, the bladder function of two patients recovered. 
Additionally, over the entire follow-up period, no adverse 
reactions were found.

OECs have unique advantages, and have accordingly garnered 
as much attention as BMSCs for the treatment of SCI. 
Compared with NSCs/NPCs, OECs have no ethical problems, 
and compared with BMSCs, OECs are safer. Therefore, the 
use of OECs for cell transplantation in the treatment of SCI 
has great application potential. However, it is important to 
note that although many studies have reported that OECs 
can effectively improve the neuroanatomy and function of 

the injured spinal cord, it has also been found that OECs 
transplanted in the injured nerve tissue have great limitations 
in terms of cell survival and function. In addition, the 
outcomes of these clinical trials have not been satisfactory, 
and therefore whether OECs can effectively promote nerve 
repair after SCI is still unknown. Thus, to further promote 
OEC transplantation for SCI, the first problem to solve is that 
of cell purification, and the solution to this problem must 
be based on the search for molecular markers of OECs. In 
view of the current situation, researchers should focus on 
OECs themselves, identify molecular markers that specifically 
detect OECs, and optimize the process of cell extraction and 
purification, to provide a solid foundation for future clinical 
trials.

Umbilical Cord Mesenchymal Stem Cells 
Umbilical cord mesenchymal stem cells (UCMSCs) are typical 
adult stem cells (Bartolucci et al., 2017). Distinct from 
bone marrow stem cells, UCMSCs have the advantages of 
painless collection and faster self-renewal (Liu et al., 2020). 
Hematopoietic stem cells (HSCs) are also not fraught by 
ethical source considerations. They can differentiate into the 
three germ layers, promote tissue repair, and regulate the 
immune response. They also possess antitumor properties. 
Therefore, they are attractive autologous or allogeneic cells 
for the treatment of malignant and non-malignant solid and 
soft tissue cancers. Human UCMSCs can also be used as a 
feeder layer for embryonic stem cells or other pluripotent 
stem cells (Ding et al., 2015). Under specific induction 
conditions, UCMSCs can be induced to differentiate into 
neurons, glial cells and vascular endothelial cells. UCMSCs 
also produce cytokines and neurotrophic factors, including 
vascular endothelial growth factor, glial cell line-derived 
neurotrophic factor and brain-derived neurotrophic factor, 
which support nerve regeneration, promote axonal growth 
and stimulate damaged neurons. In addition, UCMSCs can 
inhibit the formation of the glial scar and activate endogenous 
NSCs (Zhang et al., 2009; Malgieri et al., 2010; Zhilai et al., 
2012; Badner et al., 2016).

Cheng et al. (2014) randomly divided 34 patients with 
thoracolumbar SCI into three groups. The stem cell 
transplantation group received UCMSC transplantation twice 
under the guidance of CT. The rehabilitation group received 
rehabilitation treatment. The control group did not receive 
any treatment. Outcome was evaluated by ASIA grading, ASIA 
scoring, muscle strength and muscle tension scale, the Barthel 
index and urodynamic examination. During the follow-up, 
the motor, selfcare ability and muscle tone of seven of the 10 
patients in the UCMSC group showed a significant and stable 
improvement, and five of the 14 patients in the rehabilitation 
group also showed some improvement in these indexes. 
Urodynamic examination showed that maximum urinary flow 
rate and maximum bladder volume increased, and residual 
urine volume and maximum detrusor pressure decreased in 
the UCMSC group. The maximum bladder capacity decreased 
in the rehabilitation group, but there was no significant 
change in maximum urinary flow rate, residual urine volume 
or maximum detrusor pressure. These results indicate that 
UCMSC transplantation can safely and effectively promote 
the recovery of neurological function after SCI (Cheng et al., 
2014).

From the point of view of ethics, safety and effectiveness, 
UCMSCs are one of the best choices for cell transplantation 
in the treatment of SCI. However, at present, there is only 
one clinical trial of UCMSCs in SCI. Although the design of this 
clinical trial is very rigorous, it still cannot be used as evidence 
for the clinical use of UCMSCs. Therefore, more clinical 
trials should be carried out to further explore the safety and 
efficacy of UCMSC transplantation in SCI.
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Adipose Mesenchymal Stem Cells
Adipose mesenchymal stem cells (ASCs) first discovered in 
the early 21st century, are mesenchymal stem cells with self-
renewal ability and multilineage differentiation potential. 
Compared with BMSCs, ASCs have the advantages of faster 
culture, easier expansion, and maintain a stem cell phenotype 
and pluripotency for a greater number of passages. Compared 
with NPCs/NSCs, ACSs can be extracted from subcutaneous 
adipose tissue by a very simple separation and purification 
procedure, and this process can be repeated many times 
(Damia et al., 2018; Liu et al., 2020).

Hur et al. (2016) recruited 14 patients with SCI, including 12 
cases of ASIA grade A, one case of B, and one case of D, and 
the duration of injury was 28 months. These patients included 
six cases of cervical SCI, one case of combined neck and chest 
injury, six cases of thoracic SCI and one case of lumbar SCI. 
The researchers isolated and purified ASCs from subcutaneous 
adipose tissue and transplanted the purified cells (9 × 107) by 
lumbar puncture. The follow-up results showed that although 
the patients had varying degrees of improvement in motor, 
sensory and sphincter control, three patients had adverse 
reactions, including urinary tract infection, headache, nausea 
and vomiting. Through an analysis of the results, we posit 
that the occurrence of headache, nausea and vomiting in 
this study may be related to the lumbar puncture procedure. 
Patients had to undergo a 5-minute lumbar puncture in the 
study, which may directly cause intraspinal homeostasis 
problems and CNS irritation. The occurrence of urinary tract 
infection may be related to inadequate nursing management 
and poor personal hygiene habits of patients, and not to the 
cell transplantation therapy per se.

Hematopoietic Stem Cells
HSCs are an adult stem cell present in the blood system, 
and have strong self-renewal ability and multi-directional 
differentiation ability (Xiong et al., 2017). HSC have a 
long history of research, and have optimized methods for 
extraction, separation and purification. Therefore, the use of 
HSC transplantation in the treatment of SCI has been studied 
by an increasing number of researchers (Koda et al., 2005).

Frolov and Bryukhovetskiy (2012) recruited 20 patients (15 
male and five female, mean age 32.41 years) with chronic 
complete and incomplete traumatic SCI in the C4–8 segments, 
and 10 matched patients with SCI as controls. After receiving 
recombinant human granulocyte colony-stimulating factor 
at a dose of 2.5–6.8 μg/kg (average 4.3 μg/kg) twice a day 
for 4 days, on the 5th day, the researchers extracted HSCs 
using a blood cell separator and transplanted them into the 
subarachnoid space by lumbar puncture. During the follow-
up, somatosensory evoked potentials returned to normal in 
three patients, inter-peak amplitude of somatosensory evoked 
potential N20P23 increased in four patients with median nerve 
stimulation, somatosensory evoked potential P38 latency 
shortened in two patients with tibial nerve stimulation, and 
motor evoked potential recovery occurred in three patients. 
In this study, the location and degree of injury were important 
factors affecting the efficacy of HSC transplantation. Cristante 
et al. (2009) conducted a clinical trial of HSCs in 39 patients 
with complete cervicothoracic SCI without cortical response 
for at least 2 years in a public tertiary hospital in Sao Paulo, 
Brazil. Similar to Frolov and Bryukhovetskiy’s scheme (Frolov 
and Bryukhovetskiy, 2012), the researchers extracted HSCs 
from peripheral blood and implanted them into the body. 
However, unlike Frolov and Bryukhovetskiy’s study (Frolov 
and Bryukhovetskiy, 2012), they chose arteriography. HSC 
transplantation also showed robust therapeutic effectiveness 
in this study, with 26 patients (67%) showing recovery in 
somatosensory evoked responses to peripheral stimuli during 
the 2.5-year follow-up (Cristante et al., 2009).

Human Embryonic Stem Cell-Derived 
Oligodendrocyte Progenitor Cells
AST-OPC1 is a cell therapy product derived from GRNOPC1, 
which is mainly composed of oligodendrocyte precursor cells 
(OPCs) derived from H7 human embryonic stem cell line 6 
(Nistor et al., 2005). The results of early clinical trials show 
that AST-OPC1 can be used in preclinical trials and clinical 
development. AST-OPC1 expresses early markers of OPCs, 
including nestin, neuronal/glial antigen 2 and platelet-derived 
growth factor receptor α (Hu et al., 2009). In in vitro and 
animal models, AST-OPC1 exhibits a variety of activities related 
to CNS repair, including secretion of neurotrophic factors, 
stimulation of axonal growth, inhibition of parenchymal 
cavitation, maturation of oligodendrocyte-produced myelin 
sheath, and promotion of motor behavioral recovery after SCI 
(Sharp et al., 2010; Priest et al., 2015).

Manley et al. (2017) investigated the efficacy and safety of 
AST-OPC1 in the nude mouse model of SCI. Their results 
showed that this approach effectively improves motor 
function after SCI, especially forelimb function. This is very 
important for patients with SCI, because recovery of the upper 
limbs not only means that they can care of themselves, but 
also that they can re-enter the labor force. Notably, AST-OPC1s 
were limited to the spinal cord and lower brain stem after 
transplantation, while cerebro-spinal fluid and blood leakage 
were minimal. Furthermore, AST-OPC1 transplant had no 
obvious side effects, no pain, and no risk of teratoma or tumor 
formation. Therefore, AST-OPC1s are a safe and effective 
cell transplantation therapy for SCI. AST-OPC1 is a cellular 
product originally developed by Geron Corporation and its 
name was later changed to AST-OPC1 after the acquisition of 
Geron’s hu-man embryonic stem cell technology by Asterias 
(Alsanie et al., 2013). AST-OPC1 has professional research and 
business teams to support its technology development and 
marketing, and has been approved by the U.S. Food and Drug 
Administration for clinical trials (Keirstead et al., 2005; Manley 
et al., 2017). Therefore, based on its scientific and commercial 
nature, we have reason to believe that the clinical trials and 
transformation of AST-OPC1 will be achieved more quickly 
than any other cell transplantation therapy.

Macrophages
Macrophages are heterogeneous cells with wide functional 
plasticity (Wang et al., 2015). Macrophages can be divided 
into two main types, termed M1 and M2 (Gordon, 2003; 
Mantovani et al., 2004). M1 macrophages produce pro-
inflammatory cytokines, reactive oxygen species and nitric 
oxide, which lead to tissue inflammation and damage. In 
contrast, M2 macrophages have a reduced ability to produce 
anti-inflammatory cytokines and pro-inflammatory molecules, 
which contribute to wound healing and tissue remodeling. 
Macrophages have the ability to change from one phenotype 
to another by induction by factors in the inflammatory 
microenvironment after injury or infection (Mosser and 
Edwards, 2008; Wolfs et al., 2011). Most of the macrophages/
microglia in the injured spinal cord are M1 cells, and only a 
few are M2. After SCI, M1 macrophages predominate, while 
M2 macrophages are fewer, resulting in chronic inflammatory 
reaction and secondary injury (David and Kroner, 2011). The 
characterization of macrophage phenotype and the post-SCI 
biochemical microenvironment should clarify how macro-
phages participate in the pathogenesis of SCI and pave the 
way for new treatment strategies (Kigerl et al., 2009).

Knoller et al. (2005) evaluated the safety and efficacy of 
autologous macrophage transplantation in the treatment 
of acute SCI in a phase I clinical trial. In this experiment, the 
researchers first extracted mac-rophages from the peripheral 
blood of patients and cultured them in vitro. Macrophages 
were then injected into the patients’ caudal spinal cord 
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within 14 days after SCI. Of the eight patients in this study, 
three recovered clinically significant neuromotor and sensory 
functions, and changed from ASIA grade A to C. However, 
during the study, a number of adverse events occurred, the 
most serious of which were two cases of pulmonary embolism 
and one case of osteomyelitis. Although these complications 
may not be related to the macrophage transplantation 
itself, but to the surgical procedure, the influence of the 
transplantation scheme itself cannot be ruled out. In another 
phase II clinical trial, Lammertse et al. (2012) performed 
autologous macrophage transplantation in 26 patients with 
acute SCI. Of the 43 participants (26 treated subjects and 17 
controls), seven treated subjects and 10 control participants 
experienced ASIA A to B or better conversion, and two 
treated subjects and two control participants experienced 
ASIA grade A to C conversion, suggesting that macrophage 
transplantation did not have any beneficial effect in patients 
with SCI. In the statistical analysis of the follow-up results, 
neither the effectiveness index nor the safety index were 
statistically significant. Therefore, we believe that macrophage 
transplantation for the treatment of SCI is still worthy of 
further, more stringent, assessment.

Schwann cells
Schwann cells (SCs) are glial cells of the peripheral nervous 
system (Jessen et al., 2015). Damaged nerve fibers and cells 
can regenerate new axons in the presence of SCs. Numerous 
studies have found that SCs have neuroprotective effects, 
reducing cavitation, and promoting axonal regeneration 
and myelin formation. Therefore, SCs can be used for cell 
transplantation after SCI (Cerqueira et al., 2018). Anderson 
et al. (2017) conducted a phase I clinical trial in six patients 
with subacute SCI. They removed the sural nerve by surgery, 
and isolated and purified SCs, which were then surgically 
trans-planted into the injured spinal cord within 7 weeks 
after injury. The first group received 5 × 106 cells in 50 μL, the 
second group received 10 × 106 cells in 100 μL, and the third 
group received 15 × 106 cells in 150 μL. During follow-up, the 
researchers found no adverse events related to cell therapy, 
and there was no evidence of additional SCI, mass damage, 
or cavity formation. Therefore, the transplantation of SCs 
in SCI is safe. Chen et al. (2014) investigated the safety and 
efficacy of SCs combined with OEC transplantation for SCI, and 
compared the combined transplantation regimen with the 
single transplan-tation regimen. A total of 28 eligible patients 
with chronic SCI were recruited, including three cases of OEC 
intraspinal transplantation, one case of SC implantation and 
one case of combined therapy. All patients who received 
single or combined transplantation of OECs and SCs showed 
functional im-provement. Both single and combined 
transplantation of OECs and SCs were safe and had beneficial 
effects. However, these results are not sufficient to compare 
the advantages and disadvantages of the three transplantation 
strategies. Therefore, it is necessary to conduct further 
research on a larger cohort of patients to adequately assess 
the benefits and risks of the various intervention strategies 
(Anderson et al., 2017).

Conclusion and Future Prospects 
Cell transplantation for the treatment of SCI is a promising 
strategy for the clinical treatment of SCI, particularly as 
current procedures are inadequate. Stem cells have the 
best prospects in the treatment of SCI, with their potential 
for nerve regeneration, neuroprotection and immune 
regulation, while macrophages and SCs, as the most 
important participants in the pathophysiological development 
of SCI, also have good developmental potential. However, 
irrespective of the cell type used in the treatment of SCI, there 
are differences in the evaluation of safety and efficacy in the 
various clinical trials. Differences are also found in the various 
steps in the implementation of cell transplantation therapy. 

We found that the main factors affecting the effectiveness 
and safety of cell transplantation therapy in SCI are injury 
severity, cell type, location of injury, cell delivery system, and 
the procedure for cell transplantation. However, the severity 
and location of the injury are variables beyond the control 
of clinicians and researchers, and the cell type cannot be 
changed for the specific cell transplantation therapy. Despite 
these constraints, future trials should nonetheless attempt to 
standardize the various steps in the experimental protocol as 
much as feasible.

For transplantation, obtaining the needed cells safely and 
efficiently is the first crucial step. However, differences in 
the techniques and instruments used by the surgeons cause 
variabilities in the cells obtained. Therefore, it is currently 
difficult to achieve a consistent cell extraction. The best way 
to resolve this problem is to identify and screen the cells 
before transplantation. However, this goal is based on the 
establishment of quality standards for different cell grafts, 
which must be recognized by most researchers, although the 
task is difficult.

Second, the investigator must choose between single cell 
type transplantation and multiple cell type (combined) 
transplantation. However, cotransplantation appears 
unfeasible in the short term. Because the efficacy and safety 
of the different cell types are not currently clear, the optimal 
cell combinations for transplantation are unknown. Therefore, 
we consider it logical to evaluate the efficacy and safety of 
each of the various cell types individually for the treatment of 
SCI through clinical trials, then optimize cell dosage, and then 
finally investigate the effects of combined transplantation.

Finally, the choice of transplantation method is a key 
issue worthy of discussion. Lumbar puncture is a simple 
and easy to tolerate method. The requirements for both 
patients and doctors are low, and can be carried out in most 
hospitals. However, it is unknown whether the cells will 
accurately localize to the site of injury after injection into the 
subarachnoid space. After injection into the subarachnoid 
space, the cells will disperse and travel in the circulating 
cerebrospinal fluid, and only a small number will likely colonize 
the site of trauma. This entails a significant reduction in 
efficacy, as well as risk. Therefore, a good option is to expose 
the injured part of the spinal cord by surgery, and manually 
transplant the cells into the site of tissue damage. However, 
this approach requires patients to have a good tolerance 
to the surgery, and also requires surgeons to have a high 
operating ability. Because this method cannot be repeated 
many times, if it fails, the patient will lose the opportunity 
to benefit from cell transplant treatment. Furthermore, for 
treatment with long-term repeated cell transplantation, 
surgical transplantation is not a suitable option. We propose 
that the use of imaging guidance to accurately im-plant cells 
into the injured site through puncture or minimally invasive 
surgery may be the best solution at present.

For the application of cell combination therapy in SCI, the 
combination of different cell types, the interaction between 
them and the immune response that may be brought by 
combined transplantation are all important factors worthy of 
attention. The future of combined transplantation therapy 
in the treatment of SCI may involve the use of stents, 
nutritional factors and drugs. Only when cells, scaffolds, 
nutritional factors and drugs are systematically combined to 
form a microenvironment conducive to local regeneration 
of the injured spinal cord can the potential of combined 
transplantation be fully realized. However, it is essential 
that clinical trials of combined transplantation therapy in 
SCI be carried out with adequate knowledge of the safety 
and efficacy of cells, stents and drugs in the human body. 
This is because their combined use introduces additional 
potential risk factors. Therefore, clinical trials of combined 
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transplantation therapy need a firmer empirical basis to 
ensure the safety of patients.

In conclusion, cell transplantation has great therapeutic 
potential in the treatment of SCI. However, the clinical 
application of cell transplantation in SCI requires further 
high-quality clinical trials (systematic and comprehensive 
randomized control trials and evidence-based medicine) 
(Santamaría et al., 2019). Cell transplantation alone (whether 
single-cell transplantation or multicell transplantation) does 
not seem to be the endpoint for the treatment of SCI. Cell 
transplantation should be combined with tissue engineering 
scaffolds, local drug delivery systems, postoperative adjuvant 
therapy and physical rehabilitation training as part of a 
comprehensive treatment plan to provide the possibility for 
patients with SCI to return to normal life.
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