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Abstract. Neural stem cell (NSC) therapy is a promising 
treatment for traumatic brain injury (TBI). In addition, mesen-
chymal stem cells (MSCs) have been investigated for the 
treatment of TBI due to their functions in neural regeneration 
and their neurotrophic effect. In the present study, the safety, 
feasibility and biological effects of autologous MSC‑derived 
NSC‑like cell transplantation were investigated in 10 patients 
with severe TBI. All patients received intravenous or intra-
thecal injections of human NSC‑like cells and were evaluated 
with physical and neurological examinations, routine labora-
tory tests and neuroradiological findings. The results indicated 
that the majority of patients experienced improved neurolog-
ical function in different degrees during the follow‑up period. 
No mortality or serious adverse events were observed in any 
patient subsequent to transplantation. Higher serum levels of 
nerve growth factor and brain‑derived neurotrophic factor 
were detected following the transplantation, as compared 
with the levels prior to treatment. Overall, the present results 
suggest that transplantation of autologous NSC‑like cells is 
feasible and appears to be safe for the treatment of non‑acute 
severe TBI.

Introduction

Traumatic brain injury (TBI) is a major cause of mortality 
and disability, particularly among young adults in devel-
oped countries (1‑3). The incidence of head injury is ~300 
per 100,000  people per year, with a mortality of 25 per 
100,000 people in the United States  (4). Although trauma 
management systems and surgical techniques have improved, 
the overall mortality rate in severe TBI is still ~25%  (4). 
Among all types of injury, brain injury is highly likely to result 
in mortality or permanent disability. Patients who survive TBI 
potentially face long‑lasting effects, which also affects the 

patients' families and communities. Although rehabilitation 
therapy is important for maximizing functional recovery 
following TBI, there are limited effective clinical methods 
for recovery after neurological impairments are treated (5). 
Therefore, any therapy that may improve the recovery process 
may be helpful (6).

In recent years, several studies have investigated the 
potential neuroprotective effects of stem cells and their ability 
to stimulate endogenous regeneration in animal models of 
TBI  (7‑11). Although the functional mechanisms of this 
therapy have yet to be determined, these previous studies 
demonstrated that stem cell administration improves func-
tional recovery following TBI in experimental animals. In 
addition, transplantation of stem cells has been successfully 
used in a clinical trial for patients with amyotrophic lateral 
sclerosis, multiple sclerosis and cerebral palsy (12‑14). Thus, 
stem cell transplantation may be an attractive approach to 
restore brain function after TBI in humans. However, to date, 
few clinical studies have evaluated stem cell transplantation in 
patients with TBI (15).

An exploratory trial was performed in the present study 
using neural stem cell (NSC)‑like cells derived from autologous 
bone marrow mesenchymal stem cells (MSCs) in 10 patients 
with severe TBI. The aim of the current study was to perform 
a phase I study in order to assess the safety, feasibility and 
biological effects of intravenous or intrathecal autologous 
MSC‑derived NSC‑like cell transplantation in patients with 
severe TBI. In addition, the study reports on our experience 
with this type of trial design, including patient recruitment, 
pre‑  and  post‑treatment monitoring, and identification of 
adverse events in the current clinical trial.

Materials and methods

Study design and patient enrolment. The present study reports 
the observations on 10 patients enrolled in a protocol designed 
to assess the safety and feasibility of autologous human 
MSC‑derived NSC‑like cell infusion at the First People's 
Hospital of Jingmen (Jingmen, China) between January 2012 
and June 2013. The study protocol was approved by the Ethics 
Committees of the First People's Hospital of Jingmen. Written 
informed consent was obtained from the immediate families 
of all patients. Patients were enrolled into this study if they 
fulfilled all of the following inclusion criteria: i) Age ranging 
between 18 and 60 years; ii) patient suffering from a severe TBI 
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classified with a Glasgow Coma Scale (GCS) score of 3‑8 (16) 
within 48 h from the trauma; iii) TBI was assessed by head 
computed tomography or magnetic resonance imaging (MRI); 
iv) the time of TBI onset was within the past 60 days; and 
v) written informed consent had been obtained. Furthermore, 
patients were excluded if they met any of the following 
criteria: i) TBI was combined with other internal organ inju-
ries; ii) patients with an allergic constitution or with a history 
of severe allergies; iii) presence of severe complications, such 
as cardiac, renal or hepatic dysfunction; iv) hemodynamic or 
respiratory instability; v) pregnant or possibly pregnant; and 
vi) patients with cancer or malignant diseases.

Preparation and transplantation of autologous NSC‑like cells. 
In order to prepare NSC‑like cells, bone marrow aspiration, 
isolation and cultivation of MSCs, induction of NSCs and cell 
preparation were performed as previously described (14,17). 
Briefly, 5 ml bone marrow was obtained by puncture in the 
posterior iliac crest of each patient according to the conventional 
bone marrow aspiration procedures. Bone marrow mononuclear 
cells were then separated by Percoll density gradient centrifuga-
tion at 500 x g for 10 min (37˚C) and cultured in a flask with low 
glucose Dulbecco's modified Eagle medium (Thermo Fisher 
Scientific, Inc., Waltham, MA, USA) containing 10% fetal 
bovine serum (Hyclone; GE Healthcare, Chicago, IL, USA) and 
1% penicillin‑streptomycin (Thermo Fisher Scientific, Inc.) at 
37˚C and 5% CO2. The media were changed every 2‑3 days. All 
cell isolation and manipulation procedures were conducted in a 
laminar flow cabinet with sterile equipment. Only cells with a 
positive signal for the multipotential markers, octamer‑binding 
transcription factor 4 (Oct4) and Nanog, were screened for 
further cloning, culturing and inducing.

In order to determine which cells had a positive signal for 
Oct4 and Nanog, MSCs were fixed in 4% paraformaldehyde 
at room temperature for 15 min. Following this, MSCs were 
blocked with 3% bovine serum albumin (Sigma‑Aldrich; 
Merck KGaA, Darmstadt, Germany) at room temperature for 
30 min. Cells were then incubated with primary antibodies 
against Nanog (1:1,000; 3580S) and Oct4 (1:1,000; hz1005a) 
for 1 h at room temperature. Following this, cells were washed 
three times with phosphate‑buffered saline, for 5 min each. 
Subsequently, the cells were incubated with rat anti‑rabbit 
phycoerythrin‑labelled secondary antibody (1:200; ASS3404) 
for 1 h at room temperature. All antibodies were supplied by 
Shanghai Westang Bio‑Tech Co., Ltd., (Shanghai, China). The 
cells were then visualized under a fluorescent microscope.

When the primary MSCs had expanded to 30‑40% 
confluence, a combination of 20 ng/ml recombinant human 
basic fibroblast growth factor (bFGF) (Prospec‑Tany 
TechnoGene, Ltd., East Brunswick, NJ, USA) and 10 nM reti-
noic acid (Shanghai Westang Bio‑Tech Co., Ltd.) was added 
to the medium for 12 h to induce the MSC differentiation into 
NSC‑like cells. Cell viability was evaluated by trypan blue 
staining at the end of the harvest and prior to infusion, and 
was estimated to be >90% in all samples. No chromosomal 
aberrations were observed for the induced NSC‑like cells. 
In addition, the cell culture was tested for sterility, and there 
was no evidence of bacterial, fungal, viral or mycoplasma 
contamination in any of the samples, ensuring the safety of 
the cells prior to the transplantations. The NSC‑like cells were 

detached, washed three times with normal saline solution and 
then resuspended in normal saline with 5% human serum 
albumin (Sigma‑Aldrich; Merck KGaA). In total, 7 patients 
received an intravenous injection of NSC‑like cells diluted 
with 100 ml saline. The other 3 patients received an intrathecal 
injection of NSC‑like cells in 2 ml normal saline solution via 
a standard lumbar puncture. All patients received two doses 
of dexamethasone (5  mg, intravenous; Shanghai General 
Pharmaceutical Co., Ltd., Shanghai, China) immediately prior 
to and after the cell transplantation.

Patient evaluation. All enrolled patients were evaluated 
according to a protocol that included thorough physical and 
neurological examinations, routine laboratory tests and neuro-
radiological findings, with a primary outcome of safety and 
feasibility (adverse events, neurological worsening and evidence 
of tumor formation). The outcome of patients was assessed at 
6 months post‑transplantation based on the Glasgow Outcome 
Scale (GOS) (18), with a score of 1 indicating mortality and 
score of 5 indicating recovery. In addition, the neurological 
status of patients was evaluated using the National Institute of 
Health Stroke Scale (NIHSS) (19) and GCS scoring systems 
on the day of transplantation, and at 1, 3, 7, 30 and 60 days 
after cell infusion. The NIHSS scores were as follows: 0, no 
evident stroke symptoms; 1‑4, mild stroke; 5‑15, moderate 
stroke; 16‑20, moderate to severe stroke; and 21‑42, severe 
stroke. Routine laboratory tests (complete blood count and 
comprehensive metabolic panel) were also conducted at the 
aforementioned time points. Brain MRI scans were performed 
in all patients prior to and following infusion.

Measurement of neurotrophic factors in the serum. Peripheral 
blood samples were collected from patients prior to the proce-
dure, and at 3 and 7 days after transplantation. The blood 
samples were analyzed by enzyme‑linked immunosorbent 
assay for the determination of the serum levels of brain‑derived 
neurotrophic factor (BDNF; EK‑H11287) and nerve growth 
factor (NGF; EK‑H11487), according to the manufacturer's 
instructions (Shanghai Westang Bio‑Tech Co., Ltd.).

Statistical analysis. All data are presented as the mean ± stan-
dard deviation. The SPSS version 13.0 software (SPSS, Inc., 
Chicago, IL, USA) was used for statistical analysis of the data. 
The measurements were statistically evaluated using one‑way 
analysis of variance followed by the Bonferroni‑Dunn post‑hoc 
test. A value of P<0.05 was considered to indicate that differ-
ences were statistically significant.

Results

Baseline characteristics of patients. The main characteristics 
of the 10 patients are presented in Table I. In summary, 3 female 
and 7 male patients with a mean age of 38.10±12.73 years 
(range, 21‑55 years) were enrolled. Patients received intra-
venous (7 patients) or intrathecal (3 patients) NSC‑like cell 
infusion at 20‑60 days after severe TBI (GCS score, 6‑8). All 
patients were treated according to the standardized guidelines 
for the management of severe TBI  (20). In total, 5 of the 
patients received decompressive craniectomy during the acute 
stage of TBI.
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Adverse events of the procedure. Serial clinical, laboratory and 
radiographic evaluations demonstrated no mortality or serious 
adverse events during the transplantation procedure or during 
the follow‑up period (180 days). No significant hemodynamic 
or respiratory changes were immediately identified subsequent 
to NSC‑like cell treatment. No new neurological deficits were 
detected in any patient after transplantation. Follow‑up MRI 
evaluations did not demonstrate any new lesions or tumor 
development. In addition, no patients were newly diagnosed 
with arrhythmia or seizure during the follow‑up period. Of 
the 10 patients, 1 patient presented a mild febrile reaction 
(temperature, ≤38.5˚C) a week after the NSC infusion. There 
was no evidence of septicemia in this patient; however, bacte-
rial pneumonia was detected, and the patient was successfully 
treated with antibiotics. These results confirm the excellent 
tolerance to the procedure.

Neurological evaluation. Patients were followed up with standard 
clinical examination, as well as evaluation with NIHSS, GCS 
and GOS scoring. Table I shows a summary of all the values 
prior to and following transplantation of NSC‑like cells. No 
signs of worsening in the neurological function were observed 
in any patient as a result of the introduction of NSC‑like cells. In 
fact, during the follow‑up period, 7 patients presented different 
degrees of improvement in neurological function, as compared 
with the values prior to transplantation. As shown in Table I, 
the NIHSS scores improved (range, ‑10 to ‑22 points) during 
follow‑up in 7 patients, and the GCS scores also increased corre-
spondingly (range, 2‑8 points). A possible exception is patient 3, 
whose scores of GCS and NIHSS were evidently improved at 
1 day post‑infusion. However, these findings need to be inter-
preted with caution since no control group was used in this trial.

Serum levels of neurotrophic factors. Table II demonstrates the 
NGF and BDNF serum levels of patients measured at the begin-
ning of the therapy, and at 3 and 7 days after the transplantation. 
The NGF levels detected at 3 or 7 days after transplantation 
were comparable between patients. Post‑hoc comparisons 
between the beginning of therapy and at 7 days after transplan-
tation revealed a significant increase (P<0.01) in the NGF levels. 
Compared with the pretransplantation values, the BDNF serum 
levels were also significantly increased at 3 and 7 days after cell 
transplantation (P<0.05 and P<0.01, respectively).

Discussion

The present phase I trial of intravenous or intrathecal admin-
istration of autologous MSC‑derived NSC‑like cells was 

designed to test the safety and feasibility of this potential 
treatment in patients with severe TBI. The results revealed that 
the procedure was tolerated quite well, and that there were no 
significant adverse events due to the presence of the NSC‑like 
cells in the vessel or subarachnoid space. Furthermore, there 
was no evidence of tumor formation, venous thromboembo-
lism, intracranial infection or systemic infection in any of the 
patients following autologous human NSC‑like cells transplan-
tation. Mild fever that was attributed to bacterial pneumonia 
was observed in 1 patient.

The neurological scores (NIHSS and GCS) of 7 patients 
improved at the end of the follow‑up period. In patient 3, the 
scores of GCS and NIHSS improved distinctly at 1 day after 
NSC treatment, showing significant recovery of neurological 
function. Although this result is promising as it demonstrates 
rapid recovery of neurological function in 1 patient, it must be 
interpreted with caution since there was no control group in the 
present trial. A certain degree of clinical recovery occurred in 
the majority of patients who underwent post‑autologous human 
NSC‑like cell transplantation; however, it is emphasized that 
the possibility of spontaneous recovery, without any other 
treatment, cannot be excluded in these patients.

Previous studies have demonstrated that transplanted NSCs 
ameliorated the neurological deficits and promoted the restora-
tion of neurological function in animal models of TBI (21‑23). 
Several underlying mechanisms of action have been suggested 
to explain these functional benefits following stem cell infu-
sion. For instance, it has been suggested that transplanted 
NSCs may result in repair and restoration of neuronal circuitry 
through immunomodulatory effects (24,25), the production of 
neurotrophic factors (26), the release of specific neurotrans-
mitters (27), and/or potential cell replacement (28). Following 
TBI, neurons and glial cells die as a result of a combination of 
necrosis and apoptosis. Evidence from animal models suggests 
that a reduction in apoptosis in the ischemic boundary area 
occurs following NSC therapy that is associated with improved 
neurological functional recovery (29). In addition, it is possible 
that transplantation of stem cells may amplify the endogenous 
regeneration and plasticity responses, such as angiogenesis, 
neurogenesis and synaptogenesis  (30‑33). Previous experi-
mental studies have reported that the secretion and upregulation 
of certain trophins by NSCs, including NGF, BDNF, bFGF, glial 
cell‑line‑derived factor and vascular endothelial growth factor, 
all of which were associated with neural repair and axonal 
regeneration  (34,35). Consistent with these findings, in the 
present trial, higher NGF and BDNF levels were detected in the 
serum subsequent to autologous NSC‑like cell transplantation, 
supporting the hypothesis of the secretory function of NSCs.

Table II. NGF and BDNF levels prior to and following transplantation.

Factor	 Baseline value	 Day 3 post transplantation	 Day 7 post transplantation

Serum NGF (pg/ml)	 18.32±2.59	 21.46±3.18	 29.23±7.95b

Serum BDNF (µg/ml)	 26.16±8.28	 32.50±8.70a	 41.85±13.8b

Data are presented as the mean ± standard deviation of all patients. aP<0.05 vs. baseline value; bP<0.01 vs. baseline value. NGF, nerve growth 
factor; BDNF, brain‑derived neurotrophic factor.
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Although the transplantation of NSCs in severe TBI 
patients appears to be safe and feasible, numerous ques-
tions remain unanswered, including the optimum timing of 
therapy, best route of delivery, dose of cells, and the under-
lying mechanisms of action. Ma et al (36) indicated that a 
significant decrease in the number of surviving NSCs in rats 
undergoing transplantation at an early stage after TBI may be 
associated with the early post‑traumatic environment, such as 
inflammatory cascades, while the blood‑brain barrier disrup-
tion may mediate cell death and negatively affect the survival 
and migration of grafted stem cells  (37,38). In the present 
study, subacute or chronic patients were selected, since these 
patients were more stable, and transplantation was performed 
after the acute inflammation had subsided. Further studies are 
required to investigate the ideal timing of transplantation for 
optimum recovery benefit. In addition, the main limitations of 
the current study include the relatively small number of NSC 
cases included and the lack of a blinded, control group. For 
this reason, the possibility of placebo effects or recovery as a 
result of the natural history of TBI cannot be excluded in this 
trial.

In conclusion, 10 severe TBI patients were successfully 
treated with intravenous or intrathecal injection of human 
NSC‑like cells in the present study. The current results indi-
cated that all patients tolerated the procedure without major 
complications, and that the transplantation of autologous 
MSC‑derived NSC‑like cells is feasible and appears to be safe 
for the treatment of non‑acute severe TBI. Furthermore, higher 
serum levels of neurotrophic factors were detected following 
NSC transplantation, which is a possible mechanistic pathway 
underlying the improved functional recovery. Further random-
ized clinical trials are necessary to establish the efficacy and 
long‑term safety of this procedure.
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