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Abstract
Background Spinal cord injury (SCI) often results in severe disabilities and significant socioeconomic burdens.

Objective This study aimed to evaluate the effects and safety of co-transplantation of autologous bone marrow-
derived mesenchymal stem cells (MSCs) and Schwann cells (SCs) via the intrathecal route in patients with complete
spinal cord injury (SCI). The analysis focused on the therapy’s impact across various SCI subgroups (cervical vs.
thoracolumbar, subacute vs. chronic) and the factors influencing its efficacy.

Methods This case series evaluated 106 patients with complete SCl treated with combined cell therapy between
August 2013 and September 2022, with a one-year follow-up. Safety profiles were assessed, and neurological

and functional outcomes were measured using the American Spinal Injury Association (ASIA) scores, Spinal Cord
Independence Measure (SCIM-III), and the World Health Organization Quality of Life Brief Version (WHOQOL-BREF) at
6- and 12-month intervals post-injection. Multiple regression analysis was conducted to evaluate factors associated
with outcomes.

Results Significant improvements were observed in ASIA scores (motor, light touch, and pinprick), SCIM-III scores
(total and subscales), and WHOQOL-BREF scores after 12 months. These improvements were consistent across
subgroups, regardless of injury level or duration. Multiple regression analysis indicated that improvements in ASIA
motor scores were associated with injury level, while improvements in SCIM-IIl total and mobility scores were
associated with time since injury and patient age.
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Conclusions This study demonstrates significant neurological, functional, and quality of life improvements following
combined cell therapy with autologous MSCs and SCs in patients with complete SCI. Future research should
investigate potential synergies with other therapies and conduct comparative efficacy analyses.
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Introduction

Spinal cord injury (SCI) occurs in 13 cases per 100,000
population and causes partial or complete sensorimotor
impairment [1, 2]. The SCI prognosis varies significantly
depending on the extent of injury, which could be com-
plete or incomplete. The former type of SCI is associ-
ated with poor clinical recovery, more severe functional
loss, and higher costs compared with incomplete injury.
Numerous pathophysiological factors hinder success-
ful clinical and functional recovery in SCI, including
neuronal and axonal death, scar tissue formation, and
the presence of suppressive molecules [3, 4]. Therefore,

given a lack of definite therapy, the development of novel
treatment strategies for complete SCI to target different
aspects of the multifaceted is an unmet need in the clini-
cal arena [5].

Achieving successful clinical and functional recovery in
SCI is closely tied to overcoming the barriers to axonal
regeneration. These barriers are caused by several factors,
including neuronal and axonal death, scar formation,
and the presence of inhibitory molecules, among others.
Addressing these challenges, therefore, requires a com-
prehensive and multifactorial approach. Over the years,
numerous molecular strategies have been investigated,
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yet they have faced challenges in demonstrating signifi-
cant efficacy in clinical settings [3, 4, 6]. This disconnect
between laboratory findings and clinical outcomes may
stem from focusing on single pathophysiological mecha-
nisms, despite the fact that SCI involves a complex inter-
play of multiple mechanisms and sequential pathological
processes. To close this gap in clinical recovery, thera-
peutic interventions must target multiple aspects of SCI’s
complex pathology [3].

Various therapeutic approaches have been investi-
gated to improve functional recovery after SCI, among
which stem cell therapy has shown promising results.
Previous studies have evaluated different cell types as
potential effective therapeutic options in the treatment
of SCI. Among them, mesenchymal stem cells (MSCs)
have been widely investigated due mainly to their suit-
able characteristics for application in SCI treatment [7,
8]. These include the secretion of neuroprotective and
immunomodulatory secretome, as well as low immuno-
genicity [9, 10]. In addition, some previous studies have
supported the use of Schwann cells (SCs) in SCI and
shown their neuroregenerative capacities. SCs, derived
from the neural crest, are key candidates for use as sup-
portive agents in conjunction with MSCs transplantation.
They secrete various growth factors, including brain-
derived neurotrophic factor (BDNF), ciliary neurotrophic
factor (CNTE), nerve growth factor (NGF), and neuro-
trophin-3 (NT-3), all of which promote neural growth
and regeneration. Additionally, SCs are essential in the
formation of the myelin sheath in the peripheral nervous
system (PNS), enhancing electrical signal transmission
along axons and facilitating improved functional recov-
ery [11]. Based on prior findings, the combined use of SC
and MSC could increase the regenerative capacity and
enhance the functional recovery after SCI compared with
the use of each cell alone [12, 13].

Previously, we demonstrated the preliminary safety and
efficacy of intrathecal co-administration of MSCs and
SCs in patients with SCI [14, 15]. Therefore, the present
study aimed to further elucidate the effects and safety
profile of this therapeutic approach in a larger patient
population.

Methods

Study design and participants

This study is a single-center observational case series
approved by the Ethics in Medical Research Committee
of Shahid Beheshti University of Medical Sciences (IR.
SBMU.REC.1401.023). All patients with complete SCI
undergoing combination intrathecal cell therapy using
autologous bone marrow-derived MSCs and SCs in Sho-
hada Tajrish hospital between Aug 20, 2013 and Sep 10,
2022, were followed for one year. Before performing any
procedure, including the study intervention, cell culture,
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and biopsy specimen analysis, written informed consent
was obtained from the participants. They were also given
a thorough explanation about the study intervention, the
experimental nature of the study, and potential associ-
ated adverse events (AEs).

The inclusion criteria were age between 18 and 65
years, cervical or thoracolumbar SCI, which could be
chronic (more than 6 months after the injury) or sub-
acute (14 days to 6 months after the injury), American
Spinal Injury Association (ASIA) Impairment Scale (AIS)
grade A, and availability of complete patient’s hospital
record. The exclusion criteria were coexisting underly-
ing diseases, such as diabetes mellitus, neurological or
psychiatric disorders, and cardiovascular diseases (e.g.,
angina pectoris, heart failure, or myocardial infarction),
abnormal hepatic or renal function tests, penetrating
spinal cord trauma or transection, the presence of active
infection, such as pneumonia or urinary tract infection,
positive test results for hepatitis C virus, human immu-
nodeficiency virus, hepatitis B virus, cytomegalovirus, or
sexually transmitted diseases, and prior (within the past
ten years) or active malignancy.

Cell isolation, culture and characterization

The participants were hospitalized for SC and MSC har-
vest and were discharged one day after the procedure.
The SC harvest was performed based on our modified
protocol previously set up in our laboratory [15]. The
protocol included the removal of sural nerve located in
the calf region and was performed under general anesthe-
sia. Under sterile conditions, the samples were placed in
the Dulbecco modified Eagle’s medium (DMEM, Gibco,
Grand Island, NY, USA). They were then placed in a cold
and sealed container and were transferred to the cell cul-
ture laboratory. The sural nerves were dissected and adja-
cent soft tissues were removed. The nerves were cut into
pieces of 1-2 mm length and were exposed to dispase
(2.4 U/mL; Sigma) and collagenase (1.4 U/mL; Sigma,
St. Louis, MO, USA) at 37° C for 3 h. Thereafter, the cells
were washed twice with DMEM/F12, mesh filtered, and
incubated in fetal bovine serum (FBS)-free DMEM/F12
at 37° C and 5% CO, for five days. We gradually increased
the FBS (Gibco) concentration in the culture medium up
to 10% over one week after the fasting period.

The analysis of SC involved the utilization of S100
and glial fibrillary acidic protein (GFAP) immunocyto-
chemical staining. After isolating the cells, they were
fixed and permeabilized using 4% paraformaldehyde and
0.1% Triton X-100, respectively, sourced from Sigma-
Aldrich. Following this, a blocking step ensued employ-
ing 10% goat serum (Gibco), followed by an overnight
incubation at 4°C with either anti-S100 or anti-GFAP
antibodies (both obtained from Santa Cruz Biotechnol-
ogy, CA, USA). Subsequently, the samples underwent
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incubation with an appropriate horseradish peroxidase-
conjugated secondary antibody (Sigma-Aldrich) for 1
hour, followed by treatment with 3, 3’-diaminobenzidine
(Sigma-Aldrich) to initiate the chromogenic reaction.
Hematoxylin (Sigma-Aldrich) was utilized for nuclear
counter-staining, and visualization of the cells was con-
ducted through a light microscope.

For MSC harvest, each participant underwent the aspi-
ration of 100-150 mL of bone marrow from the iliac
crest. The Hanks Balanced Salt Solution (HBSS; Sigma)
was used to dilute the samples (1:3). They subsequently
underwent a density gradient (1:3 ratio) using Ficoll
(1.077 g/L; Sigma). Thereafter, the samples were centri-
fuged at 400 x g for 40 min. After that, the mononuclear
cell layer was separated and washed with HBSS. Follow-
ing the removal of Ficoll, the cells were centrifuged three
times for platelet removal and mononuclear cell isolation.
To confirm the MSC isolation, the ability of cells to dif-
ferentiate into adipogenic and osteogenic cells were eval-
uated. Moreover, flow cytometry was used to evaluate the
cellular surface markers.

Cellular transplantation

Finally, the isolated MSCs (5x10° cells/mL) and SCs
(5x10° cells/mL) were suspended in 6 mL of normal
saline. Three weeks after harvest, patients referred to our
institute for intrathecal cell administration. A lumbar
puncture was performed at L4/L5 levels via a 24 G needle
at the operating theatre. Following the needle insertion
into the subarachnoid space (ascertained by observing
the CSF), the cellular mixture (6 mL) was slowly injected
through the lumbar puncture. The needle was kept in
place for one minute to avoid the CSF leakage. One hour
after the procedure, patients were discharged.

Outcome measures

Patients were evaluated in terms of safety and efficacy
outcome measures at baseline, 6-month, and 12-month
after the cell administration (quality of life was assessed
only at baseline and 12 months after cell therapy). The
efficacy outcome measures were ASIA (sensory and
motor scales), Spinal Cord Independence Measure
(SCIM-IIL total score and self-care, mobility, and respira-
tory and sphincter management domain scores), subjec-
tive patient-reported improvements, and World Health
Organization Quality of Life Brief Version (WHOQOL-
BREF) questionnaire [15, 16]. The SCIM-III measure
involves three subscales (19 items), including self-care,
respiration and sphincter management (RSM), and
mobility. The total SCIM-III score is the sum of all three
subscales ranging from ranges from 0 (total dependence)
to 100 (complete independence) [16]. The WHOQOL-
BREF as a self-reported questionnaire that encompasses
26 questions, including two questions (Q1 and Q2) about
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general quality of life (QoL) and health as well as physi-
cal health, psychological health, social relationships, and
environment domains. The questions are scored based
on a five-point Likert scale. Linear transformation is then
performed for domain scores (0-100 scale) [17]. All AEs
were assessed using Common Terminology Criteria for
Adverse Events (CTCAE) version 4 in the present study.

Statistical analysis

Quantitative data were presented as mean *standard
deviation (SD), and qualitative data were expressed as
frequency with percentage. Repeated measures analysis
of continuous variables was performed using Friedman’s
test. The Wilcoxon signed-rank test was used to compare
the WHOQOL-BREF domain scores between the base-
line and 12-month after the injection. Subjective patient-
reported outcomes were presented as dichotomous
variables (whether improved or not according to the
patient) and were compared between the baseline and
12-month after the injection using the McNemar’s test.
As the univariate analysis, the Mann-Whitney U test was
utilized to compare changes in continuous variables over
time (12 months— baseline) between various subgroups
(cervical vs. thoracolumbar or subacute vs. chronic). For
multivariate analysis, multiple linear regression was also
performed on outcome measures that were significantly
different between subgroups to assess the potential effect
of baseline variables on their changes. The dependent
variable was change (12 months— baseline) in efficacy
outcome measures and the independent variables were
age, sex, time elapsed since the injury (months), and the
level of injury (cervical of thoracolumbar). The signifi-
cance level was set at p-value<0.05. STATA 15 (Stata-
Corp.) was used to perform statistical analyses.

Results

Patients’ characteristics

A total of 189 patients were screened for eligibility. A
total of 83 patients did not meet the study criteria. There-
fore, a total of 106 patients were recruited to this study
between August 2013 and September 2022. The mean
age of participants was 31.5+10.0 years and the majority
of them were male (#=289, 84.0%). In terms of the level
of injury, 32 (39.2%) and 74 (69.8%) patients had cervi-
cal and thoracolumbar SCI, respectively. A total of 77
patients had chronic SCI (72.6%) and 29 (27.4%) had sub-
acute SCI. The baseline demographic and clinical charac-
teristics of patients have been presented in Table 1.

Adverse events

Over the study period, 48 AEs were reported. These
included headache (1 =34, 70.8%), nausea (n=27, 56.3%),
fever (n=19, 39.6%), fatigue (=8, 16.7%), and spastic-
ity (n=5, 10.4%). All AEs were grade I or II in severity,
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Table 1 Baseline demographic and clinical characteristics of the study cohort

Characteristic

Total (n=106) Cervical (n=32) Thoracolumbar (n=74) Subacute (n=29) Chronic(n=77)

Age years— mean (SD) 31.5(10.0) 31.8(11

Sex—no. (%) Male 89 (84.0%) 26 (24.5%)
Female 7 (16.0%) 6 (5.7%)

Level of injury—no. (%)  Cervical 32 (30.2%) -
Thoracolumbar 74 (69.8%) -

Duration of injury 23.9(32.1) 33.0(50.2)

Chronicity- no. (%) Subacute (<6 months) 29 (27.4%) 6 (5.7%)
Chronic (>6 months) 77 (72.6%) 26 (24.5%)

Cause of injury-no. (%) Road traffic accident 77 (72.6%) 22 (20.8%)
Fall 21 (19.8%) 6 (5.7%)
Other traumatic 5 (4.7%) 3(2.8%)
Non-traumatic 3(2.8%) 1(0.9%)

314(92) 320(9.8) 4(10.2)
63 (59.4%) 24 (22.6%) 65 (61 3%)
11 (10.4%) 5 (4.7%) 2(11.3%)
- 6 (5.7%) 26 (24.5%)
- 23 (21.7%) ( 1%)
200 (19.0) 39(17) (34 8)
23 (21.7%) - -
1(48.1%) - -
(51 9%) 25 (23.6%) 52 (49.1%)
5 (14.2%) 1(0.9%) 20 (18.9%)
2 (1 9%) 3(2.8%) 2 (1.9%)
2 (1.9%) 0(0.0%) 3(2.8%)

SD: standard deviation; no.: number

Table 2 All adverse events observed throughout the study period with gradings based on common terminology criteria for adverse

events version 4

Adverse event Overall- no. (%) Causal link with study intervention Gradel Grade ll Gradel lll
Not related Unlikely Probable

Headache 34 (70.8%) 34 (70.8%) - - 28 (58.3%) 6 (12.5%) -

Nausea 27 (56.3%) 27 (56.3%) - - 27 (56.3%) - -

Fever 19 (39.6%) 16 (33.3%) 3(6.3%) - 12 (25.0%) 7 (14.6%) -

Fatigue 8 (16.7%) 8 (16.7%) - - 7 (14.6%) 1(2.1%) -

Spasticity 5(10.4%) 5(10.4%) - - 5(10.4%) - -

and all patients underwent outpatient treatment without
any need for hospitalization. Additionally, no patient died
over the follow-up period (Table 2).

Neurological improvement

Significant improvements in ASIA motor, light touch,
and pinprick, scores were found over the study period.
Across all participants, a statistically significant increase
was observed in ASIA motor scores from a baseline mean
of 40.7 (+17) to 43.3 (£15.9) at 12 months (p<0.001).
Similarly, the light touch score improved from 57.6
(+22.8) at baseline to 62 (+24.7) at 12 months (p <0.001),
while the pinprick score increased from 61 (+23.3) to
66 (+23.4) over the same period (p<0.001). (Fig. 1A-C;
Additional File, Table S1)

Subgroup analysis also revealed significant improve-
ment in ASIA motor (p<0.001), light touch (p=0.002),
and pinprick (p=0.013) scores in the cervical subgroup
across the study time points. The motor score increased
from 23.9 (+15.8) at baseline to 29.3 (+16.1) at 12
months. Similarly, in the thoracolumbar subgroup, ASIA
motor (p<0.001), light touch (p<0.001), and pinprick
(p<0.001) scores showed significant improvement, with
the motor score increasing from 47.9 (+11.7) at baseline
to 49.3 (+11.5) at 12 months (Fig. 1A—C; Additional File,
Table S1). Regarding the between-groups differences, the
changes in ASIA motor score (12 months— baseline) were
significantly different between the cervical (A: 5.4+10.2)

and thoracolumbar subgroups (A: 1.4+3.7, p=0.002). No
such difference was found for ASIA light touch (p =0.699)
and pinprick (p =0.897) scores.

Concerning the chronicity, subgroup analysis showed
a significant improvement in ASIA motor (p=0.002),
light touch (p<0.001), and pinprick (p<0.001) scores in
patients with subacute SCI over the study period. Simi-
larly, there was a significant improvement in ASIA motor
(p<0.001), light touch (p <0.001), and pinprick (p <0.001)
scores over the study period in patients with chronic SCIL.
However, comparisons between subacute and chronic
SCI patients revealed no significant differences in the
degree of improvement from baseline to 12 months. Spe-
cifically, no significant differences were observed in the
change in ASIA motor (p=0.819), light touch (p=0.616),
or pinprick (p=0.644) scores between the two groups
(Fig. 1A-C; Additional file 1: Table S2).

These results suggest that significant neurological
recovery occurs over 12 months, regardless of injury
chronicity. Notably, patients with cervical SCI exhib-
ited greater motor function recovery compared to those
with thoracolumbar SCI, while improvements in sensory
function (light touch and pinprick) did not differ signifi-
cantly across subgroups.

Functional improvement
Significant improvements were observed in SCIM III
total scores and its subdomains, including self-care,
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Fig. 1 Neurological (ASIA) and functional (SCIM-IIl) outcomes over the study period for the overall population and specific subgroups

RSM, and mobility, indicating enhanced functional inde-
pendence in individuals with SCI over the study period.
During the study, SCIM III total score increased signifi-
cantly from 40.3 (+ 16.3) at baseline to 47.2 (+17.1) at 12
months (p<0.001). Self-care scores improved from 11.8
(+6.8) to 14.3 (+7.4) (p<0.001), RSM scores increased
from 18.7 (+8.0) to 21.0 (+7.5) (p<0.001), and mobil-
ity scores rose from 9.9 (+5.6) to 12.0 (+6.1) (p<0.001),
demonstrating significant changes in SCIMIII subdo-
mains. (Fig. 1D-G; Additional File, Table S1)

Subgroup analysis based on the level of injury revealed
significant improvements in the total SCIM III score
and its subdomains in both cervical and thoracolumbar
subgroups over the study period. In the cervical injury
group, self-care (p=0.002), RSM (p=0.006), and mobil-
ity (p=0.002) scores improved significantly, with the total
SCIM III score increasing from 25.1 (+16.2) at baseline
to 29.1 (£15.1) at 12 months. Similarly, the thoraco-
lumbar subgroup showed significant gains in self-care
(p<0.001), RSM (p <0.001), and mobility (» <0.001), with
the total SCIM III score rising from 45.8 (+12.5) to 53.8
(+12.4) at 12 months. However, no significant differences
were observed between the cervical and thoracolumbar
groups in changes from baseline to 12 months in total
SCIM I1I score (p=0.136) or in self-care (p =0.772), RSM
(p=0.772), and mobility (p=0.065) scores (Fig. 1D-G;
Additional File, Table S1).

When considering chronicity, significant improve-
ments in SCIM III total and all subdomain scores were
observed in both subacute and chronic SCI groups. In the

subacute SCI group, the SCIM III total score increased
from 37.2 (+ 15.4) at baseline to 48.1 (+ 17.2) at 12 months
(p<0.001). Improvements were also observed in self-
care (p<0.001), RSM (p<0.001), and mobility (p<0.001)
scores. Similarly, the chronic SCI group exhibited sig-
nificant improvements, with the SCIM III total score
increasing from 41.6 (+16.6) to 46.8 (+17.1) (p<0.001).
All subdomains, including self-care (p<0.001), RSM
(p<0.001), and mobility (p<0.001), showed signifi-
cant improvement. There was a significant difference in
changes (12 months— baseline) in total SCIM III score (A
subacute: 10.9+12.1; A chronic: 5.1+£9.3; p=0.009) and
mobility domain score (A subacute: 3.2+3.5; A chronic:
1.6 £2.4; p=0.029) between the subacute and chronic
subgroups. No such a significant difference was found
for self-care (p=0.055), and RSM (p=0.055) domains.
(Fig. 1D-G; Additional file 1: Table S2)

These findings underscore that individuals with SCI
experience functional recovery over the course of 12
months. While both the cervical and thoracolumbar
subgroups demonstrated improvement, no significant
differences were observed between the changes in these
subgroups. Furthermore, although both subacute and
chronic SCI patients showed improvements, subacute
SCI patients exhibited greater gains in the total SCIM III
and mobility scores over time.

Quality of life
Over the study period, significant improvements were
observed across the general health, physical, social,
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psychological, and environmental domains of the WHO-
QOL-BREFE. However, overall quality of life perception
did not show a statistically significant increase. Specifi-
cally, quality of life perception rose from 37.8 (+21.7) at
baseline to 43.9 (£16.6) at 12 months, though this change
was not statistically significant (p=0.059). In contrast,
general health demonstrated a marked improvement,
increasing from 23.8 (+23.0) to 51.8 (+31.8) over the
same period (p<0.001). Additionally, all QoL subdo-
mains—physical, social, psychological, and environmen-
tal well-being—showed significant enhancements, each
with p-values <0.001.

Cervical subgroup showed significant improve-
ments in Q2 (p=0.007), physical (p=0.003), psycho-
logical (p=0.008), social (p=0.018), and environmental
(p=0.003) domains at the 12-month follow-up compared
with the baseline. Patients with thoracolumbar SCI also
demonstrated significant improvements in Q2 (p <0.001),
physical (p<0.001), psychological (p<0.001), social
(p=0.001), and environmental (p<0.001) domains at
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the 12-month follow-up compared with the baseline.
No significant difference was found (p>0.05) between
the cervical and thoracolumbar groups in changes (12
months— baseline) in different domain scores. (Fig. 2A-F;
Additional file 1: Table S3, S4)

In terms of chronicity, significant improvements in Q2
(p=0.004), physical (p=0.005), psychological (p=0.003),
social (p=0.003), and environmental (p=0.003) domains
was observed in patients with subacute SCI at the
12-month follow-up compared with the baseline. There
was also significant improvements in Q2 (p=0.001),
physical (p<0.001), psychological (p=0.001), social
(p=0.010), and environmental (p <0.001) domains in the
chronic subgroup at the 12-month follow-up compared
with the baseline. There was no significant difference
in changes (12 months— baseline) in WHOQOL-BREF
domain scores between the subacute and chronic sub-
groups. (Fig. 2A-F; Additional file 1: Table S3, S4)

Despite no significant changes in overall quality of life
perception, general health, physical, social, psychological,
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Table 3 Subjective patient-reported improvements over the
study period

Baseline 6-month 12-month  P-value®

Trunk No 37(353%) 23(224%) 23(224%) 0.003"
Movement Yes 68(64.7%) 82 (77.6%) 82 (77.6%)
Abilityto Sit ~ No  31(294%) 13(129%) 13(129%) <0.001"

Yes 74(70.6%) 92(87.1%) 92 (87.1%)
Equilibriumin  No 87(824%) 31(294%) 31(29.4%) <0.001"
Sitting Position  Yes 18 (17.6%) (706%) (706%)
Equilibrium No 91(86.7%) 51(482%) 51(482%) <0.001"
in Standing Yes 14 (13.3%) (51 8%) (51 8%)
Position
Bladder Filing No 79(750%) 58(556%) 58(556%) 0.016"
Sensation Yes 26 (25.0%) 47 (44.4%) 47 (44.4%)
Voluntary Blad- No 97 (91.7%) 76 (72.2%) 76 (722%) 0.016"
der Control Yes 8(8.3%) 29(27.8%) 29 (27.8%)
Any Anal No 85(80.6%) 73(694%) 73(694%) 0.125
Sensation Yes 20(19.4%) 32 (30.6%) 32 (30.6%)
Voluntary Anal  No 94 (889%) 91 (86.1%) 91 (86.1%) 1.00
Contraction Yes 11(11.1%) 14(13.9%) 14 (13.9%)

2 McNemar's test was performed to compare categorical outcomes at the 12-
month follow-up with baseline

" Indicates statistically significant

and environmental domains showed significant improve-
ments across all subgroups.

Multiple linear regression

Multiple linear regression analysis was also performed
to evaluate the effect of different potential variables on
changes in outcome measures. Changes in ASIA motor
score at the 12-month follow-up was significantly asso-
ciated with the level of injury (B= -4.487, p=0.002). The
changes in total SCIM-III score after 12 months was
significantly associated with age (B=0.326, p=0.005)
and time elapsed since injury (B= -0.111, p=0.016).
The changes in SCIM-III mobility subscale score after
12 months was also significantly associated with age
(B=0.081, p=0.008) and time elapsed since the injury
(B=-0.31, p=0.010).

Subjective changes

A significant increase was found in the number of
patients reporting a subjective improvement in trunk
movement (p=0.003), ability to sit (p<0.001), equilib-
rium in sitting position (p<0.001), and equilibrium in
standing position (p<0.001) at the 12-month follow-up
compared with the baseline. Additionally, the number of
patients who reported an acquired sense of bladder fill-
ing (p=0.016) as well as the ability to voluntarily control
the bladder (p=0.016) was increased significantly at the
12-month follow-up compared with the baseline. No sig-
nificant change in the number of patients who reported
improvements in rectal filling sensation (p=0.125)
or voluntary anal contraction (p=1.00) was found at
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the 12-month follow-up compared with the baseline.
Changes in the subjective outcome measures are pro-
vided in Table 3.

Discussion

The present findings indicated significant improvements
in neurological, functional, and QoL outcome mea-
sures in SCI patients after combined stem cell therapy.
Moreover, many subjective patient-reported improve-
ments were noted 12 months after the injection, includ-
ing trunk movement, bladder contraction and sensation,
and equilibrium (in sitting and standing). Additionally,
all subgroups, including chronic, subacute, cervical, and
thoracic complete SCI, showed significant improve-
ments in ASIA, SCIM-III, and WHOQOL-BREF scores.
Among subgroups, cervical SCI patients demonstrated a
significantly greater improvement in ASIA motor score
compared with the thoracolumbar subgroup. Moreover,
subacute SCI patients showed better functional recovery
in total SCIM-III and mobility scores compared with the
chronic ones.

The major finding of this study was significantly
improved ASIA motor, pinprick, and light touch scores
after combined cell therapy. Many prior clinical stud-
ies have evaluated the effects of cell therapy on SCL
Abo El-kheir et al. [18] investigated the use of autolo-
gous bone marrow-derived cell therapy in patients with
chronic SCI. Similar to our study, they found a signifi-
cant improvement in ASIA motor, pinprick, and light
touch scores as well as the functional independence mea-
sure in 15 patients with complete SCI. Vaquero J. et al.
[19] studied the efficacy of intrathecal autologous MSC
administration in 9 chronic SCI patient. Consistent with
our findings, at the 10-month follow-up, they observed
improvements in ASIA motor, pinprick, and light touch
scores, as well as improvement in the SCI functional
rating scale of the International Association of Neuro-
restoratology with its sphincter subscale. Furthermore,
a significant increase in the neurogenic bowel dysfunc-
tion score and a non-significant decrease in the modi-
fied Ashworth scale scores were observed following MSC
injection.

Another remarkable finding of this study was signifi-
cant improvements in patient’s QoL and functional out-
come measures. To our knowledge, no prior study has
evaluated the changes in QoL after stem cell therapy in
SCI patients specifically. Different aspects of the patient’s
activities of daily living are affected following the SCI due
to various associated complications, such as sensorimo-
tor dysfunction, neuropathic pain, spasticity, and neuro-
genic bowel or bladder dysfunction [20-23]. Concerning
this, previous findings have also demonstrated a com-
plex relationship between QoL and physical impairment
in patients with SCI [21, 22]. Additionally, SCIM-III as
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the most reliable and valid measure of functional status
in SCI patients showed significant improvements in all
its three domains after combined cell therapy [16, 24].
Therefore, although there is a paucity of prior evidence, it
seems that combined stem cell therapy could lead to sig-
nificant enhancements in patient’s QoL in a multifaceted
manner. This is highly supported by significant improve-
ments in patients’ sensorimotor and bladder function
as well as different domains of functional independence
in the present study. Thus, it seems that combined cell
therapy using MSCs and SCs could be a viable treatment
option for SCI. Nevertheless, further evidence is highly
required to investigate the potential additive effects
of combined use of this therapy with other treatment
strategies.

MSCs exert their therapeutic effects on SCI through
various mechanisms. These cells are capable of secreting
a range of anti-inflammatory molecules, including inter-
leukin-10 (IL-10), transforming growth factor-p (TGEF-f),
and prostaglandin E2 (PGE2), which inhibit the activa-
tion of immune cells such as T-cells and macrophages.
Additionally, MSCs reduce the production of pro-inflam-
matory cytokines, such as tumor necrosis factor-a (TNF-
a) and interleukin-1p (IL-1p) [25]. Furthermore, MSCs
protect neurons and axons from secondary damage fol-
lowing SCI by promoting the secretion of neurotrophic
factors, including BDNF and glial cell line-derived neu-
rotrophic factor (GDNF), which enhance the survival and
differentiation of neural stem cells [26]. MSCs also play a
role in mitigating glial scar formation, which can impede
axonal regeneration post-SCI, by promoting the secre-
tion of matrix metalloproteinases (MMPs), enzymes that
degrade components of the extracellular matrix [27].

SCs, a type of glial cell, are critical for nerve regenera-
tion and repair. In the context of SCI, SCs migrate to the
injury site, where they facilitate axonal regeneration by
releasing a variety of neurotrophic factors and extracel-
lular matrix molecules [28]. These neurotrophic fac-
tors include NGF, BDNF, NT-3, fibroblast growth factor
(FGF), CNTE, and GDNF [11]. The secretion of these
factors enhances neuronal survival, promotes axonal out-
growth, and facilitates synapse formation. Additionally,
SCs secrete extracellular matrix molecules, such as lam-
inin and fibronectin, which create a conducive environ-
ment for axonal growth [11]. SCs further contribute to
the remyelination of damaged axons by migrating to the
injury site, guiding axons to their targets, and promoting
the remyelination process [29, 30].

Effective recovery from SCI relies on addressing the
complex barriers to axonal regeneration, which include
neuronal loss, inhibitory scarring, and molecular fac-
tors that impede repair. Beyond the initial trauma, sec-
ondary injury processes such as inflammation and
oxidative stress further damage neural tissue, making
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regeneration even more challenging [3-5]. Given these
complexities, a combinatorial strategy is more effec-
tive than a single-target approach. MSCs and SCs offer
complementary therapeutic benefits—MSCs support a
neuroprotective environment, while SCs enhance axonal
regrowth and remyelination. This study explores the co-
administration of these cells as a synergistic approach to
overcoming multiple barriers to SCI recovery, with the
goal of improving both neuroprotection and functional
restoration.

Patients with cervical SCI showed a significantly
greater improvement in ASIA motor score after 12
months compared with the thoracolumbar subgroup.
Many prior studies have demonstrated a better response
to treatment in cervical SCI compared with thoracic
injury [31, 32]. From an anatomical viewpoint, the cer-
vical spinal cord has a higher white/gray matter ratio
compared with the thoracic spinal cord. Given the higher
concentration of myelinated axons in the white matter,
the aforementioned difference might explain this finding
to some extent [33—35]. Furthermore, the use of SCs as
part of our combined cell therapy protocol further sup-
ports this hypothesis as SCs could mainly improve remy-
elination in damaged myelinated axons that are mostly
located in the white matter [36, 37]. Another potential
reason behind this finding could be differences in blood
supply to the cervical and thoracic spinal cord. Richer
blood supply to the cervical spinal cord due mainly to
its extensive vascularization in comparison with the
thoracic regions might potentially provide more oxygen
and nutrients to the injured tissue and enhance recovery
while preventing ischemia [38, 39].

Furthermore, the subacute subgroup in this study dem-
onstrated a greater improvement in functional status as
assessed using SCIM-III compared with the chronic one.
This could be due to differences in neuroplasticity and
regenerative capacity as well as the extent of inflamma-
tion. In subacute SCI, there is a more intense inflamma-
tory response with higher levels of pro-inflammatory
cytokines [40]. By contrast, chronic SCI is characterized
by a reduced inflammatory response and the presence
of reactive astrocytes with fibrotic scar tissue forma-
tion in the lesion core limiting the regenerative capac-
ity of local axons. Hence, the anti-inflammatory effects
of MSCs could be more beneficial in the subacute phase
compared with the chronic one. In subacute SCI, there
is also a greater potential for neural regeneration due
to the presence of intact axons and neural connections.
Chronic SCI, however, is characterized by significant tis-
sue damage, loss of axons and neural connections, and a
decrease in neuroplasticity capacity [41, 42]. In addition,
functional clinical improvements in SCI patients during
subacute to chronic phase transition have been reported
previously, which tended to older age and more severe



Akhlaghpasand et al. Stem Cell Research & Therapy (2025) 16:226

injuries similar to our findings [43]. Thus, future stud-
ies with control arms are highly required to differentiate
between the effects of cell therapy or the course of SCI
itself in the specific population of patients with subacute
SCL

Bladder dysfunction is a common and serious compli-
cation of SCI, often leading to secondary issues such as
urinary tract infections, bladder stones, and renal dam-
age. MSCs have demonstrated potential in addressing
SClI-related bladder dysfunction, as evidenced by clinical
trials. In a study conducted by Mendonga et al., [44] the
effects of intralesional administration of bone marrow-
derived MSCs (BMSCs) were assessed in 14 patients with
chronic SCI. While an increase in bladder capacity was
observed six months post-procedure, this change did
not reach statistical significance. However, a significant
improvement in bladder compliance relative to base-
line measurements was reported. Similarly, Vaquero et
al. [19] investigated the safety and efficacy of intrathecal
administration of autologous BMSCs in 11 patients with
chronic SCI. Ten months following the initial intrathecal
injection, 66.6% of the patients exhibited a reduction in
post-void residual volume and an improvement in blad-
der compliance during the filling phase.

Preclinical studies investigating the application of stem
cell therapy for urinary dysfunction in SCI have eluci-
dated several potential mechanisms. Hu et al. conducted
intravenous injections of BMSSCs in rats and observed the
presence of labeled BMSCs in the dorsal gray commis-
sure of the L3-4 spinal segments. They proposed that the
recovery of voiding function was likely due to the devel-
opment of new voiding reflex pathways resulting from
the reorganization of synaptic connections [45]. Simi-
larly, Erdogan et al. examined the effects of intralesional
injections of fetal allogeneic umbilical cord MSCs in rats
with incomplete SCI, reporting a reduction in inflam-
mation, lamina muscularis thickness, and bladder wall
fibrosis [46]. Additionally, Mitsui et al. demonstrated that
improvements in bladder function following the admin-
istration of neuronal and glial restricted precursors were
linked to alterations in lumbosacral circuitry. This was
attributed to regional neuroprotection, which promoted
sparing and sprouting of descending pathways [47].
However, due to the heterogeneity among existing stud-
ies, further research is needed to definitively elucidate
the mechanisms underlying the effects of cell therapy on
bladder function.

The administration of MSCs may lead to adverse effects
such as fever, headache, nausea, vomiting, and pain, all of
which can negatively impact the patient’s quality of life.
The molecular mechanisms responsible for these adverse
effects involve a range of molecules and signaling path-
ways. Fever is a common side effect following MSC ther-
apy in patients with SCI, and it is primarily associated
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with the release of proinflammatory cytokines such as
interleukin-1 (IL-1) and interleukin-6 (IL-6) from the
injected cells [48, 49]. These cytokines activate the hypo-
thalamic-pituitary-adrenal (HPA) axis, stimulating the
production of prostaglandins (PGs) via activation of the
cyclooxygenase (COX) pathway. The resulting increase
in PGs induces fever by promoting the production of
cyclic adenosine monophosphate (cAMP) and raising the
set-point temperature in the hypothalamus [50]. In addi-
tion, prostaglandins can directly activate nociceptors and
stimulate the release of calcitonin gene-related peptide
(CGRP) and substance P from sensory neurons, leading
to vasodilation and increased cerebral blood flow. This
vasodilation can trigger headaches by stretching blood
vessels and activating pain receptors [51]. Fever may
also be exacerbated by the activation of toll-like recep-
tors (TLRs) on the surface of MSCs, which stimulates
immune cells to release additional proinflammatory cyto-
kines [49].

Intrathecal injection via lumbar puncture is a less inva-
sive and clinically feasible method for cell delivery in
cervical and thoracolumbar spinal cord injuries. It pre-
vents further trauma to the injured cord while ensuring
targeted cell accumulation at the lesion site. Studies have
demonstrated that LP-transplanted cells primarily local-
ize in the intrathecal space, distributing along the lumbar,
thoracic, and cervical regions, promoting neuroprotec-
tion and functional recovery. MSCs delivered this way
effectively reach contused spinal tissues, reducing cyst
formation and injury size, demonstrating significant ther-
apeutic benefits [52—-54].

This study aimed to evaluate a large population of SCI
patients to assess the patterns of change across different
subgroups of complete SCI, including subacute, chronic,
cervical, and thoracolumbar injuries. These patients
were followed up over an extended period to investigate
the effects of stem cell therapy on quality of life. This
approach allowed for subgroup analysis to explore differ-
ences in treatment response among SCI patients under-
going combined cell therapy with MSCs and SCs.

Despite its strengths, this study had several limita-
tions. It was based on an observational research without
a control group, limiting the ability to compare outcomes
across different treatment groups or interventions.
Additionally, the possibility of a placebo effect—where
patients, aware of receiving an experimental therapy,
may report improved outcomes—cannot be ruled out.
To mitigate these bias, objective measures such as the
ASIA scores and SCIM-III were used. However, the
evaluation of quality of life (WHOQOL-BREF) in this
study may be influenced by these biases, where patients
report improved well-being based on expectations rather
than actual treatment efficacy. Moreover, factors like
natural recovery, psychological adaptation, and external
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influences could affect WHOQOL-BREF scores, making
it challenging to attribute observed improvements solely
to the intervention.

Moreover, as this study was conducted at a single cen-
ter with a consistent research team, future multicenter
studies are needed to validate these findings across
diverse healthcare settings. Another limitation is the
uncertainty surrounding the better treatment response
observed in the subacute subgroup for certain outcome
measures, which could be attributed to either the inter-
vention or the natural course of SCI recovery. We recom-
mend that future multicenter controlled trials include
larger patient population and adopt rigorous, controlled
evaluation methods to address these limitations.

Conclusions

Combined cell therapy using MSCs and SCs significantly
improved neurological and functional outcome as well
as the QoL in patients with complete SCI. All subgroups
of SCI, including cervical, thoracolumbar, subacute, and
thoracolumbar showed significant improvements after
12 months compared with the baseline. Moreover, differ-
ences in response to combined cell therapy were noted
between different study subgroups that require further
evidence from future multicenter randomized investiga-
tions with control arm.
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