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Abstract

Background
Werdnig Hoffman (WH), a hereditary neurodegenerative disorder of lower motoneurons associated with
progressive muscle weakness is the most common genetic cause of infant mortality. There is no effective
treatment for WH exists. The �eld of translational research is active now, and clinical trials or case
studies are ongoing. We present a phase 1 clinical trial in patients with WH who received side population
adipose-derived mesenchymal stem cells (SPADMSCs).

Methods
The intervention group administered with three intrathecal administrations of escalating doses of
SPADMSCs. The safety analysis was assessed by controlling the vital signs and e�cacy analysis
performed by the Ballard score and EMG test. These tests were performed previous to treatment and at
the end of the follow-up.

Results
The treatment well-tolerated, without any adverse event related to the stem cell administration. Patients
showed signi�cant improvement in the amplitude response of motor in the tibial nerve (0.56 mV; p:
0.029). The weight of patients, ventilation days, and number of hospitalizations were not meaningful
parameters in the response of patients in the intervention and control groups. One patient in the
intervention group is still alive after 36 months. He gained a normal weight and has a normal growth rate.
The patient can breathe without ventilator aid.

Conclusion
The present study for stem cell therapy shows safety and e�cacy in WH patients, mainly in the recovery
of the tibial nerve, respiratory system, and length of life.

Background
Spinal Muscular Atrophy (SMA) resulting from the degeneration of lower α-motor neurons (MNs) with
muscle wasting and consequent paresis, paralysis, respiratory failure, and frequently death in the severe
form of childhood SMA [1]. Different types of SMA are classi�ed based on the time of the disease onset
during life. Werdnig-Hoffmann (WH) disease or the same SMA Type 1 presents within the �rst three
months of life and is fatal only within two years [2]. It is always caused by the deletion or mutations in
the survival motor neuron (smn) gene and is inherited in an autosomal recessive way [3]. A homozygous
deletion of the exon 7 in the smn1 gene has been demonstrated in more than 95% of these patients [4]
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which present them nonsitters (unable to sit). The main product of the smn gene degrades in the cytosol
and it causes a 100-fold lower concentration in the spinal cord of WH patients compared with the other
people [5]. The centromeric human paralogue smn gene (smn2) is still present in these patients, but is not
able to completely compensate for the lack of smn1 [6, 7]. In spite of the worldwide efforts, there is only
one approved treatment available for SMA patients, a gene therapy, by antisense oligonucleotides with a
trading name Spinraza (Nusinersen) [8]. It corrects smn splicing, which in turn restore smn expression in
MNs after intra-cerebroventricular injection, but there are still questions about its cost-effectiveness and
its delivery di�culties [9, 10]. In many low-income countries with a prevalence higher than the global
average, this has created deep concerns among the neurological society. In Iran, several campaigns
launched to dispatch SMA patients to a European center to bene�t from the therapeutic course of
Spinraza, but due to the severe economic problems, these groups did not succeed in sending patients
even as one-handed �ngers. So we still in need of new cost-effective therapies that will be available to all
SMA patients worldwide even in low-income countries.

As the alternative therapeutic approach, stem cells could be transplanted into the defective nervous
system. We should consider that stem cell therapy costs are much less expensive than gene therapy and
it is also possible for cell therapy in places with fewer facilities when compared to gene therapies that
usually involved in virus production. The potential applications of stem cells in neurological disorders
may be classi�ed into several categories. Transplanted stem cells may provide trophic support to host
cells [11], slow a degenerative process, or secrete neurotransmitters de�cient in the host [12]. In contrast
to other neurodegenerative diseases such as stroke or spinal cord injuries, which possess toxic
microenvironments with a multifactor pathology that affects more than one target, in Werdnig-Hoffmann
patients, the only defect is in spinal MNs; hence, the target for therapy is particularly identi�ed [13, 14].
According to our knowledge, a clinical trial by California Stem Cell Inc. (Irvine, CA, USA) based on intra-
spinal injections of high purity human motor neuronal progenitor cells put on hold by the US Food and
Drug Administration [15]. But there is the same experience that completed for Amyotrophic Lateral
Sclerosis (ALS) patients [16]. Due to the genetic condition of WH disease, allogeneic stem cell therapy
could delay the disease advancement, as well as potentially restoring some lost functions [17]. Based on
some studies mesenchymal stem cells (MSC) could activate endogenous restorative responses in the
injured brain, including angiogenesis [18], neurogenesis [19, 20], synaptogenesis, and reduction of
apoptosis in the injury zone [21]. However, so far there are some inexpressive studies using MSCs for WH
patients. Previously an Italian group reported their negative �ndings of intrathecal administration of bone
marrow derived MSCs in WH patients [22], but the other group claimed quanti�able improvements in
physical function for three patients after intrathecal administration of MSCs [23]. We know that MSCs
derived from adipose tissue (ADMSCs) show higher regenerative capacities compared to bone marrow
derived MSCs [24]. They are safe for allogeneic use in pediatric patients [25] and show more anti-
in�ammatory response compared with MSCs derived from other sources [26, 27]. Also, previously we
have isolated a side population (SP) of ADMSCs that shows superior characteristics when compared with
the main population of fat-derived MSCs [7]. The SP cells are a rare subpopulation found in some adult
tissues, identi�ed by their capacity to e�ux Hoechst 33342 dye [28]. This property that distinguishes
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them from the main population of cells is mediated through the p-glycoprotein multidrug/ATP-binding
cassette transporter protein and ATP-binding cassette superfamily G member 2 (ABCG2) on the cell
membrane surface [29]. ABCG2 is a conserved gene among stem cells from a variety of sources, even in
embryonic stem cells [30]. It could be express at high levels in primitive stem cells and then
downregulated with differentiation. Enforced expression of this gene directly confers the side population
phenotype and cause a reduction in maturing progeny both in vitro and in transplanted cells [29].
Therefore, we decided to focus more precisely on the more potent side population ADMSCs (SPADMSCs).

While Werdnig-Hoffmann disease certainly is a fatal disease with great unmet therapeutic need, our team
conducted this stem cell therapy program as a phase I clinical trial to decide whether this intervention
continues in the country for the bene�t of the patients. Of course, we tried to not create false hope for the
parents whose children suffer from this life-limiting disorder. We also decided not only to do the same
work of the earlier groups but upgrade those works by selecting SPADMSCs which have more
proliferative capacity and higher differentiation potency in higher doses. Here we report the results of the
safety and effectiveness assessment of the dose-escalating SPADMSCs intrathecal administration in
Werdnig Hoffman patients.

Materials And Methods
The trend chart of this trial process is mentioned in Fig. 1. The study group consisted of 10 patients
(clinicaltrials.gov identi�er NCT02855112) with genetically con�rmed smn1 complete deletion at the
mean age of 9 ± 3 months, from both genders. The mean patient age at the disease onset was 3 ± 1
months. Motor functions were evaluated using the modi�ed Ballard score and electromyography (EMG).
Activities included in the scale were rolling, sitting, lifting the head from prone and supine, and propping
on arms. Each item scores 0–2 with 0 meaning unable, 1 meaning some adaptation and 2 meaningfully
able [31]. Five patients were enrolled in the cell transplantation study, and �ve others served as the control
with only their routine supportive care because we thought that a placebo-controlled trial is unethical
(Fig. 1). All the patients included in this study aged under 12 months, with weak muscle tone, weakness in
mobility, but with normal brain function and existence of home senses. The patients with the brain
abnormality, loss of sensory functions and malignancies excluded from this study. Patient evaluations
were performed during Vo visit before the stem cell administration begins. All parents of the patients gave
their written informed consent for child participation in this study, and the protocol was approved by the
Ethics Committee at the Tehran University of Medical Sciences (TUMS), Tehran, Iran
(IRCT2015073023417N1).

Stem cell Donors
A total of three healthy adult donors who volunteered to donate their adipose tissue after their cosmetic
liposuction surgeries were entered into the study. The subcutaneous adipose tissue samples were
collected from each donor under local sedation. The study was conducted in compliance with current
Good Clinical Practice (GCP) standards and in accordance with the Declaration of Helsinki. Institutional
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review board approval of the TUMS for the study protocol was obtained before starting enrollment. All
donors entering the program agreed to and signed an institutional review board-approved statement of
informed consent.

Stem cell isolation, Culture and Characterization
The liposuction aspirates were obtained from the para-umbilical subcutaneous fat tissue site of the
donors and immediately transferred to the GMP quali�ed clean rooms in the Iranian Blood Transfusion
Organization (IBTO) central laboratory building. Isolation of stromal vascular fraction (SVF) and
mesenchymal stromal cell cultures was prepared as described before [32]. Brie�y, adipose tissue was
washed �ve times with phosphate-buffered saline (PBS; Gibco, Paisley, UK) and suspended in an equal
volume of HANKS balanced salt solution (HBSS; Gibco, Paisley, UK) supplemented with 0.05% Celase
(Celase; Cytori, California, US). The tissue placed in a shaking 37 °C incubator with continuous agitation
for 30 min and centrifuged for 10 min at 300 g at room temperature. Then the pellet (SVF) subjected to
the culture in Dulbecco Modi�ed Eagle Medium (DMEM; Gibco, Paisley, UK) with StemPro (Gibco, Paisley,
UK) supplemented with 10% human umbilical cord-derived serum plus 1 µg/ml Gentamicin (Sigma; Saint-
Quentin Fallavier, France), with 10 ng/mL vascular endothelial growth factor (VEGF; Sigma, St. Louis, US),
10 ng/mL epidermal growth factor (EGF; Sigma, St. Louis, US), and 2 mM L-glutamine (Gibco; Paisley,
UK). After 6 h in �bronectin-coated culture �ask, with 10% CO2 and 95% humidity, the media was changed
and non-adherent cells were removed. After 24 h only colony forming units were removed from the culture
�ask by a cell scraper under the stereomicroscope and transferred into sterile 2 mL micro-tubes and side
population cells were isolated as previously described [30, 33, 34]. Isolated SPADMSCs were cultured on
the new �bronectin pre-coated �asks. After 24 h a portion of the obtained cells was used in CFU assays to
estimate a frequency of colony-forming units in the cell population. The remaining cells were plated in
T175 �asks (Corning, NY, US) in the culture medium at a density of about 100,000/cm2 of the surface
area for expansion and culture. The media were changed every day and once 80% con�uence had been
reached, adherent cells were harvested by 0.25% TrypLE (Gibco; Dublin, Ireland), and then re-plated.
Besides this way, the conventional method also was used to obtain a hetero-population of ADMSCs as
described previously [7].

Quality control of �nal SPADMSCs product
For release testing, SPADMSCs were assessed for cell appearance, viability, identi�cation, purity, and
content. The minimum criteria for release was 90% cell viability. In addition, the cells were screened for
contamination with adventitious agents, mycoplasma and other bacteria, fungi, and viruses such as
human immunode�ciency virus (HIV), hepatitis B virus (HBV), hepatitis C virus (HCV), human T-
lymphotropic virus-1 (HTLV-1) and cytomegalovirus (CMV). We also monitored the SPADMSCs karyotype
stability all throughout passaging in culture. Chromosome G-banding was used in this study to show the
normal, 46 XX or 46 XY karyotype pro�le all throughout culturing. The endotoxin amount was evaluated
by the gel-clot technique Limulus Amebocyte Lysate (LAL test; GenScripts, Leiden, The Netherlands) as
described previously [35].

SPADMSCs characterization
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To analyze immunophenotypical characteristics of the SPADMSCs, passage three stem cells were
analyzed by �ow cytometry for hematopoietic lineage cell markers CD34, CD19, and CD45 (Abcam,
Cambridge, UK) and for stromal cell markers CD105, CD90, CD73, CD146 (Abcam, Cambridge, UK) and for
pluripotency markers SSEA-1 and Nanog (Abcam, Cambridge, UK) by using directly conjugated
�uorescein isothiocyanate (FITC), phycoerythrin (PE), or allophycocyanin (APC) antibodies (Becton-
Dickinson Biosciences; NJ, US) on a BD FACS Calibur using CELLQuest acquisition software.

SPADMSCs CFU & Proliferation assay
The same number of ADMSCs and SPADMSCs were respectively seeded in T-25 �asks. The medium was
changed every 24 h. After three days in culture, the �asks were washed twice, �xed with absolute
methanol, and stained with 3% Crystal violet. Three replicates were used for the experiments to obtain a
mean value. Cell clusters consisting of at least 50 cells were scored as a colony forming unit (CFU). In the
proliferation test, the isolated cells were respectively seeded in triplicate in 24-well plates. Three replicas
were performed for each cell population. Twenty microliters of sterile cell counting kit-8 (Beyotime;
Jiangsu, China) that allows sensitive colorimetric assays for the determination of cell viability were
added to each well and incubated for 3 h at 37℃. The viable cell numbers were determined every day for
one week. The optical density values were determined at a wavelength of 450 nm and a reference
wavelength of 630 nm.

SPADMSCs in vitro differentiation
Each source of stem cells was plated at a density of 104 cells in the 6 well plates; culture medium was
then replaced with the speci�c differentiation media, which was changed twice a week for the full
induction period. For the Adipogenic differentiation, con�uent stem cells at passage 4 were differentiated
in a chemically de�ned serum-free media containing 2 nM triiodothyronine, 100 nM human insulin,
100 nM dexamethasone, and 1 mM rosiglitazone, as previously reported [36]. Osteogenic differentiation
was induced as previously described [37]. Brie�y osteogenic medium containing DMEM supplemented
with 10% FBS, 2 mM L-glutamine, 50 ng/mL L-thyroxine (Sigma, US), 20 mM β-glycerol phosphate,
(Sigma, US), 100 nM dexamethasone (Sigma, US) and 50 µM ascorbic acid (Sigma, US). The medium
was changed every 3 days. After 15 days, cells were �xed in 9% paraformaldehyde and stained with 10%
Alizarin Red (Sigma, US). Differentiation into chondrocytes was induced by Chondrogenesis
Differentiation Medium, according to the previous study [38]. The stem cells were incubated in 500 µl of
complete chondrogenic medium containing DMEM, 100 nM dexamethasone, 50 µg/mL ascorbic acid,
40 µg/mL L-proline (Sigma, US), 1 mM sodium pyruvate (Sigma; US), 10 ng/mL TGFβ-3 (Sigma, US) and
100 ng/mL BMP-2 (Sigma, US). The medium was changed three times a week. After 21 days the pellets
were harvested, �xed and stained with Alician blue. The neurogenic differentiation of the stem cells was
induced, as described previously [39], with some modi�cations [7]. All the differentiation genes were
evaluated using RT-PCR.

SPADMSCs administration
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The neurologists of the staff visited all the eligible patients and summoned them for �ling their
documents at the recruitment center. All clinical procedures were performed at the Children Medical
Center (CMC) hospital in Tehran, Iran. Before transplantation, cells were counted and suspended in
phosphate buffered saline (PBS; Gibco, Paisley, UK) at the concentration of 2 × 104 cell per µL. The cells
administered by a 21-gauge needle via the intrathecal route in the lumbar puncture. Patients received
three doses of 106, 2 × 106 and 5 × 106 cells/kg into the lumbar spinal region every 15 days. After
injection, the patients admitted to the Intensive Care Unit for 1 h. They would be discharged if did not
have any sign of allergic reactions, fever, and malaise.

SPADMSCs Safety assessment
The primary outcomes evaluated the safety of SPADMSCs, which consisted of assessing the reported
side effects after lumbar puncture until discharge from hospital and lifetime follow-up of patients. Every
2 weeks, a full history was taken from the patients. The safety of the stem cells was evaluated based on
the WHO toxicity scale, where the severity of adverse events is divided into four grades, namely mild,
moderate, severe, and life-threatening. Based on this scale cardiovascular, respiratory, digestive,
neurological, skin, and systemic (infection and allergic reactions) evaluations were done for all patients.
Potential, delayed adverse events included intra-spinal tumor formation, and persistent sensory loss or
paralysis not related to the progression of the disease was assessed as well.

SPADMSCs Effectiveness Outcome assessment
The secondary outcome measures were the difference in functional outcomes measured by the
electromyography (EMG) test. The Neurophysiologic test was performed by an electromyographer. The
Nihon Kohden electrodiagnostic instrument (Neuropack S3 electrodiagnostic (EDX) system; Irvine, US)
was used to perform the test. For the nerve conduction velocity, we used adhesive surface electrodes and
children's speci�c stimulator electrode and EMG was performed using concentric single-use needle.
Before starting the neurophysiological tests, the temperature of the organs was checked and, if the
temperature was low, the organs were heated using an infrared lamp or a hot pack. The tests that were
evaluated included: 1) NCV: A) motor responses: recording of tibial and peroneal nerves in the lower
extremities, median and ulnar nerves in the upper extremities and B) Sensory responses: Record of
Median nerve in the upper extremities, Plantar medial nerve in the lower extremities; 2) EMG: A)
Evaluation of distal and proximal muscles in upper and lower extremities and cranial muscles.

Statistical analysis
Statistical analysis was performed using the Prism 5.04 (GraphPad, USA) software. Relationships
between the variables were con�rmed using non-paired t-test and Mann–Whitney U test. The p-value of
≤ 0.05 was considered statistically signi�cant.

Results

Flowcytometry analysis
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To �nd the antigen expression pro�le of the established SPADMSC, immunophenotypical analysis using
�uorescently labeled antibodies against a panel of markers including CD34, CD19, CD45, CD90, CD146,
CD73, and CD105, which are surface markers associated with hematopoietic and MSCs that found in
adipose tissue was performed (Fig. 2A). Also, we found the expression of SSEA-1 and Nanog, the
embryonic stem cell (ESC) markers, on SPADMSCs (Fig. 2A). The �ow-cytometry results showed that the
main population ADMSCs culture after the �rst passage still reacted with anti-CD34 (2.20 ± 1.0%), CD19
(1.0 ± 0.3%) and CD45 (2.50 ± 0.6%) monoclonal Abs (Fig. 2B). In contrast, SPADMSCs were negative for
these markers (0.50 ± 0.2%, 0.32 ± 0.1% and 0.64 ± 0.1% respectively) (Fig. 2A). Furthermore, the
percentages of cells positive for CD146 (94.11 ± 1.2%) and CD105 (97.23 ± 1.62%) in SPADMSCs were
higher than the control group (p ≤ 0.05) (Fig. 2B). The important part of the marker expression returns to
the SSEA1 and Nanog expression of SPADMSCs (66.42 ± 1.50% and 58.15 ± 1.22%) was much higher
than conventional cultured main population ADMSCs (Fig. 2B).

Clonogenicity assays
Clonogenicity results showed that SPADMSCs displayed signi�cantly more colony forming units (CFU)
than the control group in vitro (Fig. 2C). The side population cells yielded a signi�cantly higher number of
CFU colonies (74.25 ± 2.55%) than the main population ADMSCs (36.65 ± 1.40%) (p ≤ 0.05) (Fig. 2C). In
addition, SP cells had a higher proliferation rate compared to other cells in 3, 6 and 10 days (p ≤ 0.05).
However, these cells had a very small size when compared to the main population ADMSCs (Fig. 2D).

Differentiation assays
The adipogenic culture was stained for the presence of intracellular lipid droplets. Oil Red staining of
cultures for intracellular lipid vacuoles revealed these droplets while there was no sign of adipogenic
differentiation in control cells (Fig. 3A). Under chondrogenic differentiation conditions, the SPADMSCs
formed regions rich in sulfated proteoglycans as detected using Alcian blue staining (Fig. 3A). These
regions are indicative of the presence of sulfated proteoglycans within the matrix, where no positive
staining was observed in the control cultures. Under osteogenic differentiation conditions, the SPADMSCs
formed regions rich in osteocalcin that revealed apparently with alizarin red staining (Fig. 3A). The
neurogenesis of SPADMSCs also can be seen under a �uorescent microscope (Fig. 3A) by the expression
of nestin as a pre-neural and β-III-tubulin as neural cell markers. RT-PCR analysis showed that adipocyte-
related transcripts, including lipoprotein lipase (LPL) and peroxisome proliferator-activated receptor γ2
(PPARγ2), were induced in differentiated SPADMSCs (Fig. 3B). The differentiated cultures showed
marked induction of mRNAs from chondrogenic genes, including sox9, col2A1 and col11A1 genes, and
osteogenic expressed genes including osteocalcin and alp genes that signi�cantly increased (Fig. 3B).

Chromosome stability
An aliquot of the same stem cells that were injected into the patients' cerebrospinal �uid was �xed the
day of the intervention and tested for karyotype stability. All of the SPADMSCs used in this study showed
a normal chromosomal asset (Fig. 3C).



Page 10/25

Patients outcome
A total of ten pediatric patients with con�rmed 5q13 deletion of the SMN1 gene entered into this study. In
both groups, there were 3 male and 2 female patients, and there was no difference in gender between the
two groups (Fig. 4A). Electro-diagnosis showed decreased compound motor unit action potentials. Five of
them received stem cell intervention. The principal characteristics of the recruited patients are described
in Fig. 4. Their median age was 9 months (Range: 6–12). The median duration of the disease from the
onset of symptoms to recruitment was 5 months (Range: 3–7). The treatment caused no severe adverse
events in the intervention group. All patients were discharged without problems in the hospital and
showed no immediate, post-injection complications. The most common adverse event was pain and it
was con�ned to the injection site. Various items including the weight, number of admissions and the
number of days under ventilation were assessed and compared with the control group. The weight of all
patients in the intervention and control groups after 3 injections was evaluated (Fig. 4B). The weights of
patients in the stem cell treated group were 7.6 kg, whereas, in the control group, the mean weight was
5.6 kg (p: 0.48) (Fig. 4B). Patients in both groups were evaluated for the number of hospitalizations
times. In the intervention group, one patient was intubated and hospitalized from the beginning of the
study to the end of her life. Among other patients in this group, the average number of admissions was
3.4 days Vs 4 days in the control group (Fig. 4C). There were no differences between the two groups of
cell therapy and control in terms of the number of hospitalizations. In other words, transplantation does
not seem to play a role in the development of various complications of the disease and the resulting
hospitalizations (p: 0.182) (Fig. 4C). Both groups were also evaluated for the number of days that were
under ventilation (Fig. 4D). In the intervention group, one of the patients had a tracheostomy, which was
not included in this study. Another patient in this group was intubated twice. At the �rst time, she
extubated immediately after cellular therapy due to the stability of the patient's general condition. For this
reason, the �rst occurrence of ventilation in calculations was not considered. Generally, in the cell therapy
group, patients had an average of 46.75 days of ventilation, while in the control group, they were on
average 17.3 days under ventilation (Fig. 4D). No difference was observed between the two groups of cell
therapy and control in terms of the number of days under ventilation (p: 0.56) (Fig. 4D). Clinical
assessments ranging from 3 to 28 months after SPADMSCs transplantation (in survived patients)
showed no acceleration in the course of progression of the SMA due to the treatment. Out of 10 patients
in this study, one of those who have been in the intervention group is still alive, and the rest of the
patients, in both groups have died as described in Fig. 5A. Most of the patients died due to the
progression of respiratory failure related to the natural course of the disease. The mean life expectancy of
the intervention group was 11.17 months and the mean lifetime of the control group was 8.52 months
(Fig. 5A).

The Ballard Scoring System was used to evaluate the clinical changes. After each injection, the Ballard
score of the patients in the injection group was calculated and then the score of the control group was
measured at the same interval (every two weeks). The mean Ballard score of the patient was 10.6 after
the �rst injection and in this time the mean score in the control group was 9.2 (p: 0.58) (Fig. 5B). The
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mean score after the second injection in the transplant group was 11 and in the control group was 9.6 (p:
0.32) (Fig. 5C). Also, the mean scores after the third injection in the transplant group was 11.6 and in the
control group, was 9.6 (p: 0.42) (Fig. 5D).

In this study, patients were subjected to neurophysiologic tests three times. The �rst test before injection
was used to con�rm the diagnosis and to obtain the baseline data. The second test was performed one
month after the �rst injection and the third test was performed one month after the last injection (Table).
The mean amplitude of the median nerve motor response was 0.71 mV in the intervention group (SD: 0.2)
while this mean amplitude was equal to 0.31 mV (SD: 0.19) in the control group. In the case of the ulnar
nerve, the mean amplitude response of the motor in the cell therapy group was 0.38 mV with a standard
deviation of 0.13 and in this interval, the mean ulnar nerve amplitude in the control group was 0.28 mV
(SD: 0.24). In the lower extremities in the Tibial nerve, the mean of the amplitude response of the motor in
the cell therapy group was 0.54 mV and with a standard deviation of 0.19 while in the control group, this
mean was 0.28 mV (SD: 0.19). In the peroneal nerve, the mean amplitude of the motor response was
reported 0.81 mV in the intervention group (SD: 0.13) and in the control group the mean amplitude
response was 0.96 (SD: 0.13). After the third stem cell administration, only the tibial nerve was
signi�cantly different (p: 0.029) between the patients in the intervention group and the control group
(Table). As mentioned earlier, one patient is alive after follow-up for up to 28 months and he had an
improvement in chest muscle movements so his breathing takes place with the chest muscle contraction
and relaxation. He has an ordinary growth pattern and he wants no more intubation.

Discussion
Werdnig Hoffman is an untreatable neuromuscular disorder caused by reduced expression of the SMN
protein, leading to the loss of MNs in the spinal cord. Conducting clinical trials in WH patients is
extremely di�cult due to the medical fragility of these patients and the frequent development of
respiratory illnesses among these children. Stem cell therapy is a potential therapeutic approach for
spinal muscular atrophies, as it results in the activation of molecular and cellular mechanisms that
support endogenous neuronal activities and protects against neurodegeneration.

As with all clinical trials in the �rst phase, what is important is the safety of the intervention. Our study
showed that allogeneic side population adipose-derived mesenchymal stem cells in patients with
Werdnig Hoffman is safe. In this clinical trial, the cell expansion process did not involve any alteration to
the genome of the cells in any of the cases. In 2015 Villanova and Bach reported the safety of allogeneic
mesenchymal stem cells from different sources and protocols in three patients with WH [23]. Selection of
the proper cell type and administration of the appropriate amounts of cells is very important. The cells
must exhibit the characteristics of neuroprotection while avoiding the potential for tumor formation [40].
Also, issues regarding cell graft survival must be examined within the transplanted microenvironments,
as well as immune rejection potential. Many studies show us that while MSCs move into areas of
damage, they only survive for a short period and cannot be found in the CNS parenchyma a few weeks
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after administration [41]. However, when MSCs directly injected into the sciatic nerve following a crush
injury prevented denervation of neuromuscular junctions and improved motor performance [42].

Recent reports using bone marrow stem cells in the clinical trial of ALS has shown preliminary hopeful
results in the motor performance of transplanted patients [43–45]. This indicates that trophic factors
could recover and stimulate the function of MNs, or rescue neurons in reversible phases of cell death.
Surely we had no expectation of the differentiation of SPADMSCs into motoneurons. The con�ned
differentiation of stem cells in the spinal cord has been previously reported using neural stem cells [46,
47], while, these stem cells were able to differentiate in the brain [48, 49]. Probably the spinal cord has not
an inductive capacity to develop a neural phenotype from undifferentiated stem cells. However, It should
be noted that the bene�cial effects due to neurotrophic factors were �rst described in the 80's [50].

For the �rst time, stem cells transplantation was used in a SMA model as a putative therapeutic pathway
in 2008 [51]. In this clinical trial, we have chosen a population of the MSCs because of their
immunomodulatory capacity to neutralize neurotoxins and exert their neuroprotective potential by
producing bioactive neurotrophins. Also, we counted on the possibility of stimulating local progenitor
cells to replace SMN1 protein. Motor neurons are unlikely to be the only cellular population of the nervous
system that is affected in SMA. Disrupted sensory pathways have been described in severe SMA patients
[52]. Sometimes the disruption of functional connectivity between sensory and motor neurons in the
spinal cord occurs that can worsen the patients' disease phenotype. So not only protecting the
motoneurons but also preventing the destruction of these sensory neurons in the spinal cord may play an
important role in improving the phenotype of WH patients.

In 2012, Carrozzi et al., reported no bene�ts from bone marrow MSC infusions for �ve WH patients [22].
They have reported the outcome in less than one month of cell administration and subsequently other
investigators have denied the validity of earlier positive outcomes of cell therapy for WH patients on the
basis of Carrozzi report [53–55].

Based on the frustrating results obtained so far, WH patients currently have little choice for effective
treatments, which is restricted to expensive gene therapy, so clinicians have been limited to only treat the
secondary complications arising from the disease especially pulmonary complications that lead the
patients to death. This study on �ve patients with WH shows that transplantation of SPADMSCs into the
lumbar spinal cord appears to be a safe procedure that causes no major, short- or medium-term,
deleterious effects. No patients suffered side effects from SPADMSC treatment except for mild fever in
the two patients under the intervention. All patients in the control group died within an average of nine
months (Fig. 5A), but in the cell therapy group, one patient is alive after follow-up for up to 24 months and
he has improved chest muscle movement. This patient, who was also weightier than the other patients,
received the highest SPADMSCs dose (on his weight) than others (Fig. 4B). Since the adipose tissue
donors in this project were all female, therefore, the donor gender cannot be considered as one of the
in�uencing factors in the differences between mesenchymal stem cell function.
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Our �ndings emerge from the similar clinical protocols that are comparable to these studies, but we, in
turn, employed a more potent side population cells and much higher cell dosage. The �rst founded result
is that the CSF cell injection in human appears to be a safe, reproducible and reliable procedure. Also, the
perspective improvements were made here, particularly concerning the number of administered cells, that
in our study was �ve times higher than in previous approaches – a maximum of 5 × 106 cells/kg used
here versus the earlier 1 × 106 cells [23]. It is possible to administer this amount of cells in a volume of
only 3 ml using SPADMSCs whereas, it is impossible to use this dose of MSCs if it was prepared by the
conventional methods.

Careful attention must be paid to the technical aspects of cell delivery within the nervous system. As
MSCs could pass the blood-brain barrier we did chose intrathecal delivery of the cells to get the most
effect of injected cells on the desired site. In many studies, the stem cells were injected intravenously or in
combination with intrathecal route [23]. In the intravenous (IV) delivery route MSCs mostly distribute in
the lungs, and then in the spleen, liver, bone marrow, thymus and kidney they will spread [56]. Other
studies showed that the total body count of labeled MSCs by bioluminescence method revealed a
decrease from the intensity measured at �fteen minutes post IV infusion to about 60% after 24 hours and
less than 10% after 72 hours [57].

Electrophysiological outcomes include the estimation of the numbers of motor units and motor action
potential amplitude. The increase in motor action potential amplitude captures both an increase in the
number of motor units and the presence of collateral sprouting of axons from adjacent surviving motor
neurons [58]. In WH patients spontaneous rhythmic �ring of motor units have been recorded and it shows
some short and low amplitude potentials in addition to long duration, high amplitude potentials [59]. In
our study, there were no signi�cant differences in the amplitude of motor responses in any of the upper
and lower extremity nerves between the two groups after the �rst injection. We found that in the tibial
nerve, the mean of the amplitude response of the motor in the cell therapy group was 0.54 mV with a
signi�cant difference to the control group after the third injection (Table). This may have occurred
through the release of neurotrophic and growth factors, cytokines and immunomodulatory molecules that
diffuse into the pathological tissue, thereby eliciting neuroprotective effects. Also, there are pieces of
evidence now exist that neural stem cells, which integrate and survive in the brain parenchyma, exert their
immunomodulation ability through secretion of extracellular membrane vesicles or exosomes, in�uencing
the microenvironment through the tra�c of bioactive molecules [60, 61]. Xin and colleagues showed that
intravenous injection of MSC-derived exosomes induces neurogenesis, neuronal repair, and angiogenesis
after stroke [62]. In addition, mesenchymal stem cell-derived exosomes induce axonal growth through the
transfer of microRNAs to the neuronal cell body, which may be a novel approach in the treatment of
progressive neurodegenerative diseases [63].

We have been able to reproducibly expand SPADMSCs ex-vivo. Methodological varieties in the isolation,
processing, delivery, and the assessments between those referred to in the letter and those in our trial
could have played an important role in the difference in patients' treatment outcome. This trial is actually
based on the use of only three stem cell donors. The use of such a limited number of donors inherently
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reduces the inter-treatment variability that may arise from the implantation of different stem cell lines into
different patients.

Very few studies in the scienti�c literature report the results of clinical trials with stem cell transplantation
for Werdnig-Hoffman patients. These results are not de�nitive and no trial has been replicated in multiple
centers. Therefore, we believe that instead of preventing these kinds of clinical trials, it is better to learn
from the previous trials, develop more e�cient methods of safe cell therapy for these patients and to
investigate them as a multi-center study.

Conclusion
The results from this trial describe a cell therapy platform that will allow broadening the number and
reproducibility of cell therapy clinical trials for SMA and, other neurological disorders. These
investigations can now be carried out under standardized conditions and will be based on a more
homogenous repertoire of clinical-grade, allogeneic side population mesenchymal stem cells, which also
lacking any ethical concerns. One case in this study demonstrated objective and quanti�able
improvements in physical function and suggest that allogeneic SPADMSC infusions may be an effective
treatment. Although it seems that the use of stem cells leads to results that are not comparable to the
ones obtained with molecular therapy, but our conclusion is that stem cells and gene therapy could be
joined to reach the cost-effective and best therapeutic effects.

Abbreviations
Adipose Derived Mesenchymal Stem Cells (ADMSCs); Allo-phycocyanin (APC); Amyotrophic Lateral
Sclerosis (ALS); ATP-binding cassette superfamily G member 2 (ABCG2); Colony Forming Unit (CFU);
Cytomegalovirus (CMV); Central Nervous System (CNS); Dulbecco Modi�ed Eagle Medium (DMEM);
Electromyography (EMG); Fluorescent Activated Cell Sorter (FACS); Fluorescein isothiocyanate (FITC);
Good Clinical Practice (GCP); Good Manufacturing Practice (GMP); HANKS balanced salt solution
(HBSS); Hepatitis B virus (HBV), Hepatitis C virus (HCV), Human immunode�ciency virus (HIV); Human T-
lymphotropic virus-1 (HTLV-1); Iranian Blood Transfusion Organization (IBTO); Intravenous (IV);
Lipoprotein Lipase (LPL); Motor neurons (MNs); Mesenchymal Stem Cells (MSC); Nerve Conduction
Velocity (NCV); Peroxisome Proliferator-Activated Receptor γ2 (PPARγ2); Phosphate-Buffered Saline
(PBS); Phycoerythrin (PE); Real time polymerase chain reaction (RT-PCR); Spinal Muscular Atrophy (SMA);
Survival Motor Neuron (smn); Stromal Vascular Fraction (SVF); Side population adipose-derived
mesenchymal stem cells (SPADMSCs); Werdnig Hoffman (WH); World Health Organization (WHO).

Declarations
Consent for publication



Page 15/25

All the consent forms are signed by the parents of the patients or their legal representatives. A copy of the
signed consent forms is available in the supplementary �le section.

Availability of data and material

All of the data and material is available in the Pediatrics Cell Therapy Research Center of the Tehran
University of Medical Sciences. The data will be available on the ClinicalTrials.gov with the Identi�er no:
NCT02855112.

Funding

This project was completely supported by the Tehran University of Medical Sciences by the Grant No: 94-
01-87-28524 for the clinical trial program in Werdnig Hoffman patients.

Competing interest

All authors declare that: There is no con�ict of interest.

Acknowledgment

The authors thank the anonymous referees for their time.

Authors Contribution

RM carried out cell harvest, culture and characterization, AH participated in the design and conduction of
the study, AS participated in quality control test and �nal approval of the stem cell products, MG carried
out EMG and NCV, AM selected the patients according to the criteria, MM visited all patients, JA wrote the
manuscript draft, MN carried out immunophenotyping, RS participated in visiting patients, HM
participated in stem cell administration to patients, MRA participated in its design and coordination and
helped to draft the manuscript. All authors read and approved the �nal manuscript.

Ethical Approval

This study approved by the ethical committee of the Tehran University of Medical Sciences and the
Iranian Ministry of Health and Medical Education (MOHME) Ethics board, Tehran, Iran.

Statement of Human and Animal Rights

All of the experimental procedures involving animals were conducted in accordance with the institutional
animal care guidelines of Tehran University of Medical Sciences and approved by the administration
committee of Experimental Animals, Tehran, Iran.

Statement of Informed Consent



Page 16/25

The informed consent forms were �lled by the legal guardian (parents) of the all participants in our
intervention. All donors entering the program agreed to and signed an institutional review board-approved
statement of informed consent.

References
1. Cobben JM, Lemmink HH, Snoeck I, Barth PA, van der Lee JH, de Visser M. Survival in SMA type I: a

prospective analysis of 34 consecutive cases. Neuromuscul Disord. 2008;18(7):541-4.

2. Lunn MR, Wang CH. Spinal muscular atrophy. The Lancet. 2008;371(9630):2120-2133.

3. Lefebvre S, Bürglen L, Reboullet S, Clermont O, Burlet P, Viollet L, Benichou B, Cruaud C, Millasseau P,
Zeviani M, et al. Identi�cation and characterization of a spinal muscular atrophy-determining gene.
Cell. 1995;80(1):155-65.

4. Gawel M, Kostera-Pruszczyk A, Lusakowska A, Jedrzejowska M, Ryniewicz B, Lipowska M, Gawel D,
Kaminska A. Motor unit loss estimation by the multipoint incremental MUNE method in children with
spinal muscular atrophy-a preliminary study. Neuromuscul Disord. 2015;25(3):216-21.

5. Coovert DD, Le TT, McAndrew PE, Strasswimmer J, Crawford TO, Mendell JR, Coulson SE, Androphy
EJ, Prior TW, Burghes AH. The survival motor neuron protein in spinal muscular atrophy. Hum Mol
Genet. 1997;6(8):1205-14.

�. Wirth, B. An update of the mutation spectrum of the survival motor neuron gene (SMN1) in
autosomal recessive spinal muscular atrophy (SMA). Hum Mutat. 2000;15(3):228-37.

7. Mohseni R, Ashra� MR, Ai J, Nikougoftar M, Mohammadi M, Ghahvechi-Akbari M, Shoae-Hassani A,
Hamidieh AA. Overexpression of SMN2 Gene in Motoneuron-Like Cells Differentiated from Adipose-
Derived Mesenchymal Stem Cells by Ponasterone A. J Mol Neurosci. 2019;67(2):247-257.

�. Maruyama R, Touznik A, and Yokota T. Evaluation of Exon Inclusion Induced by Splice Switching
Antisense Oligonucleotides in SMA Patient Fibroblasts. J Vis Exp. 2018;(135). doi: 10.3791/57530.

9. Seo J, Howell MD, Singh NN, Singh RN. Spinal muscular atrophy: an update on therapeutic progress.
Biochim Biophys Acta. 2013;1832(12):2180-90.

10. Richardson RC. Cost-effectiveness of Nusinersen for Spinal Muscular Atrophy. JAMA Pediatr.
2018;172(7):701.

11. Noureddini M, Verdi J, Mortazavi-Tabatabaei SA, Sharif S, Azimi A, Keyhanvar P, Shoae-Hassani A.
Human endometrial stem cell neurogenesis in response to NGF and bFGF. Cell Biol Int.
2012;36(10):961-6.

12. Uccelli A. Mesenchymal stem cells exert a remarkable regenerative effect requiring minimal CNS
integration: commentary on: "Mesenchymal stem cells protect CNS neurons against glutamate
excitotoxicity by inhibiting glutamate receptor expression and function" by Voulgari-Kokota et al. Exp
Neurol. 2013;247:292-5.

13. O'Hare E, Young PJ. Childhood spinal muscular atrophy and stem cell research: Is cellular
replacement therapy the answer? (Review). Mol Med Rep. 2009;2(1):3-5.



Page 17/25

14. Swoboda KJ, Kissel JT, Crawford TO, Bromberg MB, Acsadi G, D'Anjou G, Krosschell KJ, Reyna SP,
Schroth MK, Scott CB, Simard LR. Perspectives on clinical trials in spinal muscular atrophy. J Child
Neurol. 2007;22(8):957-66.

15. Nistor G, Siegenthaler MM, Poirier SN, Rossi S, Poole AJ, Charlton ME, McNeish JD, Airriess CN,
Keirstead HS. Derivation of high purity neuronal progenitors from human embryonic stem cells. PLoS
One. 2011;6(6):e20692. doi: 10.1371/journal.pone.0020692.

1�. Mazzini L, Gelati M, Pro�co DC, Sgaravizzi G, Projetti Pensi M, Muzi G, Ricciolini C, Rota Nodari L,
Carletti S, Giorgi C, Spera C, et al. Human neural stem cell transplantation in ALS: initial results from
a phase I trial. J Transl Med. 2015;13:17.

17. Abati E, Bresolin N, Comi GP, Corti S. Preconditioning and Cellular Engineering to Increase the
Survival of Transplanted Neural Stem Cells for Motor Neuron Disease Therapy. Mol Neurobiol.
2019;56(5):3356-3367.

1�. Li T, Ma H, Ma H, Ma Z, Qiang L, Yang Z, Yang X, Zhou X, Dai K, Wang J. Mussel-Inspired
Nanostructures Potentiate the Immunomodulatory Properties and Angiogenesis of Mesenchymal
Stem Cells. ACS Appl Mater Interfaces. 2019;15;11(19):17134-17146. doi: 10.1021/acsami.8b22017.

19. Xiao S, Liu Z, Yao Y, Wei ZR, Wang D, Deng C. Diabetic Human Adipose-Derived Stem Cells Accelerate
Pressure Ulcer Healing by Inducing Angiogenesis and Neurogenesis. Stem Cells Dev. 2019;
28(5):319-328.

20. Urrutia DN, Caviedes P, Mardones R, Minguell JJ, Vega-Letter AM, Jofre CM. Comparative study of the
neural differentiation capacity of mesenchymal stromal cells from different tissue sources: An
approach for their use in neural regeneration therapies. PLoS One. 2019;14(3):e0213032. doi:
10.1371/journal.pone.0213032.

21. Jin J, Shi Y, Gong J, Zhao L, Li Y, He Q, Huang H. Exosome secreted from adipose-derived stem cells
attenuates diabetic nephropathy by promoting autophagy �ux and inhibiting apoptosis in podocyte.
Stem Cell Res Ther. 2019;10(1):95. doi: 10.1186/s13287-019-1177-1.

22. Carrozzi M, Amaddeo A, Biondi A, Zanus C, Monti F, Alessandro V. Stem cells in severe infantile spinal
muscular atrophy (SMA1). Neuromuscul Disord. 2012; 22(11):1032-4.

23. Villanova M, Bach JR. Allogeneic mesenchymal stem cell therapy outcomes for three patients with
spinal muscular atrophy type 1. Am J Phys Med Rehabil. 2015;94(5):410-5.

24. El-Badawy A., Amer M, Abdelbaset R, Sherif SN, Abo-Elela M, Ghallab YH, Abdelhamid H, Ismail Y, El-
Badri N. Adipose Stem Cells Display Higher Regenerative Capacities and More Adaptable Electro-
Kinetic Properties Compared to Bone Marrow-Derived Mesenchymal Stromal Cells. Sci Rep.
2016;6:37801.

25. Hirano A, Sano M, Urushihata N, Tanemura H, Oki K, Suzaki E. Assessment of safety and feasibility
of human allogeneic adipose-derived mesenchymal stem cells in a pediatric patient. Pediatr Res.
2018;84(5):575-577.

2�. Sukho P, Hesselink JW, Kops N, Kirpensteijn J, Verseijden F, Bastiaansen-Jenniskens YM. Human
Mesenchymal Stromal Cell Sheets Induce Macrophages Predominantly to an Anti-In�ammatory



Page 18/25

Phenotype. Stem Cells Dev. 2018;27(13): 922-934.

27. Gimeno ML, Fuertes F, Barcala Tabarrozzi AE, Attorressi AI, Cucchiani R, Corrales L, Oliveira TC,
Sogayar MC, Labriola L, Dewey RA, Perone MJ. Pluripotent Nontumorigenic Adipose Tissue-Derived
Muse Cells have Immunomodulatory Capacity Mediated by Transforming Growth Factor-beta1. Stem
Cells Transl Med. 2017; 6(1):161-173.

2�. Xu Y, Sun P, Wang JY, Li ZZ, Gao RL, Wang XZ, Phillips WD, Liang SX. Differentiation of CD45/CD31+
lung side population cells into endothelial and smooth muscle cells in vitro. Int J Mol Med.
2019;43(3):1128-1138.

29. Zhou S, Schuetz JD, Bunting KD, Colapietro AM, Sampath J, Morris JJ, Lagutina I, Grosveld GC,
Osawa M, Nakauchi H, Sorrentino BP. The ABC transporter Bcrp1/ABCG2 is expressed in a wide
variety of stem cells and is a molecular determinant of the side-population phenotype. Nat Med.
2001;7(9):1028-34.

30. Liang SX, Summer R, Sun X, Fine A. Gene expression pro�ling and localization of Hoechst-e�uxing
CD45- and CD45+ cells in the embryonic mouse lung. Physiol Genomics. 2005;23(2):172-81.

31. Main M, Kairon H, Mercuri E, Muntoni F. The Hammersmith functional motor scale for children with
spinal muscular atrophy: a scale to test ability and monitor progress in children with limited
ambulation. Eur J Paediatr Neurol. 2003;7(4):155-9.

32. Amirkhani MA, Shoae-Hassani A, Soleimani M, Hejazi S, Ghalichi L, Nilforoushzadeh MA.
Rejuvenation of facial skin and improvement in the dermal architecture by transplantation of
autologous stromal vascular fraction: a clinical study. Bioimpacts. 2016;6(3):149-154.

33. Wang XZ, Gao RL, Sun P, Liu S, Xu Y, Liang DZ, Yin LM, Phillips WD, Liang SX. Proliferation,
differentiation and migration of SCA1(-)/CD31(-) cardiac side population cells in vitro and in vivo. Int
J Cardiol. 2017;227:378-386.

34. Liang SX, Tan TY, Gaudry L, Chong B. Differentiation and migration of Sca1+/CD31- cardiac side
population cells in a murine myocardial ischemic model. Int J Cardiol. 2010;138(1):40-9.

35. Galvez P, Clares B, Bermejo M, Hmadcha A, Soria B. Standard requirement of a microbiological
quality control program for the manufacture of human mesenchymal stem cells for clinical use.
Stem Cells Dev. 2014;23(10):1074-83.

3�. Verdi J, Sharif S, Banafshe HR, Shoae-Hassani A. Sertraline increases the survival of retinoic acid
induced neuronal cells but not glial cells from human mesenchymal stem cells. Cell Biol Int. 2014;
38(8):901-9.

37. Hanna H, Mir LM, Andre FM. In vitro osteoblastic differentiation of mesenchymal stem cells
generates cell layers with distinct properties. Stem Cell Res Ther. 2018; 9(1):203.

3�. Estes BT, Diekman BO, Gimble JM, Guilak F. Isolation of adipose-derived stem cells and their
induction to a chondrogenic phenotype. Nat Protoc. 2010;5(7):1294-311.

39. Zhao Y, Jiang H, Liu XW, Chen JT, Xiang LB, Zhou DP. Neurogenic differentiation from adipose-
derived stem cells and application for autologous transplantation in spinal cord injury. Cell Tissue
Bank. 2015;16(3):335-42.



Page 19/25

40. Lunn JS, Sakowski SA, Federici T, Glass JD, Boulis NM, Feldman EL. Stem cell technology for the
study and treatment of motor neuron diseases. Regen Med. 2011;6(2):201-13.

41. Gowing G, Svendsen CN. Stem cell transplantation for motor neuron disease: current approaches
and future perspectives. Neurotherapeutics. 2011;8(4):591-606.

42. Dadon-Nachum M, Sadan O, Srugo I, Melamed E, Offen D. Differentiated mesenchymal stem cells for
sciatic nerve injury. Stem Cell Rev. 2011;7(3):664-71.

43. Mazzini L, Fagioli F, Boccaletti R, Mareschi K, Oliveri G, Olivieri C, Pastore I, Marasso R, Madon E.
Stem cell therapy in amyotrophic lateral sclerosis: a methodological approach in humans.
Amyotroph. Lateral Scler. Other Mot. Neuron. Disord. 2003;4:158-161.

44. Mazzini L, Fagioli F, Boccaletti R. Stem-cell therapy in amyotrophic lateral sclerosis. Lancet.
2004;364(9449):1936-7.

45. Silani, V, Cova L, Corbo M, Ciammola A, Polli E. Stem-cell therapy for amyotrophic lateral sclerosis.
Lancet. 2004. 364(9429):200-2.

4�. McDonald JW, Becker D, Holekamp TF, Howard M, Liu S, Lu A, Lu J, Platik MM, Qu Y, Stewart T,
Vadivelu S. Repair of the injured spinal cord and the potential of embryonic stem cell transplantation.
J Neurotrauma. 2004;21(4):383-93.

47. Onifer SM, Cannon AB, Whittemore SR. Altered differentiation of CNS neural progenitor cells after
transplantation into the injured adult rat spinal cord. Cell Transplant. 1997; 6:327-338.

4�. Kopen GC, Prockop DJ, Phinney DG. Marrow stromal cells migrate throughout forebrain and
cerebellum, and they differentiate into astrocytes after injection into neonatal mouse brains. Proc
Natl Acad Sci. 1999;96:10711-10716.

49. Mezey E, Key S, Vogelsang G, Szalayova I, Lange GD, Crain B. Transplanted bone marrow generates
new neurons in human brains. Proc Natl Acad Sci. 2003;100(3):1364-9.

50. Nieto-Sampedro M, Whittemore SR, Needels DL, Larson J, Cotman CW. The survival of brain
transplants is enhanced by extracts from injured brain. Proc Natl Acad Sci. 1984;81:6250-54.

51. Corti S, Nizzardo M, Nardini M, Donadoni C, Salani S, Ronchi D, Saladino F, Bordoni A, Fortunato F,
Del Bo R, Papadimitriou D, Locatelli F, et al. Neural stem cells transplantation can ameliorate the
phenotype of a mouse model of spinal muscular atrophy. J Clin Invest. 2008;118:3316-30.

52. Rudnik-Schoneborn S, Goebel HH, Schlote W, Molaian S, Omran H, Ketelsen U, Korinthenberg R,
Wenzel D, Lauffer H, Kreiss-Nachtsheim M, Wirth B, Zerres K. Classical infantile spinal muscular
atrophy with SMN de�ciency causes sensory neuronopathy. Neurology. 2003;60(6):983-7.

53. Mercuri E, Bertini E. Stem cells in severe infantile spinal muscular atrophy. Neuromuscul Disord.
2012;22(12):1105.

54. Finkel RS. Stem cells in severe infantile spinal muscular atrophy (SMA1). Neuromuscul Disord.
2012;22(12):1105-6.

55. Cohn RD. Stem cells in severe infantile spinal muscular atrophy (SMA1). Neuromuscul Disord.
2012;22(12):1106-7.



Page 20/25

5�. Barbash IM, Chouraqui P, Baron J, Feinberg MS, Etzion S, Tessone A, Miller L, Guetta E, Zipori D,
Kedes LH, Kloner RA, Leor J. Systemic delivery of bone marrow-derived mesenchymal stem cells to
the infarcted myocardium: feasibility, cell migration, and body distribution. Circulation.
2003;108(7):863-8.

57. Togel F, Yang Y, Zhang P, Hu Z, Westenfelder C. Bioluminescence imaging to monitor the in vivo
distribution of administered mesenchymal stem cells in acute kidney injury. Am J Physiol Renal
Physiol. 2008;295(1):F315-21.

5�. Markowitz JA, Singh P, Darras BT. Spinal muscular atrophy: a clinical and research update. Pediatr
Neurol. 2012;46(1):1-12.

59. Hausmanowa-Petrusewicz I, Karwanska A. Electromyographic �ndings in different forms of infantile
and juvenile proximal spinal muscular atrophy. Muscle Nerve. 1991;14:585-97.

�0. Drago D, Cossetti C, Iraci N, Gaude E, Musco G, Bachi A, Pluchino S. The stem cell secretome and its
role in brain repair. Biochimie. 2013;95(12):2271-85.

�1. Cossetti, C, Smith JA, Iraci N, Leonardi T, Alfaro-Cervello C, Pluchino S. Extracellular membrane
vesicles and immune regulation in the brain. Front Physiol. 2012;3:117.

�2. Xin H, Li Y, Cui Y, Yang JJ, Zhang ZG, Chopp M. Systemic administration of exosomes released from
mesenchymal stromal cells promote functional recovery and neurovascular plasticity after stroke in
rats. J Cereb Blood Flow Metab. 2013;33(11):1711-5.

�3. Zhang Y, Chopp M, Liu XS, Katakowski M, Wang X, Tian X, Wu D, Zhang ZG. Exosomes Derived from
Mesenchymal Stromal Cells Promote Axonal Growth of Cortical Neurons. Mol Neurobiol.
2017;54(4):2659-2673.

Tables
Table. Relationship between the amplitude motor responses in the EMG between the two groups after the
third SPADMSC administration.

Nerve Median Ulnar Tibial Peroneal

Intervention group 0.71 mV 0.38 0.54 0.81

Control group 0.31 mV 0.28 0.28 0.96

p Value 0.118 0.360 0.029* 0.182

Figures
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Figure 1

Trend chart of the passed process in this trial.
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Figure 2

(A) Flow-cytometric analysis of SPADMSCs. The �ow-cytometric analysis of CD34, CD45, CD90, CD146,
CD105, CD73, SSEA1 and Nanog marker expres¬sion on side population ADMSCs. =Data represented
mean ± SD *p ≤ 0.05 (n=3). (B) Comparison of the marker expression. The diagram shows the
differences in the marker expression between SPADMSCs and conventionally isolated ADMSCs. Data
represented mean ± SD *p ≤ 0.05; **p ≤ 0.001 (n=3). (C) Clonogenicity of SPADMSCs. CFU frequencies
among SPADMSCs versus ADMSCs at passages 2 and 3. Data are the mean ± SD of at least three
independent experiments. *p < 0.05. (D) Morphology of ADMSCs and SPADMSCs. The top row in this
image shows the bright �eld microscopy of isolated and unstained primary population of ADMSCs in the
second (left) and third passages (right) and we can see the SPADMSCs (bottom row) which formed multi
colonies in the second passage (left) and �lled the �ask so fast at the third passage (right) when
compared to the conventional ADMSCs cultures
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Figure 3

(A) Microscopic detection of the SPADMSCs Differentiation. The multilineage differentiation ability of
SPADMSCs detected in cultures. Increasing in neutral lipid accumulation following adipogenic
differentiation which stained with Oil Red. Chondroblast differentiation con�rmed with Alcian Blue
staining and Osteogenesis was pointed out with Alizarin Red staining. Neurogenic differentiation
con�rmed by immuno�uorescence staining of pre-neural and neural cell markers by monoclonal
antibodies towards nestin and β-III-tubulin (Barr: 20 µm). (B) Molecular detection of the SPADMSCs
Differentiation. RT-PCR analysis revealed lipoprotein lipase (LPL) and peroxisome proliferator-activated



Page 24/25

receptor γ2 (PPARγ2) over-expression after adipogenic differentiation. Induction of SOX9, COL2A1 and
COL11A1 genes were obvious after chondrogenesis, and osteocalcin and ALP genes were expressed after
osteogenic induction of SPADMSCs. (C) Karyotype analysis. Representative karyotype analysis of
SPADMSCs at culture passages 4 and 8 evidencing stability and no alteration in chromosomes in these
cultures.

Figure 4

(A) Gender of patients. Of the 10 patients entered into the clinical trial, 5 patients were enrolled. The
progress of disease and symptoms was also examined in 5 other patients as controls. In both groups, the
gender of patients was the same. (B) Weight of patients. The weights of individuals in the intervention
group were 7.6 kg, whereas, in the control group, the mean weight was 5.6 kg. There was no difference in
the weight factor between the two groups in this study (p: 0.48). (C) Number of Hospitalizations. The
number of admissions in hospital for each study subject (case 4 in the intervention group was admitted
in the hospital to the end of her life). (D) Ventilation days. The number of days in which the patients in the
intervention and control groups were under ventilation due to the respiratory problems (Patient 2 in the
intervention group had tracheostomy from the beginning).
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Figure 5

(A) Survival of patients. The mean lifetime of the intervention group for 4 patients was 11.17 months and
the mean lifetime of the control group was 8.52 months. One of the patients in the intervention group has
been alive until now (more than 28 months). (B) Ballard score after the 1st stem cell administration. The
mean score of the patients in the intervention group after the �rst injection was 10.6 post 1st injection
and in this time the mean score in the control group was 9.2 (p: 0.58). (C) Ballard score after the 2nd stem
cell administration. The mean score after the 2nd injection in the intervention group was 11 and in the
control group was 9.6 (p: 0.32). (D) Ballard score after the 3rd stem cell administration. The mean scores
after the 3rd injection in the intervention group was 11.6 and in the control group, it was 9.6 (p: 0.42).


