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ABSTRACT

Stem cell-based treatments have emerged as potentially effective approaches to delay the progression of
amyotrophic lateral sclerosis (ALS). This study was designed as a single-center, prospective, and open-
label study without a placebo control group to assess the safety and efficacy of concurrent intrathecal
(IT) and intravenous (IV) administration of autologous bone marrow-derived mesenchymal stem cells
(BM-MSCs) in patients with ALS. Autologous BM-MSCs were isolated and expanded under standard
conditions. Fifteen patients were neurologically examined before BM-MSCs transplantation (1 x 10
6 cells/kg BW) to evaluate the rate of pre-treatment disease progression. To assess the safety and efficacy,
patients were examined at 1, 3, and 6 months following the treatment with BM-MSCs. Adverse reactions
were assessed, and the clinical outcome was determined by the evaluation of the ALS functional rating
scale-revised (ALSFRS-R) and forced vital capacity (FVC). No serious adverse reaction was observed after
combined IT and IV administration of BM-MSCs. The mean ALSFRS-R and FVC values remained stable
during the first 3 months of the treatment. However, a significant reduction in ALSFRS-R and FVC levels
was observed in these patients 6 months after BM-MSCs administration. Our study revealed that the
concurrent IT and IV application of BM-MSCs in patients with ALS is a safe procedure. Furthermore, our
data indicate a temporary delay in the progression of ALS after a single combined IT and IV adminis-
tration of BM-MSCs. Further studies are required to explore if the repeated applications of BM-MSCs
could prolong survival and delay the progression of ALS.
© 2021, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

1. Introduction

Amyotrophic lateral sclerosis (ALS) is a progressive neurological
disease characterized by degeneration of the upper and lower
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motor neurons [1]. Despite extensive efforts to stop or reverse the
progression, to date, no effective therapeutic approach is available
for ALS [2,3]. Recently, stem cell-based therapies have emerged as a
potentially novel approach in the treatment of ALS. Preclinical
studies have suggested that transplanted stem cells can delay dis-
ease progression and prolong survival for people with ALS [4,5].
Evidence suggests that stem cells can generate new neural cells
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through the activation of cell proliferation and differentiation in the
injury site, as well as to improve the survival of existing neural cells,
presumably via the alleviation of neuro-inflammation [4,6]. Several
types of stem cells have been applied in various ALS experimental
models, such as bone marrow stem cells, mesenchymal stem cells
(MSCs), embryonic stem cells, neural stem/progenitor cells, and
induced pluripotent stem cells [7—10].

MSCs have been attracting much attention for the treatment of
ALS due to their ability to enhance the survival of neuronal cells and
modulate inflammatory responses [11]. Furthermore, MSCs effi-
ciently inhibit apoptosis of neurons and glial cells [4]. A consider-
able amount of investigations has been attempted to evaluate the
effect of MSCs application in the treatment of ALS, trying to prove
their inhibitory action on the progression of the disease [9,12—15].
These studies suggest that several factors, such as the appropriate
cell preparation, proper dose, and efficient delivery system are
crucial to achieving optimal results after stem cell therapy for ALS.
During the last few decades, several clinical trials have shown that
various delivery systems, such as intrathecal (IT), intravenous (IV),
intramuscular, and intraspinal, administration of MSCs can be
safely utilized in the transplantation of MSCs in patients with ALS
[15—18]. The major goals of this study were to determine the safety
as well as the efficacy of the concurrent IT and IV applications of
autologous bone marrow-derived mesenchymal stem cells (BM-
MSCs) in patients with ALS.

2. Materials and methods
2.1. Study design and ethical statement

This study was designed as a single-center, prospective, open-
label study without a placebo control group to assess the safety
and efficacy of IT and IV administrations of autologous BM-MSCs in
ALS patients. This study was performed in accordance with the
Declaration of Helsinki Ethical Principles and Good Clinical Prac-
tices and approved by the Ethics Committee of the Mashhad Uni-
versity of Medical Sciences, Mashhad, Iran (Reg. No: IRMUMS.
REC.1399.269). This clinical trial was registered with the Iranian
Registry of Clinical Trials (ID: IRCT20160809029275N2). Informed
consent was obtained from all patients. All patients were perma-
nent residents or citizens of Iran.

2.2. Participants

In our trial, participants were between 18 and 75 years old with
a history of ALS for at least 1 year. Fifteen patients (n = 15), who
fulfilled El Escorial Criteria for definite ALS [19], were selected for
this study. All patients had forced vital capacity (FVC) greater than
65% of the predicted average value for age, gender, and body size.
Exclusion criteria were active systemic or local infection 1 week
before cell therapy, ventilator dependency, cancer, any clinically
serious medical conditions within the last six months (such as
myocardial infarction, angina pectoris, congestive heart failure,
etc.), and/or active systemic diseases.

2.3. Bone marrow extraction

Under local anesthesia, the bone marrow aspiration was per-
formed on the posterior superior iliac crest while the patient was
lying in a left or right lateral decubitus position. Approximately
12 ml of bone marrow blood was collected by a single aspiration
from each patient. On the next day, the puncture site was exam-
ined, and the patient was then discharged if there were no
complications.

269

Regenerative Therapy 18 (2021) 268—274
2.4. Cell preparation and culture

The MSCs were isolated, expanded, and analyzed under good
manufacturing practice conditions. The bone marrow mononuclear
cells were isolated using Ficoll (Ficoll-Paque Premium; GE Health-
care Bio-Sciences, Uppsala, Sweden) density gradient centrifuga-
tion. The mononuclear cells (3 x 10° cells) were placed in a 175-cm?
flask (Thermo Scientific Nunc, Roskilde, Denmark) and cultured in
enriched minimum essential medium-a (Lonza, Basel, Switzerland)
containing 10% fetal bovine serum (Life Technologies, Grand Island,
USA), and 1% penicillin-streptomycin (Biochrom, Berlin, Germany)
in a humidified incubator at 37 °C under 5% CO,. The non-adherent
cells were removed by replacing the medium. After removing the
non-adherent cells, the culture medium was changed twice a week.
When the BM-MSCs primary cultures reached 80% confluence, the
cells were harvested using 0.125% trypsin-EDTA (Life Technologies,
Darmstadt, Germany) and passaged.

To confirm sterility, the samples were analyzed for bacteria and
mycoplasma by endotoxin and reverse transcription-polymerase
chain reaction tests, respectively. The percentage of the viable
cells before the transplantation was ranged between 95 and 98%.
Finally, the autologous BM-MSCs product was released and trans-
ported under controlled temperature (2—8 °C) to the investigation
site. All the above-mentioned procedures, such as BM-MSCs har-
vesting, processing, and product release, were performed in a
Grade B cleanroom with GMP requirements.

2.5. Stem cell transplantation

All patients received concurrent IT and IV applications of
autologous BM-MSCs in a clinical setting. BM-MSCs (1 x 108 cells/
kg BW) in 2 ml normal saline solution were slowly injected IT for
approximately 2 min using a standard lumbar puncture at the level
of L3—L4. Furthermore, BM-MSCs (1 x 10° cells/kg) was infused
intravenously in 50—60 ml of normal saline solution with a 22G
intravascular catheter connected to a syringe dispenser at a rate of
120 ml/h.

2.6. Patient follow-up

The patients were neurologically examined 1 month before
BM-MSCs transplantation to evaluate the rate of pre-treatment
disease progression. The BM-MSCs have been applied both via
IT and IV injections in 2 dosing cohorts (1 x 10°® cells/kg IT and
1 x 108 cells/kg 1V). The follow-up period was 6 months, with
regular intervals between examinations at 1, 3, and 6 months.
Safety was the primary objective of the current trial. To assess
adverse effects after simultaneous IT and IV BM-MSCs delivery, all
complaints of patients regarding their medical conditions, as well
as any new neurological deficit, were registered. After the cell
transplantation, patients were closely monitored for immediate
adverse effects/reactions, both systemic (i.e., allergic reaction,
fever, and sepsis) and local (pain, bleeding, local infection, urinary
incontinence, paralysis, or sensory loss below the level of the
injection site or other) for 3 days. During their 3-day stay in the
hospital, neurological examinations and vital function monitoring
(respiratory and heart rate, blood pressure, and body tempera-
ture) were performed every day. Serum biochemistry and whole
blood analysis were evaluated to exclude liver or renal dysfunc-
tion, mineral imbalances, or systemic infection on days 1 and 3. If
no complication occurred, patients were discharged after 3 days
and followed up at regular intervals according to the study
protocol.
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2.7. Outcomes

The second aim of the study was to assess the effect of BM-MSC
application on the progression of the disease using the ALS func-
tional rating scale-revised (ALSFRS-R) and FVC assessments. The
ALSFRS-R is a confirmed rating tool for monitoring the progression
of disability in patients with ALS [20]. ALSFRS-R can assess respi-
ratory symptoms and the degree of impairments in patients' abil-
ities to perform independent daily activities [21]. As the ALSFRS-R
could be influenced by the patient's mental status (i.e., depression)
or by the subjective view of the investigators, the FVC examination
was done to provide more objective data. The values of ALSFRS-R
and FVC after the treatment were compared to the levels
observed before the treatment.

2.8. Data analysis

Parameters were calculated as simple linear regressions to
compare the pre- and post-intervention slopes (0—1, 0—3, and 0—6
months) of the ALS-FRS-R scores and the FVC values. The slopes
were compared by paired t-test for correlated variables. All data
were presented as mean + standard error of the mean (SEM) and
the significance level was regarded at P < 0.05.

3. Results
3.1. BM-MSCs isolation and cell characterization

No side effects were observed during and after bone marrow
collection in any of the patients. In cell culture, BM-MSCs were seen
as fibroblastic-like and spindle-shaped cells (Fig. 1A). BM-MSCs
highly expressed the specific markers of mesenchymal lineage
CD73 and CD90. BM-MSCs did not express the hematopoietic stem
cell markers CD34 and CD45 (Fig. 1B—C). The cells used for the
transplantation were at the second or third passage. All sterility
tests performed after each passage were negative. Using a doubling
time assay, no significant cellular senescence was observed. We
injected 1 x 108 BM-MSCs in saline solution through IT and IV in-
jections. The viable BM-MSCs counts before the transplantation
were ranged between 95 and 98%.

3.2. Clinical characterization of patients

The demographic characteristics of the patients are presented in
Table 1. The median age was 35 years (range 23—60 years),
including 4 females and 11 males. Thirteen of 15 patients suffered
from spinal-onset ALS and the other 2 had bulbar-spinal onset.

3.3. Safety assessment

To assess safety, all ALS patients were monitored for 3 days after
the treatment with autologous BM-MSCs. As shown in Table 2,
there were no serious adverse reactions in the 15 patients enrolled
in this clinical trial during the follow-up period. On day 3, all pa-
tients experienced mild/moderate headaches similar to the head-
aches after a standard lumbar puncture. Patient No. 15 had an
allergic reaction, respiratory distress, nausea, and vomiting that
resolved after 24 h. Two participants (No. 3 and 13) had urinary
incontinence that lasted 72 h after the cell administration.

3.4. Efficacy assessments
The alterations of the ALSFRS-R slope (monthly decline rate)

were analyzed during the follow-up period. Fig. 2 shows the
ALSFRS-R scores 1 month before as well as 1, 3, and 6 months after

270

Regenerative Therapy 18 (2021) 268—274

the treatment with BM-MSCs. The ALSFRS-R values remained sta-
ble for 3 months in the individual patients after BM-MSCs appli-
cation (Fig. 2B). Regression analysis of ALSFRS-R scores in all
patients indicated that there was no significant reduction in
ALSFRS-R slopes after 1 (B = 0.81, R> = 0.051; P = 0.812) and 3
(B = 0.86, R*> = 0.004; P = 0.985) months of BM-MSCs trans-
plantation compared with the pre-implantation score (Fig. 2A—B).
However, the six-month follow-up value of the ALSFRS-R declined
significantly compared with the pre-treatment score (f = 0.80,
R? = 0.76; P < 0.01; Fig. 2A—B).

Furthermore, FVC scores were evaluated and compared be-
tween the pre- and post-transplantation phases. There were no
significant differences between FVC slopes at 1 (B = 0.64,
R? = 0.046; P = 0.665) and 3 (B = 0.78, R?> = 0.064; P = 0.270)
months after BM-MSCs transplantation compared to the pre-
implantation phase (Fig. 2C—D). The average values of the FVC
were stable during 3 months of cell therapy in the individual pa-
tients (Fig. 2D). However, a six-month follow-up revealed a sig-
nificant reduction of the FVC values compared with the pre-
treatment values (B = 0.80, R = 0.62; P < 0.05; Fig. 2C—D).

4. Discussion

The present study revealed that the concurrent IT and IV in-
jection of BM-MSCs in patients with ALS is a safe procedure with no
major adverse events and provides indications of potential clinical
benefits. During the follow-up period, the mild headache was the
most frequent treatment-related adverse effect. Furthermore,
ALSFRS-R and FVC values were stable after cell therapy during the 3-
month follow-up. However, the ALSFRS-R scores and the FVC values
significantly decreased 6 months after the cell therapy. Our data
indicate a temporary reduction of ALS progression after a single
application of BM-MSCs via concurrent IT and IV injections.

Both experimental and clinical investigations have shown
temporary beneficial effects of stem cell-based treatments in
neurodegenerative diseases. Administration of motor neurons
derived from embryonic stem cells in the spinal cord of an ALS
animal model exhibited temporary improvement of motor function
before mutant rats succumbed to paralysis [22]. Transplantation of
adult olfactory bulb neural precursor cells into the spinal cord of an
ALS transgenic mouse model led to the temporary reduction of
neuron degeneration and improvement of motor function [23].
Combined BM-MSCs with T-cell vaccination treatment of 7 patients
with ALS resulted in temporary improvement of ALSFRS-R scores
[24]. Both intramuscularly and intrathecally injection of BM-MSCs
expressed neurotrophic factors in 14 patients with ALS tempo-
rarily reduced the progression of disease during 6 months of
intervention [18]. It has been suggested that the microenvironment
of the spinal cord of ALS is detrimental for transplanted stem cells,
suggesting that transplanted cells can be targeted by the same
hostile condition that leads to degeneration of endogenous cells
[22,25]. Repeated injections of BM-MSCs have been suggested as a
possible clinical effort to prolong the beneficial effect of stem cell
therapy in patients with ALS, presumably via stem cell regulatory
action on switching from pro- to anti-inflammatory conditions
[26]. The beneficial action of BM-MSCs on damaged spinal cord
neurons probably mediated through the secretion of neurotrophic
factors, axonal regeneration, and myelin sheath repair [27]. How-
ever, it has been demonstrated that stem cell therapy through the
secretion of anti-inflammatory cytokines and neurotrophic growth
factors can modulate the immune system and influence the pro-
gression of ALS [28,29].

Several factors, such as the protocols of stem cell expansion,
type and source of stem cells, number of stem cells, route of
application, and the appropriate application method, exert a
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Fig. 1. Mesenchymal stem cells characterization by flow cytometry. (A) Phase-contrast micrographs of MSCs derived from bone marrow on day 10 after seeding (left) and after
passage 2 (right). (B) Representative data indicated that cells were positive for CD73 and CD90 as the MSCs markers, and negative for the CD34 and CD45as the hematopoietic
markers. (C) The percentage of stained cells in comparison with unstained controls is shown for each marker.

Table 1
Clinical characterization of patients with amyotrophic lateral sclerosis enrolled in the clinical trial.
Patient number Age Sex ALS Symptoms Disease Duration
(Months) from first diagnostic
P1 55 Female spinal 61
P2 47 Male spinal 67
P3 60 Male bulbar/spinal 12
P4 36 Male spinal 10
P5 51 Male spinal 55
P6 37 Female spinal 55
P7 57 Male spinal 31
P8 35 Male spinal 60
P9 35 Male spinal 72
P10 52 Male spinal 45
P11 55 Male bulbar/spinal 44
P12 55 Male Spinal 12
P13 35 Female Spinal 17
P14 55 Male Spinal 16
P15 23 Female Spinal 42
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Table 2
Adverse effects after cell transplantation.
Patient NO. Parameters
Headache Fever Allergic reaction Urinary incontinence Respiratory distress Nausea Vomiting Neck stiffness
P1 + NA NA NA NA NA NA NA
P2 + NA NA NA NA NA NA NA
P3 + NA NA + NA NA NA NA
P4 + NA NA NA NA NA NA NA
P5 + NA NA NA NA NA NA NA
P6 + NA NA NA NA NA NA NA
P7 + NA NA NA NA NA NA NA
P8 + NA NA NA NA NA NA NA
P9 + NA NA NA NA NA NA NA
P10 + NA NA NA NA NA NA NA
P11 + NA NA NA NA NA NA NA
P12 + + NA NA NA + NA NA
P13 + + NA + NA + + NA
P14 + + NA NA NA + NA NA
P15 + + + NA + + + NA
Abbreviation: no-adverse effect (NA).
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Fig. 2. Clinical analysis of amyotrophic lateral sclerosis (ALS) patients during the follow-up period. (A) Regression analysis of ALS Functional Rating Scale—Revised (ALSFRS-R)
score changes in 15 patients treated with autologous bone marrow-derived mesenchymal stem cells (BM-MSCs). The y-axis shows the ALSFRS-R scores, and the x-axis shows the
clinical visits with comparing time courses in months. There was a significant reduction ALSFRS-R 6 months after the treatment. (B) Time courses of ALSFRS-R scores in the in-
dividual patients. (C) Regression analysis of forced vital capacity (FVC) changes in 15 patients (y-axis indicates the percentage of FVC and the x-axis indicates clinical visits with
comparing time courses in months). There was a significant reduction in FVC 6 months after the application of BM-MSCs. D) FVC scores of the individual patient during the follow-

up period.

decisive impact on the success of any stem-cell-based therapeutic
strategies for ALS [9,11]. The current trial has been demonstrated
the safety and temporary efficacy of a high single dose of BM-MSCs
through IV and IT injections. In keeping with our results, a previous
study has shown that IV or IT transplantation of BM-derived stro-
mal cells is a safe and feasible therapeutic approach [30]. Further-
more, several investigations have demonstrated that the
application of MSCs can slow down the progression of ALS
[12—15,31,32]. Besides, our results are consonant with the previous
experimental studies on motor neuron diseases indicate the effi-
cacy of BM-MSCs in targeting the pathological mechanisms and
slowing the progression of the clinical symptoms [33,34]. So far,
several clinical trials have been performed to explore the safety and
efficacy of stem cells transplantation in patients with ALS. None of
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these studies have reported serious side effects, including tumori-
genesis. Several clinical trials revealed that the application of MSCs
in patients with ALS did not lead to any functional modification of
the neural tissues, including chromosomal changes or cellular
senescence [31,35]. Magnetic Resonance Imaging (MRI) evaluations
did not show any structural alterations, including tumor formation,
in the brain and spinal cord of ALS patients treated with IT appli-
cation of MSCs during a 1—12 years follow-up period [12,14,31,35].
Although in the present study, we did not evaluate the MRI of pa-
tients during or after cell transplantation, no clinical evidence
indicated severe side effects (Table 2).

The outcome of stem cell treatment in ALS patients can be
modified by high expectations and psychosocial circumstances
[15]. These factors could affect ALSFRS scores during the follow-up
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period [15]. In addition to ALSFRS scores, we assessed the FVC value
as a valid variable in ALS patients. The FVC value obtained before
any interventions represents a clinically worthwhile predictor of
both survival and disease progression in patients with ALS [36]. In
our study, the FVC values remained stable for 3 months and
declined after 6 months of treatment, which supports evidence
from previous observations [14,15].

It has been shown that the administration of MSCs can convert
inflammatory microglia (M1) to anti-inflammatory (M2) cells,
which are considered as one of their effective mechanisms in pre-
venting ALS progression [37]. Previous clinical investigations have
shown that the direct application of MSCs into the cervical and
lumbar spinal cord of patients with ALS was not clinically beneficial
[38]. Despite the safety and avoiding surgical interventions, IV
application of MSCs, as a non-invasive and reproducible approach,
requires large quantities of cells to reach the lesion site [39]. A part
of these cells, however, are trapped in other organs, such as the
lungs and lymph nodes, with a therapeutically questionable
amount of MSCs reaching the lesion site [40]. IT injection of MSCs
could be an effective strategy to deliver the cells to the target tissue
and generate effective responses [12,14]. IT application of MSCs may
increase their immunomodulatory and trophic effects directly on
the CNS without producing systemic adverse effects [41]. In the
present study, we investigated the effects of concurrent IV and IT
injections of MSCs. Using simultaneous IT and IV application of
MSCs may increase the chances of transplanted cells reaching the
lesion site and improve the outcomes. Several experimental and
clinical investigations have emphasized the superior efficacy of
simultaneous IV and IT injections in ALS [42,43].

This study has some limitations. It is a phase I clinical trial with
small sample size; therefore, randomized control trials with a
larger number of patients and appropriate control groups are
needed to confirm our findings. In addition, based on demographic
data, the mean age of patients was generally low when contrasted
to the other clinical studies. One of the probable clarifications is
that more young patients participate in new clinical trials.
Furthermore, a short pre-operation observation period (1 month)
as well as a short follow-up period (6 months) cannot fully justify
the long-term beneficial effects of our approach in preventing
disease progression. Longer pre and post follow-up periods are
required.

5. Conclusion

Our results demonstrated that the IT and IV transplantation of
BM-MSCs in ALS patients is a safe procedure and could slow down
the progression of the disease. To confirm the most effective
methods of delivery and suitable doses in single or repeated ap-
plications of BM-MSCs treatment, further clinical investigations
with more patients and longer follow-up periods as well as with
the repetitive application of BM-MSCs are required.
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