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This is a review article examining the pharmacologic and regenerative cell therapy for spinal
cord injury. A literature search during last 10 years were conducted using key words. Case
reports, experimental (nonhuman) studies, papers other than English language were ex-
cluded. Up-to-date information on the pharmacologic and regenerative cell therapy for spi-
nal cord injury was reviewed and statements were produced to reach a consensus in 2 sepa-
rate consensus meeting of WFNS Spine Committee. The statements were voted and reached
a consensus using Delphi method. Pharmacologic and regenerative cell therapy for spinal
cord injury have long been an interest of many experimental and clinical researches. Clini-
cal studies with methylpredinisolone have not shown clear cut benefit. Other drugs such as
Rho inhibitor, minocycline, riluzole, granulocyte colony-stimulating factor have also been
tried without significant benefits. Regenerative cell therapy using different types of stem
cells, different inoculation techniques, and scaffolds have undergone many trials highlight-
ing the efficacies of cells and their limitations. This review article summarizes the current
knowledge on pharmacologic and regenerative cell therapy for spinal cord injury. Unfortu-
nately, there is a need for further experimental and human trials to recommend effective
pharmacologic and regenerative cell therapy.
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INTRODUCTION neurological dysfunction after SCI is a difficult problem that

remains unresolved. Clinical trials on the effectiveness pharma-

Traumatic spinal cord injury (SCI) is still considered as an  cological therapy for SCI show limited and controversial clini-

uncurable disease. SCI results in a high rate of morbidity and
may also carry a high risk of mortality. Incidence of acute SCI
may vary by country and it is still difficult to see the accurate
statics."” Acute SCI is one of the most important issues in the
field of neuro-spine surgery. Although clinical management of
patients with SCI has arguably significantly advanced with medi-
cal development, the establishment of neural regeneration ther-

apy has yet to be adequately realized. Recovery from significant

cal data. Research on regenerative cell therapy could not achieve
promising results in spite of many trials that have been under-
taken. Intense research still continues to find the best cell source,
best cell type, best method of transplantation, and finally efforts
are being taken to know exactly what could be the future for
the regenerative therapy in SCL

This manuscript aims to perform a thorough review of the
data on the topics of pharmacologic and regenerative cell thera-
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py for SCI based on the current clinical evidence and results of
WENS consensus meeting.

METHODS

The authors performed a systematic literature search in Pub-
Med, ScienceDirect, and Cochrane Library databases to find
clear answers to the following questions: Question 1: Is there
good evidence that high doses of methylprednisolone sodium
succinate (MPSS) administration for acute SCI is beneficial?;
Question 2: Is there any pharmacologic agent with high evi-
dence level that actually can be administered for acute SCI?;
Question 3: How is the current understanding of regenerative
cell therapy for acute SCI? Search terms comprised relevant key
words on pharmacologic therapy for acute SCI. Databases were
searched between 2009 and 2019. All related clinical studies/
original articles, review articles, and meta-analyses were includ-
ed. We excluded case reports, experimental (nonhuman) stud-
ies, nonrelevant studies, and papers other than English language.
Then, the relevant studies were identified based on the title and
abstract.

The search for the “Acute Spinal Cord Injury” revealed a total
of 3,786 papers that were eligible for this study. A total of 93 pa-
pers were finally selected based on the title and abstract as valid
papers by combining keyword of “methylprednisolone sodium

» «

succinate,” “Rho inhibitor or cethrin,

minocycline,” “riluzole,”
or “granulocyte colony-stimulating factor” The search results of

pharmacologic therapy for acute SCI are on Fig. 1.

First consensus meeting was done in June 1, 2019 in Moscow.
A re-evaluation meeting was done in November 13, 2019 in Pe-
shawar, Pakistan. Based on the literature review the authors
prepared statements covering different aspects of the SCI and
cervical spine trauma. A presentation based on the literature
review and the prepared statements were subjected to discus-
sions, followed by voting process by the members of the World
Federation of Neurosurgical Societies (WENS) Spine Commit-
tee using Delphi method. Answering to the questionnaire each
expert voted for all of the statements grading every item on a
5-point scale according to Delphi method. 1 =total disagreement,
2=disagreement, 3 = agreement, 4=more than agreement, 5=
total agreement. Consensus is reached when the sum of items
“17+27 or “37+“4”+“5” exceeds 66%. We called a negative con-
sensus if 1-2>66%, positive consensus = 3-4-5> 66%, noncon-
sensus =1-2 or 3-4-5<66%. The recommendations were pre-
pared from those statements after consensus meeting.

REVIEW

1. Pharmacologic Therapy for Acute SCI

Acute SCI is a serious problem that remains unresolved. It
leads to severe deterioration of not only activities of daily living,
but also quality of life. Research on the mechanisms of second-
ary injury with acute SCI has gradually progressed, and the pos-
sibility of pharmacological therapy has been recognized in re-
cent years. However, clinical evidence resulting from clinical
trials for acute SCI remains limited and controversial. This sec-

Search for key words “Acute Spinal Cord Injury” and “Methylprednisolone Sodium Succinate”,
“Rho Inhibitor or Cethrin”, “Minocycline”, “Riluzole” or “Granulocyte Colony-Stimulating

Factor during the years of 2009 - 2019

3786 papers

‘ 93 papers final selection

Case reports, experimental (nonhuman) studies,
nonrelevant studies and papers other than
English language were excluded.

Abstract review based on the title and content.

26 paper for “Methylprednisolone Sodium Succinate”

9 papers for “Rho Inhibitor”
10 papers for “Minocycline”
33 papers for “Riluzole”

15 papers for “Granulocyte Colony-Stimulating Factor”

Fig. 1. A flowchart of search for the pharmacological therapy for acute spinal cord injury.
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tion focused on clinical studies of the major pharmacologic ther-
apy for acute SCL

1) Methylprednisolone sodium succinate

MPSS is a synthetic corticosteroid with potential anti-inflam-
matory and neuroprotective effects in acute traumatic SCL.*
While considerable concerns have been expressed regarding
the increased risk of infections following administration of high-
dose MPSS for acute SCI, this regimen remains the only phar-
maco-therapeutic option for acute SCIL. The optimal dose, tim-
ing of administration, efficacy, and adverse effects remain as is-
sues in need of discussion. The results of experimental animal
studies have suggested that MPSS may be effective in acute SCI,
but little evidence of positive effects of MPSS has been accumu-
lated from clinical studies. The National Acute Spinal Cord In-
jury Study I (NASCIS I) was a multicenter, prospective, rando-
mized, double-blinded trial of 330 patients with acute SCL’ Two
treatment groups were compared. Treatment 1 was a 100-mg
bolus of MPSS, followed by 25 mg every 6 hours for 10 days,
whereas treatment 2 was a 1,000-mg bolus of MPSS, followed
by 250 mg every 6 hours for 10 days. No significant differences
in neurologic outcome were identified between the 2 groups. A
significant increase in wound infections was noted in the high-
dose group (9.3%) compared to the low-dose group (2.6%, p=0.01).
NASCIS II was a multicenter, prospective, randomized, double-
blinded trial of 487 patients with acute SCL” Three treatment
groups were compared: treatment 1, MPSS as a 30-mg/kg bolus
followed by 5.4 mg/kg/hr for 23 hours; treatment 2, naloxone as
a 5.4-mg/kg bolus, then 4.5 mg/kg/hr for 23 hours; and treat-
ment 3, placebo (control). Patients were examined on admis-
sion, and at 6 weeks, 6 months, and 1 year after injury. Motor
strength was measured using the American Spinal Injury Asso-
ciation (ASIA) scale, and pin prick and touch sensation were
assessed. No differences in motor score were seen between treat-
ment groups at any time point. Significant improvements in
pinprick (3.4/58) and light touch (3.8/58) scores were identified
at 6 months, but were lost 1 year after injury. Frequencies of
wound infection and pulmonary embolus were doubled in the
MPSS group, but were still not statistically significant. When
patients were stratified by time to treatment, patients receiving
MPSS within 8 hours displayed a statistically significant improve-
ment of 5 points on the motor score at 6 months and 1 year
(p=0.03). Patients treated with MPSS longer than 8 hours after
injury tended to show worse neurological outcome, but this
difference did not reach the level of statistical significance. All
reported positive results from the NASCIS 2 trial were from

https://doi.org/10.14245/ns.2040408.204

post hoc comparisons. NASCIS IIT was a multicenter, prospec-
tive, randomized, double-blinded trial without any placebo arm,
and included 499 patients with acute SCL® Three treatment
groups were compared: treatment 1 was MPSS at 5.4 mg/kg/hr
for 24 hours. Treatment 2 was MPSS at 5.4 mg/kg/hr for 48 hours.
Treatment 3 was tirilizad at 2.5 mg/kg every 6 hours for 48 hours.
Patients were examined on admission and at 6 weeks, 6 months,
and 1 year after injury. Motor strength was measured using the
ASIA scale, and both pin prick and touch sensation were assessed.
Disability was scored using the Functional Independence Mea-
sure (FIM) to interpret the functional significance of any im-
provement in motor score. No significant difference in motor
score was evident between treatment groups at any time point.
The rate of mortality due to respiratory complications was high-
er in the MPSS 48-hour group. The incidence of severe pneu-
monia was doubled and the incidence of severe sepsis was 4 times
greater in the MPSS 48-hour group compared to the MPSS 24-
hour group. However, these differences were not statistically
significant, as the study was underpowered for this analysis. Pa-
tients were stratified by time to treatment into those treated less
than 3 hours after injury and those treated 3-8 hours after inju-
ry. No differences in outcome were identified for those patients
receiving MPSS within 3 hours of injury. A 5-point improve-
ment in motor scores at 1 year was seen only for those patients
treated between 3 and 8 hours of injury. No differences in sen-
sory outcome were identified. Disability as measured by FIM
was also unchanged at 1 year. All positive results reported from
the NASCIS III trial were from post hoc comparisons. Oppo-
nents of the standard use of high-dose MPSS for acute SCI have
highlighted these issues as serious concerns.”'' Hurlbert® care-
tully reviewed the published results from NASCIS II and III in
the context of the original study design, including primary out-
comes compared with post hoc comparisons. He demonstrated
that both NASCIS II and III failed to demonstrate improvements
in primary outcome measures as a result of high-dose MPSS.
Post hoc comparisons did not provide compelling data for es-
tablishment of a standard high-dose MPSS for acute SCI. Ad-
ministration of high-dose MPSS for 24 hours was considered
experimental in clinical use for acute SCI, and 48-hour use of
high-dose MPSS was not recommended. Fehlings et al.”* con-
ducted a systemic review of the literature to address the key
questions related to the use of MPSS for acute SCI. That careful
review concluded that: (1) no differences exist in motor score
change at any time point in patients treated with high-dose MPSS
compared to those not treated; (2) when high-dose MPSS was
administered within 8 hours after injury, outcome measures at
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6- and 12-month indicated modest improvements in mean mo-
tor scores in the high-dose MPSS group compared with the
control group; and (3) no statistical difference was evident be-
tween treatment groups in terms of the risk of complications.
They suggested 24-hour infusion of high-dose MPSS for adult
patients with acute SCI within 8 hours after injury as a treat-
ment option, and not 48-hour infusion of high-dose MPSS.

2) Rho Inhibitor (Cethrin, VX-210)

Cethrin (VX-210) is a recombinant inhibitor of Rho that is
mainly involved in the control of the cytoskeleton, and has been
shown to promote axonal outgrowth on inhibitory substrates
both in vitro and in vivo.”>"* In a rodent thoracic spinal cord
contusion model, local delivery of Cethrin to the injury site has
been found to reduce the extent of the lesion and improve loco-
motor function. Fehlings et al.”” conducted a phase I/1Ia clinical
study to examine the safety and tolerability of Cethrin for acute
SCI. Patients with acute cervical or thoracic SCI with complete
injury of ASIA A were sequentially recruited for the multicenter
study. ASIA assessment was performed in the prestudy period
and in follow-up periods up to 1 year after treatment. No seri-
ous adverse events were attributed to Cethrin. The largest change
in motor score was observed among cervical patients treated
with Cethrin. Approximately 6% of patients with acute thoracic
cord injury converted from ASIA A to ASIA C or D, compared
to 31% of patients with acute cervical cord injury. Fehlings et
al.'® further designed a multicenter, randomized, double-blind-
ed, placebo-controlled clinical trial, the SPRING (SPinal cord
injury Rho INhibition investiGation) trial. A subset of patients
with acute traumatic cervical SCI is currently being enrolled in
the United States and Canada. Medical, neurological, and func-
tional changes are evaluated at 6 weeks and at 3, 6, and 12 months
after Cethrin administration. Ongoing clinical trials evaluating
the efficacy of Cethrin for acute SCI appear interesting, but the
results have yet to be published.

3) Minocycline

Minocycline is a tetracycline antibiotic with neuroprotective
and anti-inflammatory properties, and represents another can-
didate for pharmacotherapy of acute SCL."”'® Casha et al."” con-
ducted a single-center, placebo-controlled, double-blinded clini-
cal trial to evaluate the efficacy and safety of intravenous (IV)
minocycline within 12 hours after acute SCI. A total of 27 pa-
tients received minocycline and 25 patients received placebo.
Patients treated with minocycline showed motor recovery 6
points greater than that of control. Although no difference in

788 Www.e-neurospine.org

recovery was observed for thoracic SCI, significance was recog-
nized among patients with cervical injury (p=0.05). Patients
with cervical motor-incomplete injury may have shown a larger,
but still not statistically significant difference. The study analy-
sis showed a trend toward improvement of motor scores in in-
complete cervical SCI in the absence of any serious adverse ef-
fects. A phase III randomized control trial, Minocycline in Acute
Spinal Cord Injury, has been initiated as a multicenter, placebo-
controlled, double-blinded randomized controlled trial.?**' Adult
patients with cervical SCI presenting within 12 hours of injury
are being randomly assigned to receive IV administration of
minocycline or placebo. Ongoing clinical trials evaluating the
efficacy of minocycline for acute SCI appear interesting, but the
results have yet to be published.

4) Riluzole

Riluzole is a benzothiazole that inhibits voltage-gated sodium
channels and glutamate release, thereby mitigating excitotoxici-
ty, and can be used for the treatment of amyotrophic lateral
sclerosis.”** Grossman et al.** conducted a prospective, multi-
center, phase I matched-comparison trial of the safety, pharma-
cokinetics, and preliminary trial of riluzole for acute SCI. The
study included a total of 36 patients with acute SCI categorized
as ASIA impairment scale A-C. Riluzole was administered ev-
ery 12 hours either orally or by nasogastric tube, starting within
12 hours after injury. A control group comprised 36 patients
with SCI—matched for neurological impairment, sex, and age—
received the standard of care, but no riluzole. Mean motor score
for cervical injury patients treated with riluzole increased by
31.2 points from admission to 90 days, compared to 15.7 points
for 26 control patients, representing a 15.5-point difference
(p=0.021). In particular, patients with ASIA impairment scale
B showed the highest improvement. Riluzole blocks the sodium
channels in neurons and may prevent increases in the intracel-
lular concentration of sodium, finally leading to the inhibition
of cellular death in the process of secondary mechanisms of in-
jury in acute SCI. Fehlings et al. further designed a randomized,
double-blinded, placebo-controlled parallel multi-center trial
(Phase ITB/III trial) named “Riluzole In acute Spinal Cord Inju-
ry Study”” The primary objective of that trial was to evaluate
the superiority of riluzole. Riluzole was administered orally at a
dose of 100 mg twice-daily to adult patients within 12 hours af-
ter injury, followed by two 50-mg doses daily for 14 days, and
compared with placebo in terms of improving neurological mo-
tor outcomes in patients with C4-8 level, International Stan-
dards for Neurological Classification of Spinal Cord Injury Ex-

https://doi.org/10.14245/ns.2040408.204



Takami T, et al.

Pharmacologic and Regenerative Therapy for SCI

amination (ISNCSCI) grade A, B, or C acute SCI. The primary
end point for that study is the change in ISNCSCI motor score
between 180 days and baseline. The study is estimated to be
completed by 2021.

5) Granulocyte Colony-Stimulating Factor

Granulocyte Colony-Stimulating Factor (G-CSF) is a major
growth factor for the activation and differentiation of granulo-
cyte colonies in bone marrow.”*” The effects of G-CSF on acute
SCI have been investigated with experimental acute SCI. Sever-
al clinical trials have been conducted. Inada et al.** conducted
an open-labeled multicenter prospective, nonrandomized, con-
trolled clinical trial to examine the neuroprotective effects of G-
CSF for acute SCI. Patients were divided into 2 groups. In the
G-CSF group, G-CSF was intravenously started for 5 consecu-
tive days within 48 hours after injury. In the control group, pa-
tients were treated similarly except for the G-CSF administra-
tion. A significant improvement in ASIA motor score was de-
tected in the G-CSF group from 1 week after administration
compared with the control group (p <0.01). Some spontaneous
increases in motor score were detected in the control group, but
the significant increase in the G-CSF group was maintained
until 1 year of follow-up (p <0.05). Kamiya et al.*’ conducted a
clinical trial and confirmed the safety and feasibility of G-CSF
as a neuroprotective pharmacological therapy in patients with
acute SCI. They retrospectively analyzed clinical outcomes in

SCI patients treated with G-CSF and compared the results with
a historical cohort of SCI patients treated with high-dose MPSS
in the NASCIS II protocol. They suggested that G-CSF is safe
and superior to MPSS in terms of the clinical outcomes of acute
SCI. Koda et al.* designed a prospective, multicenter, random-
ized, double-blinded, placebo-controlled comparative phase III
trial of G-CSF-mediated neuroprotection for acute SCI. This
clinical trial is ongoing and the results have yet to be published.

A summary of published clinical trials of major pharmaco-

logical therapies for acute SCI is given in Table 1.

6) Statements

Statement 1: There is not good evidence that high doses of
MPSS administration for acute SCI is beneficial, in correlation
with its high rate of complications. This statement had a posi-
tive consensus (90% yes).

Statement 2: In selected young patients with acute SCI 24-hour
infusion of high-dose MPSS administered within 8 hours of in-
jury can be suggested. This statement had a positive consensus
(73% yes).

Statement 3: Against acute spinal cord injuries, there is no phar-
macologic agent with high evidence level that actually can be
administered. This statement had a positive consensus (90% yes).

2. Cardiopulmonary Management
Maintenance of acceptable blood pressure (BP) have been

Table 1. Summary of published clinical trials of major pharmacological therapies for acute SCI

Interval from

Clinical trial I?ubllca— Study design injury to study Outcome
tion year
entry

MPSS (NASCIS I) 1984  Multicenter, randomized, blinded 48 hr Negative

MPSS, 2 dose regimens
MPSS (NASCIS II) 1990  Multicenter, randomized, blinded, placebo- 12 hr Negative

controlled

High-dose MPSS, naloxone, placebo
MPSS (NASCIS III) 1997  Multicenter, randomized, blinded 6 hr Negative

24-hr MPSS, 48-hr MPSS, tirilazad mesylate
Rho inhibitor 2011  Multicenter, phase I/IIa 7 days Positive for complete cervical SCI compared

(Cethrin, VX-210) to complete thoracic SCI
Minocycline 2012 Phase II, randomized, placebo-controlled 12 hr Partly positive for incomplete cervical SCI
Riluzole 2014  Multicenter, prospective, phase I 12 hr Partly positive for incomplete cervical SCI
G-CSF 2014  Multicenter, prospective, non-randomized 48 hr Motor score improvement from 1 wk to 1 yr
after treatment

G-CSF 2015  Retrospective, phase I/ITa 48 hr Motor score improvement at 3 mo after treat-

G-CSF vs. MPSS as a historical control

ment

SCI, spinal cord injury; MPSS, methylprednisolone sodium succinate; NASCIS, National Acute Spinal Cord Injury Study; G-CSE granulocyte

colony-stimulating factor.
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found to improve the neurologic outcomes of spinal cord in-
jured patients for many years.” Subsequent studies have found
that BP augmentation to maintain mean arterial blood pressure
(MAP) more than 85 mmHg for 7 days and a good oxygen-
ation are necessary for better outcomes.”> Almost half of the
cervical SCI patients required pressors to maintain MAP above
85 mmHg.”

In another study, 82% of the patients had volume-resistant
hypotension requiring pressors within the first 7 days. This re-
sistant was more common in complete injury patients.”

Early correction of hypotension in SCI (systolic BP < 90 mmHg)
when possible is encouraged. MAP should be maintained be-
tween 85-90 mmHg for the first 7 days following an acute SCL*
MAP correlates with neurological recovery after human SCL.»

Some researchers have postulated that American Spinal Inju-
ry Association Impairment Scale (AIS) grade A patients may
have greater benefit from MAP augmentation than AIS grade
D patients.”

The risks of vasopressor therapy must also be considered. Since
dobutamine can cause vasodilation with the possible risk of re-
flex bradycardia, it should not be used in SCI, instead dopamine,
norepinephrine, or epinephrine should be chosen.””*

Dopamine has greater complication rate than phenylephrine,
and older patients experienced more complications than young-
er patients.”

Another concern is the level of the injury. In high cervical
and thoracic injuries (above T6), with both hypotension and
bradycardia Dopamine or Norepinephrine is recommended
because of bradyarrhythmias due to unopposed vagal tone. In
lower thoracic injuries, where hypotension can result in vasodi-
lation, pure a-adrenergic agents such as phenylephrine are rec-
ommended.”® Phenylephrine avoids reflex bradycardia and is
also preferred in older patients.

Recommendations on cardiopulmonary management will be

done in another paper of this special issue.

3. Hypothermia

There are many experimental animal studies that demon-
strated hypothermia is useful to prevent secondary damage of
SCL**** Hypothermia historically has been tried for brain and
SCI patients.*"*** Hypothermia was tried especially in thora-
coabdominal aortic aneurysm repair.* However, its usage in
traumatic SCI as a neuroprotectant still remains experimental.
There are some case reports and some small human studies re-
porting that localized and systemic hypothermia can be benefi-
cial in clinical setting. It was used as a sole treatment or com-
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bined with surgical decompression and steroids.

There are some case reports* and some case-controlled stud-
ies.46—48

Levi et al.* have applied systemic cooling (32°C-34°C) by in-
travascular cooling catheter to 14 patients with complete AIS
grade A, after decompression, stabilization. No steroids were
used. Six of 14 patients (42.8%) in hypothermia group and 3 of
14 patients in the uncooled control group exhibited improve-
ment from AIS grade A to another grade at 12 months.

In a study by Dididze et al.” 43% of AIS grade A patients (15
of 35) improved from AIS A to another grade after systemic

t48

hypothermia. In 2013, Hansebout and Hansebout* have report-
ed a prospective case-series including 20 patients with neuro-
logically complete SCI (AIS grade A) who underwent a combi-
nation of surgical decompression, dexamethasone, and local
extradural cord hypothermia. Regional hypothermia (6°C) achie-
ved by placing a suspended epidural cooling saddle onto the
dura of the exposed, injured spinal cord. Sixteen of 20 patients
(80%) with AIS grade A (12 cervical and 4 thoracic) attained
some degree of sensory and motor recovery.

The results of those clinical trials are encouraging. There is a
need to organize multicenter higher-level clinical trials involv-

ing larger patient groups.

4. Role of Regenerative Cell Therapy in SCI

Regenerative cell therapy is being looked forward to provide
some solution and hence significant effort is put on research in
finding the best cells to improve functional status in patients.
There are many articles published on this subject. Search is con-
tinuously on to find the best cell source, best cell type, best meth-
od of transplantation, and finally the future for the regenerative
therapy in SCI. Neuro regenerative trials have been attempted
to enhance endogenous regeneration process, exogenous sup-
plement, and alterations of intrinsic barriers. From basic bone
marrow stem cells to the recent pluri-potent cells large number

of clinical trials have gone through.

1) Cell types and salient features:

Bone marrow mononuclear cells (BMMNC) consisting of
hematopoietic stem cell (HSC) and mesenchymal stem cell (MSC)
are autologous stem cells with less immune rejection.

(1) Bone marrow mononuclear cells

They comprise of cells obtained from bone marrow of a het-
erogenous population pool consisting of both HSCs and MSC.
The main advantage is that autologous stem cells produce less
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immune rejection. Presence of MSCs and HSCs in these un-
fractioned cell population may offer synergistic results in an-
giogenesis and matrix rebuilding. However, plasticity is less, in
vitro culture is difficult, and differentiation potential is limited.
In a study done by Sharma et al.* in 2012, among 71 children
suffering from neurological disorders such as muscle dystrophy,
cerebral palsy, and injury to the brain and spinal cord, 100% of
SCI patients showed an improvement. While most studies have
reported improvement in motor and sensory function, Park et
al” evaluated the therapeutic effects of autologous BMMNC in
adjunction with granulocyte macrophage colony-stimulating
factor (GM-CSF) at the injury site and subcutaneously. The study
showed sensory improvements almost immediately within a
time frame of 3 weeks to 7 months, with no morbidity or mor-
tality. Three hundred twenty-eight ASIA A and B score patients
were assessed in a large metanalysis by Aghayan et al.,”* encour-
aging autologous mononuclear cell transplantation for SCI. How-

ever, the regeneration of the neural tracts has not been reported.

(2) Hematopoietic stem cells

Like BMMNC, HSC:s also produce less immune rejection. How-
ever, not only is their purification difficult, but the differentia-
tion potential is very limited.

Thakkar et al.”” studied the infusion of autologous adipose
tissue from neuronal differentiated MSCs and HSCs in post-
traumatic paraplegics in 2016. Variable yet sustained motor and
sensory improvements were noted by routinely used scoring
systems. Al Zoubi et al.” have reported a study of 19 patients
with ASIA A SCI using transplanted purified autologous leuka-
pheresis derived CD34+ and CD133+ stems cells. Among those
chronic patients, 53% demonstrated no improvement, but the
rest of the patients showed segmental sensory improvement to
ASIA B.

The status remains the same as for HSCs too, while most of
them have reported improvement in motor and sensory func-
tion, but per se regeneration of the neural tracts has not been
reported

(3) Mesenchymal stem cells

MSCs have high neuronal differentiation potential. They also
cause less immune rejection with impressive immunomodula-
tion potential. MSCs can easily be harvested from bone mar-
row, fat, and skeletal muscle. Difficulty is with it's purification,
and the genomic instability during long term in vitro manipula-

1.54

tion. Deda et al.”* used pre- and postoperative somato-sensory

evaluation and magnetic resonance imaging guidance in 9 pa-
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tients with complete SCI (ASIA A). It proved to be safe and ef-
fective with promising results. As suggested by Khan et al.,”
MSCS in conjunction with scaffolds were reported to have bet-
ter results. Variable trends in sensory, motor, neuropathic pain,
and bowel-bladder dysfunction were observed in a study by
Vaquero et al.>® in 10 complete SCI patients. They also saw a
profound improvement in the degree of spasticity in the study
group. In another study by him, comprising of 12 complete SCI
patients, all patients experienced an improvement especially in
clinical and neurophysiological outcomes.

On the contrary, in a phase III clinical trial, Oh et al.”” showed
a limited efficacy in chronic patients with ASIA B status for over
12 months duration and another group of SCIs within 3 months.
There was hardly any improvement in motor function with pow-
er improving from grade 1 to 3 in only 2 out of 16 patients. The
immunomodulatory characteristics make them attractive for
clinical therapy and several studies are still ongoing.

Hur et al.*® suggested the use of intrathecal (IT) MSCs. While
a few showed some improvement in motor scores, sensory nerve
involvement was not very significant in the population. A frac-
tion of the population also suffered adverse effects.

Other trials are still uncertain showing minimal to moderate
improvement in motor and sensory scores, hence questioning
the overall efficacy of MSCs.

(4) Neural stem cells (NSCs), neural progenitor cells (NPCs)

These multipotent progenitor cells can differentiate to neural
cells, oligodendrocytes, and astrocytes. In a normal adult, they
locate around the central canal of the spinal cord. Like other
stem cells, their isolation and differentiation are tedious too.

In a phase I/IIa open label nonrandomized controlled clinical
trial by Shin et al.,” transplanted progenitor cells into the injured
spinal cords showed at least a 2-point score improvement on
ASIA score and in electrophysiological studies.

Kucher et al.” carried out the first human study in 2018, to
assess the feasibility, safety, pharmacokinetic and preliminary
efficacy of human anti-Nogo A antibody ATI3555 following IT
administration in acute complete traumatic paraplegic and quad-
riplegic patients. Motor scores showed an elusive but consider-
able improvement.

Though they are native to the tissue being repaired, their in-
accessibility in regard to source and inability to provide a whole-
some environment for regeneration are still hurdles for further
progress.
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(5) Olfactory ensheathing cells

Olfactory ensheathing cells (OECs) are harvested from the
olfactory bulb and the nasal mucosa. They express neurotroph-
ins and have the ability to support neurogenesis, reduce the risk
of hypertrophy of the central nervous system astrocytes. The
autologous transplantation is considerably conceivable, as it
shows no graft rejection or need for immunosuppression, be-
sides the added benefit of easy accessibility. However, differenti-
ation potential is limited when compared with embryonic stem
cells (ESCs) and MSCs, and the inadequate cell source particu-
larly in autologous transplants is noted. The cell purification
and distillation are also challenging. The major hurdle is, the
limited cell quantity for autologous transplants.

While prospective randomized double-blind study of Chen
et al.*' showed good improvements, another study by Rao et
al.”> showed no significant motor or sensory improvement. An-
other trial by Tabakow et al.** showed a restitution of the conti-
nuity of some of the white matter tracts, hence showing improve-
ment in motor and sensory function below the level of injury.
Although safety studies have shown no adverse effect, they have
not found efficiency in SCI.

(6) Embryonic stem cells

ESCs have the remarkable ability to differentiate into various
cell lineages, along with the ability to proliferate over several
passages.* Due to immuno-rejection of ESC, immunosuppres-
sive therapy is also co administered.

Many ethical issues, and the risk of teratoma with ESC are
some important concerns. The Geron Corporation is a publicly
traded company that launched a phase I clinical trial of a hu-
man ESC-based therapy for SCL.”’ The company enrolled the
first patient in October 2010 and stopped the trial 1 year later.
The fifth patient had been enrolled but not transplanted when
the company announced the trial’s end.

(7) Induced pluripotent stem cells

Induced pluripotent stem cells (iPSCs) have the advantage of
personalized cell therapy, and their differentiation potential is
similar to that of ESCs.” However, the immunogenicity and high
level of genomic instability are the main handicaps. In February
2019, the Japanese Government’s Health Ministry had given
permission for a trial of human induced pluripotent stem cells
to treat SCI. Researchers at Keio University plan to recruit 4
adults who had sustained recent nerve damage in sports or traf-
fic related accidents.
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2) Inference on the cell types

Several clinical trials using different kinds of cells and stem
cells have reported realistic outcomes mainly establishing safety
rather than efficacy. The actual need of the hour is a multicen-
tric large randomized clinical trial comparing all these cell sourc-
es to arrive at a consensus. Cells like ESCs and iPSCs which have
pluripotency remain as probable ideal sources for future clinical
trials, but several hurdles like teratogenicity, mutagenicity, ethi-
cal issues, etc. remain unsolved.

3) Route of injection

IT, IV, and direct intralesional (IL) transplantations are the
common routes employed. Though IL transplantation is the
most efficacious, the complexity of the procedure combined
with a risk of damage to the already compromised tissue in case
of IL makes the minimally invasive IT and IV routes a better
choice. If IT and IV routes compared, cell engraftment and tis-
sue sparing were better in IT compared to IV route according
to a study. The host immune response was also reduced in IT
route. In Takahashi’s tracking of neural stem/progenitor cells by
bioluminescence imaging after they were transplanted by IL,
IV, and IT routes, the study concluded that in terms of cell en-
graftment and safety, IL route was the most effective and feasi-
ble method.®® Geffner et al.” suggested that multiple routes of-
fered more efficacious results in cell transplantation for SCI.

4) Scaffolds or biomaterials

Retention of the transplanted cells to the site of injury still re-
mains a problem, for which various biomaterials offer a poten-
tial solution. Scaffolds promote regeneration, help survival of
transplanted cells, and can act as an environment to deliver drugs.
Tissue engineering employing scaffolds is an attractive option
for optimal in vivo repair in SCI. Scaffolds such as collagen, poly-
lactic-co-glycolic acid (PLGA), PEG, etc. have been employed
for cell transplantation in SCI.

QL6a biomaterial peptide has been found useful for graft sur-
vival of NSCs.®® Hyaluronan/Methylcellulose (HAMC) is a bio-
degradable polymer and helps to support the grafts of neural
stem cells and oligodendrocyte progenitor cells (OPCs). Neuro-
Spinal Scaffold is another bioresorbable polymer scaffold called
INSPIRE and has been used in humans.*” Fibrin glue contain-
ing acidic fibroblast growth factor (aFGF) is another scaffold. It
has been used for sural nerve grafts to bridge the spinal cord
gap and placing fibrin glue mixed with aFGF to the grafted area
is the technique used.”” Currently, a phase III multicenter, dou-
ble-blinded, placebo-controlled, randomized trial continue. The
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name of the trial is ES135/rhFGF1 and it is based on Taiwan.
There are some other novel therapies in the pipeline such as

“Neurite Growth-Promoting Anti-Nogo-A Antibodies” and ac-

tivating endogenous NSCs to promote regeneration in situ.

5) Final thoughts on cell source, cell type, and transplantation
conditions

The blood-brain barrier is an important aspect to be consid-
ered while identifying ideal cell source for regenerative thera-
pies for spinal cord. Though there are different autologous adult
cell sources such as bone marrow stem cells, MSCs, OECs, an
ideal cell source would be one which has both hematopoietic
component for providing nutrition and matrix building com-
ponent for optimal regeneration. Autologous cells are safe and
non-immunogenic. Even if the blood-brain barrier is breached,
they will not be rejected. Allogenic cells have teratogenic char-
acter. Hence autologous adult cells are the best bet for regenera-
tive therapies of SCI. Comprehensive mononuclear cells from
the bone marrow-BMMNC-will be one such ideal source which
has both HSCs and MSCs. BMMNC:s can be derived autologous
and from adults too.

Once an ideal cell source is chosen, then next step to focus
on will be to retain the cells in the lesion area and an interface
should be present between the transplanted cells and the host
environment. Scaffolds offer a potential solution.

Natural scaffolds such as Chitosan, Collagen, Alginate have
been employed for SCI repair. Though they possess excellent
biocompatibility, they have risk of biological contamination
and immunogenicity. Synthetic scaffolds have better mechani-
cal properties and lesser risk of biological contamination and
immunogenicity. Synthetic scaffolds such as PVC, PTFE, PHE-
MA, PLA, PLGA, PLCL, TGP have been employed for spinal
cord repair.”>”

In general, there are different types of stem cells currently be-
ing searched in SCI trials: MSCs, OECs, Schwann cells, NSCs,
OPCs. ESCs can have ethical problems. But iPSCs can prolifer-
ate and generate cells of all 3 germ layers, and avoid the ethical
issues. Besides, it is possible to program somatic cells into NSCs

and MSCs without changing their pluripotent potentials.”>”*

6) Statements

Statement 4: We are not able to make any recommendation
regarding efficacy of stem cell therapy in SCI treatment. This
statement had a positive consensus (100% yes).
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CONCLUSION

Administration of methylprednisolone has been discussed
for many years. There is no good evidence that high-dose MPSS
administration is beneficial for acute SCI. In selected young pa-
tients with acute SCI and no comorbidity, infusion of high-dose
MPSS administered within 8 hours of injury can be suggested.
No pharmacological therapy with high-level evidence can actu-
ally be administered for acute SCI. The results of ongoing clini-
cal trials need to be carefully evaluated and applied in actual
clinical practice for acute SCI.

Although clinical management of patients with SCI has argu-
ably significantly advanced with medical development, the es-
tablishment of neural regeneration therapy has yet to be ade-
quately realized. Stem-cells research and clinical trials will con-
tinue. However, it is premature to recommend stem cells as a

treatment modality in SCI at present.

WENS SPINE COMMITTEE
RECOMMENDATIONS

Recommendations for Pharmacologic Therapy of Acute SCI

o There is not good evidence that high doses of MPSS admin-
istration for acute SCI is beneficial, in correlation with its
high rate of complications.

« In selected young patients with acute SCI 24-hour infusion
of high-dose MPSS administered within 8 hours of injury
can be suggested.

o Against acute spinal cord injuries, there is no pharmacolog-
ical agent with high evidence level that actually can be ad-
ministered.

Recommendations for Regenerative Cell Therapy in SCI
 We are not able to make any recommendation regarding ef-
ficacy of stem cell therapy in SCI treatment.
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