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NARRATIVE REVIEW

Stem Cells for Spinal Cord Injury - Are we Closer to Clinical Application in

Humans?
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Abstract

Recovery after spinal cord injury (SCI) is highly variable,
often leaving the victim disabled for life and having to
deal with the complications of paraplegia. Stem cell
therapy is a potential hope for these patients. Most of the
research on use of stem cells for SCI has been on animal
models in laboratories. Some recent clinical trials
involving human subjects have shown positive outcomes
with regards to tissue growth after transplantation, but
meaningful functional recovery is yet to be seen. The
emergence of lumbar cord simulation is a new approach
and the recent identification of recovery organizing
interneurons points to a pathway that could integrate
neuromodulation with cellular therapy.
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Introduction

Paraplegia secondary to spinal cord injury (SCI) is a life-
altering condition for the victims and has frustrated
treating physicians since the time of Hippocrates. The
focus of treatment has in the main been directed towards
mitigating the effects of secondary injuries including
oedema, haemorrhage, necrosis and demyelination, and
to salvage any viable neural tissue.! 2 Functional neural
regeneration is limited by scar formation and gliosis, due
to the activities of the cord’s microglia, fibroblasts and
reactive astrocytes.34 Stem cell-based therapies have
been developed over the past three decades and
continue to hold promise for SCI.4

Donald Orlic’s group at NIH demonstrated regeneration
of infarcted myocardium with bone marrow derived
haematopoietic cells> and since then, stem cells have
widely been employed for other organ systems. Despite
the biological variability of the different lines of stem cells,
they have three uniform effects® : First and foremost is
their ability to replace the damaged necrotic cells utilizing
their multi-differentiation potential; Second, they also
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possess the capability to produce and secrete anti-
inflammatory factors that contain the inflammatory
response in the damaged microenvironment and thirdly
they produce many cytokines, growth factors and cell
adhesion factors that promote tissue regeneration.”

These remarkable characteristics of  in experimental
settings and engendered the expectation that the neuro-
regenerative effects of stem cells can represent therapies
that would achieve promising outcomes in SCI patients.®
However, the encouraging results from laboratories have
so far not translated into real results in these patients. We
reviewed the medical literature to assess the progress
made so far on the use of stem cells for SCI.

Review of Evidence

In our review of the literature on the biology of spinal cord
regeneration we have discerned 5 themes documented
by research groups working on the facilitatory
microenvironment for restoration of anatomical and
functional connectivity.

Stem Cell Therapies

There can be two wide-ranging therapeutic cellular
categories for SCI: non-neural stem cells, and neural stem
cells. The non-neural stem cells include umbilical cord
mesenchymal stem cells (MSCs), bone marrow MSCs, and
adipose tissue-derived MSCs.911 The MSCs can be
administered via intravenous or intrathecal route. The
cells are then taken up by the injured tissue under the
influence of neurotrophic factors released by the
MSCs.12.13 After coming in contact with the injured tissue,
they can potentially differentiate into neural cells, but
with a high attrition rate which can significantly impact
beneficent outcomes. The MSCs, also referred to as
‘supportive stem cell therapy’, are easy to acquire, culture
and administer, therefore, despite mostly unfavourable
outcomes, the non-neural stem cells have been widely
used for trials and clinical research.1415

The second type is based on neural crest generating stem
cells, also referred as loading stem cell therapy. These
include neural stem progenitor cells (NSPCs), neural
progenitor cells (NPCs) and olfactory ensheathing cells



S-90

(OECs).216 These cells require complex preparation
procedure, and later direct transplantation at the injured
spinal cord site via surgery. The final yield of functional
neural cells from this therapeutic strategy is better than
the MSCs, but procedural complexity has retarded their
use for research.

Neuronal Regeneration after SCI

Neurons have limited regenerative potentials to
compensate after an injury, thus, the reformative and
recovery process after SCl is not spontaneous. Even the
Wallerian degeneration of injured axons is highly variable
and unpredictable. The proliferating astrocytes mainly
mark a glial border, the oligodendrocyte progenitor cells
mostly differentiate into oligodendrocytes which
myelinate regenerating axons. The growth limiting
factors are i) decreased intracellular cyclic adenosine
monophosphate (CAMP) ii) absent neurotrophic elements
and physical substrate for growth of axons in the injured
space and iii) high concentration of inflammatory
cells.7.18 The tissue injury response favours formation of
scar tissue by fibroblasts, foamy macrophages and
reactive astrocytes but unlike other tissues where injury
reaction promotes growth, it is mostly detrimental for
regeneration in the nervous system.

In animal models of incomplete SCl, the preserved
contralateral white matter tracts have been shown to
extend axons across midline, and reshape the circuit. This
has been observed for corticospinal, rubrospinal and
reticulospinal tracts.’ The length of dendrites also
increases after administration of glial cell-derived growth
factor. These adaptive changes have raised hopes for
recovery after incomplete SCI, and it can potentially be
further optimized if a growth permissive environment is
provided in the form of stem cell implantation. However,
there is still no substantial evidence to support the idea
that this favourable growth environment theory will also
translate into functional recovery after complete SCI.

Neurotrophic Factors

There are several neurotrophic factors with profound
positive effects on neural regeneration.® Laboratory
experiments have shown that stem cells decrease the
accumulation of neutrophils and activated macrophages,
and release these neurotrophic factors, when implanted
in the acute and subacute phase after SCI. This
significantly reduces secondary injury due to
inflammation, stabilizes blood-spinal cord barrier,
promotes cell growth and has a neuroprotective effect for
injury-spared neural tissue.!
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Remyelination

An important aspect of SCl recovery is to remyelinate
partially or completely demyelinated axons. In the
presence of functionally viable oligodendrocytes, after
SCl, the supportive stem cell therapy provides a
favourable environment for myelination.20 This is a slow
process requiring at least 3 weeks for myelin to ensheath
a single axon. It also has a potential role in patients with
multiple sclerosis, in which there is loss of myelin binding
protein (MBP). In cases where oligodendrocytes are not
preserved, the loading stem cell transplantation can
provide substrate of cells that can differentiate into
mature oligodendrocytes. Laboratory studies have shown
reduced therapeutic effect if stem cells deficient in MBP
are transplanted after SCI. There are some reports which
contradict the importance of myelination in meaningful
recovery after SCl, so further research is warranted.2!

Relay Mechanism

Recovery after SCl also involves formation of new circuits
connecting brain with spinal cord, as well as intraspinal
connections. The transplanted cells labelled by {-llI
tubulin and hNu antibodies have been shown to cause
juxta positioning of neurites and the presynaptic regions
of host neurons in the spinal cord.22 The regeneration of
this relay mechanism is as important as regeneration of
the neurons for good functional recovery. It has only been
observed in laboratory research, where it is a very slow
process, and it cannot be predicted how long it will take
in human subjects. Considering the evidence from animal
models, the relay mechanism and formation of new
circuitry is vital for developing connections between old
and new neurons and requires further research.

Recent Clinical Trials on Stem Cells for SCI

During last decade, several clinical trials have been
conducted using stem cells acquired from different
sources, in patients with SCI. Most of the researchers used
MSCs derived from bone marrow or umbilical cord as
stem cell source for transplantation. Others reported
using neural stem cells, OECs, blood cells from human
umbilical cord or Schwann cells. While all these studies
resulted in substantial increment in knowledge and
understanding of stem cell therapy, there were several
limitations influencing generalizability and acceptance of
results. The most recent phase 2 study published by
Honmou et al. infused autologous MSCs intravenously in
13 SCI patients and reported variable functional
improvement in 12 patients at 6 months after
intervention.23 They were able to show the safety and
feasibility of their intervention, however, the study was
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unblinded, lacked a control group as well as serial
imaging and histological testing which hindered them
from establishing a causal relationship.23 Damianakis et al.
did a review and studied 18 publications on stem cell
therapy transplantation in human subjects.23 They
concluded that all these trials lacked inter-study
standardization for source of stem cells, mode of
administration, timing of transplantation and dose of
cells.2* These studies also differed in the characteristics
and categories of SCl patients, and the follow-up
patients.23

Stem Cell Therapy and Modified Rehabilitation

Clinical trials have shown an enhancing effect of adding
intensive physical rehabilitation to stem cell therapy in
mouse models of SCl, and cellular transplantation
targeted at the lumbar enlargement improved spinal
conductivity and central pattern generator activity2>.
Functional electrical stimulation (FES) via wearable
devices have been shown to improve functional status of
SClI patients. This has been referred to as modified
rehabilitation technique and is intended to modulate
neural circuits. The Hybrid Assistive Limb (HAL) devices
and suits have been reported to expand the small
stimulations in incomplete SCl patients, and convert them
to large stimuli using exoskeleton, and mechanically
support joint movement.26 In the past decade much
attention has been received by epidural spinal
stimulation (ESS) of the lumbosacral spinal cord segments
with a number of groups reporting return of motor
function with assisted walking in patients with
paraplegia?’. The biggest benefits in these studies have
been the least visible — improvements in blood pressure,
bladder and bowel control, sexual function and
temperature regulation.28

While it is yet to be determined if EES would have a
synergistic effect with stem cell therapy,?® a recent
publication from Lausanne raises this intriguing
possibility by identifying a subpopulation of spinal
interneurons that are activated by the spinal injury and
subserve return of ambulation with EES.30 This suggests
that stem cell therapies could one day augment the
crucial populations of recovery-organising neurons
activated in spinal-cord injuries.

Conclusion

While laboratory models and clinical studies on human
subjects have shown promising results for stem cell
transplantation after SCI, strong evidence for functional
recovery is still not present. The increasing number of
human clinical studies during last decade raise the hope
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of achieving meaningful breakthrough in improving
functional outcomes after stem cell transplantation in SCI
patients particularly with an important and evolving role
for electrical neuromodulation.
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