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Abstract | Stem cell therapy is a potential treatment for spinal cord injury (SCI), and a variety of different stem 
cell types have been evaluated in animal models and humans with SCI. No consensus exists regarding the 
type of stem cell, if any, that will prove to be effective therapeutically. Most data suggest that no single therapy 
will be sufficient to overcome all the biological complications caused by SCI. Rationales for therapeutic use 
of stem cells for SCI include replacement of damaged neurons and glial cells, secretion of trophic factors, 
regulation of gliosis and scar formation, prevention of cyst formation, and enhancement of axon elongation. 
Most therapeutic approaches that use stem cells involve implantation of these cells into the spinal cord. The 
attendant risks of stem cell therapy for SCI—including tumor formation, or abnormal circuit formation leading 
to dysfunction—must be weighed against the potential benefits of this approach. This Review will examine the 
biological effects of SCI, the opportunities for stem cell treatment, and the types of stem cells that might be 
used therapeutically. The limited information available on the possible benefits of stem cell therapy to humans 
will also be discussed.
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Introduction
spinal cord injury (sCi) occurs with a worldwide annual 
incidence of 15–40 cases per million people.1,2 in the us 
alone, acute sCi affects 12,000 individuals annually—
4,000 of these patients die before reaching hospital and 
another 1,000 die during their hospitalization.3 these 
data, however, considerably underestimate the prevalence 
and societal impact of sCi. a 2004 study sponsored by the 
Christopher and Dana reeve Foundation revealed that 
1,275,000 people in the us have some form of sCi—more 
than five times the number of americans previously esti-
mated in 2007 (255,702)—and sCi costs the health system 
an estimated us$40.5 billion an nually.4 Depending on the 
severity and location of the injury, patients present with a 
range of functional impairments, including sensory, motor 
and autonomic dysfunction, arising from both the damage 
to the local circuitry of the spinal cord and the disruption 
of the ascending and descending fiber tracts.5

the word ‘stem cell’ has generally been used to describe 
a cell that can divide, give rise to more stem cells, and 
produce progeny that can then differentiate into mature 
cell types, although different kinds of stem cells have 
shown differing capacities in these regards. stem cells 
have now been identified in several organ systems in the 
embryo, as well as in the adult. many different types of 
stem cell, including embryonic stem cells, various types 
of neural stem cell, and stem cells from non-neural tissues 
such as hematopoieitic stem cells, have been transplanted 
into the spinal cord after sCi, with the goal of promoting 
repair and recovery from the injury.

this review builds on several excellent reviews in the 
field and will consider issues regarding recovery from sCi 

and the potential for stem cell therapy as a treatment for 
this injury. we will discuss the cellular events that occur 
following sCi, evaluate the role of stem cell therapy in sCi, 
and cover some of the clinical trials that aim to translate 
laboratory stem cell research into clinical practice.

Spinal cord injury—cellular response
the cellular and molecular events that occur in response 
to sCi have been studied in a variety of different animal 
models. transection lesions in animal models are repro-
ducible, but their clinical relevance is questionable because 
they do not mimic the vast majority of sCis in humans, 
namely, crush injuries. Contusion and crush models in 
animals, however, do produce a histological picture that 
resembles the typical pathology of sCi in humans.

in both rodent and human sCi, contusion of the spinal 
cord induces direct damage resulting from membrane 
disruption, vascular damage and hemorrhage. the final 
pathological picture, however, greatly exceeds the damage 
identified in the first few hours after injury, because secon-
dary injury processes are activated.6–8 a study in rats shows 
that near the center of the injury, a spared rim of tissue 
and axons typically remains at the periphery of the lesion.9 
this spared rim of axons has also been observed in sCi 
in humans, even in patients with neurologically complete 
sCi.10 an active process of programmed cell death (apop-
tosis) also increases the secondary damage after trauma to 
the spinal cord, and apoptosis in rodents with an injured 
spinal cord continues for weeks after the initial trauma.11 
spinal neurons typically succumb—mostly to necrosis or 
excitotoxic damage, but also occasionally to apoptosis—
within 24 h after sCi. By constrast, oligo dendrocytes 
undergo apoptosis in two distinct phases: an early acute 
phase lasting for the first 24–48 h and a later subacute 
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phase that can last up to several weeks after the assault.11 
similar patterns of cell death are observed in sCi in pri-
mates12 and humans.13 a major goal for the therapeutic 
use of stem cells is to prevent apoptosis or to replace lost 
cells, particularly oligodendrocytes, which could facilitate 
the remyelination of spared axons.

another consequence of sCi is formation of a glial scar 
that impedes axon regeneration. inhibition of glial scar 
formation is another important target for stem cell 
therapies. after Cns damage, astrocytes respond with 
a characteristic hypertrophic response accompanied by 
an increase in the production of intermediate filaments 
such as glial fibrillary acidic protein—a process termed 
reactive astrocytosis or astrogliosis.14 in time, more cell 
types, including microglia, macrophages, leptomeningeal 
cells and dividing progenitor cells, are recruited, culmi-
nating in the formation of the glial scar. this structure 
poses a problem for axon regeneration: it acts as a physi-
cal barrier and accumulates molecules that inhibit axon 
outgrowth, such as chondroitin sulfate proteoglycan 
(CsPG).15,16 enzymatic removal of the GaG side chains 
from CsPG promotes axon growth after traumatic Cns 
injury in vivo.17 several theories have been proposed to 
describe the molecular mechanisms by which CsPGs 
inhibit axon regeneration.18–21 in 2009, a receptor for 
CsPG was identified, the antagonism of which enabled 
increased axon outgrowth following sCi.22 strategies that 
reduce the overall extent of the glial scar23,24 or di minish 
its inhibitory effects25 could, therefore, be used to support 
axon regeneration. reactive astrocytes also have a benefi-
cial role in the early acute stages after sCi. these cells 
limit the infiltration of inflammatory cells through the 
blood–brain barrier and also facilitate repair of this 
barrier, thereby re-establishing homeostasis and restrict-
ing tissue damage.26–29 strategies that inhibit astrocytosis 
too early might, therefore, cause more harm than good.

Cns injury also has a strong immune component.30,31 
Damage to the blood–brain barrier leads to invasion by 
peripheral immune cells (for example, lymphocytes and 
macrophages) and microglia, which might con tribute to 
the secondary damage seen in sCi by increasing both 
apoptosis and necrosis.30,31 whether microglia are bene-
ficial or detrimental to recovery from sCi is unclear. 
microglial cells undergo several morphological changes 
during activation following Cns injury 32 and may 
produce molecules such as the proform of nerve growth 

Key points

Strategies for the therapeutic use of stem cells and their derivatives in spinal  ■
cord injury (SCI) include cell replacement, trophic support and facilitation of 
axon regeneration

Stem cell transplantation, either alone or in combination with other treatments,  ■
has produced functional improvements in animal models of SCI

Caution must be exercised when evaluating the successes of stem cell therapy  ■
for SCI, and when developing these therapies for appropriate clinical trials

The existing data from clinical trials have shown some stem cell transplants   ■
to be safe, but with very limited or no therapeutic efficacy

Future strategies for stem cell therapies include the use of induced pluripotent  ■
stem cells, as well as the modulation of endogenous progenitor cell populations

factor that cause apoptosis of oligodendrocytes,33 thereby 
contributing to demyelination and dysfunction of spared 
axons after partial sCi. Furthermore, myelin breakdown 
products, such as reticulon-4 (also known as neurite 
outgrowth inhibitor or nogo) and myelin-associated 
glycoprotein, are potent inhibitors of axon outgrowth.34 
additional therapeutic strategies have, therefore, focused 
on modulating the immune response and on blocking the 
effects of such inhibitory molecules. For example, trans-
plantation of autologous macrophages, activated ex vivo 
by peripheral myelin, promoted functional recovery in 
paraplegic rats when injected into the experimentally 
injured spinal cord.35

Stem cells and spinal cord injury
stem cells have three fundamental properties: high pro-
liferative potential, self-renewal by means of asymmetric 
cell division—production of one daughter cell identical 
to the mother cell and another cell that progresses down 
an alternative differentiation pathway—which maintains 
the ‘stem cell niche’, and the ability to differen tiate into 
multiple cell types. Profound differences exist between 
stem cells with respect to the types of cells that they can 
generate. stem cells that are capable of generating an 
entire organism are termed totipotent; a good example 
is a fertilized egg. stem cells that can give rise to lineages 
derived from all the three primary germ layers—namely 
ectoderm, mesoderm and endoderm—are termed pluri-
potent, an example being embryonic stem (es) cells. 
multipotent stem cells are cells that can give rise to multi-
ple cell types within a germ layer; since adult as well as 
embryonic organs all contain multipotent stem cells, 
these cells are often called adult stem cells in the lay litera-
ture. the term progenitor cell is sometimes used inter-
changeably with stem cell, but in this review the term 
will be used to describe cells that have a finite pro liferative 
capaci ty and a limited differentiation potential.

therapeutic strategies involving transplantation of 
stem cells after sCi focus on the replacement of lost or 
damaged cells (mainly neurons and oligodendrocytes), 
provision of trophic support for neurons, or manipula-
tion of the environment within the damaged spinal cord 
to facilitate axon regeneration. many different types of 
stem and progenitor cells have been transplanted into 
injured spinal cords, the main goal being to promote 
recovery.36–42 in the sections that follow, we review the 
rationales for stem cell-based approaches that have had 
some success in animal models of sCi, and discuss their 
potential for clinical application (Figure 1).

Cell replacement
replacement of lost or damaged neurons, or of oligo-
dendrocytes to facilitate myelination of spared axons, is an 
important goal of stem cell transplantation (Figure 1a,b).43 
sCi has largely been viewed as a pre dominantly ‘white 
matter problem’, but evidence is emerging that demon-
strates the need to replenish neuronal popula tions within 
the gray matter of the spinal cord (motor neurons and 
interneurons) to repair intraspinal circuitry and improve 
functional recovery (reviewed elsewhere44). this task is 
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challenging, however, because, unlike other regions in the 
adult mammalian nervous system, the spinal cord does 
not possess a neurogenic niche.45,46

Pluripotent es cells are derived from the inner cell 
mass of developing blastocysts.49–51 the pluripotency and 
possibility of virtually unlimited expansion of es cells 
make them attractive as a source of cells for transplanta-
tion into the injured spinal cord. es cells would form 
teratomas if transplanted in an undifferentiated form, so  
protocols have been developed to differentiate these 
cells into specific neuronal lineages (for example, dopa-
minergic cells47,48 or motor neurons49,50) and glial lineages 
before transplantation.51 ‘neuralized’ mouse es cells 
transplanted into the injured spinal cord of a rat survived, 
differentiated into multiple lineages, and contributed to 
partial functional recovery.52 es cells predifferentiated 

into oligodendrocyte progenitor cells51,53 subsequently 
differentiated into mature oligodendrocytes, thereby 
remyelinating spared axons and improving locomotor 
function, when transplanted into the injured rat spinal 
cord 7 days after sCi.54,55 notably, es cells have been 
shown to have therapeutic benefits only when trans-
planted into experimental models of mild to moderately 
severe sCi. these cells show little benefit when trans-
planted into the severely injured human spinal cord—an 
important issue when evaluating potential clinical uses 
for stem cell therapy.

multipotent progenitor cells from the fetal or adult 
Cns or other tissues have also been employed in experi-
mental sCi. these cells are predetermined to differentiate 
specifically into neural lineages, although their differen-
tiation potential can vary depending on the specific cell 
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Figure 1 | Rationales for stem cell transplantation in spinal cord injury repair. a,b | Stem cells can be directed to differentiate 
into specific lineages to replace lost or damaged cells (cell replacement). The cells can be directed to differentiate into 
oligodendrocytes, which can remyelinate spared axons (panel a), or into neurons to replenish the existing damaged neurons 
(panel b). c,d | Stem cells can be engineered to produce trophic factors that can promote survival and prevent death of 
damaged cells (trophic support). These trophic factors can be directed towards local cells in the area surrounding the spinal 
cord lesion (panel c) or directed to provide trophic support (green arrows) to neurons with axons that project down the spinal 
cord (panel d), such as neurons in the red nucleus in the midbrain, the axons of which project down the spinal cord as the 
rubrospinal tract. e,f | Stem cells can facilitate axon outgrowth. The cells can be transplanted directly into and adjacent to 
the lesion, which promotes axon growth and extension past the lesion (panel e). Stem cell transplants can also be designed 
to diminish and/or inhibit the scar tissue in the lesion, thereby reducing its inhibitory effects and promoting axon outgrowth 
(panel f).
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type. For example, multipotent neural progenitor cells are 
capable of differentiating into neurons, astrocytes and 
oligo dendrocytes, whereas glial pro genitor cells are com-
mitted to differentiate into macro glia but not neurons. 
transplanted multipotent cells typically differen tiate into 
astrocytes, and only a small subset give rise to neurons or 
oligodendrocytes,36,56–59 with some functional improve-
ment being observed in these latter instances. some studies 
have circumvented this issue by transplanting neuronal 
 lineage-restricted precursor cells into the injured spinal 
cord. these cells lack the ability to differen tiate into glia 
(unlike the multi potent cells described earlier) and, after 
transplantation, differentiate exclusively into neurons.60,61 
neuronal replacement and integration by means of fetal 
grafts,62,63 pluripotent cells predifferentiated into speci fic 
neuronal lineages such as motor neurons,64,65 or pro genitor 
cells in combination with neurotrophins to promote direc-
tional growth, have been attempted in animal models of 
sCi.66 transplantation of glial pro genitor cells in combi-
nation with neuro trophins (neurotrophin-3 and brain-
derived neurotrophic factor [BDnF]) has been shown to 
promote functional recovery in a rat model of contusive 
sCi.67 the effects of transplanted cells depend on the 
conditions under which they were cultured. For example, 
astrocytes derived from glial progenitor cells in the pres-
ence of specific growth factors, such as bone morpho-
genetic protein 4, exert beneficial effects in experimental 
models of sCi.68 the limited availability of multipotent 
neural progenitor cells and the restricted range of cell 
types that they generate in the injured spinal cord could 
limit their clinical utility.

studies have described transplantation of stem cells 
from non-neural tissues (bone marrow, umbilical cord, 
blood or skin) into the injured spinal cord in animal 
models,38 and bone-marrow derived cells have also been 
tried in patients with sCi.69 the initial rationale for trans-
planting bone marrow-derived cells was based on reports 
that these cells have the potential to generate neurons and 
glial cells.70,71 this evidence for  transdifferentiation—a 
process by which cells of one organ lineage generate cell 
types from different organs—suggested that damaged 
cells could be replaced using such bone marrow-derived 
grafts. these grafts have the additional advantage of 
being autologous, thereby avoiding possible graft rejec-
tion. most reports, however, did not actually reflect ‘true’ 
trans differentiation, with many factors, such as the pres-
ence of contaminating cells, persistence of primitive cells, 
cell fusion, or gene transfer, confounding the results.72 
the prospect of trans differentiation occurring at high 
enough rates to contribute toward cell replacement seems 
unlikely.72 studies report functional improvements after 
this type of stem cell transplantation in experimental 
models of sCi,38 but clinical trials with this approach have 
not produced any significant functional recovery.

neuroprotection and trophic support
transplanted stem cells can provide trophic support to 
pro mote survival of host cells at the lesion site, and to pre-
vent atrophy and loss of projection neurons that reside at  
distant locations but have axons that traverse the lesion, 

such as midbrain rubrospinal neurons (Figure 1c,d).73 
transplanted cells can be genetically modified74 to pro duce 
neurotrophic factors for these purposes.75 intriguingly, a 
suggestion has been made that such genetically modified 
transplanted cells can alter the responses of endogenous 
progenitor cells (see below). whether reported successes 
in experimental sCi have arisen from these mechanisms 
alone or in combination has been di fficult to establish.

Facilitating axon regeneration
traditionally, axons of the mammalian Pns were believed 
to regenerate following injury, whereas axons in the 
injured Cns were thought not to regenerate.76 trans-
plantation of a peripheral nerve graft into the injured rat 
spinal cord, however, resulted in robust outgrowth of the 
damaged Cns axons into the graft,77 even in the chroni-
cally injured spinal cord.78 this research suggested that 
failure of Cns regeneration largely reflects the inhospit-
able environment of the injured spinal cord rather than a 
limitation in growth of the axons; injured Cns axons that 
regenerate into a peripheral nerve graft do not grow past 
the graft into the host Cns environment. regeneration of 
Cns neurons into a peripheral nerve graft has also been 
observed in the spinal cords of primates.79 the lesion site 
is known to contain several inhibitors of axon outgrowth, 
such as CsPGs, on reactive astrocytes that form the glial 
scar,15,80 on the myelin in the Cns,34 or in other cell types 
that are involved in the formation of the glial scar.15

numerous studies have examined transplantation 
of different cell types to create a permissive environ-
ment for axon regeneration (Figure 1e,f). reportedly 
successful approaches in experimental sCi have used 
schwann cell grafts81,82 or olfactory ensheathing cells for 
trans plantation.83 this success did not, however, trans-
late to studies using similar strategies in humans.84,85 in 
addition, stem cells from non-neural lineages, such as 
marrow stromal cells, have been used to fill lesion cavities 
and to act as permissive substrates for axon outgrowth in 
animal models.86,87 these cells can be easily derived and 
expanded in vitro, which makes them good candidates 
for autologous grafts in human patients.

as noted previously, transplanted cells can be geneti-
cally modified74 to produce neurotrophic factors that 
can, in turn, promote axonal outgrowth.88,89 Combination 
therapies in which transplants of either marrow stromal 
cells or neural progenitor cells were combined with 
neuro trophic factor treatments, or with other approaches 
that increase the growth potential of neurons, have been 
partially successful in promoting sensory90,91 and motor 
axon92 regeneration. such combination therapies can 
enhance sensory axon regeneration even in models of 
the chronically injured spinal cord.93

Stem cell therapy—from bench to clinic
successes with stem cell transplantation in experimen-
tal sCi have been notable but limited, and caution must 
be exercised in translating successes in the research 
laboratory to clinical use (Box 1).94 in addition, the 
international Campaign for Cures of spinal Cord injury 
Paralysis has now set guidelines for the conduct and 
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ethics of clinical trials on stem cell therapy for sCi. these 
guidelines include recommendations on how clinical 
trials should measure outcome, the issue of spontaneous 
recovery, clinical trial design, the inclusion and exclu-
sion criteria used in clinical trials, and the importance 
of ethics in clinical trials.95–98

Clinical trials
the field of stem cell therapy is in its relative infancy, 
so decisions regarding therapeutic applications must be 
made with caution and prudence. widespread optimism 
in the public sphere regarding this issue also brings the 
problem of setting unrealistic expectations.99 Premature 
clinical trials of stem cell therapy carry the risk of creat-
ing more harm than benefit. Furthermore, any negative 
outcome or serious adverse effects could potentially 
damage the long-term development of the field. many 
uncontrolled and scientifically dubious stem cell ‘thera-
pies’ have been offered worldwide for sCi with little or 
no rationale in many cases.100 However, several well-
controlled studies have been initiated on the basis of the 
successes of strategies in early rodent studies that aimed 
to create a hospitable environment for regeneration of 
the spinal cord. so far, little evidence has been obtained 
of clinically significant benefits. marginal indications of 
efficacy have been reported in some studies, but no stem 
cell therapies are yet approved for sCi. we now briefly 
describe some of the clinical trials of stem cell-based and 
other cell transplantation strategies for the treatment of 
sCi (table 1).101,102

Geffner et al.103 investigated the administration of 
bone marrow stem cells into eight patients with sCi 
(four acute and four chronic). Cells were administered 
via multiple routes—directly into the spinal cord, directly 
into the spinal canal, and intravenously—and patients 
were followed up for 2 years. some improvements in 
asia spinal injury association (asia), Barthel (quality 
of life), Frankel and ashworth scores were observed, 
as well as possible improvements in bladder function 
and changes in spinal cord appearance on mri.103 the 
authors stated that they administered stem cells to a 
total of 52 patients with sCi (including those described 
above), and they did not observe marked adverse effects. 
other groups have tested the safety of transplantation 
of bone marrow-derived cells in patients with sCi, and 
all indicate that administration of these cells does not 
cause any adverse effects.69,104 in addition, Yoon et al.105 
studied the effects of autologous human bone marrow 
cell transplantation in combination with administration 
of granulocyte–macrophage colony-stimulating factor to 
35 patients with complete sCi. Bone marrow cells were 
transplanted by injection into the area surrounding the 
lesion in acute, subacute and chronic injuries, and no 
serious complications were reported.105

to assess the feasibility and safety of autologous olfac-
tory ensheathing cells, Feron et al.84 performed a single-
blind phase i clinical trial in which three patients with 
paraplegia (chronic and stable injuries) received these 
cells 6–32 months after their spinal injury. no medical, 
surgical or other complications were reported 1 year 

after cell implantation. Furthermore, no evidence of 
spinal cord damage; cyst, syrinx or tumor formation; 
neuropathic pain; change in psychosocial status; or 
deterioration in neurological status was observed.84 the 
same investigators then followed up six patients with 
sCi (including three patients who did not receive trans-
plants and, therefore, acted as controls) for 3 years after 
cell transplantation.106 using testing for neuro logical 
and functional deficits (the standard asia scale and 
the Functional independence measure), and medical, 
psycho social, radiological and neurological assess-
ments, the investigators found no evidence of clinical 
efficacy.106 By contrast, in a relatively uncontrolled study, 
lima et al.107 reported beneficial effects from the trans-
plantation of olfactory mucosa autografts in patients with 

Box 1 | Important considerations in transplantation therapy

ethics

Clinical trials should calculate the associated risks of any experimental therapy  ■
and include treatments with potential for success

Circuitry differences

The rodent locomotor system is far less dependent on corticospinal input than  ■
primate and human systems—an important consideration when evaluating 
potential treatment strategies or setting outcome measures

injury models

Most cell transplantation approaches have been tested in animal models with  ■
mild to moderate injuries

Type of animal model of injury and time of transplantation are important factors  ■
in determining appropriate participants for clinical trials

Host environment for transplanted cells can vary considerably; for example,  ■
transection or knife injuries that disrupt the meninges have different  
cellular constituents in the lesion site from crush lesions in which the dura  
is spared

Severity of spinal cord injury

Level and severity of spinal cord injury are important criteria for inclusion in  ■
clinical trials; for example, strategies using trophic support of spared tissue 
or remyelination of spared axons are best suited for trials in patients with 
incomplete injury

Cervical injuries are more common than thoracic or lumbar injuries, but errors  ■
in treatment of cervical injuries can be far more devastating

Measures of recovery

High rates of spontaneous recovery in moderate and incomplete injuries  ■
complicate assessment of efficacy of intervention in these cases

Parameters to assess treatment efficacy can include clinical assessment  ■
scales, and imaging and neurophysiological outcomes

Proliferation potential

Stem cells and their derivatives carry a risk of tumor growth after  ■
transplantation

neuropathic pain

Misguided incorporation of transplants into circuitry can result in neuropathic  ■
pain, which can potentially be reduced using genetic approaches

Tracking transplanted cells

Current imaging techniques have insufficient resolution to track transplanted  ■
cells

Cells can be prelabeled for imaging, and clinical trials are underway to test this  ■
approach for clinical use129
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chronic sCi when this cell transplant was combined with 
postoperative rehabilitation.107

saberi and colleagues85 purified schwann cells from 
the sural nerves of four patients with stable, chronic 
midthoracic sCi. schwann cell cultures were grown 
without any mitogenic or growth factors and then trans-
planted into the injured spinal cord 28–80 months after 
the spinal injury. Patients were evaluated for 1 year after 
transplantation using the asia scale criteria and mri, 
and were also assessed for sphincter and sexual function. 
no adverse effects from schwann cell trans plantation 
were reported.85 of the four patients studied, only one 
patient with incomplete sCi showed improvements in 
motor and sensory functions 1 year after receiving cell 
transplantation combined with extensive and con tinuous 
rehabilitation. all four patients experienced transient 
paresthesisas or increased muscle spasm after schwann 
cell transplantation, but mri did not reveal any obvious 
pathological changes in the spinal cord after 1 year.85

transplantation of activated autologous macrophages 
formed the basis of one of the first carefully designed, 
rigo rous clinical trials in the field. in the initial phase i 
trial, eight patients with complete sCi underwent 
trans plantation of autologous macrophages that were 
isolated from the patients’ blood and incubated with 

excised skin—a procedure termed ‘ProCord’ developed 
by Proneuron Biotechnologies (new York, nY, usa)—
within 14 days of injury. three of the eight patients 
showed some recovery, and no major adverse events were 
reported.108 a subsequent multicenter phase ii ProCord 
trial in israel and the us was suspended prematurely 
in 2006 for financial reasons, with no current plans to 
co ntinue this study.

moviglia et al.109 reported preliminary successes using 
a combination of neurorehabilitation and cell transplants 
in two patients with paraplegia (aged 19 and 21 years).109 
the participants received their own t cells intra venously, 
followed by transplantation to the lesion site, via a 
feeding artery, of their own marrow stromal cells that 
had pre viously been cocultured with their t cells.109 this 
approach attempted to generate a controlled inflam-
matory response at the injury site in preparation for 
the stem cell transplantation. Given the small number 
of patients in this study, the validity of these results is 
di fficult to assess.109

a large clinical trial is underway in China involving 
transplantation of mononuclear cells derived from umbil-
ical cord blood, which includes a population of stem cells. 
Cells are being injected bilaterally into the entry zone of 
the dorsal root, both above and below the injury site. no 

Table 1 | Results of clinical trials using stem cell therapy in patients with spinal cord injury

Study number of patients Time of transplant 
after injury

Cell type route of cell delivery Comments

Feron et al. 
(2005)84

3 (aged 18–55 years) 6–32 months Autologous olfactory 
ensheathing cells

Into lesion No complications and no efficacy 
after 1 year; same result 3 years 
after transplantation95 

Geffner 
et al. 
(2008)103

4 acute (aged  
28–33 years) and 4 chronic 
(aged 27–44 years) 

Acute: between 
5 days and 6 months; 
chronic: 5–21 years

Autologous bone 
marrow stem cells

Spinal cord, spinal 
canal and intravenous

No tumors or pain; improvement in 
quality of life and bladder function

Knoller et al. 
(2005)108

8 (aged 18–35 years) within 15 days  
of injury

Incubated autologous 
macrophages 
(ProCord cells)

Microinjected into 
caudal edge of lesion

Phase I trial showed some efficacy 
in 3 patients; phase II trial was 
abandoned after 1 year

Lima et al. 
(2010)107

20 (aged 18–37 years) 18–189 months Olfactory mucosal 
cells

Into lesion (after partial 
scar removal)

Improvement in ASIA motor scores; 
mean follow-up 27.7 months; 
improvement in 11 patients and 
deterioration in 1 patient

Moviglia 
et al. 
(2006)109

2 (aged 19 and 21 years) 8 months and 
2.5 years

T cells and MSCs Intravenous (T cells)  
or via a feeding artery 
(MSCs)

Patients had thoracic or cervical 
injury; combined cell transplantation 
with neurorehabilitation; both 
patients showed sensory 
improvement

Saberi et al. 
(2008)85

4 (aged 22–43 years) 28–80 months Schwann cells from 
sural nerve 

Into lesion No adverse effects reported;  
not an efficacy study

Syková et al. 
(2006)69

20 (aged 19–41 years) Acute (n = 7): 
10–30 days; chronic 
(n = 13): 2–17 months

Autologous bone 
marrow 

Intra-arterial (n = 6) or 
intravenous (n = 14) 

No complications reported up to 
1 year after transplant; 5 of the 
patients who received cells 
intra-arterially showed improvement; 
only 1 patient with chronic SCI 
reported improvement

Yoon et al. 
(2007)105

17 acute (aged  
28–52 years), 6 subacute 
(aged 15–43 years) and 
12 chronic (aged 
27–57 years

Acute: <2 weeks; 
subacute: 2–8 weeks; 
chronic: >8 weeks

Bone marrow cells Into cord around lesion ASIA grade improved 30.4% in 
patients with acute or subacute 
SCI, but no improvement in chronic 
treatment group

Abbreviations: ASIA, American Spinal Injury Association; MSCs, marrow stromal cells; SCI, spinal cord injury.
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results from this trial have yet been published.110 the 
spinal Cord injury network usa111 is also planning a 
study of umbilical cord blood mononuclear cell trans-
plants combined with lithium treatment in people with 
chronic traumatic sCi.

Commercial development
the biotechnology industry has made a concerted effort 
to develop and provide stem cell-based therapeutics for 
neurological disorders. For example, Q therapeutics (salt 
lake City, ut, usa) has proposed treatment with glial 
progenitor cells for remyelination. neuralstem (rockville, 
mD, usa) has developed technologies to isolate and grow 
neural stem cells from diverse regions of the developing 
human brain and spinal cord. the involvement of bio-
technology companies brings the notable advantage of 
resources—financial, intellectual and manpower—to 
accelerate progress, and the develop ment of several new 
lines of human neuralized stem cells can only be regarded 
favorably. the engagement of such for-profit ventures 
does, however, raise the possibility that vested interests 
could trump scientific and ethical concerns.

Geron (menlo Park, Ca, usa) has requested permis-
sion from the FDa to conduct a trial evaluating human 
es cell-derived oligodendrocyte progenitor cell trans-
plants in patients with a complete thoracic sCi, in the 
hope of myelinating spared axons.112,113 a legitimate 
concern is that the injuries that were first subjected to 
this approach in rodents were far less severe54 than the 
ones in the human patients participating in the Geron 
clinical trial. in addition, residual undifferentiated stem 
cells could become proliferative and form tumors after 
transplantation, although the company has rigorously 
pursued techniques for preventing this eventuality. 
after initially approving the trial, the FDa put it on hold 
pending further evaluation of data regarding the forma-
tion of ‘cysts’ in animals that received transplants. Geron 
is now acquiring more preclinical data and hopes soon to 
begin trials in patients with cervical or thoracic sCi.

Future strategies
Endogenous stem cells
stem and progenitor cells that are present in the adult 
Cns possess the capacity to proliferate and differentiate 
into subsets of neuronal and glial cell types. in the adult 
spinal cord, stem and progenitor cells in the ependymal 
zone possess the capacity to generate all major neural 
lineages,45,46 whereas progenitor cells scattered through-
out the peripheral white matter seem to be limited to the 
generation of glial lineages.114 in rodents, sCi causes pro-
genitor cell proliferation in both the white matter115 and 
the ependymal zone,116 but the endogenous progenitor 
cells differentiate exclusively into glia with no observable 
neuronal differentiation.42,46 even progenitor cells that 
have the capacity to generate neurons in vitro only generate 
glia after transplantation into the injured spinal cord.117–119  
Harnessing the potential of endogenous progenitor popu-
lations for sCi repair will require development of tech-
niques for directing their commitment towards speci fic 
fates according to the desired function (for example, 

oligo dendrocytes for remyelination, or new neurons for 
cell replacement42,120). Genetic manipulation of these 
progenitor cells (consisting of overexpression of either 
neurogenin-2 or mash1), along with growth factor treat-
ments such as BDnF, was shown to direct differentiation 
towards neuronal or oligodendroglial fates.121

Induced pluripotent stem cells
in 2006, takahashi et al.122 demonstrated that pluripotent 
cells could be derived from mouse fibroblasts by intro-
ducing four genes—Pou5f1 (also known as Oct3/4), Sox2, 
Klf4 and c-Myc—into the cells via retrovirus-mediated 
gene transfer.122 the resulting cells, termed induced pluri-
potent stem cells (iPsCs), were not identical to es cells 
but did demonstrate many of their characteristics, such as 
morphology, marker expression, and ability to form tera-
tomas when injected into nude mice.122 this same phe-
nomenon also occurs in human cells.123–125 some genes 
that were used in this induction strategy, such as c-Myc, 
are known oncogenes. since these transgenes had inte-
grated into the genome of iPsCs, they could potentially 
be reactivated and result in tumor formation if these cells 
were transplanted into patients. subsequently, iPsCs have 
been derived without using genetic alterations. Proteins 
that can reprogram cells are directly delivered to fibro-
blasts, thereby allaying concerns regarding oncogene 
reactivation and tumor formation.126

these advances have revolutionized the field of trans-
plantation biology, raising the possibility of making 
patient-specific autologous stem cell lines that would 
eliminate the possibility of graft rejection. Furthermore, 
the iPsC approach bypasses the ethical issues that sur-
round the use of human es cells, although iPsCs seem to 
senesce more rapidly.127 several groups have, collectively, 
made concerted efforts to differentiate iPsCs into dif-
ferent cell types to reverse disease in mouse models. this 
approach will require additional in-depth research before 
clinical trials can be initiated.128

Conclusions
sCi results in a multitude of changes affecting several 
different cell types, leading to a complex patho logical 
picture. recovery from sCi will, therefore, require a 
multifaceted approach using a combination of dif ferent 
methodo logies. stem cell therapy is one strategy that 
offers potential for therapeutic use in both acute and 
chronic sCi. Different trans plantation approaches have 
facilitated different aspects of recovery, and their final 
clinical use will most probably involve an amalga mation 
of all the various methods described in this review. 
rodents provide a useful laboratory model to investi-
gate the pathology of sCi and to evaluate therapeutic 
interventions after sCi. though helpful, however, rodent 
models should not be the sole predictors of therapeutic 
success in humans. Caution must be exercised in trans-
lating successes in basic science research to clinical trials; 
several criteria, including severity and level of injury, 
therapeutic goal, and which type of cell to use, must be 
considered when developing these approaches for the 
clinic and in se lecting appropriate volunteers for testing. 
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with the advent of iPsCs, the prospect of generating 
patient-specific stem cell lines for transplantation pur-
poses is exciting and has the potential to revolutionize 
regenerative medicine. in addition to transplanted stem 
cells, future approaches are likely to involve manipula-
tion of endogenous stem cell populations within the 
spinal cord to promote recovery. more research on stem 
cell therapy for sCi is needed, but the overall future for 
this therapy looks promising.
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