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ABSTRACT

Spinal cord injury (SCI) results in neural loss and con-
sequently motor and sensory impairment below the
injury. There are currently no effective therapies for
the treatment of traumatic SCI in humans. Different
kinds of cells including embryonic, fetal, and adult stem
cells have been transplanted into animal models of SCI
resulting in sensorimotor benefits. Transplantation of
human embryonic stem cell (hESC)- or induced pluripo-
tent stem cell (hiPSC)-derived neural cells is nowadays
a promising therapy for SCI. This review updates the
recent progress in preclinical studies and discusses the

advantages and flaws of various neural cell types
derived from hESCs and hiPSCs. Before introducing
the stem cell replacement strategies in clinical practice,
this complex field needs to advance significantly in
understanding the lesion itself, the animal model ade-
quacy, and improve cell replacement source. This
knowledge will contribute to the successful translation
from animals to humans and lead to established guide-
lines for rigorous safety screening in order to be
implemented in clinical practice. STEM CELLS 2012;30:
1787–1792

Disclosure of potential conflicts of interest is found at the end of this article.

INTRODUCTION

In the last decade, many reports have demonstrated significant
recovery after early medical treatment of spinal cord injury
(SCI), although there is still no effective cure. SCI usually
results in long-lasting locomotor and sensory neuron degener-
ation below the injury. Cell transplantation is considered as a
promising approach to replace damaged cells and promote
neuroprotective and neuroregenerative repair. Human pluripo-
tent stem cells, including human embryonic stem cells
(hESCs) and human induced pluripotent stem cells (hiPSCs),
hold great potential as a source for cell replacement therapies
in humans. Self-renewal and multilineage differentiation to-
ward virtually any cell type of human body are two unique
properties that make these cells the most promising sources
for tissue regeneration. After encouraging preclinical studies
using hESC derivates, clinical trials have been initiated focus-
ing on safety and efficacy.

BRIEF SUMMARY OF PATHOLOGICAL

EVENTS AFTER SCI

The pathological events following SCI have been thoroughly
documented in our last review [1] and can be summarized in
two complex phases [2]. In acute phase, there is a massive
axonal loss occurring within days following SCI [3] as well
as neuronal and glial cells loss [4] in the lesion epicenter cre-
ating a fluid-filled cyst. In addition, massive death of oligo-
dendrocytes results in the inability of spared neurons to regen-
erate their axons [5]. In the secondary injury phase, further
tissue damage occurs mostly due to massive production of
free radicals, excessive release of excitatory neurotransmitters,
and inflammatory response. The massive cell death, provoked
by apoptosis and necrosis, affects all functional neurons and
glial cell population, including oligodendrocytes [6] in this
secondary phase. One of the important events that contribute
to pathophysiological state after SCI is astrogliosis. Astrocytes
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in the lesion site proliferate and increase the expression of
glial fibrillary acid protein [7]. These reactive astrocytes, due
to their large-cell bodies and processes, join together tightly
and form glial scars. The scar formation is tightly correlated
with inflammatory process caused by microglial cell uptake
and secretion of chondroitin sulfate proteoglycans and other
proteins that are known to inhibit axonal growth such as slit
proteins [8] or ephrin-B2 [9]. The inhibitory molecules
secreted by glial scar-forming cells prevent functional recov-
ery of the CNS contributing to locomotor impairment [10].

In summary, the spinal cord lesion induces massive cell
loss, with oligodendrocytes and neural cell death, leading to
neurological dysfunction. For these reasons, in addition to
axonal regeneration and neural protection strategies, many ex-
perimental studies suggest that transplantation of undamaged
cells into the site of injury may eventually be an effective
therapy to overcome the lost locomotor function. By cell ther-
apy, scientists and clinicians hope to restore spinal cord func-
tion by creating an environment that promotes remyelination
using oligodendrocytes, axon elongation, and formation of cir-
cuits with new neurons. During the last two decades, the
search for new cell sources has been revolutionized by the
discovery of hESCs and hiPSCs, encouraging the develop-
ment of stem cell-based reparative approaches for many disor-
ders, including SCI [11].

hESCs

hESCs are pluripotent cells and can be derived from the inner
cell mass of the early blastocyst. These cells are characterized
by the ability to proliferate for a long period under in vitro

conditions and with a potential for differentiation into a broad
range of cell types including specific cells of neuronal or glial
fates [12–14]. In the context of cell therapy for SCI, oligoden-
drocytes and neurons are of particular interest. Oligodendro-
cytes play a crucial role in CNS providing myelin sheaths
around axons enabling fast propagation of nerve impulses.
SCI-induced massive cell death and loss of oligodendrocytes
results in demyelination of spared axons leading to locomotor
impairment. Delivery of early neural or oligodendrocyte pro-
genitor cells (OPCs) as a source for remyelination processes
including migration and mature differentiation of these cells
could be a promising strategy for spinal cord repair [13]. In
view of this, hESCs have been described as a promising
source of differentiated oligodendrocytes and motoneurons
[12–14]

Clinical application of hESCs critically depends on their
ability to differentiate toward defined and pure neural cell
types in vitro. In other words, generation of OPCs without
traces of hESCs, is fundamental in case of SCI. Several stud-
ies, including our own [11-13, 15], have focused on the
improvement of the existing protocols for differentiation of
hESCs toward neural precursors prior to cell transplantation
in animal models of SCI (Fig. 1). Keirstead et al. [13, 16]
were the first to describe an efficient protocol for production
of OPCs from hESC. Differentiation of hESCs based on spe-
cific coatings and media supplementation by triiodothyronine
and morphogens such as epidermal growth factor in a timely
fashion yields OPCs at more than 90% [17]. The injection of
these cells into the contusion rat model, in acute phase of
SCI, led to remyelination and partial restoration of locomotor
function. The same effects were observed when SCI was per-
formed in the cervical part [18]. In the contusion model used
by these authors, even after severe contusive SCI, surviving

Figure 1. Sources of stem cells used in preclinical studies and clinical treatment. hiPSCs can be generated by reprogramming patient’s fibro-
blasts and hESCs can be differentiated toward neural progenitors: OPC, MP and astrocytes, or neurospheres and transplanted to animal models or
humans. Abbreviations: hESCs, human embryonic stem cells; hiPSCs, human induced pluripotent stem cells; MP, motoneuron progenitors; OPCs,
oligodendrocytes progenitor cells. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

1788 Stem Cells in Spinal Cord Injury



axons persist in the subpial rim of white matter and the resto-
ration of the oligodendrocyte population by replacement ther-
apy has been considered as an attractive strategy to promote
remyelination [13, 16, 19, 20]. Although several groups [21,
22], including our own [11], validated this protocol and
showed significant locomotor improvement in different rodent
models, our results revealed different aspects and mechanisms
behind the regenerative potential of OPC when transplanted
in complete transection rat model of SCI either alone or in
combination with motoneuron progenitors (MPs) [11]. We
studied the completely transected spinal cords with no evi-
dence of spared host axons, and found that transplanted OPCs
differentiated toward neuronal cells, as confirmed by the pres-
ence of human specific NF70þ neurofilaments in the lesion
site. This is in contrast to previous claims that hESCs differ-
entiate exclusively toward a pure population of OPCs [13,
16]. We hypothesized that the potential of OPCs to rescue
locomotor activity is due to the presence of heterogeneous
cell types or multiple character of transplanted progenitors.
By analyzing the transcription phenotype of obtained OPCs at
day 42, we observed strong expression of OLIG2 [23–25], a
developmental marker of MPs during the neurogenic phase.
In rodents, OLIG2-expressing spinal progenitors from the MP
domain are a source of both motoneurons and OPCs [26, 27].
It has been proposed that transplanted OPCs may undergo
their last division in order to adapt to a new environment and
respond appropriately to environmental cues [28]. The study
of Shihabuddin et al. [29] describes that the in vitro-expanded
neural progenitors from adult spinal cord (non-neurogenic
zone) respond to physiological cues in vivo, by site-specific
differentiation, generating proper neurons and/or glial cells
depending on the transplantation site. Although we can con-
firm the commitment of generated OPCs to oligodendroglial
fate [13, 16], neuronal cells were also observed in vitro, with
20% of differentiated cells being TUJ1þ. We believe that the
presence of neuronal progenitors within transplanted OPCs
caused significant locomotor recovery of animals. OPCs were
also described to generate a paracrine/trophic environment
and positively modulate the local immune response as well as
promote neuronal protection and activation of endogenous
neurogenesis [19, 30] suggesting that regenerative mecha-
nisms do not depend exclusively on a specific cell lineage. It
is possible that the fate of OPCs is different when trans-
planted in contused spinal cords showing a tendency to differ-
entiate toward oligodendrocytes due to the existence of spared
host axons promoting remyelination. On the other hand, a
more complex environment in complete transection model
demands sophisticated regenerative mechanisms to bridge
the gap produced by SCI requiring neurons besides the
oligodendrocytes.

Despite the critics regarding the lack of reproducibility of
the preclinical results in independent laboratories and failure
to test large animals, as a scientific requirement prior to its
translation to humans [20, 31-33], the first clinical trial was
initiated by Geron company using the protocol of Keirstead
and collaborators. The trial attempted to test the safety of
stem cell therapy in four SCI (ASIA grade-A SCI with neuro-
logical level of T3 to T10) patients by using hESC-derived
OPCs (known as ‘‘GRNOPC1’’) in order to remyelinate axons
within the injured spinal cord. The patients enrolled in the
trial received 2 million GRNOPC1 cells within acute phase
(7–14 days after SCI) as opposed to chronic phase that is
expected to result in insignificant remyelination and poor
locomotor improvement, as shown in animal models [13].
Another bias regarding patient selection is that thoracic SCI
are more often enrolled in phase I clinical trials for cell trans-
plantation than patients with other SCI types since the cell

loss in these patients may not be life threatening as opposed
to cervical injury. Immediately after first Geron announce-
ments, this clinical trial suffered criticisms and raised ethical
concerns regarding the design and selection of patients for
this study [34]. Besides the general concerns related with any
hESC-derived cell therapy, Bretzner et al. (2011) [34] point
out great discrepancies between the target population of the
patients enrolled in the trial, having subacute complete SCI,
and animal models used in preclinical studies, contused rats
with incomplete injury. The authors also state that these
patients may be especially susceptible to ‘‘therapeutic miscon-
ception,’’ being highly motivated to be cured rather than fully
understanding the potential risks and goals of this trial [34],
as this trial aims to elucidate the safety concerns, and not to
establish stem cell therapy. Furthermore, alternative target
populations such as chronic complete SCI patients are sug-
gested, in which assessment of safety is more appropriate as
these patients are fully aware of clinical trial purpose and out-
comes. Subacute incomplete SCI patients are also candidates
since most of the preclinical studies were performed in animal
contusion model with incomplete lesion [34]. As a response
of Bretzner’s critiques, authors strongly defend clinical proto-
col and patients selected for the study [35]. The two opposing
views were reconciliated in the work of Solbakk and Zoloth
[36], pointing out that unresolvable ethical and epistemologi-
cal challenges underlie any type of translational research in
human beings [36]. To summarize, these contrasting views
demonstrate the lack of well-established standards in translat-
ing preclinical data into humans.

A year after initiating the trial, investigators reported ‘‘no
serious adverse events’’ and that the four treated patients
entered a period of long-term follow-up [http://ir.geron.com/
phoenix.zhtml?c ¼ 67323&p ¼ irol-newsArticle&ID ¼
1635760&highlight ¼]. According to Geron, the procedure of
cell transplantation occurred without surgical complications or
adverse events and neurological changes, neither evidence of
cavitation nor immune response to injected cells probably due
to the administration of low dose of immunosuppressive drug.
Unfortunately, in November 2011, the trial was discontinued
[http://ir.geron.com/phoenix.zhtml?c ¼ 67323&p ¼ irol-news-
Article&ID ¼ 1635764&highlight]. Geron justified its deci-
sion on grounds of ‘‘capital scarcity and uncertain economic
conditions’’ disappointing many patients with SCI worldwide.
After a huge investment in stem cell therapy and first U.S.
Food and Drug Administration approval to test the safety of
the stem cell-based product, this decision called into question
the effectiveness of the trial among the scientific and patient
community. Nevertheless, the scientists are not discouraged
by this trial’s halting, and due to promising preclinical data
and positive preliminary report from another hESC-based trial
[37], they believe in the future of hESC-based therapy.

During the decades the spinal cord repair strategies tar-
geted mostly axons and oligodendrocytes while neural popula-
tion of gray matter (motoneurons and interneurons) was put
aside until hESCs were shown to be an efficient source of
these cells, capable to restore intraspinal circuitry, and
improve functional motor neurons in animals [38, 39]. Vari-
ous authors have provided more or less efficient protocols for
generation of spinal motoneurons from hESCs by applying
different cell culture conditions [40–45]. Retinoic acid (RA)
is used to instruct embryoid bodies (EBs) toward neuroepithe-
lial cells at the primitive stage to adopt the spinal cord neuro-
nal fate followed by sonic hedgehog treatment to convert
them to spinal motoneurons. The low yield of generated MPs
[44] and heterogeneity of derived cell population are some of
the main obstacles for their clinical use. Singh Roy and col-
leagues [44] show that the yield can be improved by
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transfecting hESCs with HB9 (motoneuron-specific marker)
enhancer coupled with green fluorescent protein for efficient
cell sorting of generated motoneurons. Generated motoneur-
ons were functionally active by electrophysiological recording
only if cocultured with myocytes. Directed generation and
isolation to purity of specific motoneuron phenotypes from
hESCs has still to be accomplished. The largest yield ever
achieved of generated motoneurons is approximately 50% of
total differentiated cells [46] (Fig. 2). In the first preclinical
study using MPs, we modified the protocol of Li et al. [47] to
assess the regenerative potential of these cells in rat model of
completely transected spinal cord [11]. In this article, we
showed that MPs were able to mature and develop fundamen-
tal functions of normal motoneurons in vitro (expressing
OLIG2, ISL1, and HOXC5), including directional growth of
long axons, confirming the results from the previous study
[47]. The locomotor improvement, shown by Basso, Beattie
and Bresnahan (BBB) score of MP treated rats, was higher
than in the controls, and immunohistochemistry analysis con-
firmed that hESC-derived MPs survive, migrate, and engraft
for at least 120 days in the lesion site [11]. These data sug-
gest that the application of in vitro preconditioning may allow
efficient generation of new neurons in non-neurogenic regions
as is the SCI site. Interestingly, the immunohistochemistry
analysis showed clear evidence that these progenitors have
the capacity to finally differentiate to both mature oligoden-
drocytes and neurons in the lesion site. Using this strategy,
we did not observe any formation of anatomically, physiologi-
cally, and functionally active motor units between trans-
planted axons and host muscles, but the fact that these cells
innervate the lesion site filling the gap between the rostral
and caudal stumps as well as significantly improved locomo-
tor function of lesioned rats suggests that hESC-derived MP
have regenerative potential [11].

Transplantation of hESC-derived neural progenitor cells with
scaffolds made of three-dimensional biomaterials such as lami-
nin, fibronectin, or collagen [48, 49] could present an advantage
because they provide an adhesive support and may serve to
deliver growth factors. This strategy has been used in a recent
study where hESC-derived neural progenitors were transplanted
into a rat model of SCI using collagen scaffolds [50].

iPSCs

The use of hESCs remains controversial facing major
obstacles such as ethical issues, low engraftment rates,
immune rejection, and tumorigenicity, which have impeded
efforts toward clinical translation. The solution to the ethical
concerns was offered by the discovery of hiPSCs, which can
be derived from adult somatic cells by ectopic expression of a
defined set of factors [51] (Fig. 1). Human iPSCs are derived
from individual patients, making it possible to develop cus-
tomized stem cell therapies, generate disease-specific stem

cell lines, and even perform gene correction [52]. hiPSCs are
capable of differentiating toward all cell types, including
neurons, glia, neural progenitor cells (NPCs), and motoneur-
ons for different purposes [53–56]. The recently developed
disease-specific hiPSCs from the patients with Rett syndrome
[57], spinal muscular atrophy [58], Huntington disease [59],
Friedrich ataxia [60], Parkinson disease [61], or amyotrophic
lateral sclerosis [53], as human cell models will help under-
stand many neurodegenerative and neurodevelopmental disor-
ders providing unique in vitro model of human disease and
development.

Initially, the main concern for using these cells in clinics
was reprogramming technology that involved viral vectors.
The development of nonviral approach such as mRNA [62] or
chemicals and small molecules [63] makes this cell source
very attractive. The initial enthusiasm about the expected
hiPSCs’ immunotolerance in donors was put in question by
work of Zhao et al. [64]. The authors showed that some
mouse iPSCs (miPSCs) induced immune response, influenced
by reprogramming method, in syngenic mice. The immature
miPSCs, used in this study, are not to be applied for trans-
plantation, and further investigations have to answer whether
tumor antigens continue to be expressed in differentiated cells
[65]. The distinguishable features of hiPSCs are different
gene expression, histone methylation as well as the epigenetic
memory from the source tissue [66, 67]. hiPSCs are thought
to be more tumorigenic than hESCs due to genetic and epige-
netic aberrations [68]. To address this issue, Tsuji et al. [69]
proposed that each iPSC line has to be pre-evaluated to assess
the teratoma formation after cell transplantation in animal
models as different iPSC lines vary in differentiation capacity
and teratoma formation. This study shows the functional re-
covery in contused rats grafted with miPSC-derived neuro-
spheres by three possible mechanisms: remyelination by
miPSC-derived oligodendocytes, axonal regrowth, and trophic
support. In another study, the regenerative potential of pre-
evaluated hiPSCs was confirmed in the same model [70].
Transplanted cells survived, migrated, and differentiated to-
ward all neural cells (astrocytes, neurons, and oligodendro-
cytes) [70], thus validating hiPSCs as neural cells source in a
preclinical study and representing an important step toward
clinical practice. Recently, Fujimoto et al. [71] showed that
hiPSC-derived neuroepithelial-like cells could be an efficient
cell source for treatment of SCI opening the way to another
clinical study.

CONCLUSIONS

Since 1998, when first hESC line was generated, there is a
latent skepticism about their use in clinical practice. The first
human clinical trial involving hESC-derived GRNOPC1
injected in patients showed that these cells do not cause any
harm, but the debate about these cells is still alive. The

Figure 2. A scheme of the most efficient protocol for motoneuron differentiation from hESC and ihPSC (based on Hu and Zhang [46]). The
pluripotent stem cells form EBs in low attachment plate. In adherent conditions, neuroepithelial structures called rosettes are formed. The addition
of RA, SHH, and trophic factors results in the motoneuron phenotype (>40% HB9þ cells). Abbreviations: EBs, embryoid bodies; hESCs, human
embryonic stem cells; hiPSCs, human induced pluripotent stem cells; RA, retinoic Acid; SHH, sonic hedgehog.
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investigators and bioethicians express several concerns regard-
ing the safety of hESC transplantation in SCI in humans: (a)
the absence of replication of preclinical results in larger ani-
mals (primates), evolutionally and anatomically closer to the
humans [32, 33], (b) the possibility of teratoma formation fol-
lowing hESC-derived neural cell engraftment due to the hypo-
thetical presence of undifferentiated hESCs, which could be
harmful in humans [72, 73], (c) presence of undifferentiated
hESCs as well as other type of differentiated cells could trig-
ger neurological disfunctions in humans causing aberrant axo-
nal sprouting [34], (d) direct competition of transplanted cells
with endogenous progenitor-derived cells [34] questioning the
contribution of spontaneous differentiation [34], (e) the use of
differentiation protocols that still involve mediums, growth
factors, and supplements of animal origin [15], (f) immune
rejection of transplanted cell, and (g) ethical concern. Exten-
sive research efforts are needed in order to resolve these com-
plex issues and develop a safe cell therapy practice.

The use of hiPSCs and their derivates in a future treat-
ment of SCI circumvents the ethical concerns but shares the
same safety concerns as hESCs. hiPSCs face another chal-
lenge regarding their use in clinical practice such as reprog-
ramming mechanism that requires additional basic investiga-
tion. A novel strategy to generate differentiated cells was
offered by Vierbuchen et al. [74], who combined three well-
known transcription factors: Ascl1, Brn2, and Mytl1 (or
Zic1), in order to directly convert mouse embryonic and post-
natal fibroblasts into functional neurons called induced neuro-
nal (iN) cells, without passing through pluripotent stem cell
stage. Although this study remains to be profounded in many
aspects such as stability of iN cells, viability, gene expression,
or in vivo survival [75], it represents an interesting approach
for the treatment of SCI. In situ targeted reprogramming of
non-neural cells of injured spinal cord into desired neural

cells would mark a new era in cell-based therapy to treat the
lesion.

Recent improvements in stem cell therapy are encourag-
ing, however, the effect of the grafted cells on local tissue
and endogenous neural stem cells and the mechanism of func-
tional recovery are poorly understood. While survival and dif-
ferentiation of the transplanted cells are well-demonstrated
events, remyelination and glial cell replacement [13] still lack
direct evidence as regenerative mechanisms. Rigorous mecha-
nistic studies need to be performed in order to elucidate sig-
naling pathways ongoing in the lesion in addition to those
activated by transplanted cells. Any improvement in the basic
knowledge of the ongoing events will lead to increased repro-
ducibility and safety of cell therapy in humans. Based on the
above observations, the ideal source of stem cells for efficient
and safe cell replacement remains a challenge requiring fur-
ther investigation.

ACKNOWLEDGMENTS

This work was supported by funds for research from ‘‘Miguel
Servet’’ contract of Instituto de Salud Carlos III of Spanish Min-
istry of Science and Innovation (S.E.), Fund for Health of Spain
PI10-01683 (V.M.), and Junta de Andalucia PI-0113-2010
(S.E.).

DISCLOSURE OF POTENTIAL

CONFLICTS OF INTEREST

The authors indicate no potential conflicts of interest.

REFERENCES

1 Ronaghi M, Erceg S, Moreno-Manzano V et al. Challenges of stem
cell therapy for spinal cord injury: Human embryonic stem cells, en-
dogenous neural stem cells, or induced pluripotent stem cells? Stem
Cells 2010;28:93–99.

2 Hulsebosch CE. Recent advances in pathophysiology and treatment of
spinal cord injury. Adv Physiol Educ 2002;26:238–255.

3 McTigue DM, Tani M, Krivacic K et al. Selective chemokine mRNA
accumulation in the rat spinal cord after contusion injury. J Neurosci
Res 1998;53:368–376.

4 Grossman SD, Rosenberg LJ, Wrathall JR. Temporal-spatial pattern of
acute neuronal and glial loss after spinal cord contusion. Exp Neurol
2001;168:273–282.

5 Kakulas BA. The applied neuropathology of human spinal cord injury.
Spinal Cord 1999;37:79–88.

6 Beattie MS, Li Q, Bresnahan JC. Cell death and plasticity after exper-
imental spinal cord injury. Prog Brain Res 2000;128:9–21.

7 Rowland JW, Hawryluk GW, Kwon B et al. Current status of acute
spinal cord injury pathophysiology and emerging therapies: Promise
on the horizon. Neurosurg Focus 2008;25:E2.

8 Hagino S, Iseki K, Mori T et al. Slit and glypican-1 mRNAs are coex-
pressed in the reactive astrocytes of the injured adult brain. Glia 2003;
42:130–138.

9 Bundesen LQ, Scheel TA, Bregman BS et al. Ephrin-B2 and EphB2
regulation of astrocyte-meningeal fibroblast interactions in response to
spinal cord lesions in adult rats. J Neurosci 2003;23:7789–7800.

10 Taoka Y, Okajima K. Spinal cord injury in the rat. Prog Neurobiol
1998;56:341–358.

11 Erceg S, Ronaghi M, Oria M et al. Transplanted oligodendrocytes and
motoneuron progenitors generated from human embryonic stem cells
promote locomotor recovery after spinal cord transection. Stem Cells
2010;28:1541–1549.

12 Erceg S, Lainez S, Ronaghi M et al. Differentiation of human embry-
onic stem cells to regional specific neural precursors in chemically
defined medium conditions. PLoS One 2008;3:e2122.

13 Keirstead HS, Nistor G, Bernal G et al. Human embryonic stem cell-
derived oligodendrocyte progenitor cell transplants remyelinate and restore
locomotion after spinal cord injury. J Neurosci 2005;25:4694–4705.

14 Lee H, Shamy GA, Elkabetz Y et al. Directed differentiation and
transplantation of human embryonic stem cell-derived motoneurons.
Stem Cells 2007;25:1931–1939.

15 Erceg S, Ronaghi M, Stojkovic M. Human embryonic stem cell differ-
entiation toward regional specific neural precursors. Stem Cells 2009;
27:78–87.

16 Nistor GI, Totoiu MO, Haque N et al. Human embryonic stem cells
differentiate into oligodendrocytes in high purity and myelinate after
spinal cord transplantation. Glia 2005;49:385–396.

17 Sharp J, Hatch M, Nistor G et al. Derivation of oligodendrocyte pro-
genitor cells from human embryonic stem cells. Methods Mol Biol
2011;767:399–409.

18 Sharp J, Frame J, Siegenthaler M et al. Human embryonic stem cell-
derived oligodendrocyte progenitor cell transplants improve recovery
after cervical spinal cord injury. Stem Cells 2010;28:152–163.

19 Moreno-Manzano V, Rodriguez-Jimenez FJ, Garcia-Rosello M et al.
Activated spinal cord ependymal stem cells rescue neurological func-
tion. Stem Cells 2009;27:733–743.

20 Watson RA, Yeung TM. What is the potential of oligodendrocyte pro-
genitor cells to successfully treat human spinal cord injury? BMC
Neurol 2011;11:113.

21 Kerr CL, Letzen BS, Hill CM et al. Efficient differentiation of human
embryonic stem cells into oligodendrocyte progenitors for application
in a rat contusion model of spinal cord injury. Int J Neurosci 2010;
120:305–313.

22 Cao Q, He Q, Wang Y et al. Transplantation of ciliary neurotrophic
factor-expressing adult oligodendrocyte precursor cells promotes
remyelination and functional recovery after spinal cord injury. J Neu-
rosci 2010;30:2989–3001.

23 Lu QR, Yuk D, Alberta JA et al. Sonic hedgehog-regulated oligoden-
drocyte lineage genes encoding bHLH proteins in the mammalian cen-
tral nervous system. Neuron 2000;25:317–329.

24 Zhou Q, Wang S, Anderson DJ. Identification of a novel family of oli-
godendrocyte lineage-specific basic helix-loop-helix transcription fac-
tors. Neuron 2000;25:331–343.

www.StemCells.com

Lukovic, Moreno Manzano, Stojkovic et al. 1791



25 Hu BY, Du ZW, Li XJ et al. Human oligodendrocytes from embry-
onic stem cells: Conserved SHH signaling networks and divergent
FGF effects. Development 2009;136:1443–1452.

26 Lu QR, Sun T, Zhu Z et al. Common developmental requirement for
Olig function indicates a motor neuron/oligodendrocyte connection.
Cell 2002;109:75–86.

27 Zhou Q, Anderson DJ. The bHLH transcription factors OLIG2 and
OLIG1 couple neuronal and glial subtype specification. Cell 2002;
109:61–73.

28 Brustle O, Maskos U, McKay RD. Host-guided migration allows tar-
geted introduction of neurons into the embryonic brain. Neuron 1995;
15:1275–1285.

29 Shihabuddin LS, Horner PJ, Ray J et al. Adult spinal cord stem cells
generate neurons after transplantation in the adult dentate gyrus. J
Neurosci 2000;20:8727–8735.

30 Pluchino S, Zanotti L, Rossi B et al. Neurosphere-derived multipotent
precursors promote neuroprotection by an immunomodulatory mecha-
nism. Nature 2005;436:266–271.

31 Zhang SC. Neural subtype specification from embryonic stem cells.
Brain Pathol 2006;16:132–142.

32 Courtine G, Bunge MB, Fawcett JW et al. Can experiments in nonhu-
man primates expedite the translation of treatments for spinal cord
injury in humans? Nat Med 2007;13:561–566.

33 Kwon BK, Hillyer J, Tetzlaff W. Translational research in spinal cord
injury: A survey of opinion from the SCI community. J Neurotrauma
2010;27:21–33.

34 Bretzner F, Gilbert F, Baylis F et al. Target populations for first-in-
human embryonic stem cell research in spinal cord injury. Cell Stem
Cell 2011;8:468–475.

35 Wirth E, 3rd, Lebkowski JS, Lebacqz K. Response to Frederic Bretz-
ner et al. ‘‘Target populations for first-in-human embryonic stem cell
research in spinal cord injury’’. Cell Stem Cell 2011;8:476–478.

36 Solbakk JH, Zoloth L. The tragedy of translation: The case of ‘‘first
use’’ in human embryonic stem cell research. Cell Stem Cell 2011;8:
479–481.

37 Schwartz SD, Hubschman JP, Heilwell G et al. Embryonic stem cell
trials for macular degeneration: A preliminary report. Lancet 2010;
379:713–720.

38 Jessell TM. Neuronal specification in the spinal cord: Inductive signals
and transcriptional codes. Nat Rev Genet 2000;1:20–29.

39 Wichterle H, Lieberam I, Porter JA et al. Directed differentiation of
embryonic stem cells into motor neurons. Cell 2002;110:385–397.

40 Zhang Y, Wang J, Chen G et al. Inhibition of Sirt1 promotes neural
progenitors toward motoneuron differentiation from human embryonic
stem cells. Biochem Biophys Res commun 2011;404:610–614.

41 Nizzardo M, Simone C, Falcone M et al. Human motor neuron gener-
ation from embryonic stem cells and induced pluripotent stem cells.
Cell Mol Life Sci 2010;67:3837–3847.

42 Wada T, Honda M, Minami I et al. Highly efficient differentiation
and enrichment of spinal motor neurons derived from human and
monkey embryonic stem cells. PLoS One 2009;4:e6722.

43 Li XJ, Hu BY, Jones SA et al. Directed differentiation of ventral spi-
nal progenitors and motor neurons from human embryonic stem cells
by small molecules. Stem Cells (Dayton, Ohio) 2008;26:886–893.

44 Singh Roy N, Nakano T, Xuing L et al. Enhancer-specified GFP-based
FACS purification of human spinal motor neurons from embryonic
stem cells. Exp Neurol 2005;196:224–234.

45 Shin S, Dalton S, Stice SL. Human motor neuron differentiation from
human embryonic stem cells. Stem Cells Dev 2005;14:266–269.

46 Hu BY, Zhang SC. Differentiation of spinal motor neurons from pluri-
potent human stem cells. Nat Protocls 2009;4:1295–1304.

47 Li XJ, Du ZW, Zarnowska ED et al. Specification of motoneurons
from human embryonic stem cells. Nat Biotechnol 2005;23:215–221.

48 Guo SZ, Ren XJ, Wu B et al. Preparation of the acellular scaffold of
the spinal cord and the study of biocompatibility. Spinal Cord 2010;
48:576–581.

49 Tate CC, Shear DA, Tate MC et al. Laminin and fibronectin scaffolds
enhance neural stem cell transplantation into the injured brain.
J Tissue Eng Regen Med 2009;3:208–217.

50 Hatami M, Mehrjardi NZ, Kiani S et al. Human embryonic stem
cell-derived neural precursor transplants in collagen scaffolds promote
recovery in injured rat spinal cord. Cytotherapy 2009;11:618–630.

51 Takahashi K, Tanabe K, Ohnuki M et al. Induction of pluripotent stem cells
from adult human fibroblasts by defined factors. Cell 2007;131:861–872.

52 Raya A, Rodriguez-Piza I, Guenechea G et al. Disease-corrected hae-
matopoietic progenitors from Fanconi anaemia induced pluripotent
stem cells. Nature 2009;460:53–59.

53 Dimos JT, Rodolfa KT, Niakan KK et al. Induced pluripotent stem
cells generated from patients with ALS can be differentiated into
motor neurons. Science 2008;321:1218–1221.

54 Karumbayaram S, Kelly TK, Paucar AA et al. Human embryonic
stem cell-derived motor neurons expressing SOD1 mutants exhibit
typical signs of motor neuron degeneration linked to ALS. Dis Model
Mech 2009;2:189–195.

55 Karumbayaram S, Novitch BG, Patterson M et al. Directed differentia-
tion of human-induced pluripotent stem cells generates active motor
neurons. Stem Cells 2009;27:806–811.

56 Wernig M, Zhao JP, Pruszak J et al. Neurons derived from reprog-
rammed fibroblasts functionally integrate into the fetal brain and
improve symptoms of rats with Parkinson’s disease. Proc Natl Acad
Sci USA 2008;105:5856–5861.

57 Hotta A, Cheung AY, Farra N et al. Isolation of human iPS cells
using EOS lentiviral vectors to select for pluripotency. Nat Methods
2009;6:370–376.

58 Ebert AD, Yu J, Rose FF, Jr. et al. Induced pluripotent stem cells
from a spinal muscular atrophy patient. Nature 2009;457:277–280.

59 Zhang N, An MC, Montoro D et al. Characterization of human Hun-
tington’s disease cell model from induced pluripotent stem cells.
PLoS Curr 2010;2:RRN1193.

60 Ku S, Soragni E, Campau E et al. Friedreich’s ataxia induced pluripo-
tent stem cells model intergenerational GAATTC triplet repeat insta-
bility. Cell Stem Cell 2010;7:631–637.

61 Soldner F, Hockemeyer D, Beard C et al. Parkinson’s disease patient-
derived induced pluripotent stem cells free of viral reprogramming
factors. Cell 2009;136:964–977.

62 Warren L, Manos PD, Ahfeldt T et al. Highly efficient reprogramming
to pluripotency and directed differentiation of human cells with syn-
thetic modified mRNA. Cell Stem Cell 2010;7:618–630.

63 Zhou H, Wu S, Joo JY et al. Generation of induced pluripotent stem
cells using recombinant proteins. Cell Stem cell 2009;4:381–384.

64 Zhao T, Zhang ZN, Rong Z et al. Immunogenicity of induced pluripo-
tent stem cells. Nature 2011;474:212–215.

65 Apostolou E, Hochedlinger K. Stem cells: iPS cells under attack.
Nature 2011;474:165–166.

66 Chin MH, Mason MJ, Xie W et al. Induced pluripotent stem cells and
embryonic stem cells are distinguished by gene expression signatures.
Cell Stem Cell 2009;5:111–123.

67 Kim DS, Lee JS, Leem JW et al. Robust enhancement of neural differ-
entiation from human ES and iPS cells regardless of their innate differ-
ence in differentiation propensity. Stem Cell Rev 2010;6:270–281.

68 Ben-David U, Benvenisty N. The tumorigenicity of human embryonic
and induced pluripotent stem cells. Nature Rev 2011;11:268–277.

69 Tsuji O, Miura K, Okada Y et al. Therapeutic potential of appropri-
ately evaluated safe-induced pluripotent stem cells for spinal cord
injury. Proc Natl Acad Sci USA 2010;107:12704–12709.

70 Nori S, Okada Y, Yasuda A et al. Grafted human-induced pluripotent
stem-cell-derived neurospheres promote motor functional recovery af-
ter spinal cord injury in mice. Proc Natl Acad Sci USA 2011;108:
16825–16830.

71 Fujimoto Y, Abematsu M, Falk A et al. Treatment of a mouse model
of spinal cord injury by transplantation of human iPS cell-derived
long-term self-renewing neuroepithelial-like stem cells. Stem Cells
2012;30:1163–1173.

72 Li JY, Christophersen NS, Hall V et al. Critical issues of clinical
human embryonic stem cell therapy for brain repair. Trends Neurosci
2008;31:146–153.

73 Amariglio N, Hirshberg A, Scheithauer BW et al. Donor-derived brain
tumor following neural stem cell transplantation in an ataxia telangiec-
tasia patient. PLoS Med 2009;6:e1000029.

74 Vierbuchen T, Ostermeier A, Pang ZP et al. Direct conversion of
fibroblasts to functional neurons by defined factors. Nature 2010;463:
1035–1041.

75 Chambers SM, Studer L. Cell fate plug and play: Direct reprogram-
ming and induced pluripotency. Cell 2011;145:827–830.

1792 Stem Cells in Spinal Cord Injury


