NEURAL REGENERATION RESEARCH
January 2015, Volume 10, Issue 1

6.

e

www.nrronline.org

@ INVITED REVIEW

Induced pluripotent stem cell-derived neural stem cell
therapies for spinal cord injury

Corinne A. Lee-Kubli', Paul Lu">"

1 Department of Neurosciences, University of California - San Diego, La Jolla, CA, USA
2 Veterans Administration Medical Center, San Diego, CA, USA

*Correspondence to:
Paul Lu, Ph.D., plu@ucsd.edu.

d0i:10.4103/1673-5374.150638
http://www.nrronline.org/

Accepted: 2014-12-24

Abstract

The greatest challenge to successful treatment of spinal cord injury is the limited regenerative
capacity of the central nervous system and its inability to replace lost neurons and severed axons
following injury. Neural stem cell grafts derived from fetal central nervous system tissue or
embryonic stem cells have shown therapeutic promise by differentiation into neurons and glia
that have the potential to form functional neuronal relays across injured spinal cord segments.
However, implementation of fetal-derived or embryonic stem cell-derived neural stem cell ther-
apies for patients with spinal cord injury raises ethical concerns. Induced pluripotent stem cells
can be generated from adult somatic cells and differentiated into neural stem cells suitable for
therapeutic use, thereby providing an ethical source of implantable cells that can be made in an
autologous fashion to avoid problems of immune rejection. This review discusses the therapeutic
potential of human induced pluripotent stem cell-derived neural stem cell transplantation for
treatment of spinal cord injury, as well as addressing potential mechanisms, future perspectives
and challenges.
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Stem cell therapies for treatment of spinal cord
injury
The greatest challenge to recovery of function following
spinal cord injury (SCI) is the limited regenerative capacity
of the central nervous system (CNS), such that it cannot
replace lost neurons and severed axons following injury.
Transplantation of stem cells, especially neural stem cells
(NSCs), can replace lost neurons and glia and enhance re-
generation by providing a permissive growth environment.
We previously found that rat and human fetal spinal cord
tissue-derived NSCs survive implantation, fill even large le-
sion cavities after severe SCI and differentiate into neurons
and glia. Host axon growth into the NSC graft and extensive
graft-derived axon growth into host tissue forms a neuronal
relay across the injury site, leading to functional recovery
(Lu et al., 2012). However, use of fetal-derived or embryonic
stem (ES) cell-derived NSCs for treatment of SCI is limited
by ethical concerns and the need for immunosuppression
regimens that may further compromise the general health of
patients with SCL

Induced pluripotent stem cells (iPSCs), generated by
reprogramming adult somatic cells to a self-renewing, plu-
ripotent state (Takahashi et al., 2007), allay ethical concerns
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associated with use of human fetal/embryonic tissue and
may also reduce the risk of immune rejection of implanted
cells. Clinical iPSC-based therapy would allow skin cells tak-
en from a patient with SCI to be reprogrammed into autol-
ogous iPSCs that would be further differentiated into NSCs
for implantation into the lesion site of that individual (Figure
1A). Survival, proliferation and differentiation of implanted
iPSC-derived NSCs into neurons would be expected to give
rise to extensive axon growth throughout the white and grey
matter (Figure 1B), as has been shown in preclinical studies
(Lu et al., 2014), thereby making functional improvement
possible through neuronal relays that bridge the injured spi-
nal cord segments (Lu et al., 2012).

Generation of iPSC-derived NSCs

The reprogramming of human somatic cells into iPSCs is ac-
complished by inducing these cells to express four transcrip-
tion factors: octamer-binding transcription factor 4 (Oct4),
sex-determining region Y box 2 (Sox2), Kriippel-like factor
(K1f4) and c-Myc (Takahashi et al., 2007). These transgenes
have commonly been expressed via viral delivery, but this
approach leads to multiple genomic insertions and carries
a high risk of mutagenesis and tumorigenicity (Han et al.,
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Table 1 Overview of studies reporting use of human iPSC-derived NSCs for treatment of SCI

Authors

Experimental parameters

Results

Kobayashi et al., 2012

Luetal., 2014

Romanyuk et al., 2014

Nutt et al., 2013

Pomeshchik et al., 2014

Fujimoto et al., 2012

Nori et al., 2011

C, contusion

Marmoset

Graft 9 days after SCI
Cyclosporine immunosuppression
C, hemisection

Athymic nude rats

Graft 2 weeks after SCI

No immunosuppression

T balloon compression

Wistar rats

Graft 1 week after SCI
Cyclosporine, azathioprine

and methylprednisolone
immunosuppression

C, hemicontusion

Long-Evans rats

Graft 4 weeks after SCI
Cyclosporine immunosuppression
T,, contusion

C57/Bl6 mice

Graft 1 week after SCI
Tacrolimus immunosuppression
T,, contusion

NOD-SCID mice

Graft 7 days after SCI

No immunosuppression
T,,contusion

NOD-SCID mice

Graft 9 days after SCI

No immunosuppression

-Graft survival around lesion epicenter 12 weeks after implantation
-Differentiation into neurons, astrocytes and oligodendrocytes
-Improved forelimb functional recovery

-Excellent graft survival and differentiation into neurons 3 months post-graft

- Robust extension of axons from the graft over virtually the entire length of the
rat CNS

-No functional improvement

-Graft survival and integration 8 and 17 weeks after implantation
-Differentiation into neurons, astrocytes and some oligodendrocytes

-Hindlimb locomotor improvement

-Graft survival with incomplete filling of lesion cavity 8 weeks after implantation
-Differentiation into neurons and astrocytes
-No functional improvement

-Limited graft survival 6 weeks after implantation
-No functional improvement

-Graft survival with incomplete filling of lesion site 4 weeks after implantation
-Differentiation into neurons and astrocytes
-Hindlimb locomotor improvement

-Graft survival and migration into host spinal cord tissue 7 weeks after
implantation

-Differentation into neurons, astrocytes and oligodendrocytes
-Hindlimb locomotor improvement

iPSC: Induced pluripotent stem cell; NSCs: neural stem cells; SCI: spinal cord injury; CNS: central nervous system.

2011). Strategies to eliminate or reduce genome integration
include development of excision systems, such as the cre-lox
(Chang et al., 2009) and PiggyBac transposon systems (Kaji
et al., 2009), or use of non-integrating delivery approaches,
such as episomal vectors (Yu et al., 2009), Sendai virus (Na-
kanishi and Otsu, 2012), plasmid DNA (Okita et al., 2008),
mRNA (Schott et al., 2011) or direct protein delivery (Zhou
et al., 2009). Further research has focused on improving the
method of reprogramming with the goal of efficiently, rap-
idly and inexpensively generating non-tumorigenic iPSCs
without use of oncogenes, such as c-Myc, or animal-derived
products (Kramer et al., 2013).

iPSCs can be driven to become neural-restricted lineages
by using the same protocols that have been developed for
neural differentiation of ES cells. Differentiation to NSCs
occurs via embryoid body formation, adherent monolayer
culture or co-culture with stromal feeder cells in the pres-
ence of growth factors and cytokines. Neural progenitors can
be further differentiated to distinct neural fates using sonic
hedgehog, retinoic acid, fibroblast growth factor 8 or Wnts,
factors that are involved in dorsoventral and rostrocaudal
patterning of the developing nervous system (Han et al.,
2011). Use of these techniques can yield oligodendrocytes,
astrocytes, and specific neuronal subtypes including gluta-
matergic, GABAergic, motor and peripheral sensory neu-

rons [for a comprehensive review see (Kramer et al., 2013)].
Further research will be required to identify what types of
neuronal precursors yield greatest therapeutic benefit for
treatment of SCI.

Direct conversion of fibroblasts to neurons or
NSCs

In addition to using iPSCs as a source of NSCs, neurons
or NSCs can be directly re-programmed/converted from
embryonic and adult somatic cells. A combination of three
neural lineage-specific transcription factors, Ascll, Brn2
and Mytll, can be used to convert mouse fibroblasts into in-
duced neurons that exhibit typical neuronal morphologies
and express multiple neuronal markers (Vierbuchen et al.,
2010). The same three factors, with addition of NeuroD]1,
have been shown to convert human fetal and postnatal fi-
broblasts into induced neurons (Pang et al., 2011). Direct
conversion can also be used to specifically generate dopami-
nergic and motor neurons (Caiazzo et al., 2011; Pfisterer et
al., 2011; Son et al., 2011). However, because induced neu-
rons are post-mitotic and not expandable, their therapeutic
potential may be limited, particularly if implanted into the
harsh SCI lesion environment in which initial cell transplant
survival may be low (Hermann and Storch, 2013). Thus far,
cell transplantation of induced neurons into models of SCI
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Primary skin fibroblasts

Figure 1 Schematic illustration of the potential clinical application of iPSC-derived NSC therapies in patients with SCIL.

(A) Patient-derived fibroblasts would be reprogrammed to iPSCs, differentiated into NSCs and implanted into the SCI site as an autologous graft.
(B) A representative image illustrating robust axon outgrowth (shown in green, expression of GFP) along white matter tracts and projections into
host grey matter (indicated by NeuN labeling of host neurons in red) by iPSC-derived NSCs that have differentiated into neurons in our rat study.
A target of clinical translation may be to use iPSC-derived NSCs to generate neuronal relays to yield functional recovery.

iPSC: Induced pluripotent stem cell; NSCs: neural stem cells; SCI: spinal cord injury; GFP: green fluorescent protein.

has not been reported.

Induced neural stem cell (iNSC) generation from mouse
fibroblasts has been reported using either pluripotency
factors alone or in combination with neural lineage-specif-
ic transcription factors (Kim et al., 2011; Han et al., 2012;
Lujan et al., 2012; Thier et al., 2012; Kim et al., 2014). These
protocols yield NSCs with the potential to differentiate into
neurons, astrocytes and oligodendrocytes. Human fibro-
blasts have been converted to iNSCs using either Sox2 or
Oct4, yielding NSCs that gave rise to neurons, astrocytes and
oligodendrocytes (Ring et al., 2012; Mitchell et al., 2014).
A recent study demonstrated limited graft survival but
improved locomotor outcomes following implantation of
mouse-derived iNSCs into a rat model of spinal contusion
(Hong et al., 2014), demonstrating the therapeutic potential
of this approach.

The advantage of induced neurons and iNSCs over iP-
SC-derived NSCs is that somatic cells do not go through
a pluripotent cell state, thus reducing the risk for tumor
formation after transplantation (Kim et al., 2014). Further-
more, production of iNSCs and induced neurons takes less
time than generation of iPSCs, and may be more clinically
useful for generating autologous cells for early (acute or sub-
acute) treatment of SCI.

Application of iPSC-derived NSCs in

experimental models of SCI
Though iPSC-derived therapies have been used in various in
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vivo models of neurodegenerative disorders, few studies have
evaluated efficacy of iPSC-derived NSC transplantation in
models of SCI (Table 1).

Mouse iPSC-derived NSCs grafted as neurospheres into a
C57BL/6] mouse model of lower thoracic contusion differ-
entiated into neurons, astrocytes and oligodendrocytes and
yielded functional recovery comparable to that obtained
following grafting of mouse ES cell-derived neurospheres
despite low cell survival (Tsuji et al., 2010).

Improved locomotor function was also observed fol-
lowing transplantation of human iPSC-derived NSCs into
NOD-SCID mice 7-9 days after lower thoracic contusion
injury (Nori et al., 2011; Fujimoto et al., 2012). The human
iPSC-derived neurospheres implanted in these studies dif-
ferentiated primarily into astrocytes and neurons, forming
synapses with host neurons and increasing host axon re-
generation. Graft-derived oligodendrocytes were observed
infrequently (< 1-3 %). Transplantation of the same human
iPSC-derived NSCs described in Nori et al. (2011) into a
marmoset model of C, contusion 9 days after injury was also
shown to have functional benefits, with cells differentiating
in neurons (52 %), astrocytes (31 %) and oligodendrocytes
(26 %) (Kobayashi et al., 2012).

Human iPSC-derived neural progenitor cells grafted into
a Wistar rat model of thoracic balloon compression with use
of a triple immunosuppression regimen showed robust sur-
vival within the lesion cavity and led to hindlimb locomotor
improvement that was associated with improved white and
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grey matter sparing around the lesion site (Romanyuk et al.,
2014). In contrast, human iPSC-derived NSCs that were im-
planted into a Long-Evans rat model of cervical hemi-con-
tusion or C57Bl/6] mouse model of low thoracic contusion
did not lead to functional improvement (Nutt et al., 2013;
Pomeshchik et al., 2014). This may be because transplanted
cell survival and/or filling of the lesion site was low in these
studies, complicating interpretation of results.

We recently showed robust human iPSC-derived NSC
survival, with implants forming a graft that filled most of
the lesion cavity at the site of a C, hemisection lesion (Lu
et al., 2014). The iPSC-derived NSCs generated from the
skin cells of an 86 year-old man were grafted into nude
rats to eliminate the confound of immunosuppression on
cell differentiation and axon outgrowth. A fibrin matrix
containing growth factor cocktail was used to support cell
retention, survival and differentiation (Lu et al., 2012).
Cells not only survived, but the majority (71.2%) differen-
tiated into neurons expressing the mature neuronal marker
NeuN, while 17.2% differentiated into GFAP positive as-
trocytes. Neurons within the graft extended thousands of
axons that traveled along the white matter tracts and pro-
jected into host grey matter, reaching as far rostrally as the
olfactory bulb and as far caudally as the lumbar spinal cord.
Host axon regeneration into the graft was also observed,
with serotonergic and reticulospinal projections both pen-
etrating the graft. The presence of both host-to-graft and
graft-to-host synaptic contacts suggests a potential for relay
formation across the graft. Nevertheless, no graft-derived
improvement was observed in tests of forelimb function.
This may be due to the presence of collagenous rifts or
attenuated cell density in the center of most grafts, which
may have resulted in discontinuous grafts with incomplete
relay formation. Alternatively, as the majority of axons did
not express neurofilament, a marker of mature axons, and
were not myelinated by host oligodendrocytes, neural con-
duction may not have been optimal. The absence of neuro-
filament expression and myelination of graft-derived axons
may be due to the greater time scale of neuronal matura-
tion and myelination in human development compared to
rat (Semple et al., 2013), and may complicate detection of
putative functional improvements derived by relay forma-
tion. Experiments using human iPSC-derived NSCs may
need to be conducted over longer durations to adequately
detect functional improvements derived from relay circuit
formation. Nevertheless, our data demonstrate that iP-
SC-derived NSCs have an equivalent capacity to survive,
differentiate and send out axons throughout the neuraxis as
do human fetal-derived and human ES cell-derived NSCs
(Lu et al., 2012, 2014).

Potential mechanisms by which iPSCs provide

therapeutic benefit

iPSC-derived NSC transplantation into SCI is expected to
provide therapeutic benefit via the same mechanisms as fetal
CNS-derived or ES cell-derived NSCs. These include neuro-
nal relay formation across the injury site, improved host axon

regeneration, remyelination of demyelinated axons around
the lesion site and reduction of secondary damage through
immunomodulation and neurotrophic effects.

Our previous study of embryonic CNS tissue-derived
NSCs for treatment of SCI supported the idea that NSC
transplants can be used to bridge the injured spinal cord (Lu
et al,, 2012). Neuronal relays are formed when host axons
grow into the graft and synapse on graft-derived neurons
that in turn send axons to distant targets, thereby allowing
information to be passed across the lesion site (Jakeman and
Reier, 1991). In our most recent study using iPSC-derived
NSCs, we observe both growth and synapsing of host axons
into the graft and extension of axons from graft-derived neu-
rons to distant synaptic targets throughout the neuraxis (Lu
et al., 2014). These observations support relay formation as a
plausible mechanism for expected therapeutic improvement
following iPSC-derived NSC graft into SCI, with the caveat
that the long developmental time course of the human ner-
vous system relative to the rat nervous system (Semple et al.,
2013) may preclude observation of functional improvement
derived from mature relay formation.

iPSC-derived cells, particularly oligodendrocyte precursor
cells (OPCs), could also potentially be used to remyelinate
host axons following SCI, which is associated with pro-
longed and dispersed oligodendrocyte cell death (Plemel et
al., 2014). OPCs derived from human ES cells were found
to remyelinate axons and modestly improve locomotor
function in a rat model of lower thoracic contusion injury
(Keirstead et al., 2005). Human iPSC-derived OPCs have re-
cently been shown to remyelinate axons in a mouse model of
congenital hypomyelination (Wang et al., 2013), suggesting
that iPSC-derived OPCs may be a promising therapeutic ap-
proach for treatment of demyelination following SCI. Mouse
iPSC-derived NSC grafts increased myelination in a mouse
model of thoracic contusion injury (Tsuji et al., 2010), but,
thus far, studies of human iPSC-derived NSC grafts in ro-
dent models of SCI have not demonstrated extensive differ-
entiation into oligodendrocytes (Nori et al., 2011; Fujimoto
et al., 2012; Nutt et al., 2013; Lu et al., 2014).

Secondary damage can lead to ongoing loss of neurons
and glia adjacent to a site of SCI that can persist for weeks
to months following the initial injury (Silva et al., 2014).
Embryonic tissue-derived NSC transplants are proposed to
reduce secondary damage via immunomodulation and secre-
tion of neurotrophic factors (Mothe and Tator, 2013). NSC
transplants can promote neuroprotection by reducing T-cell
activation and inhibiting signaling of inflammatory cytokines
that are implicated in secondary degeneration (Fainstein et
al., 2008; Cusimano et al., 2012), though these mechanisms
have not yet been demonstrated using iPSC-derived NSCs.
Embryonic-derived NSC transplants have been shown to
express neurotrophic factors (Lu et al., 2003), and human
iPSC-derived NSCs grafted into a mouse model of contusion
injury were found to release neurotrophic factors including
nerve growth factor, brain-derived neurotrophic factor and
hepatocyte growth factor (Nori et al., 2011). This was asso-
ciated with enhanced angiogenesis and tissue sparing, and
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may explain the observation of improved locomotor function
despite low transplant survival (Nori et al., 2011). Likewise,
the enhanced tissue sparing following implantation of human
iPSC-derived neural progenitor cells in a rat model of balloon
compression may be due to graft-derived neurotrophins (Ro-
manyuk et al, 2014). Sustained expression of neurotrophic
factors by iPSC-derived NSCs could also have therapeutic
effects by enhancing host axon growth as has been shown fol-
lowing grafts of neurotrophin-secreting embryonic tissue-de-
rived NSCs (Lu et al., 2003).

Future perspectives and challenges

Despite promising data indicating the clinical poten-
tial of iPSC-derived NSCs for treatment of SCI, several
questions and challenges remain to be addressed as this
therapy proceeds along the translational path. Methods
of iPSC-generation need to be better understood, both to
be more clinically practical and to yield cell types that will
optimize therapeutic outcomes with minimal undesirable
side effects. The impact of the lesion site itself, both on cell
survival and differentiation, will need to be minimized so
that cell grafts behave consistently across a variety of injury
types. Finally, the extensive axon outgrowth that we have
observed may result in innervation of ectopic targets, which
could potentially be manipulated and shaped with axon
guidance strategies.

Even though iPSC technology has undergone rapid ad-
vances, many aspects of iPSC generation will need to be re-
fined before iPSC-derived NSCs can be translated for use in
the clinic. In particular, it remains unclear whether iPSC-de-
rived NSCs will prove to be a perfect replacement for ES
cell-derived NSCs. Though initial studies demonstrated that
iPSCs have similar pluripotency, gene expression and DNA
methylation as ES cells (Takahashi et al., 2007), some differ-
ences in genetic signature have been detected (Chin et al,,
2009). It is also unknown whether differences in the parent
cell, method of iPSC generation or protocol used to differen-
tiate iPSCs into NSCs will impact variables such as cell sur-
vival, differentiation or axon outgrowth after implantation.
Current methods of iPSC generation are too inefficient or
time-consuming to be of practical clinical use, particularly
allowing for either generation of safer non-DNA integrating
methods or adequate screening of tumorigenicity (Kram-
er et al., 2013). Induced neuron or iNSC approaches may
partially resolve these concerns, but future experiments will
need to evaluate the clinical potential of these cell types for
treatment of SCI. Furthermore, despite assumptions that au-
tologous iPSC grafts will not be rejected by the host, too few
studies have been conducted to conclude this with certainty
(Cao et al., 2014). These variables will need to be addressed
before iPSC-derived NSCs can be translated for use in the
clinic.

Though our studies have shown promising results with
remarkable survival, proliferation and differentiation of
implanted iPSC-derived NSCs, survival of grafted cells in
the hostile SCI lesion environment remains a problem in a
majority of studies. Direct reprogramming of somatic cells
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in vitro and then activation of these transferred genes af-
ter transplantation (Torper et al., 2013) may improve graft
survival compared to direct implantation of iPSC-derived
NSCs, as somatic cells such as fibroblasts are more resistant
to the harsh environment of the lesion site. In situ repro-
gramming of astrocytes into neurons, as has been described
in a mouse model of SCI (Su et al., 2014), may also bypass
problems with initial graft survival by transforming the reac-
tive astrocyte layer that is normally inhibitory to growth into
functional neurons that could bridge the injured spinal cord
and contribute to functional recovery.

In addition to impacting cell survival, the injured spinal
cord environment may affect iPSC-derived NSC prolifera-
tion and differentiation. It is likely that the grafting milieu
impacts the fate of iPSC-derived NSCs, as it has been report-
ed that iPSC-derived neurospheres differentiated into neu-
rons, astrocytes and oligodendrocytes when grafted into a
marmoset model of cervical contusion injury, while the same
cells differentiated primarily into neurons when cultured in
vitro (Kobayashi et al., 2012). Similarly, neurospheres derived
from the same iPSC clone primarily became neurons and as-
trocytes with very few (< 3 %) oligodendrocytes when graft-
ed into a mouse model of thoracic contusion injury (Nori et
al., 2011). Systematic studies may be required to address how
the lesion environment impacts iPSC-derived NSC differen-
tiation and to identify which cell types and conditions yield
optimum therapeutic benefit.

The impressive ability of human iPSC-derived NSCs to
extend axons over long distances throughout the rat nervous
system (Lu et al., 2014) also raises questions as to how those
connections will behave. Growth of axons onto ectopic tar-
gets seems inevitable in the absence of supplied axon guid-
ance, and it is not yet known whether these axons will result
in adverse behavioral consequences such as pain, as has been
reported in some studies of NSC transplants into SCI (Hof-
stetter et al., 2005), and spasticity. However, it is also possible
that aberrant projections will undergo pruning over time to
refine functional plasticity and restore spinal cord function,
particularly if locomotor or rehabilitative training is applied
(Ichiyama et al., 2008). There is also great potential for the
development of strategies that will optimize use of iPSC-de-
rived NSCs for treatment of SCI. For example, guidance
of axons coming out of the graft either by using scaffolds
(Sakiyama-Elbert et al., 2012) or guidance molecules (Giger
et al., 2010) may help target axons to appropriate termini.
Likewise, the limited regeneration of host spinal tracts into
the graft that we have observed could be enhanced by se-
cretion of growth-promoting factors within the graft (Lu et
al., 2007), or through the use of chemotropic guidance to
support growth of host tracts through the permissive envi-
ronment of the graft and directly back on to their original
targets (Alto et al., 2009). However, questions relating to the
functional effects of grafted human iPSC-derived NSCs may
be difficult to evaluate in rodent pre-clinical models of SCI
if the maturation time is on the human scale and may ne-
cessitate use of primate models of SCI evaluated over longer
durations.
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Conclusions

iPSCs bypass ethical concerns about use of embryonic/
fetal-derived cells, and are a promising source of NSCs for
treatment of patients with SCI. Preclinical work has demon-
strated promising survival, differentiation and therapeutic
effects following implantation of human iPSC-derived NSCs
into pre-clinical models of SCI. Beneficial effects can be
derived from neuronal relay formation, re-myelination or
reduction of secondary damage cascades. Nevertheless, ideal
methods of iPSC reprogramming and differentiation remain
to be developed for clinical translation, and further experi-
mentation is necessary at the pre-clinical level to better un-
derstand the impact of different methods of iPSC reprogram-
ming on survival, differentiation and therapeutic outcomes.
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