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Abstract

This review presents a summary of the various types of cellular therapy used to treat spinal cord
injury. The inhibitory environment and loss of axonal connections after spinal cord injury pose many
obstacles to regenerating the lost tissue. Cellular therapy provides a means of restoring the cells lost
to the injury and could potentially promote functional recovery after such injuries. A wide range of
cell types have been investigated for such uses and the advantages and disadvantages of each cell
type are discussed along with the research studying each cell type. Additionally, methods of
delivering cells to the injury site are evaluated. Based on the current research, suggestions are given
for future investigation of cellular therapies for spinal cord regeneration.
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1. Introduction

Less than 1% of people who sustain significant injury to their spinal cord recover complete
neurological function and many of these injuries result in partial or complete paralysis. The
three most common causes of spinal cord injury (SCI) include motor vehicle accidents, falls,
and gunshot wounds. The number of people in the United States who currently live with SCI
is estimated to be around 253,000 with 11,000 new cases occurring each year. The cost of
lifetime care for one patient with SCI ranges from $700,000 to $3,000,000 [1]. Thus, a need
exists for the development of therapies for treatment to ease both the physical and financial
burdens of people who are afflicted with SCI. Many of the current strategies for treatment of
SCl involve replacing the cells lost to injury with cells derived from an alternative source. The
end goal of such treatments is to help restore function that was lost to the injury. In preclinical
studies, such recovery is usually evaluated in the context of rodent models of SCI with the
most promising strategies being translated to primate models. Such studies lay the groundwork
for future clinical trials.

This review seeks to describe the present state of cell therapy for spinal cord injury. First, the
obstacles to regeneration present in the injury site as well as the issues involved in cell sourcing
are detailed. Next, the different types of cell therapy are defined with the benefits and
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drawbacks of each type given. Methods for delivering cells are also discussed. Finally,
suggestions are made for future work in developing therapies for SCI.

2. Considerations for developing cell therapy for spinal cord regeneration

To successfully treat SCI by promoting functional recovery, cellular therapies must integrate
into the injury site and restore the lost neuronal circuitry or promote plasticity of the spared
neurons. To achieve this goal, cellular therapies should be designed considering both the
obstacles posed by the injury site as well as sourcing and reproducibility issues associated with
different cell culture systems.

2.1 Obstacles to regeneration presented by the injured spinal cord

SCl initiates a chain of events that lead to cell death, scarring and the loss of function. The
initial trauma injures cells and induces swelling. The damaged cells release toxins that cause
necrosis of the cells above and below the injury site. The lesion site that results from SCI poses
many obstacles to promoting regeneration. Subsequent events include the formation of a cystic
cavity at the injury site, which becomes surrounded by a glial scar, composed of mainly reactive
astrocytes [2]. The demyelination that occurs after injury produces several inhibitory molecules
that contribute to the lack of regeneration [3-5]. This section will address these obstacles in
more depth and offer suggestions for creating a more permissive environment for regeneration
following SCI.

2.1.1 Cavity formation—After the initial injury and following necrosis, a fluid filled cavity
develops, resulting in the loss of grey and white matter [6]. The cavity can expand to additional
spinal cord segments preceding and following the injury site, causing additional cell death and
increased loss of function. Formation of the cystic cavity generates a physical barrier to
spontaneous regeneration. Cell therapy can help overcome this barrier through a variety of
methods. Implantation of neurons or cells that can differentiate into neurons could potentially
bridge the lesion and restore signaling in the spinal cord. Other types of cells can secrete factors
that promote regeneration of the damaged axons into the cavity while also providing the trophic
support necessary for cell migration. Such strategies have demonstrated that reduction of the
cavity size correlates with an increase in functional recovery [7,8].

2.1.2 Glial scar formation and its inhibitory nature—Many different types of cells,
such as macrophages, oligodendrocyte precursors, and meningeal cells, migrate to the injury
site at different time points following injury. However, the resulting glial scar that forms
consists of predominantly reactive astrocytes [2]. The astrocytes are densely packed and secrete
inhibitory molecules into their extracellular matrix, making it difficult for injured neurons to
regenerate across the injury site. The main class of inhibitory molecules produced by reactive
astrocytes is chondroitin sulfate proteoglycans (CSPGs) [9]. These molecules have been shown
to inhibit axonal regeneration in 3-D settings similar to those found in glial scarring [10]. One
of the CSPGs responsible for inhibition of axonal migration is N2, which blocks the neurite
extension promoting effects of laminin found in the extracellular matrix [10,11].

Cell therapy addresses some of these barriers produced by the glial scar. Transplanted cells
can secrete extracellular matrix and cytokines that promote cell migration to help provide
counterbalance to the inhibitory effects of the glial scar. Such strategies can also lessen the
amount of scarring present. Additional strategies for eliminating inhibitory CSPGs, which
could also affect the migration of transplanted cells, include the use of molecules that prevent
CSPG synthesis and chondroitinases which degrade the CSPGs invivo [10,12]. These strategies
can be combined with cell transplantation to create effective regeneration strategies.
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2.1.3 Myelin Based Inhibitors—Other major obstacles present after SCI include myelin
based inhibitors such as Nogo, myelin based glycoprotein (MAG), oligodendrocyte myelin
glycoprotein (OMgp) and tenascin, which are released by damaged oligodendrocytes [3,5,13,
14]. Nogo-A, the predominant isoform expressed in the CNS, consists of two transmembrane
domains and one extracellular domain and inhibits neurite outgrowth [15]. This extracellular
domain contains 66 amino acids and by itself can be used as an agonist referred to as Nogo-66
[3]. Other inhibitors present after SCI include MAG and OMgp. These three proteins (Nogo-
A, OMgp, and MAG) all bind to the Nogo receptor, which mediates the inhibition of neurite
outgrowth by signaling through Rho kinase. These proteins can be neutralized through the use
of Nogo specific antibodies, such as the monoclonal antibody IN-1 [16], agonists such as
Nogo-66 [3], using enzymatic removal of the receptor [17] or by knocking down expression
of the Nogo receptor that binds these proteins [18]. Sialidase, which removes the glycan binding
domains of MAG, has also shown promise for enhancing axonal outgrowth after injury [19].
Tenascin-R, an extracellular matrix glycoprotein, contributes to the inhibitory environment
present after SCI. Multiple studies have demonstrated its effects on preventing neurite
outgrowth and restricting motor neuron innervations after injury [20,21]. Tenascin-R deficient
mice showed improved functional recovery after SCI compared to wild type mice, suggesting
that knocking down its expression could be used as a therapeutic intervention. Thus, a
combination of genetic manipulation and antibodies can be used to address the inhibitory
proteins produced by the damaged oligodendrocytes.

2.2 Challenges in developing cellular therapies to treat spinal cord injury

The spinal cord possesses a complex architecture, composed of neurons, oligodendrocytes, and
astrocytes. The careful arrangement of the different tracts of the spinal cord allow for a variety
of information to be transmitted throughout the body. The different cell types and spatial
arrangement of the spinal cord present challenges when trying to replicate the structure through
the use of transplanted cells. This section will address the issues associated with developing
cellular therapies for the treatment of SCI.

2.2.1 Cell Sourcing Issues—To successfully develop cell based therapies, many cell
sourcing issues need to be considered. When developing such a strategy, the first consideration
is how the cells will be obtained and the quantity of cells needed for transplantation. If the cells
are obtained from an animal source for preclinical studies, thought should be given into how
to translate such work to humans for clinical studies. For cells isolated from tissue, care should
be taken to characterize the cells obtained to determine which specific cell phenotypes are
being implanted. For studies examining the effects of implanting subpopulations of isolated
cells, itis important to ensure the purity of the cells for implantation to later allow determination
of how specific cell types contribute to regeneration. For many stem cell lines, issues arise
when the cells are continuously cultured, including the reproducibility of the cell lines and
number of times a cell line can be passaged. In particular, the properties of stem cells can vary
with passage number. Other issues associated with human embryonic stem cell lines include
the use of culture systems that rely on serum or feeder cell layers. There is a need for
development of culture methods for human stem cells that involve chemically defined media.
Such advances will allow for human stem cells to be transplanted in clinical trials with fewer
regulatory issues.

2.2.2 Transplantation Issues—Once appropriate cell sourcing has been obtained, many
different issues associated with cell transplantation must be considered. The first issue is how
the cells will be delivered and common methods of transplantation will be discussed later in
this review. The cell transplantation method should ensure the integrity and viability of the
cells. For progenitor cells, care should be taken to ensure that the delivery method does not
induce unwanted differentiation or proliferation, which can lead to formation of tetratomas.
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For cross species transplantation, such as mouse cells or human cells being transplanted into
rat injury models, the issues of immune response should be addressed by treating the animals
with appropriate immunosuppressants. The end goal for cellular therapies would be to create
cell lines for transplantation that do not require immune suppression of the patient. Other issues
to consider are the location of the cells after transplantation and how to control cell
differentiation, proliferation and migration in the injury sites. Uncontrolled proliferation can
lead to the formation of tetratomas after implantation, which is undesirable. One delivery
method that can address the issue of controlling cell differentiation and migration is through
the use of biomaterial scaffolds which are discussed later in this article [22-26].

3. Types of Cellular Therapy

A variety of cell types have been evaluated in the context of SCI. Each section will summarize
the advantages and disadvantages of each cell type and discuss the studies performed. Table
One lists the cell types discussed in this review along with the references associated with each
cell type. Unless specifically mentioned, these cellular therapies are evaluated in the context
of rat models of SCI. The most common assessment of functional recovery in these models is
the Basso, Beattie, and Bresnahan (BBB) scale for assessing locomotor behavior [27].
Additional methods of assessing functional recovery include having the animals perform
specific tasks, such as tape removal or rope walking and sensory recovery, such as response
to thermal and mechanical stimuli.

3.1 Embryonic stem cells

Embryonic stem cells (ESCs), which are derived from the blastocyst, possess two important
properties: pluripotency and the ability to self renew. Their ability to differentiate into cells
from all three germ layers make them an attractive source for a variety of applications
[28-30]. Some of the challenges in using ESCs include determining the correct cues to direct
differentiation in the specific desired cell types in vitro and in vivo and preventing tetratoma
formation [31]. Many of these differentiation protocols involve formation of aggregates of cells
known as embryoid bodies (EBs) and treatment with growth factors [23,32-34].

3.1.1 Mouse embryonic stem cells—Mouse ESCs have been investigated as a starting
point for developing potential therapies for SCI. These cells are attractive for preclinical studies
because they are easy to culture and readily differentiate into the cells found in the CNS. Many
different mouse ES cell lines exist and these lines can be studied with federal funding in the
United States. Often, mouse ESCs are tested in the context of rat models of SCI, allowing the
implanted cells to be distinguished from the host cells. However, immunosupression is
necessary to prevent rejection of these cells by the host immune system.

One of the first studies that looked at using mouse ESCs for treatment of spinal cord injury
involved a multistep process that promoted the formation of oligodendrocytes and astrocytes
for transplantation [35]. Once transplanted into the spinal cord, these cells demonstrated the
ability to restore myelination in myelin-deficient shiverer rats, indicating the potential of mouse
ESCs to treat SCI.

This work was followed by a pair of studies performed by the McDonald lab that looked at the
ability of mouse ESCs treated with retinoic acid to promote recovery in SCI models [34,36].
In the first study, the cells were grown as 4—/4+ retinoic acid treated EBs [33], partially
dissociated and injected nine days after contusion injury [36]. These cells differentiated into
mainly oligodendrocytes and astrocytes and were able to promote an increase in BBB scores.
The second study focused on producing oligodendrocytes from mouse ESCs for remyelination
therapy [34]. The first part of the study determined a set of culture conditions to produce mainly
oligodendrocytes from the mouse ESCs. These oligodendrocytes were demonstrated to
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remyelinate axons both in vitro and in an in vivo model consisting of chemically induced
demyelination in the spinal cord.

Other studies have demonstrated that mouse ESCs can survive in the spinal cord for more than
50 days, suggesting their potential as a long term treatment for SCI [37]. A more recent study
showed that mouse ESCs pretreated with a lecithinized brain derived neurotrophic factor
(BDNF) implanted 9 days after T9/10 contusion injury showed better differentiation and
promoted increased functional recovery afterwards, as assessed by BBB compared to cells
treated with normal BDNF, demonstrating the influence of growth factor treatments on ESC
differentiation [38]. Mouse ESCs predifferentiated using the 4—/4+ protocol were implanted
after 7 days into a chronic pain SCI model that consisted of repeated microinjections of
quisqualic acid between T13 and L1 [39]. These cells helped relieve chronic pain as indicated
by reduction in excessive grooming behavior and increased sensitivity to other thermal and
mechanical stimuli.

Recent work has looked at different types of genetically modified mouse ESCs and their impact
on SCI. Mouse ESCs were modified to overexpress the bcl-2 protein, which blocks apoptosis,
and implanted 9 days after contusion injury [40]. However, these cells did not produce an
increase in functional recovery and resulted in tumor-like growths. This study illustrates the
importance of selecting the appropriate proteins when genetically modifying cells for
transplantation. Another study examined the effect of transfecting mouse ESCs with the L1
adhesion molecule, which promotes neuronal outgrowth, to determine the effect on cell
behavior [41]. These cells were injected both rostrally and caudaully to the injury site 7 days
after a T7-9 compression injury. After one month, the cells transfected with L1 showed
increased survival and migration compared to untransfected ESCs. Overall, mouse ESCs serve
a model cell culture system for determining effective strategies for treatment of SCI due to the
ease of culture and ability to be genetically modified. These strategies provide a starting place
for translating such methods to human ESCs.

3.1.2 Human embryonic stem cells—Development of methods and strategies for using
human ESCs for treatment of SCI allows for translation to clinical studies. One of the
challenges of developing human ESC therapies is determining the necessary cues to promote
differentiation in the desired cell types, such as oligodendrocytes and motor neurons. Although
the work done with mouse ESCs provides a good starting point, the end goal is to determine
human ESC differentiation protocols. Similar to the mouse ESCs, testing the ability of human
ESCs to promote recover in rat injury models requires immunosupression. Many of the human
ESC lines that currently exist have been cultured in the presence of mouse feeder cell layers,
making them undesirable for use in clinical trials. Other major challenges include developing
person specific ESC lines to allow transplantation without immunosupression in a clinical
setting.

Work from the Keirstead lab has focused on developing protocols that produce large numbers
of oligodendrocytes from human ESCs [42-45]. Their time intensive differentiation protocol
involves multiple selection steps with serum free media to produce oligodendrocyte progenitor
cells (OPCs) that can differentiate into mature oligodendrocytes in vitro and in vivo [42]. They
implanted these cells into myelin deficient shiverer mice where they integrated into the spinal
cord, differentiated into oligodendrocytes and restored myelination. Based on these results,
they investigated transplanting these human ESC-derived OPCs 7 days after T10 contusion
injury [43]. They demonstrated that these cells differentiated into mature oligodendrocytes in
vivo that could remyelinate damaged axons. An increase in BBB scores for animals that
received the OPCs was observed compared to animals that received media only and injured
control animals. Further studies indicated that such a strategy for treatment of SCI is only
successful when extensive demyelination induced by a 200 kD contusion injury is present, but
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not for a 50 kD injury that does not induce demyelination [45]. Another study has investigated
differentiating human ESCs into neurons for use as a therapy for SCI [32]. This study
determined a protocol for producing large numbers of motor neurons from human ESCs. These
cells were able to maintain their phenotype after in vivo transplantation into the adult rat spinal
cord. This study demonstrate the potential to create human ESC derived neurons, but these
cells still need to be further characterized to determine how they will integrate and contribute
to functional recovery after SCI.

3.2 Neural stem cells

Neural stem cells (NSCs) refer to the multipotent stem cells that give rise to the cells of the
nervous system. These cells are self renewing and are often cultured as neurospheres. They are
found in both embryonic and adult tissues. NSCs isolated from the central nervous system
(CNS) also have been explored as a potential therapy for SCI. Figure 1 shows a schematic of
how NSCs could potentially promote recovery after SCI through different mechanisms. The
majority of the studies use NSCs derived from embryonic animal tissue, usually mouse or rats.
Unless specifically mentioned otherwise, embryonic NSCs were isolated from the CNS of rats
on day 14 of embryonic development. Unlike ESCs, these cells are limited to becoming
neurons, oligodendrocytes, and astrocytes, making it easier to achieve differentiation into the
desired cell types. For many of the studies, the NSCs were harvested from the same species of
animal that they were then transplanted back into to eliminate the possibility of rejection. This
method of harvesting embryonic NSCs poses a problem for clinical studies since these methods
cannot be replicated ethically in humans. Adult NSCs provide an important alternative to
embryonic NSCs and could potentially be obtained from a patient or cadaver to be transplanted
into their injured spinal cord, making them attractive from a clinical perspective.

In one of the first studies using rat embryonic NSCs, Cao et al. investigated implanting NSCs
into both normal and lesioned (T8 contusion) spinal cord [46]. They found the majority of the
implanted cells differentiated into astrocytes, suggesting that these cells may need to be pre-
differentiated before implantation [47]. Further work demonstrated that factors present after
SClI restrict differentiation of these cells. To try and overcome some of these signals,
specifically bone morphogenetic protein (BMP), NSCs were engineered to express noggin, a
BMP agonist, to attempt to obtain better differentiation into neurons and oligodendrocytes
[48]. This strategy was unsuccessful at preventing differentiation and these cells actually
produced an increase in lesion size. However, a different study successfully implemented this
strategy and achieved differentiation of NSCs expressing noggin into neurons and
oligodendrocytes after being implanted into a T8 contusion injury as well as promoted an
increase in BBB scores 3 weeks after injury [49]. These studies illustrate the importance of
controlling protein expression levels when performing genetic manipulation.

Other studies have used NSCs in combination with other strategies to treat SCI. The Langer
lab seeded mouse NSCs into polymer scaffolds [25]. These scaffolds were then implanted into
the lesion site resulting from a T9/10 lateral hemisection. This approach produced functional
recovery as indicated by an increase in BBB scores after 3 weeks compared to animals receiving
only cells and the lesion only animals. This increase in recovery was observed throughout the
rest of the 10 week study even though the transplanted cells did not stain positive for mature
cell markers, indicating that they remained undifferentiated. Tuszynski and colleagues
confirmed that mouse NSCs constitutively secrete a variety of growth factors, including nerve
growth factor (NGF), BDNF, and glial-derived neurotrophic factor (GDNF), in vitro and in
vivo [50]. Invivo, the transplanted NSCs promoted axonal sprouting in a C3 hemisection injury.
They then genetically modified these NSCs to produce neurotrophin-3 (NT-3), which when
tested in the same in vivo model, enhanced the axonal sprouting that was previously observed.
Another approach combined NSC transplantation with antibodies that neutralize the effects of
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ciliary neurotrophic factor (CNTF) [51]. This study showed that neutralizing CNTF reduced
the amount of NSCs that differentiated into astrocytes while promoting regeneration of the
corticospinal tract. No behavioral analysis was reported for this study. A different study by the
Schwartz lab looked at transplanting adult NSCs 7 day post injury in combination with myelin
specific T cells to determine the effect on SCI in a mouse model (T12 contusion injury) [52].
The combination of cells was able to produce functional recovery as evidenced by an increase
in the Basso mouse scale (BMS) [53].

The Weidner group has studied the use of rat adult neural progenitor cells (NPCs) as a therapy
for treating SCI. One of their studies looked at the differentiation of these cells both in vitro
and in vivo [54]. In vitro, the adult NPCs differentiated into mostly neurons and
oligodendrocytes with few astrocytes present. These NPCs were then tested in vivo by
transplanting them immediately following a C3 dorsal column transaction injury. These cells
did not have any effect on the lesion size, but did colocalize with the axons of the corticospinal
tract. A follow up study showed that transplanting these NPCs along with fibroblasts produced
an increase in axonal regeneration compared to transplanting only fibroblasts into the injury
site [55].

Several studies have investigated the potential of NSCs derived from humans to promote
recovery in animal models of SCI. One of the first studies looked at the ability of human NSCs
derived from fetal brain cultured as neurospheres to promote recovery after T9 contusion injury
in both severe combined immunodeficiency (SCID) and myelin-deficient shiverer mice [56].
These cells differentiated into functional neurons and oligodendrocytes while promoting an
increase in functional recovery as assessed by BBB scores. Additional work confirmed the
increase in recovery was due to the NSCs [57]. Another study looked at priming human NSCs
derived from fetal tissue with a combination of growth factors to induce preferential
differentiation towards cholinergic neurons [58]. After transplantation into the spinal cord,
these cells were able to differentiate into cholinergic neurons whereas the same cells that were
not treated with the growth factors differentiated into astrocytes. A different study looked at
the effect of implanting human NSCs into a C5 contusion injury in marmosets [59]. The NSCs
differentiated into neurons, oligodendrocytes, and astrocytes while promoting an increase in
hand grip and motor activity compared to control animals. Finally, Tarasenko and colleagues
tested the effects of priming human NSCs with a combination of heparin, laminin and FGF to
determine if it would affect in vivo differentiation [60]. The cells that were primed demonstrated
increased viability after transplantation into rats compared unprimed cells. Although no
differences were observed in BBB scores between groups, the animals receiving the primed
cells showed an increase in trunk stability as assessed by rearing activity.

3.3 Bone marrow stromal stem cells

Bone marrow stromal cells (BMSCs) are multipotent progenitor cells obtained by taking the
heterogeneous cell population found in bone marrow and selecting for the adherent
subpopulation. Rat and human BMSCs can differentiate into cells that express markers for
mature neuronal cells [61-63], but later studies indicate that these cells do not express voltage
gated ion channels [64]. From a clinical perspective, BMSCs are attractive for transplantation
because they are easily obtained from bone marrow and can be transplanted back into the
original donor, eliminating the risk of rejection. Hofstetter et al. transplanted BMSCs into T7
contusion injury model of SCI both immediately following injury and 7 days post injury [64].
The cells transplanted 7 days post injury showed better rates of survival and formed bundles
that bridged the lesion. Implantation of BMSCs also led to an increase in BBB scores compared
to controls. Another study showed coculture of BMSCs along with NSCs obtained from the
spinal cord promoted differentiation of the NSCs into neurons and glia in vitro [8]. In vivo
transplantation of BMSCs immediately after T8/9 contusion injury reduced cavity formation
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and also promoted an increase in BBB scores. The authors suggest that the BMSCs provided
trophic factors and support for the cells present in the injured spinal cord, allowing them to
migrate into the injury site. Similar results were obtained by a different group when BMSCs
were infused in the cerebrospinal fluid (CSF), providing an alternate method of delivery [7].
Other studies have also looked at the feasibility of different methods of intravenous injection
for BMSC delivery [65-67], but a study by Vaquero et al. showed that direct injection of
BMSCs into the site of a T6-8 contusion injury promoted superior functional recovery when
compared to intravenous injections of BMSCs [68]. A long term study by the Vaquero lab
looked at the long term effects of transplanting BMSCs 3 months after a crush injury [69]. This
study showed that functional recovery steadily increased over the course of a year as indicated
by BBB scores. Finally, human BMSCs transplanted into a T9 contusion model of SCI also
promoted functional recovery as indicated by BBB scores, suggesting that this therapy has
potential to work in humans [70].

Additional work has been done to clarify the mechanisms by which BMSCs promote functional
recovery. One study demonstrated that BMSCs help guide regenerating axons across the injury
site when implanted 2 days after a T8 contusion injury and can help promote recovery by
restoring the stepping control circuitry [71]. A more recent study showed that BMSCs express
the gamma aminobutyric acid (GABA receptor) [72]. They implanted BMSCs rostrally to the
lesion 7 days after a T10/11 impact injury. However, in this study, functional recovery as
assessed by the BBB scale was not observed 4 weeks after injury. BMSCs stimulate
phosphoinositide-3-kinase and mitogen-activated protein kinase signaling in neurons, which
promotes their survival [73].. All of these mechanisms contribute to the success of BMSC
transplantation as a treatment for SCI.

A pair of studies from the Tuszynski lab investigated the use of BMSCs that were genetically
modified to express growth factors to treat a dorsal column transaction injury at C3 [74,75].
The first study looked at the effects of transplanting BMSCs that secreted BDNF immediately
following injury. The BDNF expressing cells induced more robust axonal growth into the lesion
site compared to normal BMSCs [74]. Functional recovery, judged by a tape removal task and
rope walking, was not observed. The second study examined the ability of BMSCs modified
to express NT-3 to induce axonal growth through chronic glial scars [75]. These cells were
implanted 6 weeks post injury at the C3 level and the scar was not resected. These cells were
able to promote regeneration of axons through the scars and into the lesion site, demonstrating
that the glial scar can be penetrated. These studies illustrate the additional benefits of genetic
modification when used in combination with BMSCs.

3.4 Other cell types

In addition to progenitor cells, researchers have also investigated the use of terminally
differentiated cells, such as Schwann cells, olfactory ensheathing cells (OECs), and fibroblasts,
for the treatment of SCI. These cells are easily obtained and cultured, making them attractive
for translational studies. Schwann cells could potentially be harvested autologously from
peripheral nerves in manner similar to how nerves are harvested for isograft use in repair large
gaps produced by injury to the PNS [76]. OECs can be obtained for autologous transplantation
through nasal biopsies and grown in cell culture until needed [77]. Finally, fibroblasts can be
isolated from skin and cultured in vitro to allow for genetic manipulation before transplantation
[78]. These methods for harvesting and culture allow for transplantation without the issue of
rejection. However, it often takes 2-4 weeks of in vitro cell culture to generate enough cells
for transplantation.

3.4.1 Schwann cells—Schwann cells produce the myelin sheaths that surround the neurons
of the peripheral nervous system (PNS) [79]. They play a key role in regenerating axons of the
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PNS after injury by converting to non-myelinating Schwann cells that secrete a variety of
growth factors, including NT-3, NGF, BDNF, CNTF, and fibroblast growth factor (FGF).
These cells also migrate to the injury site after SCI despite being part of the PNS [80]. These
cells can be easily expanded in vitro, allowing for autologous cell transplantation to avoid
immune response. Thus, Schwann cells have been studied for their potential to promote axonal
regeneration and myelination after SCI [81,82].

Bunge and colleagues investigated using Schwann cells seeded in Matrigel inside of nerve
guidance conduits (NGCs) with the distal end capped to determine their effect on the injured
spinal cord [83]. In this study, they used a complete transaction injury model, removing the
spinal cord between T9-11 and replacing it with the NGCs containing Schwann cells.
Compared to control conduits, the NGCs containing Schwann cells showed increased
remyelination as well as propriospinal and sensory axonal regeneration. A follow up study
combined this approach with delivery of BDNF and NT-3 from osmotic pumps [84]. This
approach resulted in the regeneration of the supraspinal axons, but no assessment of functional
recovery was reported. A third study indicated that using open ended channels with such an
approach resulted in axonal regeneration from both the rostral and caudal ends of the injury
[85]. Follow up studies using similar approaches demonstrated that the injured animals
regained impulse conduction only after receiving the Schwann cells [86,87]. Finally, Schwann
cells showed the ability to promote functional recovery as indicated by the BBB scores when
used to treat a less severe injury (T8 contusion), showing their promise as a therapy for mild
SCI [88].

Other studies have looked at genetically modifying Schwann cells to secrete increased amounts
of growth factors, specifically NGF and BDNF [89-91]. Although the genetically modified
cells promoted more axonal regeneration than unmodified Schwann cells, no functional
recovery was observed with either cell line. Additionally, several studies have used Schwann
cells in combination with other strategies for treatment of SCI. Chondroitinase ABC enhances
Schwann cell-induced axonal regeneration, but it does not lead to functional recovery in T9
dorsal hemisection injury model [92]. Combining cyclic adenosine monophosphate (CAMP)
with Schwann cells as therapy for treatment of a T8 mild contusion injury resulted in functional
recovery as assessed by the BBB [93]. This study used an inhibitor against the
phosphodiesterase that hydrolyzes cAMP to extend its signaling, which allows the neurons to
extend into otherwise inhibitory substrates. These results suggest that Schwann cells work best
when used in combination with other therapeutic approaches that minimize the inhibitory
nature of the lesion site.

3.4.2 Olfactory ensheathing cells—Unlike the rest of the adult CNS, the olfactory bulb
retains its regenerative capacity. Neurons found in the olfactory system last approximately 4
weeks before they die and are replaced by newly formed neurons. This difference is attributed
to the presence of OECs, which are glial cells that direct the differentiation of progenitor cells
present in the olfactory system [94]. These cells have been extensively investigated to see if
they have the same capacity to promote regeneration following SCI. These cells can be
harvested and then transplanted back into the original human donor, eliminating rejection.
These cells can are easily obtained, making them ideal for translational research.

Raisman et al. demonstrated that OECs isolated from rats could be used to repair the
corticospinal tract after injury at C1/2 as demonstrated by recovery of reaching behavior on
the side of the lesion [95]. Follow up studies showed that these cells induced myelination,
which allowed for this recovery [96]. They later repeated this work in a chronic SCI model. In
that study, the cells were implanted 8 weeks after injury and 1 to 3 weeks later, the animals
receiving the cells demonstrated functional recovery [97].
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Other groups confirmed similar findings when OECs were implanted in other types of injury
models. After complete spinal cord transaction at T8/9, rats receiving OECs immediately after
injury showed an increased ability to climb on grids 3 months following the surgery compared
to untreated injured rats [98]. Similar results were obtained by other groups [99,100]. A
different study investigated the use of human OECs obtained during surgery to remove frontal
base tumors. These cells demonstrated that they could also remyelinate myelin-deficient
immunosupressed rats, indicating that human OECs possess similar regenerative properties as
the rat OECs [101].

More recent studies have investigated if other mechanisms, in addition to remyelination, were
contributing to the ability of OECs to promote regeneration. One study showed that the
presence of OECs helps mitigate the loss of tissue after photochemical (Rose Bengal) injury
at T8 [102]. This study also observed functional recovery as indicated by BBB scores and
measurement of sensory-evoked potentials. Similar results were observed by Bunge and
colleagues when OECs were grafted 7 days post T8 moderate contusion injury [103]. They
also saw regeneration of supraspinal axons.

Studies have also investigated the use of genetically modified OECs to see if additional benefit
and recovery could be obtained. One study compared the effects of modifying OECs to secrete
either NT-3 or BDNF [104]. The cells that expressed BDNF promoted recovery of the
rubrospinal tract after C3 unilateral transaction injury compared to the cells that expressed
NT-3 and control cells. The growth factor secreting OECs also promoted functional recovery
as assessed by a rope walking task as compared to animals receiving unmodified OECs and
control animals. A follow up study confirmed that the NT-3 secreting cells promoted tissue
sparing in the same injury model, but no differences in functional recovery were observed
between experimental and control groups [105]. OECs modified to secrete GDNF have also
been shown to promote functional recovery after SCI [106]. In this study, OECs that secreted
GDNF were implanted immediately following T8 transection injury. The animals receiving
the GDNF secreting cells promoted increased BBB scores after 4 weeks and increased ability
to walk up planes after 5 weeks compared to both animals that only received OECs and
untreated injured animals. Currently, Phase | clinical trials using autologous OEC
transplantation are underway in Australia where these cells have been demonstrated to be safe
for up to one year after treatment [77].

3.4.3 Fibroblasts—Fibroblasts are cells that make up connective tissue and secrete
extracellular matrix molecules, such as collagen and glycoproteins. These cells are also easy
to obtain and expand in culture, making them attractive for use as a cellular therapy. Fibroblasts
are also easy to genetically modify, allowing for additional functionality. However, the method
of transfection should be carefully considered. Some transfection agents only produce transient
expression of the target protein while other methods, such as lentiviral transfection, produce
stable protein expression, but may cause unwanted mutations upon integrating into the
chromosomal DNA of the fibroblasts. It is also important to characterize the rate at which these
cells produce the target proteins as often there is a target range of therapeutic concentrations.
Too little or too much protein expression can result in seeing no effect or negative effects on
functional recovery.

Many studies have been performed to determine the effect of transplanting fibroblasts that
overexpress neurotrophins, including NT-3, BDNF, and NGF. The Tuszynski lab and their
colleagues have done extensive research into the use of genetically modified fibroblasts for
treatment of SCI. Initially, they examined the effect of grafting fibroblasts modified to secrete
NT-3 acutely into a T7 dorsal hemisection model. These cells produced increases in functional
recovery as assessed by a grid walk test compared to unmodified fibroblasts and fibroblasts
modified to secrete NGF [107]. They also evaluated the effects of grafting the NGF secreting
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fibroblasts into a primate model of SCI. In that study, the spinal cord was injured through
multiple needle penetrations from T7- T9 followed by injections of the fibroblasts. The grafts
promoted secretion of extracellular matrix molecules, such as L1, and increased cell migration
into the injury sites, but no data about the effect on functional recovery was reported [108].
They also studied the effects of implanting these cells into a variety of lesion types and
determined that they could promote axonal regeneration through the CSPG-rich areas of the
glial scar [11].

A pair of studies looked at the effects of delayed transplantation of two types of fibroblasts,
one set that expressed NT-3 and one set that expressed BDNF [109,110]. The first study looked
at the physiological effects of implanting these cells 6 weeks after complete transection of the
spinal cord between the C3 and C4 segments [109]. They observed that the growth factor-
secreting grafts promoted axonal growth into the injury site compared to unmodified fibroblasts
and rescued red nucleus neurons. The second study looked at the effects of transplanting these
cells on functional recovery through a variety of assessments including BBB scoring, grid walk,
mechanical and heat sensitivity tests [110]. The BBB scores actually decreased following
implantation of the cells, suggesting that the additional surgery reinjured the spinal cord. The
experimental group receiving the growth factor-secreting cells did showed increased sensitivity
to heat compared to the control animals.

Many other groups have also investigated the use of fibroblasts as a potent treatment for SCI.
McTigue et al. investigated the effects of several growth factors, including NT-3, BDNF,
CNTF, NGF and basic FGF, secreted by genetically modified fibroblasts on regeneration after
SCI[111]. The cells modified to secrete NT-3 and BDNF promoted proliferation of endogenous
oligodendrocytes and remyelination of damaged axons.

Other studies have looked at the effect of modifying fibroblasts to express other proteins that
may have therapeutic benefits for the treatment of SCI. Blesch and Tuszynski investigated the
effects of implanting cells that secrete GDNF immediately after T7 dorsal hemisection injury.
These cells promoted regeneration of the dorsal sensory column, propriopsinal and motor
axons, but functional recovery was not observed [112]. Another study looked at grafting
fibroblasts that secreted neurotrophin-4/5 into hemisection and complete transaction injuries
at T8 [113]. These cells promoted robust axonal regeneration and Schwann cells were able to
infiltrate the grafts. However, no functional recovery as assessed using the BBB scale was
observed compared to control animals that only received green fluorescent protein expressing
cells. A third study looked at the effects of transplanting fibroblasts that produce matrix
metalloproteinase-3 into T7 contusion injury [114]. They hypothesized that these cells would
degrade the inhibitory CSPGs present at the injury site, allowing for enhanced regeneration.
These cells promoted increased serotonergic fibers distal to the injury site and functional
recovery compared to unmodified fibroblasts but not to control animals that did not receive
cells. This study suggests that the transplantation process or the cells themselves used caused
a decrease in functional recovery.

4. Delivery methods for cellular therapy

Once a decision has been made regarding what type of cells to use, the next consideration is
how to deliver the cells to the injury site. Most of the studies discussed previously involved
directly injecting the cells into and around the injury site . Other minimally invasive injection
methods have been studied, such as intravenous injection, infusion into CSF, and lumbar
puncture [7,65,67,68]. An alternative method of delivery involves seeding cells into scaffolds
and then implanting the scaffolds into the injury site. This section will review these methods
and their advantages and disadvantages will be discussed.
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The majority of studies use a variety of injection methods for delivery of cellular therapeutics.
The most common method of cell grafting involves injecting cells to deliver them into and
around the site of injury [68]. Many studies inject cells rostrally or caudally from the injury
site to achieve better levels of survival. Direct injection into the injury site often produces poor
results in terms of cell survival due to the harsh environment in the lesion. One of the main
issues with using direct injection in the surviving tissues is minimizing the risk of further injury
caused by performing a laminectomy which to allow access for injection. To overcome this
issue, some studies have explored alternative methods of delivery. Systemic administration of
BMSCs by injection into the tail veins of rats has been studied as a minimally invasive injection
technique. Although cells delivered using this method were found at the injury site, direct
injection of BMSCs into the injury site produced superior functional recovery [68]. Other
injection methods include using lumbar puncture to deliver cells and injecting the cells into
the CSF containing cavities found in the brain [65,66]. The first study investigated injecting
BMSCs at L4-5 using a lumbar puncture method [65]. Administering this cellular therapy
within 14 days of T8 contusion injury produced the best results including a reduction in cyst
volume and injury size. Additionally, this method allows for multiple injections, which could
be useful for treatment of chronic injuries. The second study examined injecting cells into the
fourth ventricle of the brain, which consists of a cavity containing CSF [7]. These cells were
injected at the time of T8 contusion injury and the presence of BMSCs promoted an increase
in BBB scores 7 days after surgery compared to untreated, injury only control animals. This
increase in scores was observed up to 35 days following the surgery. These minimally invasive
methods show promise, but more research needs to be done to fully characterize the efficacy
of these strategies compared to the direct injection method.

4.2 Implantable scaffolds

An alternative method for delivering cells to the injury site involves seeding cells into scaffolds
and then implanting the scaffold into the injury. This method has several advantages over direct
injection. One advantage is that scaffolds can provide a more hospitable environment for cell
survival, as well as trophic support for cells. In some cases, these scaffolds can be modified to
contain cues to promote cell survival and promote progenitor cell differentiation. A variety of
materials have been evaluated for their use as scaffolds for treatment of SCI [22,26]. The Langer
lab seeded NSCs into poly(lactic-co-glycolic) acid (PLGA) scaffolds before implanting them
into a hemisection model of SCI where they promoted functional recovery as indicated by an
increase of 4 on the BBB scale compared to animals that received cells only and untreated
injury only animals [25]. The details of this scaffolding system are shown in Figure 2. The
scaffold architecture was designed to mimic the arrangement of white and grey matter found
in the uninjured spinal cord. More recent in vitro work from the Langer lab has investigated
the use of scaffolds consisting of 50/50 blends of PLGA and poly L-lactic acid (PLLA) for
promoting the differentiation of human ESCs into neuronal phenotypes [23,24]. These
scaffolds have been used to promote neuronal differentiation by presenting such cues as retinoic
acid and NT-3. Other groups have investigated using poly (ethylene glycol) (PEG) scaffolds
seeded with rat NSCs to engineer neural tissue [115]. A follow up study indicated that bFGF
enhanced NSC survival while scaffolds containing collagen did not have an observable effect
on NSC behavior [116]. Our lab has evaluated fibrin scaffolds as a method for differentiating
and delivering mouse ESCs [22]. Previous in vivo work has shown that controlled growth factor
release from such scaffolds provides beneficial short term effects as a treatment for SCI
[117-119]. Our most recent work evaluated the effect of different doses and combinations of
growth factors on the differentiation of mouse ESCs seeded inside of 3D fibrin scaffolds
[120]. Ongoing studies are currently being performed to test this approach in vivo. Additionally,
Ma and colleagues have shown that rat embryonic NSCs form functional neuronal circuits
when cultured inside of collagen scaffolds, showing promise an alternative scaffold material
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[121]. This research area, which combines scaffolds with cell transplantation, holds promise
as an alternative to injection methods. Such scaffolds may enhance cell survival after
transplantation and promote differentiation into desired phenotypes based on the scaffold
properties.

5. Conclusions and future directions

This review has discussed the major issues associated with cell therapy for spinal cord
regeneration, including obstacles presented by SCI, the different cell types available, and
methods for cell transplantation. SCI presents many obstacles to regeneration and many of the
strategies that achieve functional recovery take a multi-component approach. One of the
multicomponent approaches involves transplanting two or more types of cells as therapy for
SCI. These strategies can be successful because one cell line can provide secreted factors and
trophic support for the second cell line. In addition to cells, protein therapy, such as the use of
growth factors, enzymes, and neutralizing antibodies, helps promote regeneration after SCI.
Of the growth factors tested experimentally, NT-3, BDNF, and GDNF show the most promise
for SCl treatment. These growth factors can be delivered through genetic modification, osmotic
pumps, or by drug eluting scaffolds. The last two methods (osmotic pumps and drug eluting
scaffolds) can also be used to deliver enzymes, such as chondroitinase ABC, and neutralizing
antibodies, such as a-CNTF and a-NogoR.

Cells genetically modified to secrete growth factors have the advantage of continuously
providing an influx of protein. However, this benefit can turn into a disadvantage once healthy
tissue has been restored. The presence of additional growth factor could lead to unwanted to
cell proliferation. The Tuszynski lab has investigated the use of cells that secrete growth factor
in response to tetracycline ingestion, thus controlling the rate of secretion [122]. Drug eluting
scaffolds can only release the amount of growth factor that was loaded initially into the scaffold.
The rate of release can be modulated through a variety of methods and the time course of release
can be tailored to the time course of regeneration. This process eliminates the issue of unwanted
growth factor present after regeneration has occurred.

Overall, cell therapy combined with other regeneration promoting strategies holds the most
promise for restoring function after traumatic SCI. Many of these strategies have demonstrated
efficacy in preclinical trials. For successful translation to the clinic, these strategies should be
tested in chronic models of SCI and functional recovery should be assessed using a variety of
tests, not just the BBB scale. Additionally, the development of embryonic and neural stem cell
technology will require further research to produce both the cell lines and culture methods
necessary for clinical trials as well as for producing patient specific stem cells. Recent studies
have suggested that patient specific ESCs could be produced by dedifferentiating mature cells
[123]. This research provides one potential avenue for translation of ESC therapies to clinical
trials. Overall, cellular therapies hold great potential for the treatment of SCI.
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Figure 1.

Comparison of the Uninjured and Injured Spinal Cord. A) Diagram showing uninjured spinal
cord containing both ascending and descending tracts of myelinated neurons. B) Diagram
showing the injured spinal cord and glial scar along with potential mechanisms of repair
through the use of neural stem cell therapy. Reproduced from reference [124], Copyright 2007,
Natalia Abramova Lowry and Sally Temple.
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Figure 2.

Biomaterial Scaffolds Seeded with Neural Stem Cells for the Repair of Spinal Cord Injury. A)
Schematic of the conduit consisted of inner and outer layers. The inner layer consisted of a
porous polymer meant to imitate grey matter while the outer layer emulated the properties
exhibited by the white matter with long, axially oriented pores. B) Inner layer of scaffold seeded
with NSCs. Scale bar: 200 uM. C) More detailed look at NSCs seeded in the inner layer of
scaffold. Scale bar: 50 pM. D) Axially oriented pores found in the outer layer of scaffold. Scale
bar: 100 uM. E) Diagram of injury site and placement of scaffold after implantation.
Reproduced from reference [25], Copyright 2002, National Academy of Sciences, U.S.A.
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Table One

Cell Types Used As Therapy For Spinal Cord Injury
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Cell Type

References

Embryonic Stem Cells

Mouse

Human
Neural Stem Cells
Bone Marrow Stromal Cells
Mature Cells

Schwann Cells
Olfactory Ensheathing Cells
Fibroblasts
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