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Abstract Cell therapy plays an important role in multi-

disciplinary management of the two major forms of central

nervous system (CNS) injury, traumatic brain injury and

spinal cord injury, which are caused by external physical

trauma. Cell therapy for CNS disorders involves the use of

cells of neural or non-neural origin to replace, repair, or

enhance the function of the damaged nervous system and is

usually achieved by transplantation of the cells, which are

isolated and may be modified, e.g., by genetic engineering,

when it may be referred to as gene therapy. Because the

adult brain cells have a limited capacity to migrate to and

regenerate at sites of injury, the use of embryonic stem

cells that can be differentiated into various cell types as

well as the use of neural stem cells has been explored.

Preclinical studies and clinical trials are reviewed.

Advantages as well as limitations are discussed. Cell

therapy is promising for the treatment of CNS injury

because it targets multiple mechanisms in a sustained

manner. It can provide repair and regeneration of damaged

tissues as well as prolonged release of neuroprotective and

other therapeutic substances.
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Introduction

This review will cover the role of cell therapy in the two

major forms of central nervous system (CNS) injury—

traumatic brain injury (TBI) and spinal cord injury

(SCI)—which are caused by external physical trauma.

Cell therapy is defined as the prevention or treatment of

human disease by the administration of cells that have

been selected, multiplied, and pharmacologically treated

or altered ex vivo, i.e., outside the body. The scope of cell

therapy can be broadened to include methods, pharma-

cological as well as non-pharmacological, in order to

modify the function of intrinsic cells of the body for

therapeutic purposes [1].

An important reason for interest in cell therapy for CNS

injuries is that, in comparison to most other tissues and

organs, adult CNS exhibits less ability to divide or generate

new neural tissue for replacing the one that is lost by

injury. The aim of cell therapy is to replace, repair, or

enhance the function of damaged tissues or organs. The

cells used can originate from the patient or from a donor or

cell lines or from another species. Apart from secreting

therapeutic substances, transplanted cells may also form

connection with host tissues, e.g., formation of neuronal

connections in case of the brain. Because endogenous

progenitor cells make an effort to repair the CNS injury,

cell therapy strategies also include enhancement of

endogenous stem cell regeneration. Currently, most of the

interest in cell therapy is focused on stem cells.

Cells Used for Therapy of CNS Disorders

Cell therapy for CNS disorders involves the use of cells of

neural or non-neural origin to replace, repair or enhance the

K. K. Jain (&)

Jain PharmaBiotech, Blaesiring 7, CH-4057 Basel, Switzerland

e-mail: jain@pharmabiotech.ch

Mol Biotechnol (2009) 42:367–376

DOI 10.1007/s12033-009-9166-8



function of the damaged nervous system and is usually

achieved by transplantation of the cells, which are isolated

and may be modified, e.g., by genetic engineering. Tissue

engineering in the nervous system is the science of

designing, creating and realizing systems where neural

cells are organized in a controlled manner, to perform

appropriate diagnostic, palliative, and therapeutic tasks in

the nervous system.

Non-neural cells used for CNS injury include autolo-

gous macrophages, activated T lymphocytes and stem

cells. The proposed mechanism of action of implanted

autologous macrophages is simulation of the events that

occur naturally in spontaneously regenerating systems. Key

factors in the recovery of injured tissues, but missing or

deficient in the CNS, are the processes of recruitment and

activation of immune cells. This is the basis of the proposal

for the development of immune cell therapies in which the

injured CNS is exogenously provided with an adequate

number of appropriately activated immune cells such as T

lymphocytes, controlled in such a way as to derive maxi-

mal benefit with minimal risk of disease. It is expected that

these self-adjusting cells can communicate with the dam-

aged tissue, monitor tissue needs, and control the dynamic

course of CNS healing.

Adult brain cells have a limited capacity to migrate to

and regenerate at sites of injury. Embryonic stem cells

(ESCs) are able to differentiate in vitro into various cell

types. Other stem cells such as hematopoietic stem cells

(HSCs), mesenchymal stem cells (MSCs), and umbilical

cord blood stem cells can be differentiated into neuronal

cells. Because spontaneous development of neuronal cells

from ESCs is rather limited, specific protocols are required

to increase the differentiation of neuronal cells. Trans-

plantation of human neural stem cells (NSCs) may offer a

method of circumventing these limitations, since these

cells are both able to migrate and have the potential to

become the cellular components of the nervous system.

NSCs migrate through the parenchyma along non-stereo-

typical routes in a precisely directed manner across great

distances to injury sites in the CNS, where they might

engage niches harboring local transiently expressed repar-

ative signals.

Cell Therapy of TBI

TBI has long been thought to evoke immediate and irre-

versible damage to the brain. This is followed by delayed

and progressive pathobiological changes. Current treatment

consists of surgical evacuation of hematomas and man-

agement of cerebral edema. A number of neuroprotective

agents are being evaluated [2]. No therapeutic intervention

has been found to be effective so far in repairing the

damage following TBI. Experimental studies have

explored cell therapy as treatment for TBI.

Preclinical Studies of Cell Therapy for TBI

Stem cell-based cellular replacement strategies have

potential therapeutic role following TBI but the mechanism

by which stem cells produce their effect, e.g., via integra-

tion into surviving neuronal circuits, local neurotrophic

support, or modification of the local microenvironment to

enhance endogenous regeneration and neuroprotection

remains to be assessed further [3]. Transplantation of bone

marrow-derived MSCs into the injured brain has potential

therapeutic benefit. Although it has been suggested that

differentiation of MSCs into cells of neural lineage may

occur, this is unlikely to be a major factor in functional

recovery after TBI, but other mechanisms that may play a

role include neuroprotection, creation of a favorable envi-

ronment for regeneration, expression of growth factors, or

cytokines [4].

Cell Therapy for Repair of Blood–Brain Barrier

Damage in TBI

Damage to blood–brain barrier (BBB) aggravates the

pathology of TBI and passage of drugs across it is unreli-

able. Therefore, it is desirable to reduce increased

permeability of BBB following TBI. Stem cells are known

to migrate to areas of damage and are potential agents for

repair of BBB.

NSCs are capable of inducing BBB properties by

interactions with brain microvascular endothelial cells

(BMECs) and have been used to devise a rudimentary BBB

in the laboratory [5]. Those authors demonstrated that

NSCs grown as neurospheres can coax BMECs to form a

tighter, more dense barrier to small molecules that would

otherwise diffuse through the blood vessel cells. This might

provide clues about how to mend the barrier when it is

damaged in TBI.

Cell/Gene Therapy for TBI

Neural stem cells have been retrovirally transduced to

produce NGF and transplanted into the injured brain with

marked improvement of cognitive and neuromotor function

and rescue of hippocampal CA3 neurons during the acute

posttraumatic period. The clinical implication of this is that

NGF gene transfer can provide neuroprotection. Human

Ntera-2 neurons genetically modified to express NGF sig-

nificantly attenuate cognitive dysfunction following TBI in

mice indicating that this is a practical and effective method

for stable ex vivo gene delivery into the CNS [6].
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Undifferentiated NT2 cells, when transduced in vitro

with a lentiviral vector to release NGF, differentiate into

NT2N neurons by exposure to retinoic acid. NGF gene

therapy using transduced NT2 N neurons (as a source of

delivery) may selectively improve cognitive function fol-

lowing TBI [7].

A review of the currently available information on

preclinical studies reveals that there are several gene tar-

gets with therapeutic potentials and vectors that can be

used to deliver the candidate genes [8]. In spite of obstacles

in translating these techniques into effective gene therapy

in humans, they provide new strategies for neuroprotection

in TBI.

Clinical Trials of Autologous HSC Therapy for TBI

A unique clinical trial to gauge the safety and potential of

treating children suffering TBI with HSCs derived from

their own bone marrow is in progress [9]. This trial is the

first to apply stem cells to treat TBI, but does not involve

ESCs. Approved by the FDA, the trial is based on labo-

ratory and animal research indicating that bone marrow-

derived HSCs can migrate to an injured area of the brain,

differentiate into new neurons and support cells, and induce

brain repair.

Limitations of Stem Cell Therapy for Acute TBI

Although ESC transplantation is being investigated for the

treatment of TBI, characteristic of massive loss of multiple

cell types due to primary insult and secondary sequelae

need to be considered. The local cerebral environment in

the first 48 h after TBI is highly proinflammatory. The

proinflammatory cytokines interleukin (IL)-1a, IL-1b, IL-

6, and tumor necrosis factor-a are significantly elevated

after controlled cortical impact in the injury as well as the

surrounding region in experimental animals [10]. The

local, acute proinflammatory response after TBI may serve

as a therapeutic target of early cell therapy or, conversely,

may create an unfavorable local environment, limiting the

efficacy of early cell therapy.

In one study, green fluorescent protein (GFP)-transfected

murine ESCs were implanted into the brain on the side of

injury or cortex of the opposite hemisphere in male Spra-

gue-Dawley rats 72 h after fluid-percussion injury [11].

After seven weeks, only a few GFP-positive cells were

found, indicating an extensive loss of stem cells during this

time period. The observed cell loss was mediated via

phagocytosis of implanted cells by activated macrophages.

Cerebral trauma, induced 3 days prior to implantation, had

activated the inflammatory potential of otherwise immu-

nologically privileged brain tissue. Subsequent cell

implantation was accompanied by reactive astrogliosis,

activation of microglia, as well as a massive invasion of

macrophages into transplantation sites even when the grafts

were placed into opposite healthy hemispheres. These

results demonstrate a significant posttraumatic inflamma-

tory response, which impairs survival and integration of

implanted stem cells and has generally not been taken into

account in designs of earlier transplantation studies.

Combination of Cell Therapy for TBI with other

Approaches

Because of multiple pathways involved in the patho-

mechanism of secondary damage in TBI, no single

approach may be adequate, and hence integration of sev-

eral approaches would be required. Selection of these

methods would vary according to severity and location of

injury as well as other factors taken into consideration for

personalizing therapy to attain optimal efficacy and safety

in an individual patient. Cell therapy is expected to play an

important role in this approach.

Improving the Microenvironments of Transplanted Cells in

TBI

For repair of TBI, it is important to ensure that cells are

transplanted into an environment that is favorable for

extended survival and integration within the host tissue.

Features such as three-dimensionality of the graft and

adhesive support for donor cells facilitate integration.

Extracellular matrix proteins such as fibronectin and lam-

inin are involved in neural development and may mediate

subsequent cell signaling events. Enhanced cell survival

was demonstrated following transplantion of a NSC con-

struct containing laminin-based scaffold into the

traumatically injured mouse brain [12]. Furthermore,

behavioral analyses showed that mice receiving NSCs

within the laminin-based scaffold performed significantly

better than untreated mice on a spatial learning task, indi-

cating that functional recovery correlates positively with

donor cell survival. These results suggest that appropriate

extracellular matrix-based scaffolds can be exploited to

improve cell transplantation therapy.

Nanomaterials and Stem Cell Therapy of TBI

The peptide nanofiber scaffold is an effective technology

for tissue repair and restoration, and is a promising candi-

date in the treatment of TBI. This peptide nanofiber scaffold

has several advantages over currently available polymer

biomaterials. The network of nanofibers is similar in scale

to the native extracellular matrix and thus provides an

environment for cell growth, migration, and differentiation.

This peptide disintegrates and is immunologically inert.
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Nanoparticles are used as markers to follow the fate of

cells transplanted in TBI. Magnetic resonance imaging

(MRI) of grafted adult- as well as ESCs-labeled with iron

oxide nanoparticles is a useful method for evaluating cel-

lular migration toward a lesion site [13].

Cell Therapy for Spinal Cord Injury

The SCI can lead to serious neurological disability and the

most serious form of it is paraplegia or quadriplegia. Local

spinal cord lesions are often greatly enlarged by secondary

damage, which is accompanied by additional massive cell

death that involves neurons, microglia, and macroglia and

is virtually complete at 12 h. Immediate care involves

stabilization of the patient’s general condition by support-

ive measures. Surgery is carried out in some cases for

removal of compressing lesions and stabilization of spinal

fractures. A number of neuroprotective strategies are under

investigation. There is no therapeutic measure available

currently, which enhances functional recovery signifi-

cantly. Experimental studies as well as clinical trials have

explored the use of cell therapy for SCI.

Preclinical Studies of Cell Therapy for SCI

Autoimmune T cells against CNS myelin-associated pep-

tide have a neuroprotective effect in experimental models,

i.e., they reduce the spread of damage and promote

recovery in injured rat spinal cord. Some research groups

are trying to promote surviving axons to grow across the

damaged area and reconnect with others, using combina-

tions of different growth factors. Considerable advances

have also been made in the last decade in devising and

evaluating cell transplantation strategies for enhancing

axon regeneration for patients with spinal cord injuries and

other lesions. Thus, a number of studies have established

that transplantation of glial cells can have beneficial con-

sequences in experimental models of spinal cord trauma

and demyelination.

NSCs present in the adult spinal cord can be expanded in

vitro and improve recovery when transplanted to the

injured spinal cord, demonstrating the presence of cells that

can promote regeneration but that normally fail to do so

efficiently. Use of genetic fate mapping has shown that

close to all in vitro NSC potential in the adult spinal cord

resides within the population of ependymal cells lining the

central canal, which are recruited by SCI and produce not

only scar-forming glial cells, but also, to a lesser degree,

oligodendrocytes [14]. Modulating the fate of ependymal

progeny after SCI may offer an alternative to cell trans-

plantation for cell replacement therapies in SCI.

Fetal Neural Grafts for SCI

Studies of intraspinal transplantation in experimental ani-

mals reveal that solid and suspension grafts of fetal tissues

from several areas of neuraxis survive after placement into

the spinal cord. Moreover, these grafts mature, integrate

with host’s CNS, enhance the growth of specific systems

from the host, and enhance recovery of function. It is

questionable whether fetal cell transplantation would

become an important method for the treatment of human

SCI. Ethical and procedural problems associated with

procuring human fetal tissues may be formidable.

Olfactory-Ensheathing Cells for SCI

Olfactory-ensheathing cells (OECs) are found along the

full length of the olfactory nerve, from the basal lamina of

the epithelium to the olfactory bulb, crossing the periph-

eral nervous system–CNS junction. In vitro, these cells

promote robust axonal growth, in part, through cell

adhesion molecules and possibly by secretion of neuro-

trophic growth factors that support axonal elongation and

extension. In animal models of SCI, transplantation of

ensheathing cells supports axonal remyelination and

extensive migration throughout the length of the spinal

cord. Potential therapeutic superiority of olfactory glia

over Schwann cells has been demonstrated by experiments

in which the number of regenerating axons crossing a

transection site was dramatically increased when olfac-

tory-ensheathing glia were placed at the interface between

a Schwann-cell-filled guidance tube and the damaged

spinal cord.

The OECs, transplanted into the injured spinal cord of

laboratory rats, have a remarkable capacity to integrate into

damaged pathways, laying a ‘bridge’ over the gap in the

nerve fibers caused by injury [15]. The cells can be

obtained from tissue samples taken from the adult nasal

lining by a technique that does no permanent damage, since

the system, such as skin, contains adult stem cells and is in

a state of continuous self renewal. If this technique can be

transferred to humans, the patient can be his/her own cell

donor. This will avoid the need to use hESCs, to find donor

individuals, foreign stem cells, or to use powerful drugs

with unknown side effects. Thus, the repair of the injured

spinal cord is now a possibility although the findings of

another study indicate that OEC transplants alone are not

sufficient for neural repair and functional recovery after

SCI [16]. In addition, OECs can induce abnormal axonal

growth, making further studies necessary before consider-

ing their clinical use. A clinical trial of autologous

transplantation of OECs into the spinal cord in six SCI

patients with complete, thoracic paraplegia showed that

this procedure is feasible and is safe up to 3 years of
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post-implantation; however, this conclusion should be

considered preliminary because of the small number of trial

patients [17].

Oligodendrocyte Precursor Cells for Treatment of SCI

Isolated rat adipose tissue-derived stromal cells (rATSCs)

contain pluripotent cells that can be differentiated into a

variety of cell lineages, including neural cells. Recent work

has shown that ATSCs can make neurosphere-like clumps

and differentiate into neuron-like cells expressing neuronal

markers, but their therapeutic effect is unclear. One study

has reported that intravenous infusion of oligodendrocyte

precursor cells (OPCs) derived from rATSC autograft cells

sources improve motor function in rat models of SCI [18].

Following intravenous injection, rATSC-OPC cells sur-

vived and migrated into the injured region of SCI very

efficiently (30–35%), and migrated cells were partially

differentiated into neurons and oligodendrocytes. Behav-

ioral analysis revealed that the locomotor functions of

OPC-autografted SCI rats were significantly restored.

Efficient migration of intravenously engrafted rATSC-

OPCs cells into SCI lesion suggests that SCI-induced

chemotaxic factors facilitate migration of rATSC-OPCs.

Engrafted rATSCs and SCI-induced chemotaxic factors

play an important role in proliferation, migration, and

differentiation of endogenous spinal cord-derived neural

progenitor cells in the injured region. In transplantation

paradigms, the interaction between engrafted rATSC-OPCs

and endogeneous spinal cord-derived neuronal progenitor

cells will be important in promoting healing resulting in

coordinated induction of cell migration and differentiation.

Demyelination contributes to loss of function after SCI,

and thus a potential therapeutic strategy involves replac-

ing myelin-forming cells. Transplantation of hESC-

derived OPCs into adult rat SCIs enhances remyelination

and promotes improvement of motor function [19].

Transplanted OPCs survived, redistributed over short

distances, and differentiated into oligodendrocytes. Ani-

mals that received OPCs 7 days after injury exhibited

enhanced remyelination and substantially improved loco-

motor ability. In contrast, when OPCs were transplanted

10 months after injury, there was no enhanced remyeli-

nation or locomotor recovery. These studies document the

feasibility of predifferentiating hESCs into functional

OPCs and demonstrate their therapeutic potential at early

time points after SCI.

Schwann Cell Transplants for SCI

To promote growth and remyelination, Schwann cells (the

peripheral nervous system equivalent of oligodendrocytes)

have been transplanted. Unfortunately, Schwann cells and

oligodendrocytes erect an inhibitory barrier when they

encounter each other. Grafting of Schwann cells modified

to overexpress human nerve growth factor significantly

supports extensive axonal growth in models of SCI.

Transplantation of Glial Cells for SCI

Following acute damage to the CNS by trauma or ische-

mia, the glial cells as well as the neurons die leading to a

breakdown in the integrity of the glial environment and this

limits regeneration. Glia-depleted areas of the CNS can be

reconstituted by the introduction of cultured glial cells.

When introduced into infarcted white matter in the spinal

cord, progenitor-derived astrocytes fill the damaged area

more effectively than tissue-culture astrocytes although

their axons do not regenerate into the reconstituted areas.

However, they promote revascularization and attenuate

scarring which is an impediment to regeneration.

Transplantation of astrocytes derived from embryonic

glial-restricted precursors (GRPs) has been shown to pro-

mote robust axon growth and restoration of locomotor

function after acute transection injuries of the adult rat spinal

cord. Predifferentiation of glial precursors into GDAs before

transplantation into spinal cord injuries leads to significantly

improved outcomes over precursor cell transplantation,

providing both a novel strategy and a highly effective new

cell type for repairing CNS injuries [20].

Embryonic Stem Cells for SCI

Several experimental studies in rats have investigated the

implantation of ESCs for SCI. The oligodendrocytes

myelinated both in vitro and in vivo in the spinal cord.

Although recovery of some spinal cord function has been

demonstrated, it is not yet clear exactly how cell trans-

plantation works. The newly formed cells may secrete

growth factors that induce regeneration of native oligo-

dendrocytes. Ongoing studies are trying to increase the

migration of cells to achieve a more uniform distribution at

the site of injury.

Transplantation of MSCs for SCI

A study has demonstrated that genetically modified hMSC

lines can survive in healthy rat spinal cord over at least

3 weeks by using adequate immune suppression and can

serve as vehicles for transgene expression [21]. However,

before genetically modified hMSC can potentially be used

in a clinical setting to treat SCI, more research on stan-

dardization of hMSC culture and genetic modification

needs to be done in order to prevent tumor formation and

transgene silencing in vivo.
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Transplantation of NSCs for SCI

Isolated, human NSCs grown as neurospheres (hCNS-

SCns) survive, migrate, and express differentiation markers

for neurons and oligodendrocytes after long-term engraft-

ment in spinal cord-injured NOD-SCID mice [22].

Remyelination occurred and electron microscopy demon-

strated synapse formation between hCNS-SCns and mouse

host neurons. Locomotor recovery following engraftment

was abolished by selective ablation of engrafted cells by

diphtheria toxin. Glial fibrillary acidic protein-positive

astrocytic differentiation was rare, and hCNS-SCns did not

appear to contribute to the scar. These data suggest that

hCNS-SCns may possess therapeutic potential for CNS

injury and disease.

However, additional animal studies are necessary both to

establish the mechanism of recovery and to evaluate the

potential of these cells for possible therapeutic use. Trans-

plantation of human NSCs into the lumbar cord of normal or

injured adult nude rats have been shown to undergo large-

scale differentiation into neurons that formed axons and

synapses and established extensive contacts with host motor

neurons [23]. Spinal cord microenvironment appeared to

influence the fate of NSCs, with centrally located cells

taking on a predominant neuronal path, and cells located

under the pia membrane persisting as NSCs or presenting

with astrocytic phenotypes. Slightly fewer than one-tenth of

grafted neurons differentiated into oligodendrocytes. The

presence of lesions increased the frequency of astrocytic

phenotypes in the white matter. In view of recent similar

findings from other studies, the extent of neuronal differ-

entiation observed in this study disputes the belief that the

spinal cord is constitutively unfavorable to neuronal repair.

Restoration of spinal cord circuitry in traumatic and

degenerative diseases may be more realistic than previously

thought, although major challenges remain, especially with

respect to the establishment of neuromuscular connections.

The NSC grafting in rats with SCI improves motor

recovery. Although differentiation of engrafted NSCs is

restricted exclusively toward the astrocytic phenotype, the

NSC-derived astrocytes show features that are typical of

the early phase after SCI when the glial scar still allows

regeneration of axons [24]. Modifying the glial scar with

NSCs might enhance axonal regeneration in the injured

area. The use of genetically engineered NSCs that express

trophic factors appears to be an attractive tool in SCI

research.

Combined Approaches for Regeneration in SCI

In a combinatorial approach, a preconditioning stimulus to

sensory neuronal cell bodies was delivered by injecting

cAMP into the lumbar dorsal root ganglion, and a

postinjury stimulus to the injured axon was administered

by injecting neurotrophin-3 (NT-3) within and beyond a

cervical spinal cord lesion site grafted with autologous

bone marrow stromal cells [25]. One to 3 months later,

long-projecting dorsal-column sensory axons regenerated

into and beyond the lesion. Regeneration beyond the lesion

did not occur after treatment with cAMP or NT-3 alone.

Thus, clear axonal regeneration beyond SCI sites can be

achieved by combinatorial approaches that stimulate both

the neuronal soma and the axon, representing a major

advance in strategies to enhance spinal cord repair.

Cell Therapy Combined with Neurogenein-2

Although the transplantation of stem cells improves

recovery from SCI in rats, a painful condition can also

develop, which can be prevented if the stem cells are

supplemented with neurogenin-2, a gene that controls their

maturing process [26]. The aggravated sensitivity to pain

was thought to be the result of the fact that many stem cells

developed into astrocytes that encourage the growth of pain

axons in the spinal cord by secreting substances that

stimulate neuronal development. The presence of neurog-

enin-2, a transcription factor that regulates the activity of

other genes during the stem cell maturing process, inhibited

the development of astrocytes and encouraged the forma-

tion of oligodendrocytes. The small number of astrocytes

that developed from the neurogenin-2-bearing stem cells

corresponded to the lack of growth of pain axons. The

greater number of oligodendrocytes that were produced by

the neurogenin-2-bearing stem cells also corresponded to a

greater volume of white substance, i.e., myelin-coated

nerve fibers, in the damaged area. The use of functional

Magnetic Resonance Imaging (fMRI) demonstrated the

return of sensory function following spinal injury. fMRI

can be used to compare results from animal and human

studies if and when new therapies for the treatment of SCI

can be tested on patients.

Stem Cell Therapy Combined with T Cell-based

Vaccination

T cell-based vaccination of mice with a myelin-derived

peptide, when combined with transplantation of adult

neural stem/progenitor cells (aNPCs) into the CSF, syner-

gistically promotes functional recovery after SCI [27]. The

synergistic effect is correlated with modulation of the

nature and intensity of the local T cell and microglial

response, expression of BDNF and noggin protein, and

appearance of newly formed neurons from endogenous

precursor-cell pools. These results substantiate the con-

tention that the local immune response plays a crucial role
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in recruitment of aNPCs to the lesion site, and suggest that

similar immunological manipulations might also serve as a

therapeutic means for controlled migration of stem/pro-

genitor cells to other acutely injured CNS sites.

Combination of Stem Cells with Scaffolds for Repair of SCI

To better direct repair following SCI, scientists have

designed an implant modeled after the intact spinal cord

consisting of a multicomponent polymer scaffold seeded

with neural stem cells [28]. Implantation of the scaffold-

neural stem cells unit into an adult rat hemisection model

of SCI promoted long-term improvement in function

(persistent for 1 year in some animals) relative to a lesion-

control group. At 70 days postinjury, animals implanted

with scaffold-plus-cells exhibited coordinated, weight-

bearing hindlimb stepping. Histology and immunocyto-

chemical analysis suggested that this recovery might be

attributable partly to a reduction in tissue loss from sec-

ondary injury processes as well as in diminished glial

scarring. Tract tracing demonstrated corticospinal tract

fibers passing through the injury epicenter to the caudal

cord, a phenomenon not present in untreated groups.

Together with evidence of enhanced local GAP-43

expression not seen in controls, these findings suggest a

possible regeneration component. These results may sug-

gest a new approach to SCI and, more broadly, may serve

as a prototype for multidisciplinary strategies against

complex neurological problems.

Combined Cell/Gene Therapy for SCI

Demyelination contributes to the neurological deficits after

contusive SCI. Therefore, remyelination may be an

important strategy to facilitate repair after SCI. Combining

partially differentiated stem cells with gene therapy can

promote the growth of new ‘‘insulation’’ around nerve fibers

in the damaged spinal cords of rats [29]. Glial-restricted

precursor cells (GRPs), which differentiate into both oli-

godendrocytes and astrocytes, formed normal-appearing

central myelin around axons of cultured neurons, and had

enhanced proliferation and survival in the presence of

neurotrophin 3 (NT3) and brain-derived neurotrophin factor

(BDNF). GRPs, transfected with retroviruses carrying

D15A gene (expressing both BDNF and NT3), were

transplanted then into the damaged spinal cord at 9 days

after injury. Six weeks after transplantation, the grafted

GRPs differentiated into mature oligodendrocytes express-

ing both myelin basic proteins, and there was recovery of

motor function. Therefore, combined treatment with neu-

rotrophins and GRP grafts can facilitate functional recovery

after traumatic SCI and may prove to be a useful therapeutic

strategy to repair the injured spinal cord. The researchers

are now investigating ways to improve this type of therapy

with additional genetic modifications to the transplanted

cells, and they plan to test similar techniques that start with

undifferentiated ESCs instead of glial-restricted precursor

cells. ESCs would be better for human studies than glial-

restricted precursors because ESCs can be more readily

obtained.

Delivery of Cells in SCI

Neural precursor cells (NPCs) are promising grafts for

treatment of traumatic CNS injury and neurodegenerative

disorders because of their potential to differentiate into

neurons and glial cells. When designing clinical protocols

for NPC transplantation, it is important to develop alter-

natives to direct parenchymal injection, particularly at the

injury site. Since it is minimally invasive, intrathecal

delivery of NPCs at lumbar spinal cord by lumbar puncture

represents an important and clinically applicable strategy.

Similar to direct parenchymal injections, transplanted NRP

and glial-restricted precursors cells survive at the injury

cavity for at least 5 weeks post-engraftment, migrate into

intact spinal cord along white matter tracts and differentiate

into all the three mature CNS cell types: neurons, astro-

cytes, and oligodendrocytes [30]. Furthermore, very few

graft-derived cells localize to areas outside the injury site,

including intact spinal cord and brain. These results dem-

onstrate the potential of delivering lineage-restricted NPCs

using the minimally invasive lumbar puncture method for

the treatment of SCI.

Intrathecal Injection of Cells Labeled with Magnetic

Nanoparticles

Autologous bone marrow CD34? cells labeled with

magnetic nanoparticles have been delivered into the spinal

cord via lumbar puncture in a study on patients with

chronic SCI [31]. One group received their own labeled-

CD34? cells whereas the others received an injection

containing only magnetic nanoparticles without stem cells

to serve as controls. CD34? cells were labeled with

magnetic nanoparticles coated with a monoclonal antibody

specific for the CD34 cell membrane antigen. MRI showed

that magnetically labeled CD34? cells were visible at the

lesion site as hypointense signals following transplanta-

tion, but these signals were not visible in any patient in the

control group. This study shows that autologous bone

marrow CD34? cells labeled with magnetic nanoparticles,

when delivered intrathecally migrate into the site of injury

in patients with chronic SCI and can be tracked by MRI. It
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also supports the feasibility of treatment of SCI with

intrathecal cell therapy.

Intravenous Injection of Stem Cells for Spinal Cord Repair

Transplantation of NPCs has been reported recently to

promote regeneration of the injured spinal cord. In the

majority of these reports, cell transplantation was per-

formed by local injection with a needle. However, direct

injection might be too invasive for clinical use; therefore, a

new method of delivering NPCs for the treatment of SCI

has been investigated [32]. In this study, NPCs were

obtained from E15 fetal hippocampus of transgenic rats

expressing green fluorescent protein and 100,000 cells

were transplanted intravenously into each animal 24 h after

contusion injury. The injected NPCs migrated to the lesion

site widely and demonstrated nestin at an early phase after

transplantation. These NPCs differentiated into neurons,

astrocytes, and oligodendrocytes, and survived at least for

56 days. These results indicated that intravenously injected

neural stem cells migrated into the spinal cord lesion while

preserving their potential as NPCs, and that this procedure

is a potential method of delivering cells into the lesion for

the treatment of SCI.

Clinical Trials of Cell Therapy for SCI

There are several anectodal reports of use of stem cells to

repair the spinal cord in paraplegic patients. The procedure

has been performed in China, Russia, South Korea, and in

Portugal. Variable results have been reported with some

claims of recovery. Various clinical trials of cell therapy

for SCI are listed in Table 1.

Autologous Bone Marrow Cell Transplantation for SCI

Based on the findings that transplanted bone marrow (BM)

cells improve neurologic disease in CNS injury models by

generating neural cells or myelin-producing cells, a study

has evaluated nine patients with chronic complete SCI who

were treated with autologous BM-derived hematopoietic

progenitor stem cell transplantation without any serious

complications [33]. Autologous hematopoietic progenitor

stem cell avoids the problems associated with immunologic

rejection and GvHD, which are frequently caused by

allografts. Another advantage of this type of cell therapy is

that it is not associated with carcinogenesis, which can

occur with ESC therapy. Results of this study show that

autologous BM stem cell therapy is effective and safe for

the treatment of chronic SCI.

The therapeutic effects of autologous bone marrow cell

transplantation (BMT) in conjunction with the adminis-

tration of granulocyte macrophage-colony stimulating

factor (GM-CSF) have been investigated in six complete

SCI patients [34]. BMT in the injury site and subcutaneous

GM-CSF administration were performed on five patients.

One patient was treated with GM-CSF only. The follow-up

periods were from 6 to 18 months. Sensory improvements

were noted over a period from 3 weeks to 7 months post-

operatively whereas significant motor improvements were

noted 3–7 months postoperatively. Four patients showed

neurologic improvements in their American Spinal Injury

Association Impairment Scale (AIS) grades (from A to C).

One patient improved to AIS grade B from A and the last

patient remained in AIS grade A. No immediate worsening

of neurologic symptoms was found. Follow-up study with

MRI 4–6 months after injury showed slight enhancement

Table 1 Clinical trials of cell therapy in SCI

Spinal cord injury (SCI) Types of cells/results Trial phase Sponsors

Acute SCI ProCord: autologous activated macrophages, administered

within 14 days of injury

Phase II Proneuron Biotechnologies

Acute SCI Lithium to stimulate regeneration in phase I

In addition, stem cells that are extracted from matching

umbilical cord bloodare injected into the spinal cords

of the subjects in phase II

Phase I

Phase II

Hospitals in mainland

China, Hong Kong,

and Taipei

Acute SCI Autologous stem cell transplantation with interim results

showing improvement

Open study PrimeCell Therapeutics

Acute SCI ‘‘Self-repair kit’’ using adult stem cells Phase I St. Vincent’s Hospital,

Melbourne, Australia

Acute SCI hESCs derived from cell lines at NIH Phase I Geron Corporation

Chronic SCI Delivery of autologous bone marrow precursor cells labeled

with magnetic nanoparticles and tracked with MRI

Phase I São José Dos Campos–São

Paulo, Brazil

SCI with thoracic

paraplegia

Transplantation of autologous olfactory-ensheathing cells

into the spinal cord is feasible and is safe up to 3 years

of post-implantation

Phase I/II

completed
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within the zone of BMT. No syrinx formation had occurred

in the treated patients. The authors concluded that BMT

and GM-CSF administration represent a safe protocol to

efficiently manage SCI patients, especially those with acute

complete injury. To demonstrate the full therapeutic value

of this protocol, long-term and more comprehensive con-

trolled clinical trials are required.

Clinical Trials of hESCs for SCI

On January 22, 2009, the FDA approved the first clinical

trial using hESCs derived from cell lines at NIH (previ-

ously forbidden for human use) for the treatment of SCI.

The trial, planned for the summer of 2009, will be con-

ducted by Geron Corporation. A special device will be used

to inject hESCs into the spinal cords of patients with

complete paraplegia due to SCI to determine whether

procedure is safe and also whether there will be any signs

of recovery of function.

Concluding Remarks on the Cell Therapy of CNS

Injury

Cell therapy is promising for the treatment of CNS injury

because it targets multiple mechanisms in a sustained

manner. It can provide repair and regeneration of damaged

tissues as well as prolonged release of neuroprotective and

other therapeutic substances. Microenvironments of cell

transplants can be improved by incorporation of substances

to enhance cell survival. Transplantation of ESCs along with

nanofiber scaffolds may emerge as an important component

of multidisciplinary approach toward management of severe

TBI along with use of neuroprotective therapies. Although

several types of cells have been investigated for this purpose,

there is increasing use of ESCs in experimental studies;

however, usefulness of this procedure remains to be proven

by human clinical trials.

Cell therapy alone may not suffice and may need to be

combined with other methods. To improve the efficacy of

cell therapy for CNS injury, one has to consider and

combine four main approaches: (i) tissue or cell trans-

plantation; (ii) neurotrophic factors; (iii) blocking of

inhibitors of neural regeneration; and (iv) modulation of

inflammatory response following SCI [35].

Overall TBI, which is more frequent than SCI and

results in multiple serious disabilities, is a top priority for

improvement in management in the United States, and

some of the projects involve cell therapy. However, SCI

with obvious physical disability such as paraplegia is cur-

rently receiving more research support than TBI for

projects involving cell therapy and several clinical trials are

in progress.
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