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State of play of spinal cord injury?State of play of spinal cord injury?

Lord Nelson :  “All power of motion and feeling below my 
chest are gone”

Surgeon Beatty : “My Lord, unhappily for our country, 
nothing can be done”



Australia USA

Road Accidents 45 % 40 %

Violence 0   % 25 %

Sports/Other 55 % 35 %

New SCI per year ~ 400 ~11,000

Total 11,000 ¼ million

Age of majority SCI 15-25 15-30

Human Spinal Cord InjuryHuman Spinal Cord Injury

Acute         Chronic



C5 C6 C7 C8

Spinal Cord Injury

Nerve pathways severed/damaged                   Regeneration/repair/replace

Demyelination                                                   Remyelination

Cyst formation, tissue degeneration                  Increase Tissue Sparing

Scar tissue (inhibitory environment)                  Reduce scar formation

Inflammation  (secondary damage)                   Reduce immune response

Problem Solution or Strategy
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Strategies to Promote Spinal Cord Repair



NT-3 neurotrophin 3 

BDNF brain-derived neurotrophic factor 

GDNF glial cell line-derived neurotrophic factor

NGF nerve growth factor

bFGF basic fibroblast growth factor

• Enhance growth and function, 

• Rescue axotomised CNS neurons and reduce atrophy

• Prolong normally transient expression of regeneration-
associated genes after SCI

Delivered virally and/or in scaffolds; (Houweling et al., 1998; Han et al., 2009, 
Tobias et al., 2001, 2005, Jain et al., 2006; Stokols and Tuszynski, 2006, Piantino et al., 2006 , 
Li et al., 2009, Sakiyama-Elbert & Hubbell 2000; Taylor et al., 2004; Willerth et al., 2007). 

Delivered With cells (OEGs, SCs, NPCs): (Plant et al., 2003; Meijs et al., 2004)

Growth Factor Therapy

All Promote Axonal 
Growth After SCI



Gene Therapy
Viral vectors introduce therapeutic genes into endogenous cells or to 
genetically modify donor cells ex vivo prior to transplantation

Recombinant adeno- or adeno-associated (AAV) viral vectors 

Introduced genes into cells in the spinal cord in vivo 

Prevents apoptosis, reduces neuropathic pain, delivers growth factors (NT-3, 
BDNF) to enhance protection and axonal outgrowth

Lentiviral (LV) - stably integrate into host’s genome (dividing & quiescent)

LV gene transfer to glial scar results primarily in transgene expression by 
astrocytes (Hendriks et al., 2007).

Donor cells (eg Schwann cells, fibroblasts) modified ex vivo using retroviral & 
LV vectors successfully deliver neurotrophic factors (NGF,  BDNF, GDNF, NT-
3)

Ability to safely regulate (switch on or off) transgene expression in grafted cells 
is likely to be an essential next step in this process.



Tissue Engineering
Implantation of acellular, biocompatible and/or bioactive scaffolds and 
polymer bridges can also be used in combination with different growth factors 
or donor cells for tissue replacement

Ideally:-

• Biocompatible, 
• Facilitates tissue growth and vascularization, 
• Allows axonal regeneration through and beyond implant (reconnect with 
‘normal’ tissue)

Interaction, penetration and extent of growth/regeneration impacted by;

• Surface charge, rate of protein adsorption, mechanical properties
• Rate of scaffold degradation (or lack of)
• Longitudinally oriented pores or channels
• Possible toxic effects accompanying degredation



Tissue Engineering
Important to promote infiltration of endothelial cells, astrocytes, 
oligodendrocytes and endogenous precursors. 

Cell adhesion to biomaterials occurs nonspecifically through adsorption of 
proteins from CSF or blood to the biomaterial surface

Proteins can then interact with cells through specific adhesion receptors, and 
thus cells can adhere to implanted scaffold 

To promote more specific cell adhesion, adhesion proteins (eg fibronectin) 
can be incorporated onto scaffold to mediate specific cell-biomaterial 
interactions

Structurally, scaffold should physically support tissue regeneration and 
maintain mechanical integrity until sufficient regeneration has occurred

Loss of scaffold integrity/degradation - damage can occur to regenerating 
tissue (Non degradable hydrogels stable for 21 months (Woerly et al., 2004))



Tissue Engineering
Biopolymers frequently used as drug delivery devices for controlled release of 
therapeutics to promote axonal regeneration after SCI (eg NT-3, BDNF, 
GDNF, FGF)

Regenerating axons entering implants require compact myelin sheaRegenerating axons entering implants require compact myelin sheaths to ths to 
become fully functional and allow appropriate axonal conductancebecome fully functional and allow appropriate axonal conductance –– must must 
support support oligodendrogliaoligodendroglia survival and differentiation via direct interaction or survival and differentiation via direct interaction or 
secretion of relevant secretion of relevant trophictrophic factors. factors. 

RECENTLY;

Thermosensitive hydrogel polymers
form in situ (gels mold to irregular shape of injury site) (Comolli et al., 2009)

Nanoparticles/nanofibers
oriented/created by electrospinning
self-assemble into scaffolds after injection
neuroprotective (Das et al., 2007, Silver, 2006; Gelain et al., 2007)

used in visual system and SCI     (Guo et al., 2007; Tysseling-Mattiace et al., 2008).



Material

Type
Employed as Drug 
Delivery System Biodegradable Polarized 

Cells used in Biohybrid
Grafts

Natural Synthetic 

Agarose � BDNF, Others �

Alginate � BDNF � FB

Chitosan � NT-3, Others � NPC, SC

Collagen � BDNF, NT-3 � NA, SC, FB, OEG

Fibrin � NT-3 � SC, OEG, ESNPC

Fibronectin � BDNF, NT-3 �

Matrigel � GDNF, BDNF, NT-3 � SC, ONP

Methylcellulose � bFGF �

Nitrocellulose � NGF �

PEG � NT-3, Others

PLA, PGA, and PLGA � Others � SC, OEG, NA, FB

pHEMA and HPMA � Others

Polypyrroles � �

FB = fibroblasts; NA = neonatal astrocytes; SC = Schwann cells; OEG = olfactory ensheathing glia; NPC = 
adult brain derived neural progenitor cells; ONP = adult human olfactory neural progenitor cells; ESNPC = 
embryonic stem cell derived neural progenitor cells

GDNF = glial cell line-derived neurotrophic factor, NT-3 = neurotrophin 3, BDNF = brain-derived neurotrophic
factor, NGF = nerve growth factor, bFGF = basic fibroblast growth factor

Tissue Engineering - Bio-Scaffolds



Pharmacological Therapies
Target preventing necrosis and apoptosis, reduce glial scarring, improve 
electrical conduction of surviving axons, and promote the regrowth and 
remyelination of damaged axons 

Methylprednisolone (MPS, glucocorticoid)  = controversial, evaluated 
in three major clinical trials

Riluzole (Na+ channel blocker). Combined with MPS may represent beneficial 
therapy - reduces secondary pathophysiology (Trial rec April 2010)reduces secondary pathophysiology (Trial rec April 2010)

Naloxone (opioid receptor antagonist) also controversial, side effects 

Inactivation of Rho and Rac (growth-inhibiting proteins) with C3, Y-27632, 
Ibuprofen and Indomethacin increases axonal regeneration and functional 
recovery, reduces cell death. Cethrin (C3 fusion protein) tested in phase I/IIa
multinational clinical trials (48 patients) – now IIb?



Pharmacological Therapies
Anti-Nogo mAB treatment promotes axon regeneration in vivo - tested in 
multicenter clinical trial (Novartis - Martin Schwab) 

Rolipram (phosphodiesterase type IV inhibitor) = neuroprotective, 
promotes regeneration and enhances functional recovery after SCI

Minocycline (tetracycline derivative) - neuroprotective effects, Phase 1 (rec)

Thyrotropin-releasing hormone (TRH) - Clinical trial showed improvements in 
function for incomplete, (not complete) SCI patients, reduces secondary events

EphA4 blockade - Anti-glial scarring and enhance regenerative growth 
potential; 

Matrix metalloproteinases (MMPs), degrade extracellular matrix and proteins degrade extracellular matrix and proteins 
MMP MMP blockade  - Extracellular matrix deposition, attenuation of inflammatory attenuation of inflammatory 
cell infiltration cell infiltration –– few studies in humansfew studies in humans



Fetal Cord Grafts

Nerve Bridge Implants  

Schwann Cell Cables  

“Stem Cell” Implants
Neural Stem Cells/Progenitors

Bone Marrow Stromal Cells

Induce Pluripotent Stem Cells

Engineered Cells

Olfactory Ensheathing 
Glia (OEG)

Cell-Based Neurotransplantation Strategies



Schwann Cell Transplantation (n=43)

Positives Negatives
Most extensively studied, 
beneficial effects after 
transplantation into thoracic SCI 
demonstrated by many

Autologous transplantation 
approach

Behavioral efficacy in “chronic”
rodent SCI reported

Provokes robust astrocytic
reaction, with less effective 
integration into host spinal cord (cf
NPCs)

Autologous transplantation 
requires extensive in vitro 
amplification (delay)

Often requires combined treatment 
to increase efficacy (e.g. Matrigel, 
rolipram, cAMP, neurotrophic
factors)

Axonal regeneration and reentry 
into host spinal cord poor (CST 
axons not stimulated)SC – CNTF Hoechst



OEG Transplantation (n=26)

Positives Negatives
Good integration into host spinal 
cord; claims of axonal 
sprouting/regeneration reported

Behavioral improvements 
frequently reported - possibly 
some axonal regeneration?

Autologous transplantation, but 
human protocols need refinement

No robust behavioral benefits in 
moderate/severe thoracic contusion 
injuries

Efficacy in chronic models could not 
be formally replicated

Often requires combined treatment 
to increase efficacy (e.g. Schwann
cells, Matrigel, Rolipram, cAMP, 
neurotrophic factors)

OEG – p75 GFAP Hoechst



BMSC Transplantation (n=43)

Positives Negatives
Easily harvested for autologous
transplantations

Human & rodent BMSCs
demonstrate behavioral efficacy 
in many rodent SCI studies

Large animal/primate studies and 
chronic contusion injuries done

BMSCs have some bridging 
capacity in transection models

Integration into injured spinal cord 
very limited

No convincing differentiation into 
neural cells – despite claims to 
the contrary.

BMSCs = ill-defined populations 
of cells

Little known about exact 
mechanisms by which BMSCs
provide neuroprotection and 
improve behavioral outcomes

hBMSC – GFP LAM



Adult SCI DONOR “ Nude” RAT HOST 

Expose and injur 
spinal cord

Isolate hBMSCs from 
Iliac crest

Inject hBMSCs

Culture, purify and 
label hBMSCs in vitro

Do hBMSCs reduce damage from 
injury? (tissue sparing)

Do hBMSCs promote repair?

(regeneration/remyelination)

Do hBMSCs improve ability to 
walk? 

Morphological Improvement Functional Improvement

Human BMSC (hBMSC) Transplantation



hBMSCs initially survive well (none after 4 wks)

• Co-exist with host glial cells within lesion site

• Neural marker expression but hBMSCs do not transdifferentiate

• Large amount ECM deposition

• No significant neuronal regeneration (FG tracing) 

• Marked improvement in functional                               
recovery  (wt support & co-ordination)                                                 
in acute and chronic studies

• Markedly increases tissue sparing                              
(decreased cyst size)

• COMPLETE TRANSECTION – Approach wt support (6 wks)

Summary: hBMSC Therapy - Hodgetts
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BMSC Repair: Mechanism(s)?
ECM deposition

Counteracts inhibitory scar
Anti-scarring ability of hBMSCs

Immunosuppressive hBMSCs (reduces extent damage)
Anti-inflammatory ability of hBMSCs
Suppression of TNF, modulation of TGF beta etc

Remyelination vs demyelination 
Ability to promote/enhance myelin repair by donor hBMSCs (and other cells)

Induction of endogenous (“stem cell”) response
Induction or recruitment of host stem cells for repair by donor hBMSCs
Stimulus? Mechanism?



ECM deposition (counteracts inhibitory scar)

•Anti-scarring ability of hBMSCs

•Decorin production

•proteoglycan (protein core with glycosaminoglycan (GAG) chains)

• component of connective tissue, 

• binds to type I collagen fibrils, 

• role in matrix assembly

• suppresses scar formation and promote axon growth in SC (Davies)

•Acute and Chronic studies

Extension of  hBMSC Work - Hodgetts



Stem cell or progenitor? Embryonic vs Adult



Neural Stem/Progenitor Cell (NSPC) 
Transplantation (n=37)

Positives Negatives
Integrate well into spinal cord

Most studies reported improved 
functional outcomes

Behavioral improvements 
shown in large animal models

Differentiate mainly into astroglial cells > 
oligodendrocytes > neurons (rare)

NSPCs not optimal bridges for regeneration

NSPCs from fetal material  - ethical and 
safety issues 

ESC Transplantation (n=2)

Positives Negatives
Good graft survival and functional 
improvement reported

Teratomas after transplantation?

Rarely form neurons, rather 
astrocytes



Neural/Glial Restricted Precursor  (NRP 
and GRP) Transplantation (n=43)

Positives Negatives

More white matter sparing and 
(re)myelination using rodent and 
human oligodendrocyte precursors 
(OPCs), correlates with behavioral 
improvements

Preclinical characterization for 
embryonic stem-cell derived OPCs
consideration for Phase 1 trials (FDA)

Behavioral improvements with 
GRPs only seen in combination with 
over-expression of BDNF/NT-3 or 
co-transplantation as GRP/NRP 
mixtures

GRPs/NRPs fetal derived cells = 
ethical and safety issues

Embryonic stem cell derived OPCs
= tumour-risk?

Efficacy in chronic SCI yet to be 
demonstrated 

NRP – S100 GFAP Hoechst
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Induced Pluripotent Stem Cells (IPS)



• Pioneered by Takahashi & Yamanaka, 2006
• Adult cells reprogrammed into embryonic 

like state

• Via manipulation of transcription factors  
(sox2/oct-4/klf-4/c-myc) 

• From 24 transcription factors, involved in 
pluripotency & self-renewal 

• IPS cells similar to ESCs in characteristics:
, Morphology
, Genome 
, Pluripotency potential

Induced Pluripotent Stem Cells (IPS)



Induced Pluripotent Stem Cells (IPS)



• Unique advantages over other transplantations: 
– Autologous implants
– More efficient reprogramming than any other nuclear reprogramming 

technique
– No ethics involved
– Wide cell source availability….eg. Skin biopsies 

Induced Pluripotent Stem Cells (IPS)

IPS cells: What’s been done?
• Characterization of IPS
• In-vitro differentiation studies
• In-vivo studies: Parkinson’s & Anaemia models
• Never been transplanted into the injured spinal cord 



Recent Clinical Trials
Autologous OEGs (nasal biopsies) so far reported to be safe (Féron et al., 2005) 

with reports of functional improvement (Huang et al., 2003; Lima et al., 2006). 

Limited clinical studies with autologous hBMSCs reported functional benefits 
after ~3wks in SCI patients with complete transections (Park et al., 2005), and in 
Phase I/II clinical trial (n=40) with (Syková et al., 2006a, b)

Autologous macrophage transplantation tolerated in acute SCI patients (Knoller
et al., 2005)

Widespread agreement, for larger clinical trials, that potential therapies must 
be shown to be safe and reproducible (Blight and Tuszynski, 2006; Thuret et al., 2006)

Careful recommendations/guidelines drawn up for future conduct of clinical 
trials (e.g. Fawcett et al.,2007; Steeves et al., 2007) incluing clinical trial design, types of 
patients to include, assessment of spontaneous recovery, need for large 
cohorts and sufficient statistical power to properly assess outcomes

Induced Pluripotent Stem cells (IPS) – how soon?



Geron Corporation
FDA granted permission Jan 2009 for clinical trial using human ESCs (n=8-10)

Trials put on hold May 2009 – cysts found in animal models

October 30, 2009 - FDA reconsidering green light for trial late 2010

Tom Okarma

Recent Clinical Trials



Finally….

Majority (successful?) advances made in acute (subacute) SCI

Very little evidence of any benefit in chronic situation – has 
horse already bolted?

As number of chronic SCI patients increase, may need to 
consider “controlled re-injury” (mechanical/enzymatic abrasion 
of glial scar) in order make chronic injury acute once again, so 
that more successful (acute) strategies become applicable
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