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Abstract

Olfactory mucosa, the sense organ of smell, is an adult tissue that is regenerated and repaired
throughout life to maintain the integrity of the sense of smell. When the sensory neurons of the
olfactory epithelium die they are replaced by proliferation of stem cells and their axons grow from
nose to brain assisted by olfactory ensheathing cells located in the lamina propria beneath the
sensory epithelium. When transplanted into the site of traumatic spinal cord injury in rat, olfactory
lamina propria or purified olfactory ensheathing cells promote behavioural recovery and assist
regrowth of some nerves in the spinal cord. A Phase I clinical trial demonstrated that autologous
olfactory ensheathing cell transplantation is safe, with no adverse outcomes recorded for three years
following transplantation. Autologous olfactory mucosa transplantation is also being investigated in
traumatic spinal cord injury although this whole tissue contains many cells additional to olfactory
ensheathing cells, including stem cells. If olfactory ensheathing cells are proven therapeutic for
human spinal cord injury there are several important practical issues that will need to be solved

before they reach general clinic application.
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1. Introduction

Olfactory ensheathing cells (OECs) surround the axons of the sensory neurons whose cell bodies lie
in the olfactory epithelium in the nose and which synapse in the specialised glomeruli of the
olfactory bulb in the brain (Figure 1). As the axons grow out through the basal layer of the
epithelium, they penetrate the basement membrane and enter the lamina propria where they
coalesce to form axon bundles that are ensheathed by OECs (Figure 1B) (Chuah and Au, 1991).
These nerve bundles run through the lamina propria where they fasciculate into multiple larger
nerve bundles to penetrate the skull at the cribriform plate (Figure 1C). The nerve bundles then
penetrate the coverings of the brain to run across the surface of the olfactory bulb forming its outer
layer, the nerve fibre layer (Figure 1C) (Au et al., 2002). Within this layer the olfactory axons
defasciculate, turning deeper into the bulb to enter the glomeruli where they form synapses with
mitral cells and interneurons (Shipley and Ennis, 1996) (Figure 1C). OECs are in close association
with the axons from their entry into the lamina propria in the peripheral nervous system until their

entry into glomeruli within the olfactory bulb of the central nervous system.

In most mammals the olfactory epithelium is not the only chemosensory organ in the nose. The
vomeronasal organ is a separate chemosensory organ whose axons project in distinct nerve bundles
to the accessory olfactory bulb at the caudal end of the olfactory bulb (Halpern and Martinez-
Marcos, 2003). There are two additional specialised patches of olfactory sensory neurons on the
nasal septum: the septal organ of Griineberg, located close to the entrance of the nasal cavity and
the septal organ of Masera, located ventrally (Figure 1A). Axons from these sensory neurons
terminate in specialised glomeruli located at the caudal end of the olfactory bulb (Pedersen and
Benson, 1986, Storan and Key, 2006). It is possible that the OECs from these various chemosensory
epithelia are different, providing a heterogeneity in preparations from the olfactory mucosa and
bulb. The adult human nose only has an olfactory epithelium so the OEC population derived from

the nasal epithelium is probably homogeneous.



Isolating OECs from the mucosa or bulb requires separation from the many potential
“contaminating” cells. The olfactory epithelium contains sensory neurons, supporting cells, basal
stem and progenitor cells, and Bowman’s gland duct cells which are separated from the lamina
propria beneath by a basement membrane (Moran et al., 1982, Morrison and Costanzo, 1990).
Beneath the epithelium in the olfactory lamina propria are the olfactory nerve bundles, which are
composed of axons and the surrounding OECs, but also Bowman’s glands, blood vessels, trigeminal
nerve fibres and the interstitial fibroblasts and tissue resident immune cells. The outer layer of the
olfactory bulb comprises the olfactory nerve with attendant ensheathing cells, but cell preparations
will also contain a small number of interfascicular astrocytes (Doucette, 1993), fibroblasts from the

perineurium and meninges, as well as cells of the vasculature.

The olfactory system is perhaps the most plastic part of the adult nervous system. Throughout
development and adult life, neurogenesis continues to occur in the olfactory epithelium in the nose
where stem cells in the basal layer of the epithelium proliferate to generate new sensory neurons
(Graziadei and Monti Graziadei, 1979, Leung et al., 2007, Mackay-Sim and Kittel, 1991). Within
the central nervous system, proliferation of stem cells in the subventricular zone of the forebrain
generates neural progenitors that migrate forward into the olfactory bulb to generate new
interneurons throughout development and into adulthood (Curtis et al., 2007, Lledo et al., 2008).
Severing the olfactory nerve leads to apoptosis of the sensory neurons in the epithelium which are
then replaced quickly by new neurons arising from enhanced neurogenesis as demonstrated in many
studies, including in primate (Graziadei and Graziadei, 1979, Graziadei et al., 1980). The
remarkable ability for continual axon growth and successful targeting is attributed to the presence of
the glia associated with the olfactory nerve since the OECs accompany the axons from the
epithelium through to the olfactory bulb in the brain (Chuah and Zheng, 1992). The combination of

assisting in axon growth and associating with the central nervous system have made OECs



candidates for assisting in repair of injury to the brain and spinal cord (Li et al., 1998, Ramon-Cueto

et al., 2000, Smale et al., 1996).

The adult human olfactory mucosa, unlike rat and other mammals, is not contiguous but patchily
distributed and interspersed with respiratory mucosa in the upper nasal cavity (Moran et al., 1982,
Morrison and Costanzo, 1990, Nakashima et al., 1984, Paik et al., 1992). Olfactory mucosa can be
detected more anteriorly and inferiorly in the adult human nose than in the foetus (Feron et al.,
1998, Leopold et al., 2000). Consequently, “olfactory mucosa biopsies” from adult humans will
virtually always contain respiratory mucosa. Biopsies will therefore contain many cell types in
addition to OECs: cells of the olfactory epithelium (horizontal basal cells, globose basal cells;
olfactory sensory neurons, supporting cells, Bowman's glands duct cells), cells of the respiratory
epithelium (ciliated cells, goblet cells), and cells of the lamina propriae (Bowman's gland cells,
fibroblasts, tissue macrophages, vascular cells, Schwann cells of the trigeminal nerve). There will
be stem cells of the olfactory epithelium (i.e the horizontal basal cells) (Carter et al., 2004, Leung et
al., 2007, Mackay-Sim and Kittel, 1991, Roisen et al., 2001) and a multipotent stem cell in the
lamina propria capable of differentiating into numerous non-olfactory cell types (Feron et al., 2009,
Murrell et al., 2005, Tome et al., 2009) and with some characteristics of mesenchymal stem cells

(Feron et al., 2009).

2. Olfactory ensheathing cells from mucosa and bulb are different

OECs from the olfactory nerve and olfactory bulb are not identical. Mucosal OECs express several
antigens not expressed by bulb OECs (Au and Roskams, 2003); they differ in their ability to grow
in vitro (Jani and Raisman, 2004), and they differ in their reparative effects when transplanted into
the injured spinal cord (Richter et al., 2005). There is also heterogeneity among OECs of the
olfactory bulb. The olfactory nerve layer in the bulb is subdivided into two layers within which the

OECs express S100 but only the outer layer OECs express p75 (Au et al., 2002). We have also



observed functional heterogeneity in OECs from different regions of the bulb and the olfactory
nerve in the epithelium (Windus et al., 2010). Those in the mucosa mainly interact with each other
by adhesion and they cause olfactory sensory axons to fasciculate. OECs from the bulb show
heterogeneous interactions with each other - either adhesion or repulsion or neither; and axons
growing on the bulb-derived OECs do not form fascicles (Windus et al., 2010). The proportion of
cells demonstrating these behaviours varied depending on the region of the olfactory bulb
(dorsal/ventral, rostral/caudal) from which they were derived (Windus et al., 2010). We also noted
functional differences in the OECs from the olfactory bulbs of embryonic, postnatal and adult

olfactory bulbs (Windus et al., 2010).

OEC:s also show heterogeneity when growing in vitro (Pixley, 1992). It is now established that this
heterogeneity is reflective of plasticity in morphology and antigen expression that can be
manipulated by growth conditions (Huang et al., 2008, Vincent et al., 2003). When monitored with
time-lapse imaging, cells of each morphology are seen to change into the other during the course of
an hour in different growth medium (Huang et al., 2008). The most spindle-shaped OECs migrated
three times faster than the most flattened OECs (Huang et al., 2008) so morphology may reflect a

different functional state.

In summary, these studies demonstrate heterogeneity in morphology, antigen expression and
function in OECs from olfactory mucosa and olfactory bulb, at developmental stages and under
different culture conditions. There may be species differences as well (Smithson and Kawaja,
2009). These are all variables that will confound any comparison of outcomes of transplanting
“olfactory ensheathing cells” into the injured spinal cord. It would be wise not to assume all authors

are using the same cells.



3. The trigeminal nerve innervates the olfactory mucosa and olfactory bulb

The trigeminal nerve innervates the olfactory and respiratory mucosae, providing touch and pain
sensations within the nasal cavity, as well as chemosensitivity. This nerve also innervates the
olfactory bulb with some neurons branching to innervate mucosa and bulb (Finger and Bottger,
1993, Schaefer et al., 2002, Silver and Finger, 2009). Non-myelinated trigeminal motor nerves
innervate blood vessels to regulate blood flow within the mucosa and myelinated sensory nerves are
also present (Herrera et al., 2005, Kawaja et al., 2009). Hence it is possible that preparations of
"olfactory ensheathing cells" from the olfactory mucosa and olfactory bulb could also contain
Schwann cells from the trigeminal nerve (Rizek and Kawaja, 2006). Compared to the number and
size of olfactory nerve bundles in the lamina propria and olfactory bulb, trigeminal innervation of
the olfactory mucosa and bulb is sparse (Figure 1B). There has not been a systematic comparison to
quantify this but the proportion of OECs in any cell culture from the olfactory mucosa is expected
to be far larger than the proportion of trigeminal Schwann cells. The difficulty for researchers is in
distinguishing these two cell types in vitro because they both express p75, GFAP and S100.
Proteomics analysis identified two potential antigens expressed by OECs and not Schwann cells,
namely calponin and smooth muscle actin (Boyd et al., 2006, Jahed et al., 2007). However, those
findings were dependent on the purity of the cultures and calponin has subsequently been localised
to olfactory mucosa fibroblasts and olfactory bulb meningeal cells, not OECs (Ibanez et al., 2007).
Fibroblasts also express smooth muscle actin (Jahed et al., 2007) so this antigen is also shared with

potential contaminants of OEC cultures.

In order to assess Schwann cell contribution to OEC cultures we have previously looked for an
antigen expressed by Schwann cells but not OECs. HNK-1 is an antigen expressed by myelinating
Schwann cells in human and mouse sciatic nerve (Levi et al., 1994, Martini et al., 1988) and by
myelinating and non-myelinating Schwann cells in canine trigeminal nerve (Bock et al., 2007).

Since rat olfactory bulb OECs do not express HNK-1 in vitro (Barnett et al., 1993), we used HNK-1



immunogenicity to distinguish OECs from Schwann cells in rat and human cultures from olfactory
mucosa to demonstrate that trigeminal Schwann cells but not mucosal OECs expressed this antigen
in vitro (Bianco et al., 2004, Feron et al., 2005). Contrary to these studies it is argued that while

HNK-1 is expressed in vivo by canine Schwann cells, it is not expressed in vitro (Bock et al., 2007)
so the general utility of HNK-1 antigenicity remains unresolved because of species differences and

culture methods.

It is well understood that defined media can be very selective for the cell types whose growth they
support. We identified that a minimal serum-free medium containing NT3 was capable of
expanding and purifying OECs from rat and human olfactory mucosa (Bianco et al., 2004, Feron et
al., 2005). This medium is selective for OECs because it does not support long-term culture of
Schwann cells beyond 24 hrs (Cheng et al., 1998, Levi et al., 1994, Lobsiger et al., 2000). In many
laboratories the culture medium contains either fetal calf serum or one of the neuregulins which will

support both OECs and Schwann cells (Bock et al., 2007, Rizek and Kawaja, 2006).

In summary, it is probably wise to assume that all OEC cultures may contain a small proportion of
trigeminal Schwann cells unless proven otherwise. As discussed it is very difficult to distinguish the
two cell types in vitro but certain culture conditions may be selective for OECs. This potential
contamination with Schwann cells applies equally to OECs from mucosa and bulb but in both cases
the proportion of Schwann cells is probably low. This is supported indirectly by reports of
differences in gene and protein expression between OEC cultures and sciatic Schwann cell cultures
(Boyd et al., 2006, Vincent et al., 2005). Differences would not be observed if there was significant

Schwann cell contamination of OEC cultures.

From a pragmatic perspective for clinical application, cells will need to be grown according to

Good Manufacturing Practice (GMP) protocols. They must be produced under very strict standards



of quality control and comply with defined specifications, such as percentages of cells with
particular immunophenotypes. Ultimately, the "purity" of the transplanted OECs is less important
than a defined method of cell culture and high level of quality control to produce a predictable cell
population with therapeutic efficacy. If well defined cells are generated from olfactory mucosa
biopsies and they are effective clinically it may not matter from a regulatory perspective if they are

“pure” OECs or are contaminated with a small percentage of trigeminal Schwann cells.

4. Clinical sources of olfactory ensheathing cells for human trials

There are almost as many descriptions of OEC preparations as there are laboratories exploring their
biology (Kawaja et al., 2009). These differences should be considered when comparing the results
of different laboratories describing OEC biology and function, including their therapeutic efficacy
when transplanted into the injured spinal cord. They should also be considered when choosing

sources for human therapies.

Without going into details that are covered elsewhere it can be said that the differences in OEC
preparations differ along many dimensions. Sources vary — most studies use olfactory bulb
preparations but an increasing number use olfactory mucosa. Of those that use olfactory bulb
preparations, some use the nerve fibre layer from the entire olfactory bulb (Li et al., 1997, Lopez-
Vales et al., 2006, Ramon-Cueto et al., 2000, Ramon-Cueto et al., 1998) whereas others use only
the nerve fibre layer from the rostral olfactory bulb (Lankford et al., 2008), or ventral olfactory bulb
(Guest et al., 2008), or others do not specify the exact region (Teng et al., 2008). Developmental
stage varies — embryonic, postnatal and adult tissues have been used. Species vary - most research is
on rat but mouse, canine, cat, guinea pig, and human OECs have been investigated. Selection
methods vary — some use differential adhesion, some use immunopanning/FACS/MACS for
p75NTR/O4; many do not select. Dissociation methods vary — different enzymes, different

mechanical dissociation. Culture methods vary — presence of serum, composition of defined media,



different growth factors. Verification methods vary - 69 antigens have been used to identify OECs
(Kawaja et al., 2009). The most commonly accepted markers are p75NTR, S100 and GFAP which
are used to verify the relative purity of the resultant OEC cultures. A combination of these markers
can eliminate all the potential contaminating cells from olfactory mucosa and bulb cell cultures

except trigeminal Schwann cells, as discussed above.

For clinical application, OECs could be obtained from either the olfactory mucosa or the olfactory
bulb. They could be obtained from the same patient, i.e. autologously, or from autopsy tissue for
heterologous transplantation. Autologous transplantation is perhaps the most clinically acceptable
method for transplantation because it avoids immune rejection. OECs from the peripheral olfactory
nerve can be easily obtained from biopsies of human olfactory mucosa (Bianco et al., 2004, Feron
et al., 1998) and enough cells for autologous transplantation can be obtained by culturing for 4-6
weeks (Feron et al., 2005). Another approach is to remove the olfactory bulb unilaterally through
the nasal bone and orbit as demonstrated in primate (Rubio et al., 2008). This procedure is riskier
than a nasal biopsy, with higher morbidity including the risk of CSF leak through the surgical entry
into the skull, and will have a negative impact on the patient since it would eliminate olfaction
unilaterally. Nasal biopsy from the medial and lateral walls of the nasal cavity does not pose a risk
of CSF leaks and does not affect the sense of smell (Feron et al., 1998, Lanza et al., 1994). Despite
these comparative risks, if bulbar OECs prove clinically superior to nasal cells, then the risk of bulb

biopsy may be warranted.

In the acute stages of spinal cord injury, clinical use of autologous cells is not possible because of
the time required to generate and culture the cells (Feron et al., 2005, Rubio et al., 2008). If acute
application is required then heterologous transplantation would be necessary. One approach would

be to immortalize cells from a single person that could serve as a ready source many spinal injured

10



patients (Lim et al., 2010), although this would require immune suppression. Another approach

would be to develop a bank of OECs with appropriate HLA subtypes for cell transplantation.

Whatever the source of OECs, the regulations in most countries require that cells used for
transplantation must be produced under GMP protocols. These regulations would differentially
affect the relative costs of autologous or heterologous cell transplantation. In both cases the batch of
cells to be transplanted requires defined properties of identification and microbiological non-
contamination. The per-patient costs of GMP production and certification could be reduced for
banked cells by using them for multiple patients but the costs to establish such a bank would be
very high. For banked cells the treatment costs per-patient would be increased if immuno-

suppressive drugs were required.

5. Mucosal olfactory ensheathing cells and spinal cord repair

The early evidence for the therapeutic efficacy of OEC transplantation used cells obtained from the
olfactory bulb of embryonic or very young rats (Li et al., 1998, Ramon-Cueto et al., 1998). For
clinical use, autologous transplantation of nasal OECs is most desirable so it was necessary to
discover whether OECs from the olfactory mucosa could also promote recovery when transplanted
into the injured spinal cord and also to discover whether the use of OECs from adult animals was
effective. In our initial experiments in adult rats, we transplanted pieces of olfactory lamina propria
into the transected spinal cord and we demonstrated that improved locomotion was achieved with
evidence that descending axons from brainstem motor nuclei had crossed the injury and transplant
site and entered the spinal cord cuadal to the injury site (Lu et al., 2001). Because the olfactory
lamina propria contains many cells other than OECs, as a control we transplanted pieces of
respiratory lamina propria and found that this failed to promote locomotor recovery and there was
no evidence for axon growth in the spinal cord (Lu et al., 2001). Semi-purified OEC cultures were

similarly effective as pieces of olfactory lamina propria (Lu et al., 2001). Transplantation of cells

11



into an acute spinal cord injury places them into the early phases of the inflammed tissue and
delayed transplantation may be more beneficial. As an initial test of delayed transplantation we
grafted pieces of olfactory lamina propria into the injured spinal cord 3 weeks after complete
transection (Lu et al., 2002). This also promoted functional recovery, with descending brainstem
motor axons growing through the injury site and into the caudal spinal cord (Lu et al., 2002). Such
recovery was not evident with delayed transplantation of respiratory lamina propria (Lu et al.,

2002).

Transplantation of whole olfactory mucosa, which includes olfactory epithelium as well as lamina
propria, also improved functional recovery after spinal cord injury (lwatsuki et al., 2008).
Transplantation of human neural progenitors from olfactory epithelium was also effective in a rat
model of spinal cord injury (Xiao et al., 2005), so there may be more than one source of cells with
therapeutic potential in the olfactory mucosa. For example we demonstrated that a multipotent stem
cell in rodent and human olfactory mucosa was capable of differentiating into neurons and glia as
well as many other non-neural cell types in vitro and after transplantation into embryos (Murrell et

al., 2005).

Olfactory mucosa OECs transplanted into dorsal column lesions in rodent promoted migration of
host Schwann cells into the lesion to reduce the scar and lesion cavity and promoted regeneration of
sensory and motor axons into and through the lesion (Ramer et al., 2004). Interestingly, the
olfactory mucosa OECs were superior in these respects compared to olfactory bulb OECs (Richter
et al., 2005). When human olfactory mucosa OECs were transplanted into the contused spinal cord
in rat they reduced lesion size and cavity volume and they improved locomotor function (Gorrie et
al., 2010). This study indicates that human olfactory mucosa OECs, like cells from other species,
have the potential for spinal cord repair. They also show that olfactory mucosa OECs are effective

in the contused spinal cord, a “more realistic” model for traumatic human spinal cord injury than

12



transection injuries. Olfactory bulb OECs are also effective in the contused model (Plant et al.,

2003).

After high level, complete, spinal cord injury, the patient is at risk of loss of control of blood
pressure such that a strong sensory stimulus below the level of injury, including a full bowel, can
cause a rapid and life threatening rise in blood pressure, known as autonomic dysreflexia. In a rat
model of autonomic dysreflexia, transplantation of olfactory mucosa OECs reduced the increase in
blood pressure in response to strong bowel stimulation (Kalincik et al., 2009). This was
accompanied by changes in the morphology of the sympathetic motor neurons above and below the

injury (Kalincik et al., 2009).

6. Autologous olfactory ensheathing cell transplantation in human spinal cord
injury

Clinical trials are essentially well defined experiments on humans. Phase | trials are generally small
studies to ensure the the new drug or procedure is safe. Phase Il trials are to test efficacy in a small
group of well-defined, treated and control patients. Phase 11 trials are large multi-centre studies to
test the efficacy and safety of the treatment in a large number of patients as a prelude to introducing
the drug or procedure to clinical practice. Phase Il and Phase Il trials are always controlled and
usually double-blinded to reduce biases introduced by knowledge of the treatment by patients or
their clinicians. There are now published guides for clinical trials in spinal cord injury published by
an international panel after an international workshop (Fawcett et al., 2007, Lammertse et al., 2007,

Steeves et al., 2007, Tuszynski et al., 2007).

We undertook a Phase I/1la clinical trial to test the safety of autologous transplantation of OECs
into the injured spinal cord (Feron et al., 2005). OECs were grown from nasal biopsies from

patients with complete thoracic paraplegia according to published protocols (Bianco et al., 2004).
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Patients were males aged 18-55 years with injuries sustained 18-32 months prior to enrolling in the
trial. Olfactory mucosa OECs derived from biopsies of the patient's nasal mucosa were grown in
vitro for 4-6 weeks according to published protocols (Bianco et al., 2004) and tested to confirm
there was no bacterial and yeast contamination prior to transplantation. Twelve to 20 million cells
were injected into the injured spinal cord after a laminectomy to expose the extent of the injury
(Feron et al., 2005). This procedure was safe with no adverse outcomes and no changes on MRI at
1 year (Feron et al., 2005). Patients were assessed for 3 years with a variety of outcome measures
including MRI, AIS assessments, FIM, SCIM, neurological assessment, SSEP, MEP and
psychosocial assessments (Mackay-Sim et al., 2008), with the aim of identifying any adverse

outcomes.

One of the problems with longitudinal trials and clinical outcome measures is the risk of bias of the
assessors. For this reason, we designed the trial using a matched group of (non-operated) controls
with the same assessors throughout who were blinded to the patient/control status. The patients
were examined every 3 months with treated and control groups bandaged on the back over the
injury site to maintain blinded assessments. This design thus allowed some estimate of efficacy by
comparison of treated and control cases, although the numbers were too few (three per group) for
meaningful statistical analysis. At 3 years there were no alterations in MRI in the treated group and
there were no adverse outcomes such as neuropathic pain or loss of functions above the level of
injury (Mackay-Sim et al., 2008). In one of the treated patients there was increased light touch and
pin prick sensation below the pre-operative level which suggests a change of sensation in the zone

of partial preservation (Mackay-Sim et al., 2008).

7. Autologous transplantation of olfactory mucosa in human spinal cord injury
As noted above, the olfactory mucosa contains other cell types which have the potential to assist

spinal cord injury repair, in addition to OECs. Autologous transplantation of olfactory mucosa is
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being undertaken in several clinics, although the procedure is not yet administered according to

formal clinical trials protocols.

A pilot study described the outcomes 18 months after autologous transplantation of olfactory
mucosa in 7 patients with complete, ASIA A, paraplegia from injuries at C4 to T10 spinal levels
experienced 6 to 78 months prior to transplantation surgery (Lima et al., 2006). Some encouraging
positive outcomes were reported with increases in ASIA scores from A to C in two patients. All
patients, except one, improved in sensory and motor component scores of the ASIA score. In three
patients there were "indications of voluntary control of new muscles"” and two patients reported
changes in bowel and bladder function or sensation. Olfaction was temporarily lost but then
regained after the nasal biopsy procedure. MRI showed a reduction of the lesion cavity in all
patients. There were few adverse events with one patient having a decrease in sensory component of

the ASIA score. Two patients had increased trunk pain for 2-3 months (Lima et al., 2006).

A second study described the outcomes 18 months after the procedure in four patients with
complete, ASIA A paraplegia, and one patient with incomplete, ASIA B paraplegia from injuries at
C6 to T10 spinal levels experienced 29 to 99 months prior to transplantation surgery (Chhabra et al.,
2009). There were no positive outcomes in any of the assessment criteria and the ASIA B patient
had a decrease in the sensory component of the ASIA score which was not entirely regained during
the study (Chhabra et al., 2009). MRI at 18 months showed increases in myelomalacia in 4 patients
and formation of a syrinx in one patient. One patient experienced discharge from the surgical site

that required a second operation to close the wound (Chhabra et al., 2009).

Recently a third report of autologous transplantation of olfactory mucosa described the outcomes
12-45 months after the procedure on 20 patients with ASIA A or B paraplegia or tetraplegia from

injuries at C4 to T12 experienced 18-189 months previously (Lima et al., 2010). This study differed
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in protocol from the others with all patients undergoing rigorous pre-operative rehabilitation
exercise programs for 4 months prior to surgery. In this pre-operative phase there was no
improvement in outcome measures. After surgery the exercise program was maintained. In 11/20
patients there was an improvement in ASIA scores: six patients improved from ASIA A to C, two
patients improved from ASIA A to B, and three patients from ASIA B to C. One patient declined
from an ASIA score of B to A. Scores improved on the FIM and WISCI scales in all patients tested
(13) and urodynamic responses improved in five patients. New voluntary EMG responses were
recorded in 15 patients and new SSEPs were recorded in 4 patients. MRI indicated that the lesion
site in all patients was filled by the transplants with no evidence of overgrowth and no
syringonyelia. All patients recovered olfactory function. One patient was hospitalized with aseptic

meningitis (Lima et al., 2010).

Collectively these reports represent 32 cases of autologous olfactory mucosal transplantation in C4-
T12 paraplegics and tetraplegics. All were followed for 18 months. Collectively they indicate that
the surgical procedure was well tolerated, although 5/32 (15%) showed evidence of syringomyelia
or myelomalacia that could be attributed to the procedure. ASIA scores improved in 13 patients
(40%) and declined in one patient. Two patients required a second hospitalisation after the initial
surgery. Taken together these reports indicate that the surgical procedure is "relatively safe” (Lima
et al., 2010) with indications that it may improve outcomes, although the design of the studies is not
as a Phase Il clinical trial, so firm conclusions of the efficacy of the procedure are not warranted at

this stage. A blinded and controlled trial would confirm the encouraging outcomes described.

There are questions raised by the reports of all three studies related to the methodology. First, the
removal of the scar tissue at the injury site is contentious because of the unknown implications for
any potentially surviving axon tracts. The removed tissue was examined in two patients and

reported to contain a few "peripheral axons" without stating any criteria for classifying them as
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"peripheral™ and not "central™. Second, the cellular composition of the grafts was not defined (see
below). Third, the outcome measures were mostly clinical assessments and subject to assessor
variability and bias and there is no description of methods to reduce this, such as using the same
assessors throughout or standardizing and monitoring different assessors for consistency. Fourth,
the method of olfactory function testing is not stated despite there being quantitative tests available

(Hummel et al., 2007).

8. Olfactory ensheathing cell transplantation: what is the future for clinical
trials?

Modern evidence-based medicine demands that the introduction of new procedures and drugs
undergo formal clinical trials under similar principles accepted in many countries. Without this
formal approach it is unlikely that OEC transplantation will receive regulatory approval in most
jurisdictions and would therefore not be delivered widely to patients in need. A major barrier to this
route to regulatory approval is the large cost required, especially in Phase Il trials. In the
development of new drugs, these costs are borne by large corporations, based on exclusive
intellectual property rights and Good Manufacturing Practice batch manufacture of defined products
that can be administered to many patients. These are unlikely to apply to OEC transplantation
therapies because there is limited intellectual property that is patentable and attractive to
commercial investors. Furthermore, with autologous cell transplantation there is no opportunity to
reduce costs through batch processing and wide distribution of the cellular product. These realities
suggest that commercial backing for clinical trials is unlikely. The costs will have to be borne by
governments and medical foundations. This may be appropriate since governments and the public
currently bear the costs of spinal cord injury and will have the most to gain from new therapies, but

can they afford it, and will they see this as a priority?
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An unexpected barrier to clinical trials may be finding enough patients to participate in all phases of
clinical trials. This may seem surprising given the large cumulative numbers of individuals with
spinal cord injuries but Phase Il trials will require matched groups of patients and controls large
enough for statistical analysis (Fawcett et al., 2007) and the matching might be very selective
further reducing the pool of patients from which to choose. In early trials the major focus is on
safety and so conservative choices must be made in selecting participants. For this reason, for
example, thoracic injuries are favoured over cervical, and complete injuries over incomplete
(Fawcett et al., 2007). Complete, thoracic injuries are among the least common class of spinal cord
injuries so greatly reducing the proportion of participants from which to choose. Complete, thoracic,
injuries are preferred in early safety (Phase I) trials if there is risk of damage to functional tracts and
induction of syringomyelia which may affect functions above the level of lesion (and below in the
case of incomplete injuries). Where cells or tissues are transplanted into the spinal cord injury one
risk of the intervention is to interfere with normal recovery, so early clinical trials will be limited to
chronic injuries. Our trial design used these inclusion criteria and was also highly selective for
psychosocial factors which further reduced the candidate cohort (Fronek, 2004, Mackay-Sim et al.,
2008). With all these considerations our selection criteria reduced the participants to six from an
original pool of 600 interviewees (Mackay-Sim et al., 2008). These considerations suggest that
future clinical trials of OEC transplantation will require cooperation between several centres to be
able to find enough patients to fulfil the requirements for formal clinical trials, with more centres
required as the trials move from Phase I to Ill. This requirement increases the complexity and cost
of the logistics of such trials imposed by the need for training, data management and reporting, and

quality control across the participating centres.

There are some technical issues that the field needs to address before the efficacy of OEC
transplantation can be adequately assessed. One of these is the adequacy of the outcome measures
(Steeves et al., 2007). For the clinician and patient, only clinical and everyday functional outcomes

may be relevant but these are usually qualitative, not quantitative, and may not be validated for
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clinical trials. They may also lack sensitivity to distinguish incremental improvements that can
direct the design of future trials. These issues are not confined to cell transplantation trials. The
question of cell survival is crucial but tracking cells after transplantation in living beings requires
new methods of cell labelling. A potential candidate is to label the cells with paramagnetic
nanoparticles (Lee et al., 2004). Currently this method is not approved for labelling cells
transplanted into the human spinal cord, although this would provide very useful information in
determining the mechanism of any change in outcome and the survival of cells could be an outcome
measure in itself. Finally, improved and validated methods of MR imaging would be beneficial for
future clinical trials. In our trial we used the clinical standard of the time, 1.5 Tesla MRI (Feron et
al., 2005). With 3 Tesla MRI now available it should be possible to get higher resolution images,
although imaging the spinal cord is problematic because of the high contrast of the bone nearby and
the common use of metal stabilisation protheses. For scientific outcomes (as opposed to clinical
outomes) new imaging methods to quantify aspects of the injury before and after transplantation
would be a major advance. New developments in diffusion tensor MRI indicate its utility for
following intraspinal tracts in living animals with spinal cord injury (Kim et al., 2010) and protocols

are being developed for imaging human spinal cord (Filippi et al., 2010).

There are different ethics, regulations and allowable practices that govern medical treatment and
clinical trials throughout the world. This diversity may allow practices to occur in one jurisdiction
that would not be legal in another. This may help advance cell transplantation trials into clinical
practice because different regulations may allow clinical trials to proceed in one country until there
is enough evidence to satisfy the requirements of another. The essential point is that such clinical
trials must be designed to provide reliable data and allow reliable conclusions. The main issue here
is not the differences in national regulation of cell therapy, but whether the designs of the treatment

and assessment regimes are capable of finding any treatment effects if they are present. This is the
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strength of formalised clinical trials compared to clinician-initiated individual treatments, even if

those treatments are repeated in many individuals.
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Figure 1 Legend

Olfactory neurons and olfactory ensheathing cells in the nose and brain. A: A mouse head
longitudinally dissected to expose the lateral nasal cavity and anterior forebrain. Anterior is to the
right. Dorsal is up. The mouse is a transgenic strain (OMP-ZsGreen) which has a green fluorescent
protein (ZsGreen) under the promoter for olfactory marker protein (OMP) that is expressed by all
olfactory sensory neurons. Chemosensory epithelia are identified: olfactory epithelium (oe),
vomeronasal organ (vno), organ of Masera (om). The septal organ of Griineberg is out of view to
the right. The nerves emanating from the om and vno can be seen passing under the unlabelled
respiratory mucosa and into the olfactory mucosa. The olfactory nerves form the outer layer of the
olfactory bulb (ob) and the vomeronasal nerves form the outer layer of the accessory olfactory bulb
(aob). B: Section through the olfactory mucosa showing the olfactory epithelium (oe) and the
olfactory lamina propria beneath (Ip). The mouse is a transgenic strain, a cross between the OMP-
ZsGreen strain and the S100R-DsRed strain (in which the red fluorescent protein, DsRed, is under
the S100R promoter). Olfactory sensory neurons and their axons are green while OECs and
Schwann cells are red. Arrow points to a green olfactory nerve bundle surrounded by red OECs.
Arrowheads point to nerve bundles, presumed trigeminal nerves with red Schwann cells. Such
nerve bundles are uncommon. C: Section through the nasal cavity and skull showing the olfactory
sensory neurons of the mucosa sending nerve bundles through the skull at the cribriform plate (cp)
to synapse in the glomerular layer (gl) of the olfactory bulb. The olfactory nerves with associated
OECs form the superficial nerve fibre layer (nfl) of the olfactory bulb. DsRed is expressed also by

chondrocytes in the bone of the skull. Scale bar is 850 pm in A; 50 um in B; 120 pm in C.
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