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Summary: Basic science advances in spinal cord injury and
regeneration research have led to a variety of novel experimental
therapeutics designed to promote functionally effective axonal
regrowth and sprouting. Among these interventions are cell-based
approaches involving transplantation of neural and non-neural tis-
sue elements that have potential for restoring damaged neural
pathways or reconstructing intraspinal synaptic circuitries by ei-
ther regeneration or neuronal/glial replacement. Notably, some of
these strategies (e.g., grafts of peripheral nerve tissue, olfactory
ensheathing glia, activated macrophages, marrow stromal cells,
myelin-forming oligodendrocyte precursors or stem cells, and fetal
spinal cord tissue) have already been translated to the clinical
arena, whereas others have imminent likelihood of bench-to-bed-
side application. Although this progress has generated consider-
able enthusiasm about treating what once was thought to be a

totally incurable condition, there are many issues to be considered
relative to treatment safety and efficacy. The following review
reflects on different experimental applications of intraspinal trans-
plantation with consideration of the underlying pathological,
pathophysiological, functional, and neuroplastic responses to spi-
nal trauma that such treatments may target along with related
issues of procedural and biological safety. The discussion then
moves to an overview of ongoing and completed clinical trials to
date. The pros and cons of these endeavors are considered, as well
as what has been learned from them. Attention is primarily di-
rected at preclinical animal modeling and the importance of pat-
terning clinical trials, as much as possible, according to laboratory
experiences. Key Words: Cellular replacement, clinical appli-
cations, gray matter reconstruction, white matter repair, trans-
lational research.

INTRODUCTION

An international conference in the early 1980s' con-
vened a diverse group of investigators to discuss the
issue of spinal cord pathology, reconstruction, regenera-
tion, and plasticity. Although it was not the first scientific
meeting addressing these and related topics, it was rela-
tively unique in its emphasis on spinal cord repair and
cell-based approaches, especially when only a modicum
of previous scientific support for such an intervention
existed.? A central theme then, as it remains,” was the
concept of bridging the lesion gap by providing a cellular
terrain that would ideally promote and be amenable to
axonal regrowth. The biological significance of Schwann
cells was already well recognized from the pioneering
studies of Tello and Ramon y Cajal.* CNS regeneration
research was also gaining new impetus from the ground-
breaking work of David and Aguayo,’ who demonstrated
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unprecedented long-distance axonal outgrowth from in-
trinsic CNS neurons when presented with a peripheral
nervous system (PNS) tissue microenvironment. The use
of embryonic CNS tissue in experimental studies of neu-
rological disorders—especially Parkinson’s disease
(PD)—was likewise capturing attention at the time, and
initial efforts had already been made using fetal brain-
stem cells to replace lost catecholaminergic inputs below
complete transections of the spinal cord.®”’

In the two decades since that meeting, numerous ad-
vances have been made, leading to a greater collective
understanding of the cellular and molecular biology of
acute and chronic spinal cord trauma.*® In addition, spi-
nal lesion models have become more sophisticated rela-
tive to reproducibility, behavioral analysis, and the struc-
tural-functional underpinnings of various sensory, motor,
and autonomic consequences of spinal cord injury
(SCI).”~'2 Particularly notable has been the development
of reproducible spinal cord contusion injuries'*™'® that
provide a close experimental approximation to a preva-
lent form of human SCIL.'""

This progress has made the breadth and complexity of
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spinal cord repair increasingly self-evident, and it is now
fully recognized that a proverbial magic bullet cure is
unlikely. Future treatments will undoubtedly involve a
synthesis of complementary approaches,?’~*? and many
combination therapies will more than likely incorporate
common modalities. Neurotransplantation could easily
represent one such universal therapeutic component, and
the intent of this article is to provide an overview of
various facets of spinal cord repair that are integral to
cellular transplantation/replacement approaches. In light
of a growing emphasis on translational neurobiology and
SCI, the first half of this discussion will address some
preclinical issues that warrant consideration as future
investigations in humans are being envisioned. The re-
mainder of this article will be devoted to a synopsis of
past and ongoing clinical trials involving cell-based strat-
egies. Recognizing that there have been many recent
reviews of these topics,>**~>! the following discussion is
neither intended to repeat what has been already stated
nor provide a fully inclusive literature review. Instead,
the goal is to distill a large volume of information ad-
dressing various issues and rationales regarding the past,
present, and future of cellular therapies for SCI and what
has been learned from clinical experiences thus far.

A signature feature of this article is its emphasis on
theoretical and practical risks/benefits that must be fac-
tored into the evolution of rational bench-to-bedside SCI
experiences. Some of the considerations build on transla-
tional guidelines recommended by the American Society
for Neurotransplantation and Repair Practice Committee.*
Previous elegant discussions regarding the advance of
cellular therapies for other CNS disorders*>** have also
served as invaluable templates for this presentation.

GOALS AND CHALLENGES OF APPLIED SCI
RESEARCH

Cell-based approaches that have the most imminent
translational potential for spinal cord functional repair
center on two fundamental directions that are not mutu-
ally exclusive: restitution of white matter long-tracts (to
be referred to as “regenerative” approaches) and cellular
(i.e., neuronal or oligodendrocyte) replacement. A cursory
review of some basic aspects of the pathology, pathophys-
iology, and functional outcomes of clinical SCI is presented
below to establish an immediate frame of reference for
the anatomical setting in which cellular transplantation
therapies would be used, along with some rationales and
challenges that may govern the evolution and ultimate
clinical goals of bench-to-bedside initiatives.

General features of SCI

As reflected by many SCI reviews, a variety of
histopathological profiles are exhibited in humans after
spinal trauma that ranges from a solid cord injury with

3,35-46

disrupted white matter and no concomitant necrosis of
central gray matter, to massive laceration/penetrating in-
juries causing the obliteration of recognizable anatomical
features and the formation of a dense fibrotic scar at the
lesion epicenter. A somewhat intermediate spinal insult
is the contusion injury, which has as high as a 50%
incidence and represents the most frequently used clini-
cally relevant injury model in acute and chronic SCI
research.

Initially, contusion of the spinal cord leads to local
mechanical tissue damage, resulting in cellular necrosis.
Soon thereafter, a series of catastrophic pathophysiolog-
ical and neuropathological events ensue, which result in
the progressive, secondary (i.e., bystander) demise of
both gray and white matter.*’” With the advent of mi-
croarray analysis, the transcriptome complexity of post-
SCI pathophysiological sequelae is becoming increas-
ingly apparent,*®~>* and secondary tissue loss is unlikely
to be attributable to any single event, but instead the
result of additive or converging biochemical/molecular,

vascular, and inflammatory processes.*®

White matter damage: not all is lost

In a worst-case scenario, a severe contusive insult can
lead to complete tissue destruction at the lesion epicenter
analogous in certain respects to a total transection. Such
anatomically complete lesions, however, are uncom-
mon.*>*® Injuries of lesser magnitude are more frequent
and typically display end-stage features characterized by
central hemorrhagic necrosis of gray matter with con-
comitant neuronal loss and the formation of fluid-filled
cysts. In addition to primary necrosis and advancing
secondary demise of neurons and many white matter
tracts, widespread oligodendrocyte apoptosis also occurs
at the epicenter and significant distances rostral and cau-
dal to it.*’*~°! Despite such widespread degeneration, a
consistent feature of the injury epicenter in many SCI
cases is the presence of varying amounts of preserved
white matter that may be as little as a thin subpial rim of
preserved axons (FIGS. la,c, and 2a) in more severe
injury conditions.®> Many of these fibers, however, may
become demyelinated®® as a basic aftermath of the initial
post-SCI inflammatory response and oligodendrocyte ap-
optosis just noted and may exhibit progressive stages of
remyelination at later postinjury intervals (FIG. 1b,d). By
rendering spared axons dysfunctional, this form of pri-
mary demyelination is thought to account for some long-
term deficits resulting from SCIL

Partial white matter sparing has fundamental implica-
tions relative to the choice of a cell-based repair strategy
that can vary from one individual to another. According
to criteria established by the American Spinal Injury
Association (ASIA), SCI cases can be classified as func-
tionally “complete,” i.e., no sensory or motor function
below the level of injury (at sacral levels S,—Ss; ASIA
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FIG. 1. a-d: Partial preservation of myelinated fibers is illustrated in plastic semithin sections and a MR transverse slice obtained from
a human subject (a, inset). a: A region of ventrolateral white matter is shown at a contusion epicenter site 3 weeks postinjury in an adult
rat spinal cord. This region is subdivided (dashed white line) into a more centrally located zone that is undergoing extensive fiber
degeneration and a more peripheral region (pial surface indicated by arrows), in which a rim of some spared fibers is seen. A more severe
injury is illustrated in c. In this transverse section of the lesion epicenter of an adult cat spinal cord, as seen 4 months after a static load
compression injury, nearly all of the spinal cord has deteriorated except for regions in which a few axons are present subjacent to the
surrounding pia. The boxed area represents one such fiber zone that is shown at higher magnification in d. In regions of spared white
matter (b and d), there can be extensive demyelination and remyelination noted (arrows point to some examples). These regions also
may appear less compacted because of associated fiber loss and edema. The MR image (inset) shows a human correlate of what is
illustrated in histological sections. A rim of white matter can be identified surrounding a large central cyst at T5. Preop, preoperative.

“A”), or functionally “incomplete” (ASIA “B,” “C,” or
“D”), with ASIA “E” being normal. Today, over 55% of
SCI cases are designated as being incomplete. This status
can be explained in terms of tissue sparing, but it does
not automatically infer that functionally complete inju-
ries are anatomically complete,*® and thus a priori more
uniformly dependent on axonal regeneration to reunite
separated spinal cord segments. Generally speaking, in-
dividuals with functionally incomplete and some with
complete injuries could thus equally impose less de-
mands on a given therapeutic approach. Therefore, al-
though the goal of SCI research is usually directed at
large-scale, long-distance regeneration per se, this may
not be a universally obligatory requirement because of
partial sparing of ascending and descending white matter
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systems in many cases.®*®> Undoubtedly, it would be
ideal to have adjunct pharmacological, imaging, and neu-
rophysiological protocols available to define the most
rational therapeutic approach required on a patient-by-
patient basis.

A closely related issue is: how much regeneration
should be sought? In animals and humans with SCI,
relatively significant functional preservation can be ob-
tained with sparing of ~10-15% of white matter.%6%6°
This has led to the suggestion that only a small degree of
regeneration may be required to restore meaningful func-
tion.%” It should be emphasized, however, that functional
sparing associated with intact fiber systems is not nec-
essarily equivalent to functional restoration via regener-
ation and the re-establishment of appropriate synaptic
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FIG. 2. a: A plastic semithin section, showing in transverse plane a static-load compression epicenter site in an adult cat spinal cord.
A central region of highly partitioned cystic cavitation is indicated by arrows. The shell of surrounding “preserved” white matter has
features similar to those shown in Figure 1, a and b. b: A “living” correlate of this image is seen in this syringoscopic view of a highly
compartmentalized cyst (arrows) in a patient during an exploratory phase of intraspinal surgery (courtesy of Drs. Edward Wirth Il and

Richard Fessler).

relationships. On the other hand, as frequently noted, an
overly robust regenerative response to an intervention
may have adverse consequences.

Some risks of regenerative or restorative white
matter repair

Procedural and biological safety issues are clearly par-
amount in the design of any clinical trial.°® The presence
of spared axons after most cases of SCI bears heavily on
the issue of risk/benefits, and the potentially inconsistent
relationship between anatomical and functional com-
pleteness must be carefully weighed into the design and
rationale for any invasive therapeutic spinal cord repair
procedure. Paradoxically, axonal sparing presents a lo-
gistical dilemma that is difficult to dismiss. On one hand,
the more axons spared, the greater the potential risks of
additional injury using an intraspinal surgical procedure.
At the same time, having more spared fibers offers
greater potential for achieving significant functional im-
provements.®” Endoscopic microneurosurgery (FIG.
2b),”° which is still in its infancy, and preoperative neu-
roprotection may thus become important adjuncts to in-
traspinal transplantation.”' Discussions at recent meet-
ings have also raised the issue of how an individual’s
participation in one trial may later affect chances of
enrollment in others. Therefore, what must be kept in
mind at the very least is that any inadvertent, intraoper-
ative damage could diminish the opportunity for poten-
tial gains from newer generation and more efficacious
interventions should initial trial outcomes be suboptimal.

Neuronal replacement in the injured spinal cord

In contrast with axonal regeneration and/or remyelina-
tion of spared axons, the rationale for neuronal replace-
ment in the injured spinal cord is less defined and infre-
quently articulated. This is especially ironic in light of
many lay and scientific articles on stem cells and neuro-
nal restoration, which frequently cite SCI as one of many
neurological targets. Even when the field of fetal CNS

tissue transplantation was beginning to burgeon, few in-
vestigators were focused on SCI. The objective of using
embryonic cells to replace a specific neurotransmitter
phenotype, as discussed by Lindvall and Bjorklund in
this issue of NeuroRx® (1:382-393, 2004), seemed far
more feasible than reconstruction of complex neural cir-
cuitries, although this was an early stated goal of neuro-
transplantation research.’”

With regard to SCI, many aspects of intraspinal cir-
cuitry remain poorly understood in terms of their func-
tional cytoarchitecture. For example, how does one re-
construct a spinal central pattern generator (CPG); what
are the specific neuronal phenotypes and synaptic inter-
actions required? The potential importance of neuronal
replacement has also been masked because SCI has been
frequently regarded as primarily a “white matter” prob-
lem, based on some issues discussed above and other
lines of evidence.”*’* Even substantial loss of gray mat-
ter after SCI, except at specific spinal cord levels, has
been considered to be of relatively little conse-
quence.**"*

This emphasis on white matter, however, derives pri-
marily from the predominant use of thoracic SCI models
and the prevailing focus on hindlimb motor function.'®”>
For instance, discrete, excitotoxic lesions in the thoracic
spinal cord, which destroy central gray matter without
affecting surrounding long-tract systems, appear to have
no consequence on hindlimb locomotion in the rat.”®. It
is conceivable, however, that thoracic lesions could in
the meantime affect axial musculature and posture; the
same may be true for cervical spinal injuries.”””® Recent
studies in which gray matter was pharmacologically res-
cued after a thoracic contusion injury showed an increase
in the control of trunk musculature, although.hindlimb
locomotion did not improve.”*® From a clinical reha-
bilitative perspective, axial musculature stability is vital.

Similarly, other studies have indicated that central gray
destruction alone can lead to enhanced tonic and driven
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discharges of spinal neurons bordering a central gray
lesion.®' Local circuit changes in GABA could account
for allodynia after SCI®* as a result of decreased inhib-
itory tone in the injured cord and an increased excitabil-
ity of spinal neurons.®® Even small lesions of spinal gray
matter can affect sensitivity to thermal input over seg-
ments remote from the lesion.®* Interestingly, a thoracic
level 8 (Thg) contusion injury can lead to chronic pain
manifestations in a rat that are similar to those seen in
human SCI, whereas hemisections at that level do not
result in the same profile.®® This may entail damage to a
spinal gray-ventrolateral quadrant system that transmits
nociceptive information from cutaneous body regions.
Midthoracic chronic SCI also can elicit sexual dysfunc-
tion in both rats and humans, and this could involve a
spinal gray-dorsolateral quadrant system conveying no-
ciceptive information from mucocutaneous/pelvic/vis-
ceral territories.®®

In contrast to thoracic injuries, it is easier to envision
gray matter repair relative to lesions at cervical or tho-
racolumbar/lumbar levels. Motoneuron replacement is an
immediately obvious consideration, although the colum-
nar organization of motoneuron pools over several seg-
ments of the spinal cord in many instances (e.g., McK-
enna et al.®*’) and peripheral collateral sprouting as
well,®® can contribute to preservation of sufficient neu-
romuscular integrity. Thus, deficits may not be apparent
except under demanding conditions, as exemplified in
the case of respiratory function after midcervical SCI
(FIG. 3).

A more intriguing, yet challenging, cell therapy target
would be replacement of interneurons,® including long-
projecting and short-projecting propriospinal neurons
(PSNs). Descending suprasegmental systems frequently
terminate on interneurons rather than make direct mono-
synaptic connections onto motoneurons. Interneurons as-
sume even greater significance, such as in the case of the
hindlimb CPG, which resides at spinal level L, in the rat.
Using the same excitotoxic lesion approach noted above,
restricted gray matter deletion at spinal level L,-L, re-
sults in hindlimb locomotor deficits equivalent to those
produced by severe thoracic spinal contusion injuries
7699 No correlation with motoneuron loss was observed
in those experiments, thus underscoring the importance
of regional interneuronal excitotoxin-induced depletion.

The negligible behavioral consequences attributed to
gray matter loss to date are rather paradoxical, because
quantitative studies have estimated that in some regions
of the spinal cord, as much as 60% of the fibers are of
propriospinal origin.”! Concerning recovered hindlimb
activity, neuroanatomical studies of spared axons after
mild or moderate contusion injuries have suggested that
propriospinal projections play little or no role.®®** From
another perspective, however, it is well known that PSNs
originating at spinal level C;—C5 send long projections to
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FIG. 3. Motoneuron loss after a spinal injury may not exhibit
profound clinical symptoms except under more demanding con-
ditions. This figure illustrates phrenic motoneuron pool (i.e., C5—
Cs) utilization in adult rats as exemplified by diaphragm EMG
amplitudes during augmented breaths (i.e., equivalent to a sigh).
Under normal breathing conditions, only 50% of the phrenic
motoneuron pool is used (dashed line); however, when aug-
mented breathing is induced, rats will recruit an additional 10-
20% of available phrenic motoneurons. After a C,~Cg contusion
injury, respiratory function is not overtly different from that seen
in controls under normal conditions. However, when faced with
respiratory challenge, those animals recruit virtually all of the
remaining phrenic motoneuron pool (data obtained in collabora-
tion with Dr. Donald Bolser). Thus, from a human perspective,
even when a cervically injured individual may not require venti-
latory assistance, respiratory performance is severely compro-
mised, thus leading to respiratory weakness evident, for exam-
ple, in speech or cough.

the lumbosacral enlargement and are intimately involved
in forelimb—hindlimb coordination. Other evidence indi-
cates that even local, short-distance commissural PSNs
are important components of the spinal locomotor net-
work.®” Such cells have significant input on nearby mo-
toneurons and mediate hindlimb functional recov-
ery.®®?*%* For example, C;—C, PSNs in the cat project
monosynaptically onto motoneurons, la inhibitory inter-
neurons, and spinoreticular and spinocerebellar neurons
at the forelimb segments of C,—Th,”>. These cells re-
ceive converging cortical and brainstem projections and
mediate the command for visually guided target-reaching
movements and conjoint control of axial muscles to sta-
bilize the trunk during target reaching.’® Given the vul-
nerability of PSNs to many forms of SCI, possible re-
placement of these cells is conceptually intriguing,
especially because long PSN projections also have the
potential to serve as a functional relay between hindlimb
corticospinal tract axons rostral to an injury and caudal,
lumbar motoneurons.”” Studies of lower vertebrates
(e.g., lampreys”®®?) also suggest that lesions affecting
short PSN projections, thereby interrupting a cascade of
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intersegmental coupling, could contribute to some func-
tional consequences (e.g., such as increased neuronal
excitability as noted above) that are masked by the more
obvious motor deficits caused by damage to supraspinal
systems. Therefore, although at face value gray matter
destruction may not appear to have much consequence
on function, restoration of spinal gray matter continuity
may prove more vital to the overall recovery process
than presently recognized.

FUNCTIONAL OUTCOME TARGETS FOR
CELL-BASED STRATEGIES

In contrast with other CNS disorders that have been
addressed using cellular interventions (e.g., PD and Hun-
tington’s disease), the neurological conditions associated
with SCI are more variable, multimodal, and subject to
different degrees of spontaneous improvement over
time.*>'° In that context, the extent of primary and
secondary tissue damage, degree and type(s) of func-
tional disability, and the extent of possible recovery after
a spinal cord contusion are dependent on the spinal level
and severity of the injury. Approximately 55% of SCI
cases occur in the cervical spine region (predominantly
C,—Cs), whereas the remaining 45% are evenly distrib-
uted between thoracic, thoracolumbar, and lumbosacral
levels.'®" Aside from motor deficits associated with tet-
raplegia or paraplegia, individuals who have sustained
spinal cord trauma must often deal with other associated
neurological maladies, such as loss of sensation, decub-
itus ulcers, chronic pain, spasticity, bowel/bladder dys-
function, and compromised sexual function. High cervi-
cal (i.e., C,) injury can lead to temporary or permanent
loss of diaphragm function, and even lower cervical in-
juries may contribute to significant respiratory insuffi-
ciency. A less often cited, yet physiologically important,
consequence of cervical and thoracic injuries (above
Th,) is a diminished cough reflex, which involves coor-
dinated activity between abdominal muscle and the
phrenic motoneuron (PhMN) pools at the C5—Cs spinal
cord levels.'®® This alone can contribute to a higher
propensity for pneumonia. In that regard, a simple cold
could become a major health setback, if not ultimately a
life-threatening risk, for some individuals with SCI. An-
other potentially life-threatening condition, autonomic
dysreflexia, occurs in 50-90% of individuals with tetra-
plegia or high paraplegia (involvement of the sympa-
thetic nervous system contained within the thoracic spi-
nal cord). This condition entails evoked hypertension in
response to noxious sensory inputs below the level of
injury that can be manifested in acute'®* and chronic'®*
SCI. Some evidence suggests that chronic pain may be
an associated condition.'%’

This cursory overview of the multimodal conse-
quences of SCI underscores the daunting complexity

confronting cellular and other therapeutic approaches.
Although restoration of the ability to walk is a commonly
expressed scientific and clinical goal, there are many
other dysfunctions resulting from SCI that, if corrected,
could translate into significant improvements in the qual-
ity of life.

In many respects, meaningful functional spinal cord
repair may not be as heroic an effort as it would seem
given what substantive improvements can be genuinely
sought.*>** Functional repair over a distance of as little
as one cervical spinal segment (e.g., C,—C;, for unas-
sisted respiration, or C¢—C,, for triceps function) could
represent a profound difference in independence. Like-
wise, attenuation of spasticity, autonomic dysreflexia, or
chronic pain would be of tremendous relief to most in-
dividuals with SCL.”° Similarly, restoration of bowel and
bladder control or improvement in sexual function would
have tremendous health and psychosocial benefits. Indi-
vidually or in some combination, these post-SCI out-
comes represent realistic goals, and functional repair
may be less demanding for some aspects of SCI than
others. Furthermore, incremental improvements can con-
stitute significant patient benefits. For that reason, it has
become increasingly imperative to establish reliable an-
imal models for these conditions in conjunction with the
development of rigorous, quantifiable outcome measures
for both experimental and clinical purposes.?

HIPPOCRATES AND SPINAL CORD
PLASTICITY

Because the cervical spine is a frequent site of SCI, as
well as the region that can most benefit from an inter-
vention over minimal distances, biological and proce-
dural safety (i.e., intramedullary approaches not rou-
tinely used in spinal surgery) both assume obvious and
paramount importance, as noted earlier. This leads to the
question: “which level of the spinal cord and postinjury
neurological disposition represents the safest subject pro-
file for early clinical trials”?***'°°~'%% One consideration
has been stable, motor complete thoracic injuries; how-
ever, even at that level, potential risk to a spared cough
reflex, for example, cannot be casually dismissed, de-
pending on the specific thoracic region involved and the
degree of anatomical disruption. In many respects, there
is no innocuous spinal level. Therefore, preclinical stud-
ies in which procedural and biological safety are rigor-
ously tested have as much scientific importance, if not
more, as other investigations exploring treatment effi-
cacy and underlying mechanisms. Apart from the possi-
bility of exacerbating existing deficits, the risk of induc-
ing pain represents another commonly expressed
concern.

Beyond “doing no harm,” however, safety also em-
bodies another level of significance related to the self-
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FIG. 4. Extensive white matter damage is seen in these micro-
graphs taken from the epicenter of a static load compression
injury to an adult cat spinal cord. Months after that injury, the
white matter is replaced by an amorphic cellular terrain in which
large fascicular structures are seen (a). At a higher magnification
(b), these structures are bundles of axons that are myelinated by
Schwann cells. Some individual fibers are seen in the surround-
ing tissue parenchyma. As discussed in the accompanying text,
Schwann cell infiltration of the injured spinal cord is a common
feature in animals and humans and represents one form of po-
tential self-repair that can be augmented by grafts of Schwann
cells and other cell types (e.g., olfactory ensheathing glia).

repair capacity of the spinal cord (i.e., functional plas-
ticity). Ideally, an intervention should not adversely
affect favorable intrinsic restorative mechanisms, but in-
stead should amplify or be enhanced by them. Although
earlier studies of spared dorsal root preparations pro-
vided compelling examples of the potential for intraspi-
nal anatomical and functional plasticity,'” the capacity
of the spinal cord for recruiting compensatory function
was not fully appreciated. There is growing recognition,
however, of the existence of intrinsic repair process-
es,"!'%!"! some of which may entail the same tissue
framework (FIG. 4a,b) on which potential cellular ther-
apies have been based.''*!"? Likewise, several function-
ally positive neuroplastic changes at segmental and su-
prasegmental levels have been reported in individuals
with chronic SCL%>''* Experimental evidence suggests
that even a few spared axons in contusion injury models
may influence reorganization of circuits and enhanced
motor output below the level of injury.®® It is well es-
tablished that the respiratory''>~'"® and reproductive''”
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centers of the spinal cord exhibit remarkable degrees of
intrinsic functional and anatomical plasticity, which is
seen in many species, including humans. Functional re-
cruitment of redundant pathways, as discussed below,
represents another significant example of spinal cord
plasticity.

WHAT LONG-TRACT SYSTEMS SHOULD BE
TARGETED BY REGENERATIVE OR
CELLULAR REPLACEMENT THERAPIES?

Given the neuroplastic potential of the mammalian
spinal cord, it is understandable that definitive conclu-
sions remain elusive about anatomical-functional rela-
tionships after SCI, especially in animal models of con-
tusion injury.®® Similarly, there are many clinical
examples in which it is difficult to make direct and
prognostic correlations between regions of compromised
white matter integrity and early or chronic functional
outcomes. Neuroanatomical studies that have examined
the origins of spared axons after mild and moderate
contusion injury in rats have shown varying degrees of
sparing of hindlimb locomotion-associated and brain-
stem-descending systems. Significant hindlimb function
can thus still be present, although the relative amount of
supraspinal input may differ.%>'2°~'2! Sprouting of some
damaged descending systems within the contusion epi-
center has also been reported,122 which could lend to
cellular repair strategies.

Such observations further underscore compensatory/
neuroplastic possibilities upstream and downstream from
a spinal injury.®> Post-traumatic syringomyelia (PTS),
reviewed in Wirth et al.'> is one type of a spinal injury
condition in which examples of robust neuroplasticity
potential of the human spinal cord can be seen. This
condition is characterized by a progressive expansion of
cystic cavitation resulting from the original injury. The
ascending advance of associated myelomalacia is symp-
tomatic and can entail intractable pain and gradual func-
tional loss above the level of injury. As described pre-
viously,?”"”* however, despite the extreme gray matter
pathology of PTS because of significant loss of interneu-
rons and white matter, relatively minimal clinical deficits
are manifested in some individuals. The slower pace of
PTS development appears to provide sufficient opportu-
nity for anatomical and functional reorganization that
effectively masks the otherwise significant deterioration
of spinal cord tissue that often occurs.

A consensus is that ventral white matter is vital to
spared or restored locomotor capabilities. However, oth-
ers'?* have suggested that locomotion can be triggered
by a variety of descending systems that reveal a signif-
icant degree of functional redundancy and diffuse axonal
distribution within ventral pathways.'?> Other data sug-
gest that injury of dorsolateral funiculus fibers in the rat
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thoracic spinal cord may contribute to locomotor deficits,
but only when there is simultaneous compromise of ax-
ons in the ventrolateral funiculus.'?® Meanwhile, other
investigations showed that selective lesions of the cervi-
cal dorsal column and/or dorsolateral funiculus led to
altered locomotor capacities and ipsilateral forelimb im-
pairments during specific behavioral tasks.”®!%7-!2®
Functional plasticity/redundancy in spinal white matter
was also effectively demonstrated in a series of papers by
Alstermark and colleagues,lzg_131 who showed in cats
that multiple descending pathways subserved complex
forelimb functions via C;—Cs5 PSNs. After a Cy transec-
tion, the ability to retrieve food with forepaws disap-
peared as a result of interruption of the corticospinal and
rubrospinal tracts, which normally mediate this function.
However, over a period of months, some recovery oc-
curred as bulbospinal fibers were gradually recruited into
this behavior.”

Although additional discussion of the contributions of
various fiber systems at different spinal levels is beyond
the scope of this article, it should be noted that selective
lesion experiments, such as the ones cited, do not involve
the same conditions as those encountered after more
clinically relevant injuries in which different cues may
influence functional expression by spared axons.'? Fur-
thermore, the considerable emphasis on descending sys-
tems after SCI often overlooks the important role ascend-
ing systems play in locomotor function and other
behaviors,’® such as male reproductive function,®’
among other well known somatosensory modalities that
they subserve.

CLINICAL EXPERIENCES WITH
REGENERATIVE SCI CELLULAR REPAIR
STRATEGIES

Although translational approaches in cell-mediated re-
pair of the injured spinal cord are now a major topic of
interest, it should be appreciated that intraspinal neuro-
transplantation in humans is not a novel endeavor. One
bizarre anecdotal example is a case reported 60 years ago
(cited from the introductory chapter in Sladek and
Gash'??), in which an adolescent male SCI patient was
the recipient of cadaveric adult spinal cord tissue that had
been previously fixed in formalin, rinsed in distilled wa-
ter, and then stored in 70% ethanol.'?? Although this is
an exceptional case, there are a few experimental proce-
dures now being done on human subjects that, in terms of
supporting rationale and preclinical scientific documen-
tation, are as ill-founded. A notable example is that of the
transplantation of embryonic shark cells, which was ini-
tiated in 1991 in Tijuana, Mexico and is apparently still
being pursued. Short of website descriptions (http://ww-
w.electriciti.com/spinal/treat.htm) indicating a multifac-
torial approach in which the basis for any purported

recovery is impossible to discern, there is no peer-re-
viewed documentation available of this procedure or its
outcomes, and the founding rationale is seemingly un-
substantiated. Even more disappointing, however, is that
no validated information is available regarding proce-
dural, much less biological safety, because from that
perspective some worthwhile information could be sal-
vaged from these efforts. Because there is no apparent
reason to otherwise question the neurosurgical skills of
the clinicians involved, it is conceivable that some other
very useful information could be obtained from that ex-
perience, especially if bona fide favorable outcomes
could be substantiated either in terms of the surgery or
adjunct rehabilitative therapies used.

A variety of donor cell types have been and continue
to be the focus of laboratory studies directed at spinal
cord functional repair via regeneration/sprouting, remy-
elination, neuronal replacement, and cell-mediated neu-
roprotection. One investigation involving human fetal
spinal cord tissue transplantation has already been used
in completed clinical studies reported in peer-reviewed
journals (referenced below), whereas the applications of
others are still under investigation. The following will
provide a capsule description of some finalized or in-
progress clinical studies and a selective summary of sup-
porting experimental evidence. It should be noted that
everything described is based either on published reports,
presentations at meetings that were not under the aegis of
confidential information, or selective website searches.
Also, other approaches, such as genetically modified
cells,'** which have not yet been tested on SCI subjects,
are not discussed, despite their future translational like-
lihood.

Regenerative repair of the injured spinal cord:
peripheral nerve tissue

Preclinical foundation. Varieties of cell types and
grafting platforms have been studied because of their
considerable potential for promoting axonal regenera-
tion. In the case of Schwann cells (SCs) and olfactory
ensheathing cells (OECs), these glial elements have a
dual capacity for stimulating fiber regrowth as well as
remyelination. Emphasis here will be on their regenera-
tion-promoting properties.

The experimental evidence suggesting potential clini-
cal applications of peripheral nerve (PN) tissue or highly
enriched preparations of Schwann cells is well estab-
lished in the literature.*>!357137 To summarize, SCs have
neurotrophic, ECM, and cell adhesion properties that are
favorable to axonal regeneration in the peripheral ner-
vous system.'**~'% Numerous studies also have shown
that grafts of PN tissue can induce and support axonal
outgrowth over long distances from CNS neuronal pop-
ulations in the brain, optic nerve, or spinal cord. 40141 1¢
is even possible to harvest human SCs and establish large
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numbers of them in high purity in tissue culture'**~'4*

for subsequent autologous transplantation.'*’ In addition,
SCs lend well to genetic modification and are thus useful
cellular vehicles for ex vivo gene delivery and other
combination therapies.'*~'47

One of the more contemporary applications of PN
tissue/cell grafts in SCI was performed by Kao and col-
leagues'*®* ' using complete transections, as well as
spinal compression injury models in rats and cats. There-
after, many studies of PN or SC-mediated axonal regen-
eration in the injured spinal cord were reported by other
laboratories.'*>'>'"'%? Interestingly, some descriptions
of rodent and human SCI have indicated that large num-
bers of SCs can gradually infiltrate a spinal lesion (i.e.,
schwannosis®>'%%) and thereby facilitate some degree of
spontaneous axonal growth.l 13

Clinical applications. This author is unaware of any
documented human trials involving the transplantation of
purified populations of SCs; however, there are various
reports outside the realm of peer-reviewed journals of
PN tissue grafts having been made in SCI patients world-
wide, and some may still be in progress. Notably, Kao’s
last scientific report, as far as this author could trace, was
at the 8th International Congress of Neurological Sur-
geons and based on 90 cases.'® It appears that many
more operations that are similar have been performed by
him since then (most recently in Ecuador) (http://ww-
w.oaoa.com/news/nw022502b.htm). Furthermore, some
more recent surgeries may have been nerve bypasses in
which functional motor pools above a lesion were being
used to drive circuits caudal to the injury. If that is the
case, valuable clinical information is being lost that di-
rectly relates to a recent study of a similar approach that
in rats appeared to have significant results.'®> The appar-
ent benefits of the PN procedure attributed to Kao via
internet accounts from former patients are difficult to
assess because of other treatments that were applied in
conjunction with the surgery. The most unfortunate sit-
uation once again is that important safety-related data are
not available. Given the many potential complications
that could be encountered at some spinal levels, it is
impressive that there are no publicly recorded indications
of significantly adverse outcomes from informal website
postings.

More recently, Barros and colleagues, in Sao Paolo,
Brazil (http://www.healingtherapies.info/ WHO.htm) have
grafted PN tissue into completely transected spinal cords,
and the neurological risks discussed earlier appear to be
minimal in such anatomically/functionally complete indi-
viduals. Apart from a recent abstract,'®® no formal publica-
tions have materialized to date. It appears, however, that
this investigation was conceptually in synchrony with some
preclinical studies, and choices of outcome measures were
reasonable. In certain respects, the subjects were the ideal
candidates for an early clinical endeavor; at the same time,
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their neurological status challenges the potential for seeing
any significant functional gains. The approach used by Bar-
ros is based partly on other surgical protocols,'®”'* dis-
cussed below, that were reported to be very promising.
Thus, sural nerve grafts were made in combination with the
administration of FGF and the application of fibrin glue to
ensure intimate apposition of PN tissue with apposed sur-
faces of the spinal cord. Postoperative evaluations involved
ASIA/International Medical Society of Paraplegia stan-
dards, magnetic resonance (MR) imaging, and somatosen-
sory-evoked potentials. Graft viability was observed after
30 months. Although there was no motor or sensory im-
provement, less spasticity was indicated in patients who had
undergone this procedure.

In view of limited information, even the instructive
value of these clinical PN grafting endeavors remains
uncertain, although anticipated publication of the data
obtained in the Sao Paolo study could provide some
useful insights. There are some lines of evidence, how-
ever, that would strongly challenge whether any signif-
icant functional benefits could be expected using PN
grafts alone. Few examples of functional improvements
have been obtained experimentally with PN tissue grafts
or SC populations to the CNS, although it is well known
that axons growing within these grafts retain their phys-
iological properties' "’ and can make functional synapses
with neurons near their point of CNS re-entry.'”' Axonal
elongation after exiting PN grafts, however, is very lim-
ited in distance, as seen in rats,’ and more recently in
subhuman primates.'’? This is often attributed to the
establishment of an inhibitory'”>'”* CNS-PNS transi-
tion zone-like configuration,'’>'”® in which peripheral
nerve cells interface with astrocytes, as discussed in
more detail below. A notable exception is a study in
which multiple PN bridges were regionally interfaced at
Thg with white matter rostral to the injury and gray
matter below.'®’” Postural and locomotor improvements
were observed, and anterograde tracing studies showed
regrowth of descending systems to lumbar levels. The
reproducibility of this approach is still unclear, however,
because at least two established SCI research centers
were unable to replicate these findings (unpublished),
whereas one other report has provided some corrobora-
tion.'”’

Two recent experiments are of interest relative to func-
tional repair and PN tissue. In these studies, physiolog-
ically viable axons, either in a rerouted proximal motor
nerve segment from Th,;'® or in a PN bridge graft
inserted rostrally into the respiratory center of the
medulla,*®were directed to motoneuron pools (i.e., lum-
bar and phrenic, respectively) below the level of spinal
injury. Both studies provided evidence for functional
connectivity. In the case of the PN medulla-to-cervical
bridge experiment, the findings clearly illustrated that
regenerating respiratory axons retained their physiolog-
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ical properties and were able to establish stable and
highly specific connections with an appropriate central
target. These studies provide an important proof-of-con-
cept, as well as a compelling illustration of the challeng-
ing complexity of spinal cord repair, even when some
degree of functional regenerative potential is available.

Regenerative repair of the injured spinal cord:
olfactory ensheathing cells

Preclinical foundation. Part of the difficulty in
achieving greater functional connectivity with at least
unmodified PN grafts alone centers on the cellular nature
of the graft—host interface and the inhibitory molecular
properties of the CNS. It has long been recognized that
once fibers in PN or SC bridges re-enter the CNS, their
elongation essentially comes to a halt.>'”®!” In general,
SCs and PN tissue do not interact favorably with CNS
elements, particularly astroglia.'”>'®0~82 Thys, SCs of-
ten fail to become completely integrated within the CNS
(for review, see Boyd et al.'®), and there is experimen-
tal'®%'%% and human clinical'®® evidence suggesting that
SCs may even promote gliosis and the deposition of
nonpermissive ECM molecules, such as chondroitin sul-
fate proteoglycans,'®~'®7 in which PN grafts and CNS
cells intermingle. The challenge of achieving long-dis-
tance growth beyond the lesion becomes magnified by
the presence of other CNS-related nonpermissive mole-
cules.'3%18% T circumvent this inhibitory milieu, trails
of BDNF-expressing SCs were seeded over a distance of
5 mm below the site of complete spinal cord transec-
tions'?® and shown to facilitate elongation to more cau-
dal regions. Even under these conditions, the distance
traveled by axons exiting the Schwann cell environment
can be very limited'®' unless the caudal interface is
exposed to a neurotrophin cocktail'®? or other ways to
induce axonal growth'®* are used.

Without cotreatments, however, the ideal cellular can-
didate for a cell-based repair strategy should thus be able
to: 1) support axonal elongation and regrowth through
the adult CNS, 2) restore myelin around spared axons
having undergone primary demyelination, 3) freely mi-
grate within the CNS parenchyma and coexist with as-
trocytes, and 4) fully integrate within the lesion micro-
environment.'”* Considerable attention has now shifted
to OECs, a cell type with native properties that appear to
fulfill these criteria.'®>~'* For experimental and ulti-
mately clinical purposes, methods have been developed
and are continuing to be refined to obtain purified and
well characterized populations of these cells, which, like
SCs, can be prepared for autologous transplanta-
tion, 194195

The regeneration-promoting capacity of OECs has
been explored under acute and chronic lesion conditions
by several laboratories in completely or partially
transected spinal cord models.'?®2%°~2% In addition to

the impressive regeneration-promoting attributes of
OECs,2%4-2% functional improvements have been re-
ported in overground locomotion?*®2972% a5 well as
climbing and respiration.”***® After extensive dorsal rhi-
zotomies, these cells also facilitated regrowth of cen-
trally directed sensory axons along with exhibiting some
electrophysiological and behavioral indications of func-
tional benefit.>'° Likewise, OECs have been noted to
restore axonal conduction after dorsal column lesions in
rats.?'!?'2 The ability of OECs to meld with astrocytes in
vitro (reviewed in Barnett'®*) was subsequently corrob-
orated by these and other in vivo studies.'®>-'%-213-215
Although other differences have been since note
the capacity of donor OECs to intimately interact with
host astrocytes is the principal distinguishing feature be-
tween OECs and SCs.

Clinical applications of OECs. By seeming to surpass
the regeneration-promoting properties of Schwann cells,
the use of OECs in SCI has gained rapid and consider-
able momentum. One important prerequisite is to define
the source of such autologous cells. This is not as
straightforward as it may seem, because what is feasible
in the rat is more problematic in humans.'*>*°® Infer-
ences from the literature and open scientific discussions
suggest that this issue has not been fully resolved. Nev-
ertheless, clinical trials with OECs have proceeded in
China, Portugal,218 and Australia. From informal accounts,
over 400 people have undergone this procedure, with the
majority having been done in China using olfactory bulb-
derived OECs from aborted fetuses. The only published
account thus far, to this author’s knowledge, describes some
aspects of patient selection and early functional outcome
data from 171 subjects who ranged from 2 to 64 years of
age®'” and received the transplants at postinjury times ex-
tending as much as 30 years. Follow-up examinations were
only performed up to 8 weeks after transplantation. Pres-
ently, no definitive conclusions can be drawn from this
study based on experimental design and logistical issues.
Investigators in Portugal (http://www.healingtherapies.info/
OlfactoryTissuel.htm) used a different component of the
primary olfactory pathway as a source of OECs, and that
study has focused on younger patients who are no more
than 3 years beyond their injuries. Other web-based reports
indicate that grafts of stem cell and OEC mixtures have also
been performed on ~15 individuals with chronic SCIL.

Commentary. Relative to the many unanswered basic
science questions when these clinical trials were initiated
and even now,'®” it becomes a matter of individual con-
viction whether or not these endeavors were timely and
justified in terms of risk/benefits (http://www.mcpf.org/
displayarticle.asp?articleld=115). For example, charac-
terization of the cells needs to be improved and the
methods of optimal delivery and numbers of cells re-
quired need to be determined as well. How to assess the
degree to which these cells can survive in a human spinal

216,217
d,2e
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cord is a major problem not limited to OEC grafting.
Although some available functional data seems to be
supportive, the extent of those preclinical evaluations is
still extremely modest, and it is somewhat astonishing,
given what little is presently known about these cells,'®?
that a rehabilitation center has announced the intent to
evaluate patients for OEC transplantation procedures be-
ing done in Beijing and Portugal (http://www.sci-info-
pages.com/spinal-blog.html).

Whether continuation of such studies is appropriate
becomes an even more immediate point of discussion
unless enough information can be garnered from these
first investigations. The fact that no harm has been ex-
perienced in clinical trials thus far does not in itself give
license for additional pursuit. In addition, some recent
preclinical functional outcomes in OEC-to-spinal cord
grafting experiments require cautious interpretation. This
especially applies to data suggesting OEC-mediated re-
covery of respiratory function,?**® which are question-
able because of many methodological concerns related to
respiratory data procurement. Furthermore, the results
obtained from control animals are in striking contrast to
independently reproduced findings showing that some
ipsilateral spontaneous phrenic function recovers be-
tween 1 and 2 months after a C, hemisection in adult
rats. 1®~118 It should be noted, however, that more recent
independent evidence?”® showed that OEC transplanta-
tion could contribute to substantial phrenic functional
recovery ipsilateral to a C2 hemisection, although the
mechanism by which this may occur is presently un-
known.

Somewhat ironically, clinical trials were initiated be-
fore specific analysis of OECs was performed in a clin-
ically relevant SCI model. Interestingly, a recent study>'®
in which the effects of cultured SCs and OECs were
compared, alone or in combination, showed that SCs
were more effective in promoting axonal regeneration/
sparing and remyelination in the contused spinal cord
than OECs. OECs, however, seemed to facilitate axonal
elongation at graft—host interfaces. These findings sug-
gest that a combined SC-OEC grafting approach might
be more beneficial in the contused spinal cord than one
involving OECs alone, as ongoing clinical trials have
pursued. It also has been found that delayed transplan-
tation of OECs into a contusion injury is more effective
in stimulating regeneration/sprouting of supraspinal ax-
ons than grafts made immediately after injury, but only
modest hindlimb functional improvements were ob-
served.”?”

Regenerative repair of the injured spinal cord:
marrow stromal cells

Preclinical observations. Bone marrow cells have
been the subject of considerable interest in recent years,
and initially attracted attention because of their stem
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cell-like attributes and pluripotency.?*' In the neuro-
sciences, these cells were particularly inviting for CNS
repair because of their apparent ability to give rise to
neurons and glia.222_225 Those findings, however, have
not been corroborated?*** and even subject to challenges
based on issues pertaining to cell fusion and trans-
differentiation,?*®"??” and the absence of distinct neuro-
nal morphological features and properties, despite their
expression of some neuronal markers.?**?*° Recent ob-
servations,>>° however, showing that human hemopoietic
cells can transdifferentiate into neurons, astrocytes, and
microglia in a long-term setting without fusing have
revived the transdifferentiation potential. Whether this
can apply to marrow stromal cells (MSCs) is presently
unclear.

As in the case of OECs and SCs, MSCs remain ap-
pealing for autologous transplantation and spinal cord
repair because they can be very easily procured, ex-
panded in culture, and delivered via intramedullary or
intravenous routes,”*! among other reasons.*? Several
studies have been reported on the use of MSCs in
midthoracic SCI contusion injury models of varying se-
verity 222228:233-235 A studies show some degree of
hindlimb locomotor recovery that in certain cases looks
very similar to the level of improvement reported with
other experimental cellular therapies in SCI. Disappoint-
ingly, the potential mechanisms by which MSCs may be
acting are unclear at the existing level of analysis, al-
though neurotrophic?** and axonal elongation facilitat-
ing?*® actions have been proposed. Also, the functional
outcomes reported must be cautiously interpreted be-
cause many are primarily based on one evaluation pro-
tocol without other correlative behavioral/electrophysio-
logical approaches.

Clinical translation. At the May, 2004 meeting of the
American Society for Neurotransplantation and Repair, a
presentation by E. Sykova and colleagues on the exper-
imental use of MSCs in SCI**®also included a descrip-
tion of the results of a clinical study that was initiated in
September, 2003 at the Motol Hospital in Prague. In that
small-scale trial, autologous MSCs were intravenously
delivered to nine people (21-41 years old; 7 males; 2
females) who had sustained an SCI either 11-30 days or
2-17.5 months before this procedure. Two patients were
injured at Thy; the remaining had injuries at midcervical
to low-cervical levels (i.e., C, to C,). Preclinical studies
were conducted by this group of investigators, showing
the feasibility of this approach and the ability of MSCs to
home in on regions of intraspinal cavitation. Autologous,
iliac-derived MSCs were harvested and within 5 h, ~10-
147 X 10° CD 34+ cells were delivered via the vertebral
artery using angiography. No adverse events were noted
postoperatively. Findings in 6 of 9 subjects, who are at 3
and 6 months post-MSC delivery, reveal varying degrees
of improvement that appear to fall within an expected
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range of spontaneous recovery. Thus, without controls or
some indication of cell viability within those lesions at
this point, all that may be concluded is that a measure of
procedural safety was demonstrated. The most dramatic
change was in a Cg4, 41-year-old male subject who ad-
vanced from ASIA B to D with the concomitant reap-
pearance of motor-evoked potentials.

Regenerative repair of the injured spinal cord:
activated macrophages

Preclinical observations. One of the more mature
clinical trials in progress is based on studies showing that
activated macrophages may be capable of enhancing re-
generation in the CNS. Initial laboratory comparisons of
inflammatory responses associated with PN injury and
regeneration versus CNS trauma suggested that the lack
of regeneration in the spinal cord could be attributed to a
compromised recruitment of macrophages.”*’” Subse-
quent experiments, first in an optic nerve injury model,
showed that regeneration could be elicited by augment-
ing the endogenous inflammatory response with grafts of
activated macrophages that had been preincubated in the
presence of PN tissue.?*®?* It was then reported that the
same approach in a complete spinal cord transection
model led to some recovery of hindlimb function along
with the re-emergence of concomitant motor-evoked po-
tentials.**® Axonal tracing showed fibers extending
through the lesion, and retransection of the spinal cord
abolished the previously recovered functions. Details of
how the regenerative response evolves, however, have
not been reported.

Clinical trials. Clinical application of the original ex-
perimental findings using peripherally activated macro-
phages moved forward under the auspices of Proneuron,
Inc. The following summary is based on a public pre-
sentation given at the 49™ Annual Conference of the
American Paraplegia Society.”*' A phase 1 open-label
and nonrandomized trial was initiated in Israel, in col-
laboration with centers in Brussels (Erasmus Hospital)
and Denver (Craig Hospital), which was granted ap-
proval by the Food and Drug Association (FDA) in 1999.
The first of eight subjects was enrolled in 2000. Candi-
dates for this study were to have confirmed diagnosis of
complete SCI with lesions at Cs to Th,,. Treatment, to be
done within 2 weeks after injury, involved obtaining a
subject’s blood and a specimen of full-thickness skin,
which was used instead of PN to stimulate macrophage
activation.”** A comprehensive battery of follow-up neu-
rological and spinal imaging evaluations was proposed.

In the update noted above, it was reported that eight
subjects have been enrolled (7 males, 1 female) who
were between 19 and 41 years of age. All but one had
sustained thoracic SCI, and all were ASIA A at the time
of enrollment. Treatment was administered between 9
and 14 days after injury. Thus far, no adverse effects

have been identified. Three subjects improved to ASIA
C, and the time over which this occurred was believed to
be well above the expected rate of natural recovery.’*!
Phase 2 trials are presumably now underway that involve
study sites in Tel Aviv, Denver, and New York.

Commentary

One of the issues that has been echoed at two recent
conferences on translational SCI research (http://www.
ninds.nih.gov/news_and_events/sci_translation_workshop.
htm; http://www.icord.org/workshops/iccp.html) and in re-
lated venues®? is that of independent verification of prom-
ising strategies”> before the initiation of a clinical trial.
Thus, on purely objective grounds, the timeliness of the
initial phase 1 study just described could be challenged;
however, it becomes even more debatable whether the pro-
posed phase 2 trial is appropriate given that controversy
now exists regarding the use of activated macrophages to
bolster postinjury inflammatory responses as a way to stim-
ulate regeneration in the injured spinal cord. On one hand,
activation of intrinsic macrophages at a spinal contusion site
with microinjections of zymosan has been shown to have
deleterious effects on hindlimb functional recovery and tis-
sue survival.>* Alternatively, the depletion of peripheral
macrophages, during a time when inflammation has been
shown to be maximal after spinal contusion injury in rats,
has been observed to lead to significantly better hindlimb
usage during overground locomotion, more extensive white
matter sparing, and decreased tissue cavitation.”** It should
also be noted that the move to the clinic was based on a
transection, rather than a contusion, injury model. The re-
sults obtained with a contusion model have only been re-
cently published.?** In that investigation, skin-incubated (as
in the clinical trial), instead of PN-activated macrophages
were being used. Because there is significant reason to
believe that a well controlled inflammatory response to SCI
can be beneficial to axonal regrowth and the phasel trial has
thus far indicated safety, an argument can certainly be made
in favor of more preclinical verification and analysis (in-
cluding other species) to better appreciate the robustness of
the therapy.

CELL-MEDIATED REMYELINATION OF THE
INJURED SPINAL CORD

Considerable experimental evidence has demonstrated
that 4-aminopyridine (4-AP), a voltage-sensitive potassium
channel blocker,>*>*’ is capable of restoring axonal con-
duction in demyelinated axons.?*® Those findings, coupled
with primary demyelination and oligodendroglial apoptosis
being a consistent feature of post-SCI histopathology and
pathophysiology, have generated considerable attention to
the use of cellular repair strategies directed at remyelina-
tion.?>** In fact, cellular therapeutics for restoring myelin
and axonal conduction are currently considered by many to
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have the most immediate potential for restoring some de-
gree of useful function after SCI,*® as suggested also by
studies of other CNS demyelinative disorders.*°

Preclinical observations

Candidate sources of myelin-producing cells, based on
both CNS demyelination or injury models, include the
following: unmodified and modified SCs, 21232
OECs, 79253254 MSCs,?> fetal or adult oligodendroglial
progenitors to serve as either allogeneic or xenogeneic
donor material,>>®~2°* and embryonic stem (ES)**'*>or
adult stem cells.?*®~2°® One of the more useful transla-
tional features of such myelin-forming cells is they can
be used in xenografting models in a clinically and mech-
anistically predictive way, because myelinogenic com-
petence is retained across species. However, the migra-
tory capacity of human oligodendroglial precursors in a
rodent SCI model***° may be quite different from that
in human recipients. Methods to track such donor cells in
clinical applications will thus be important here as in
other transplantation strategies.”®® Fundamental issues
related to the survival and functions of these cells have
also been addressed, and one study270 has shown that
peak phases of microglial reactivity can contribute to the
death of donor oligodendroglial progenitors.

A recent publication®’! involving grafts of myelino-
genically competent donor cells to the demyelinated spi-
nal cord of the subhuman primate provides an important
basis for future translational experiences, although some
limitations need to be resolved. Highly purified and well
characterized OECs were isolated from transgenic pigs.
These cells, which expressed the «(1,2)fucosyltrans-
ferase (H-transferase or HT) gene, were then trans-
planted into demyelinated lesions made in the spinal
cords of immunosuppressed African green monkeys. HT
is significant in its ability to reduce human antibody
reactivity and complement-mediated cell lysis. Robust
remyelination, resembling peripheral myelin sheaths,
was observed 1 month later, with minimal remyelination
being present in nontransplanted controls. Those initial
findings extend and closely resemble results obtained
with engineered porcine cells in rodent demyelinative
models. Remyelination, however, was incomplete, and it
is unknown how this will relate to therapeutic efficacy in
SCI if primary demyelination occurs at great distances
from the lesion epicenter, as described in rodents (Liu et
al.>”).

Clinical trials

Publications reporting functional recovery in a rat spi-
nal contusion injury model after transplantation of mu-
rine ES cells, which gave rise to oligodendrocytes in vivo
and in vitro,?0*?% were subsequently followed by an
announcement in April, 2001 of the initiation of a clin-
ical SCI study conducted by Diacrin, Inc. (now under the
name of GenVec, Inc.) in collaboration with investiga-
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tors at Washington University (St. Louis, MO) and the
Albany Medical Center (Albany, NY). According to
website accounts, porcine fetal stem cells were grafted
into reportedly six subjects who were 1 year or more
beyond injury. Immunological “masking” of the pig cells
was used to minimize rejection and the need for long-
term immunosuppression. The last patient visit for this
study was reported to be scheduled for June, 2004, and a
manuscript describing the findings will then be prepared
for publication (J.W. McDonald, personal communica-
tion). Thus far, the procedure appears to be safe. Other
trials in restorative SCI involving the transplantation of
cells capable of making myelin are being discussed
within the academic and biotechnology sectors. It is an-
ticipated that at least two new trials will be initiated. As
noted later, whether more scientific due diligence is war-
ranted should perhaps be openly discussed.

NEURONAL REPLACEMENT IN SCI:
INTRASPINAL TRANSPLANTATION OF FETAL
CNS TISSUE

Considerable interest is now being directed at the fu-
ture use of neural stem cells for treating a variety of CNS
disorders. Fetal CNS tissue grafting, however, continues
to represent an important experimental tool for address-
ing the challenging task of neuronal replacement, as well
as an important benchmark for other evolving donor cell
types. In that regard, as discussed elsewhere in this issue
of NeuroRx®, clinical experiences with fetal grafts in PD
have established a vital base of experience and a valuable
template for the next generation of clinical trials using
cell-based strategies.”’> Although extension of this ap-
proach to clinical SCI has been far more limited, some
worthwhile insights have evolved from three, now com-
pleted and closed, independent trials that focused on the
safety and feasibility of intraspinal transplantation of
human fetal spinal cord (huFSC) in a small cohort of SCI
subjects in Gainesville, FL,'2%273 Sweden, Denver,
CO0,>’*?7> and Russia.?’®

On behalf of the Gainesville experience, the impetus
for advancing to the clinical setting first took into ac-
count over 15 years of experience and independent re-
search confirmations worldwide related to fetal tissue
grafting in SCI models. In addition, the precedent and
experience of clinical trials in PD patients added a sig-
nificant measure of confidence and experience relative to
donor tissue safety on which a SCI trial could build.
Second, to ensure scientific credibility, the intent to ini-
tiate a clinical experience was brought to the attention of
the SCI research community at-large in advance of the
first transplantation procedure being done. Third, a work-
shop was held 3 years in advance of the Gainesville study
to discuss practically and philosophically when and how
to best proceed with bench-to-beside translations.'®®
Many issues raised at that gathering were similar to ones
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now being addressed.** Lastly, translation to human sub-
jects was very closely modeled according to preclinical
experiences derived from studies of clinically relevant
SCI models in different species. In retrospect, the three
trials were not only founded on replicated findings and
experience, but they also independently corroborated
each other in terms of procedural safety and feasibility.
An important consideration is that neural stem/progeni-
tor cells are clearly involved in the overall development
and differentiation of fetal CNS transplants.> In princi-
ple, these experiences with fetal tissue could serve as a
valuable frame of reference for future clinical investiga-
tions involving other sources of donor tissue for neuronal
replacement.

Preclinical foundation

Studies of intraspinal transplantation of fetal CNS tis-
sue (fetal spinal cord for this discussion) and the theo-
retical basis for this approach have been reviewed exten-
sively by this author®®2"-2"® and others.”***®! Significant
research milestones that collectively established the basis
for these trials included multidisciplinary evidence that se-
quentially identified with clinical conditions in which an
intraspinal transplantation approach would be most con-
ceivable. Thus, experimental modeling progressed from
partial or complete transections to contusion injuries and
from acute to chronic lesion settings. Under those condi-
tions, reproducibly successful survival and robust growth/
differentiation of fetal CNS tissue could be obtained. In the
case of contusion injuries, extensive filling of areas of cav-
itation could be achieved with injections of dissociated cell
suspensions. Importantly, basic procedural and neurobio-
logical features of these embryonic grafts in rodents could
be extended and reproduced in the cat, a species that has
been extensively used in spinal cord research for many
years. Before initiating the Gainesville trial, studies were
conducted that demonstrated the potential of MR imaging
to differentiate between areas of cavitation versus regions in
which either partial or complete filling of the cavities was
achieved with donor tissue.?**?** Despite noted limitations
in spatial resolution, MR imaging still proved to have suf-
ficient power for monitoring graft status.

In the PD trials, the need for immunosuppression has
been the subject of debate.?®** However, what might ap-
ply to that clinical condition may not be true for intraspi-
nal protocols, because there is considerable inflammatory
response to injury?®>-**¢ that may even be exhibited in
the chronic state.”®” The susceptibility of intraspinal fetal
CNS grafts to immunological rejection has been ob-
served both in certain rat strains®®® and cats.?®® Thus,
long-term immunosuppression has been required under
various conditions. Interestingly, however, termination
of immunosuppression did not always result in graft
rejection, suggesting the possibility that temporary im-
munosuppression, as in some of the PD human tri-

als,>****! would be a viable option. More recently, it has

been shown that the expression of major histocompati-
bility complex antigens in first trimester fetal huFSC
tissue is not sufficient enough to promote an immune
response.”®* Given, however, that a delayed rejection
could still occur, it was important to recognize that under
all experimental conditions in which a robust rejection
eventually evolved, there was no evidence of adjacent
host pathology and/or deterioration of neurological func-
tion below the preoperative baseline data. Even under the
circumstances of a xenograft rejection, no adverse neu-
rological changes were observed. It thus seemed from a
patient safety perspective that a worst-case scenario of a
major immunological event might still not present later
complications.

Potential patient benefit is obviously a major prereq-
uisite for exploring clinical extrapolation of experimental
findings. Although intraspinal fetal CNS grafts had been
shown to promote some changes in locomotor performance
in both neonatal and adult rats®®>2°° and cats,”*’">*° the
level of available functional data was still not substantial
enough to fully justify testing these grafts by themselves
in human subjects. This was not being overly conserva-
tive, because more recent findings indicate that to obtain
substantial functional outcomes under certain lesion con-
ditions could require a combination of therapeutic ap-
proaches®***! that in many instances may still not be
easily applied based on regulatory requirements alone.
Nevertheless, it was interesting that fetal spinal cord
transplants into sites of midthoracic contusion injuries in
rats mitigated lumbar motoneuron hyperexcitability seen
after these injuries. This observation was not only im-
portant from a transplantation perspective, but also be-
cause it led to renewed interest in the neurophysiological
principle of “rate modulation” of primary afferent trans-
mission to motoneurons, which has been associated with
spasticity in rats***7%5 and humans after SCL.*°***7 This
finding provided an opportunity for neurophysiological
protocols used in animal experiments to be translated to
human studies as discussed in more detail below.

In summary, the technology of intraspinal transplanta-
tion was well established in two species in which clini-
cally relevant contusion/compression injuries were pro-
duced. Some of the cellular dynamics of human fetal
tissue in spinal cord lesions had also been document-
ed,**® ! showing an absence of overgrowth potential in
particular. In other experiments, imaging possibilities
were demonstrated that could allow serial, noninvasive
evaluation of transplant survival and growth in a contu-
sion injury, and data were available suggesting that tem-
porary immunosuppression could be sufficient to ensure
long-term graft viability. Although there were many sug-
gestions of graft-mediated functional improvements, the
results at the time, as even now, had to be viewed con-
servatively. However, no behavioral or other data sug-
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gested that intraspinal transplants of fetal CNS tissue
would lead to a deterioration of spared function even in
the face of a robust immunological rejection. Lastly, a
neurophysiological protocol had been established that
could be translated to humans as an objective measure of
spasticity that had substantial mechanistic underpin-
nings.

The clinical experience

Each of the three clinical trials noted above focused on
a subset of SCI patients who were experiencing PTS,
which was described earlier in this review. In brief, the
underlying rationale was based on the fact that such
individuals would be ideally suited for a limited safety-
feasibility study, because a clear medical need existed for
spinal surgery as a result of incipient neurological dete-
rioration. Thus, an opportunity existed for superimposing
an established preclinical technology onto the standard
of medical care. As far as potential patient benefit, the
studies by Blagodatskii et al.?’® and Falci et al.*’* were
initiated with the intent of finding a more effective way
to obliterate cysts in these patients and thus curtail the
advancing pathology and associated neurological prob-
lems. Five patients received huFSC tissue in the Russian
study in which no complications were observed, and cyst
obliteration was believed to be effective based on de-
layed-contrast computed tomography and ultrasound.
Only one procedure was reported in the study by Falci et
al., and a 7-month follow-up with MR imaging suggested
that the donor tissue had obliterated a 6-cm segment of
the cyst that had been filled with solid FSC tissue.

The first intraspinal fetal tissue transplantation proce-
dure in the U.S. was performed in Gainesville, FL. on
July 11, 1997, and the initial goal of that endeavor was to
determine how safely and effectively approaches being
used in the laboratory setting could be translated to the
clinical arena. Detailed descriptions of the surgical pro-
cedures, preliminary listing of subject profiles, and find-
ings obtained from the first two graft recipients after an
18-month follow-up interval were presented previous-
ly?*!23273; an additional update of results is in prepara-
tion. The design of this trial was to enroll a total of 10
subjects. However, a memorandum circulated by the
FDA on November 30, 2000, served notice that as of that
date, Investigational New Drug applications were re-
quired for the use of fetal cells and tissues in human
subjects. Listed examples in that memorandum included
“human fetal neuronal cells to treat Parkinson’s disease;
fetal retinal tissue to prevent blindness; and fetal spinal
cord to treat syringomyelia.” Recruitment of subjects
was stopped for that and other reasons because eight
people had already received transplants, and it appeared
that sufficient information could be obtained from that
cohort. In one case, a participant in this study elected to
undergo two separate transplantation procedures.'*®
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HuFSC tissue was obtained at 6-9 weeks after concep-
tion by elective termination and in accordance with all
existing federal, state, and ethical guidelines. With few
exceptions in which a myelotomy was performed, pooled
donor tissue was delivered into closed cystic compart-
ments as minced pieces in 100 ul volumes through a
cannula attached to a 500-ul syringe. Postoperative neu-
rological outcomes were carefully followed at regular
intervals using a comprehensive battery of functional
measures (e.g., ASIA, MR, and electrophysiological pro-
tocols). Because detethering and cyst drainage were per-
formed as part of the procedure, any noted improvements
at this stage of analysis in this open-label, unblinded trial
were operationally considered to be more reflective of
safety rather than any index of efficacy. Such standard
approaches have been reported to lead to some functional
improvements.*'? In contrast with the Sweden/Denver
trial, in which immunosuppression was delayed until a
month after grafting (see also Akesson et al.?®*), the
Gainesville study involved immunosuppression begin-
ning 3-4 days before the transplantation procedure and
then maintained for 6 months at reduced doses unless
earlier cessation was required.

Although several subjects presented unique post-trans-
plantation neurological features, the overall finding was
that none experienced short-term or long-term adverse
events that were associated with the transplantation pro-
cedure itself. The safety implied by that collective ob-
servation was most dramatically demonstrated in one
individual (here designated as SCI #5), whose enlarging
cyst at the time of transplant surgery was ~1 cm long
(i.e., of similar magnitude to stable lesions in our cat
experiments referred to earlier). Pretransplant surgery
MR showed substantial spinal tissue was still present,
despite progressively declining neurological status. Al-
though it was decided to move forward with the trans-
plantation procedure, a grave concern was the problem of
distinguishing between continued neurological declines
as a result of the ongoing pathobiology versus a potential
negative effect of the graft. Solid pieces of huFSC tissue
from two donor fetuses were introduced into that cavity,
and MR at 3-24 months postoperatively has shown
nearly complete filling of the original cyst, which seemed
to be reduced in size (shown in Reier et al.>?). Quite
impressively, this person exhibited a remarkably pro-
gressive rebound from preoperative compromised gait
and proprioception (FIG. 5). Serendipitously, this per-
son’s initial gait performance, which included a pro-
nounced unilateral foot drop, was virtually identical to
what we have observed and reported in our studies of
spinal contused cats (FIG. 6a,b). In accord with the safe-
ty-feasibility focus of this trial, the changes seen were
conservatively attributed to stabilization of the expand-
ing syrinx and possible accompanying neuroplastic
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FIG. 5. Gait records obtained from one subject enrolled in the
Gainesville human fetal spinal cord trial described in the accom-
panying text. Overground locomotion was recorded at normal
pace (0.14 m/sec) and fast pace (0.19 m/sec) before surgery and
then 3 months post-transplantation (normal pace, 0.55 m/sec;
fast pace, 0.75 m/sec). In addition to achieving faster locomotion
after surgery, this individual also showed improved performance
relative to a preoperative foot-drop (arrows) which were notice-
ably absent after transplantation (data obtained by Dr. Andrea
Behrman). Preop, preoperative; Postop, postoperative.

events that could have been associated with cyst drainage
as well.

The first two individuals enrolled in this study also
provided an excellent illustration of safety.'** Preopera-
tive neurophysiological assessments showed the pres-
ence of upper extremity cortical-evoked potentials indi-
cating the presence of intact pathways that could be at
risk if transplantation were to have adverse effects or if
the cysts were to continue expanding. The first individual
(SCI #1) showed intramedullary cavitation on MR exam

9
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FIG. 6. Translational correspondence between preclinical loco-
motor performance in a cat before (row A) and after (row B)
intraspinal fetal transplant surgery compared with a human sub-
ject before (row C) and after (row D) human fetal cell grafting.
Before transplantation, both the cat and human subject show a
pronounced foot drop (see FIG. 5 for the person in rows C and
D) with improved locomotor performance after surgery.

extending from Th2 -L1. The second subject had a fused
cyst at the Ths—Thy interspace with the rostral compo-
nent of that cyst extending to C6 and the caudal portion
descending to Th8. No negative effect was identified on
this and other neurophysiological measures over the 18
months after transplant surgery.?’® Participant SCI #1
was of particular interest because part of the transplant
that individual received was in partitioned cavities asso-
ciated with the lumbar spinal enlargement. As in previ-
ous experiments with rats that had received intraspinal
FSC allografts,*® this person showed an improved stim-
ulus-rate dependence of the H-reflex from the right leg,
which suggested partial normalization of the excitability
in the corresponding motor neurons (i.e., modulation of
spasticity). That cyst drainage alone could have contrib-
uted to the attenuation of spasticity®>'? cannot be dis-
missed.

Commentary

Relative to preclinical modeling, it should be recog-
nized that PTS represents both a combined chronic and
acute injury for which no experimental SCI correlate is
known. The focus of these studies on human subjects
was thus directed at the more stable, established cystic
regions of the spinal cord that approximated the type of
pathology addressed by fetal cell transplantation in con-
tusion injury paradigms. Whether the more acute com-
ponent of PTS could have any bearing on the anatomical
or functional outcomes of transplantation is unknown.
Nevertheless, taking these findings at face value, three
investigative teams have independently obtained similar
lines of evidence suggesting the feasibility and safety of
intraspinal huFSC transplants in PTS, although this con-
dition only served as a model on which those initial
clinical studies could be based.

This raises the issue, however, of procedural versus
biological safety, because definitive graft survival was
not demonstrated,'* although human-to-rat xenografts
of unused donor tissue at the end of each transplant
procedure confirmed cell viability (FIG. 7). Imaging ap-
proaches used by all three of the groups suggested oblit-
eration of cysts in regions in which huFSC tissue had
been placed. Falci et al.?’* made cogent arguments in
discussing their interpretation of such MR findings based
on observations very similar to our own. However, our
preclinical experience in Gainesville leads to more cau-
tious conclusions. Previously described comparisons of
in vivo MR images of FSC grafts in intraspinal cysts of
spinally contused cats with correlative postmortem his-
tological sections suggested that it should be feasible to
visualize viable graft tissue in human recipients.?**?% In
those studies, donor tissue could often be distinguished
from the host surround. Disappointingly, despite the high
quality of the MR images, the fact that a specific donor—
host boundary could not be defined in our human trans-
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FIG. 7. A transverse section of an adult rat spinal cord in which
a transplant was made on one side using human fetal spinal cord
(huFSC) tissue remaining after one of the grafting sessions in the
Gainesville post-traumatic syringomyelia/fetal cell transplanta-
tion trial. Host gray matter (GM,) and central canal (Cc) are
identified for reference. This section was obtained 1 month after
transplantation. Human fetal tissue xenografts mature slowly,
and thus the transplant illustrated is primarily comprised of ger-
minal neuroepithelial cells and a few large blood vessels. This
approach provided evidence of the viability of donor tissue used
on each patient enrolled in the specified trial.

plant recipients (FIG. 8a) makes it difficult to unequiv-
ocally confirm graft survival. This could be attributable
to inferior spatial resolution, tissue contrast, or restricted
transplant growth. Thus, the most compelling indication
of intraspinal huFSC graft survival is by default based
essentially on the absence of cavitation at sites of donor
tissue placement. To some degree, this is supported by
laboratory studies of rats and cats in which failed or
rejected grafts typically resulted in the refilling of the
injury site with CSF.?8%2% Therefore, in the absence of
more definitive evidence, it may be wiser to interpret
results to date as reflecting more a case of procedural,
rather than biological, safety in so far as long-term graft
survival is unknown.

Because the emphasis of the trial in Gainesville was
primarily on safety-feasibility, much significance cannot
be attached to even the relatively modest improvements
observed. Furthermore, the majority of those changes
could be attributed to standard operative procedures for
PTS. As noted in our description of the first two sub-
jects,'®* the MR images showed collapse of only small
portions of the cysts. Thus, it was anticipated that any
clinical or neurophysiological changes would be primar-
ily related to segmental effects of surgery or donor tissue
specifically rather than restored conduction in long white
matter tracts. Indeed, the grafts in those two individuals
did not lead to any recovery in lower extremity (LE)
function on ASIA exam or return of LE cortical-evoked
potentials.

In PTS, neurological measures can be highly variable
not only on repeated measures from an individual subject
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FIG. 8. Sagittal (a) and transverse (b) MR images from the
subject whose locomotor function is illustrated in Figures 5 and
6. This person’s injury occurred 30 years before the transplan-
tation procedure. Her presenting neurological symptoms before
being enrolled were associated with an expanding syrinx at the
Ths—Thg interface [preoperative (Preop) image] where a pro-
nounced kyphosis also was evident. One year after surgery,
much of the region of cavitation was obliterated, although the
host-graft interfaces were not obvious. Comparison with images
at 3 months after grafting suggested some cavitation being seen
in the region of grafting that was not apparent earlier, although
no declining neurological symptoms were detected. Transverse
images revealed substantial host tissue preservation before
grafting, which represented a substantial risk. Images obtained 6
weeks and 12 months after transplantation suggested significant
filling of the cyst; however, changes in graft appearance could
be seen between these two times in some sections (e.g., at
Ths—Thg).

but even more between subjects. Using objective neuro-
physiological criteria, striking differences were observed
in rate depression and potentiation in H-reflexes in the
first two Gainesville trial participants,?’®> which appeared
to correlate with anatomical features of their spinal
cords. Data from the second subject varied from one
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recording session to the next. When taking that perspec-
tive into account, relative to more subjective functional
evaluations, the experience of this clinical study under-
scored the need for more quantitatively reliable outcome
measures for SCI trials, as many investigators are now
exploring. Despite outcome variability, it is interesting to
note that the PTS studies in Sweden and Gainesville both
reported some degree of improvement related to sensa-
tion and spasticity. In the former, sensory improvement
and pain reduction were maintained over the 7 months
reported. Spasticity, however, was initially decreased
based on the patient’s impressions, but there was a pro-
gressive return, although not to preoperative levels.

Although various disclaimers regarding graft survival
have been conservatively noted and any inferences about
therapeutic efficacy considered premature, the findings
of these clinical trials raise some important issues and
hypotheses. All three of the studies have noted successful
long-term obliteration of cysts that were accompanied by
some neurological improvements. Particularly notewor-
thy is that some individuals enrolled in the Gainesville
trial who had previous surgeries for PTS have not shown
significant re-expansion of their cysts to a level at which
surgical intervention would once more be required. As-
suming graft survival, these findings establish a basis for
considering whether even incomplete cellular filling of
areas of cavitation may not have some enduring benefit
in terms of additional progression of PTS and segmental
functions at the site(s) of engraftment. From our experi-
ence and reports in the literature, it appears that cysts
may contribute more to certain aspects of post-SCI dys-
function than has been specifically given credit, and this
could imply that reconstruction of cavitated regions may
have some benefit to other chronic SCI conditions in
addition to PTS. For example, MR showed that the more
rostral cyst in our second patient exhibited substantial
collapse with a concomitant decrease in pain in the cor-
responding dermatomes, whereas the delayed expansion
of the lower cyst was accompanied by delayed onset of
dysesthetic pain in his lower back. Furthermore, the fact
that donor tissue was placed into partitioned cysts asso-
ciated with LE motoneuron pools in SCI #1 suggests that
localized cyst obliteration may have permitted endoge-
nous repair mechanisms (i.e., neuroplasticity), contribut-
ing to a mitigation of spasticity. It is tempting to specu-
late that this occurred by partial reconstruction of gray
matter based on more recent lines of experimental evi-
dence,?’” suggesting a greater degree of FSC segmental
functional integration than has been previously recog-
nized. Clearly, unequivocal confirmation of graft viabil-
ity in a case such as this would add greatly to the testable
notion that some form of incremental, donor cell-based
repair may be involved in human recipients.

That some form of graft-assisted improvements may
be occurring derives to an even greater degree from

recent MR and neurological findings in SCI #5 described
above. This person has shown a sustained overall im-
provement in function that progressively evolved after
transplant surgery. On MR examination, her presenting
cyst appeared to be extensively filled (FIG. 8a,b). Al-
though additional neurological and MR analysis is re-
quired, preliminary information suggests that 5 years
after transplantation, this person is now said to be expe-
riencing some deterioration in gait and proprioception,
and the last MR series obtained shows a more mottled
appearance in the region in which donor tissue had been
introduced (FIG. 8a,b). This may reflect a delayed rejec-
tion, re-expansion of the cyst, or other mitigating condi-
tions that could be affecting transplant viability. Addi-
tional confirmation is required; however, these findings
resemble in principle our earlier cat functional data (FIG.
9) in which FSC recipients showed gradual improve-
ments over their own preoperative baseline locomotor
scores. In cases in which graft rejection eventually oc-
curred, there was a concomitant precipitous decline ap-
proaching pregraft levels.

SUMMARY AND PERSPECTIVES

Basic research in SCI has made great strides in the last
25 years, and many new insights have generated a more
optimistic view of the potential for promoting functional
improvements, especially if therapeutic interventions can
be coupled with axonal sparing or other endogenous
repair mechanisms without interfering with those pro-
cesses.”’® The pace at which progress has been made in
this field is especially notable in the area of cellular
replacement therapies. Neural tissue transplantation,
originally viewed as a powerful experimental tool in
studies of CNS injury and disease,*'? has now become a
major focus in translational SCI neurobiology.

In several cases, clinical application has already be-
come a reality. In contrast with the fetal cell trials in PD,
in which considerable preclinical experience and infor-
mation had been amassed using multiple models of PD in
rats and subhuman primates,33’34’314 the rush to the clinic
in SCI could be contested in some cases. However, to
dwell on whether or not the timing of any specific trial
was appropriate, the more pressing issues are: 1) to what
degree any trial has been in register with the experimen-
tal data supporting its initiation; 2) how much useful
information can be garnered from those clinical endeav-
ors, particularly in regard to rigorous outcome measures;
and 3) what have those experiences taught in terms of
technical, logistical, or biological shortcomings that need
additional research and development. From that perspec-
tive, it is troubling that given the vast experience with PN
grafts into SCI patients, there is virtually no documented
evidence of safety or efficacy. On the other hand, the use
of olfactory ensheathing glia in hundreds of patients is
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FIG. 9. In a, the post-transplantation functional recovery pattern
of adult cats with chronic compression lesions of the spinal cord
and grafts of fetal cat spinal cord tissue is shown. Data are
based on scoring that established an index of locomotor func-
tion. Evaluations were made before and after transplantation,
and the postgrafting data are presented as a percentage change
relative to pregraft baseline (data extracted from Anderson et
al.29), Five animals received transplants. One animal per post-
graft interval was killed at 9, 18, and 24 weeks after grafting. Two
animals survived until 30 weeks. One of these cats had a graft
undergoing rejection (b) and showed a significant behavioral
decline, which contributed to the progressive functional regres-
sion shown in this graph between 24 and 30 weeks. Immuno-
logical deletion thus suggested some graft-mediated functional
recovery, especially because no overt pathology was seen in
neighboring host tissue. As noted in the text, a similar pattern is
now being seen in one huFSC graft recipient.

also a matter of discussion, because the level of fol-
low-up thus far has been very limited and in light of the
very modest study of these cells thus far in laboratory
contusion injury models.

One fundamental lesson from the PTS-fetal cell stud-
ies is that conventional MR imaging does not permit
unequivocal demonstration of graft survival or failure,
and given promising results in earlier studies with cats,
refinements in MR hardware and/or the development of
more advanced imaging protocols seem vital to the in-
terpretation of any clinical data related to true biological
safety and efficacy. At present, much of what is being
done in humans is essentially dependent on phenomeno-
logical and often subjective endpoints. Because opti-
mized therapeutic efficacy will most likely require a
combination approach, more effective readouts of graft
survival and growth are mandatory. Furthermore, the
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same imaging issues are likely to apply to other sources
of donor tissue (e.g., stem cells) for intraspinal repair.
Demonstration of cell survival and migration in human
recipients is an area that obviously warrants additional
investigation. Another consideration underscored by the
PTS trials is the need for more rigorous outcome mea-
sures. The ASIA scoring system, for example, although
useful in classifying SCI patients, is inadequate for doc-
umenting recovery responses that deviate from normal
baseline criteria. The need for more objective, quantita-
tive functional measures that could complement existing
methods is clearly an issue that keeps surfacing in cur-
rent discussions about translational SCI research,>® and
until such measures are in place, the value of any large-
scale clinical trial in SCI involving a cell-based strategy
has to be carefully weighed relative to potential risks and
benefits to individual subjects. As in the case of H-reflex
measures, used in the PTS trial in Gainesville, much can
be learned from translating neurophysiological outcome
measures. For example, the principle of rate modulation
identified in animals has a well defined mechanistic basis
that applies equally to humans. The fact that this objec-
tive measure is associated with spasticity argues in favor
of its use as a complement to existing, more subjective
measures of spasticity that are far less reliable.

Looking ahead to the likely continuing evolution of
clinical trials in SCI, there are many as-yet unanswered
basic science questions™ such as “what constitutes a truly
chronic injury”? Longitudinal microarray studies (Velardo
et al.*') may provide important clues. What is/are the win-
dow(s) of opportunity for achieving optimal therapeutic
benefits? Some indications are available suggesting that
interventions used soon after injury may be more effec-
tive,>'%>!7 yet additional work is necessary.

Other more practical considerations deal with the re-
producibility and robustness of a promising strategy. As
mentioned, a recurring criticism of the ongoing activated
macrophage multicenter trial is that findings made by
one investigative group serve as the genesis of those
studies. These and related investigations have given im-
petus for the concept of “protective autoimmunity,”'®~
320 which is directed more at the issue of neuroprotection
than regeneration. Although substantial evidence has
been accumulated by the same group to support addi-
tional clinical trials of an immunization approach,®*!'~??
an attempt to replicate those observations has led to
contrasting conclusions.>** 732

Often, the bench-to-bedside extension of an experi-
mental intervention involves a transition from studies in
a single rodent strain to testing in a genetically hetero-
geneous population of individuals. Even if assigned the
same ASIA classification, the anatomical and neurophys-
iological features of lesions conforming to inclusion cri-
teria may differ considerably. Contrasting SCI outcomes
are even seen in different rat strains with comparable
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contusion injuries.*?**?7 Therefore, to obtain a more se-
cure readout of the viability of an experimental treatment
under clinical conditions, it may be useful to first estab-
lish proof-of-principle results under very rigorously con-
trolled conditions in a given rat strain, and then to test the
robustness of the approach in a more diverse injury se-
verity and genetic population of rats, as well as across
species. A maintained efficacy under such conditions
could be more prognostic of what will unfold in a human
SCI population.

The ethical and appropriate development of control
groups in human trials involving invasive procedures
adds another layer of complexity and debate to the evo-
lution of trials involving cell-based strategies. Placebo
controls***2?? and other experimental designs that can be
easily performed in the laboratory are more difficult to
employ clinically in a responsible and ethical manner.
Likewise, it remains unclear how to control for variabil-
ity in rehabilitation and other care components that could
complicate interpretation of the therapeutic efficacy of a
cell-based approach.

Regeneration and/or physiological restoration of long-
tract systems remains a major focus of many cell-based
strategies. These axons in human SCI, however, may not
be completely compromised, and for that reason, the
repair process is obviously a far more complex and chal-
lenging problem. The necessity of gray matter repair
cannot be dismissed, especially with regard to lesions at
cervical and lumbar levels, but restoring gray matter
continuity, even in a thoracic injury, may be important to
the overall restoration of appropriate neuronal excitabil-
ity patterns in the spinal cord at the very least. Although
there are now many novel options for donor tissue and
neuronal replacement available, much remains to be
learned about how to effectively reconstruct a damaged
nervous system before the value of any cell source for
this purpose can be fully recognized. From that perspec-
tive, transplantation of fetal CNS tissue continues to be
an effective experimental tool and a gold standard for
many evolving cellular technologies. Furthermore, the
cellular diversity of fetal CNS grafts, not yet achieved
with other cell sources, offers many opportunities for
defining which neuronal populations are critical to the
recovery of certain functions via segmental circuit recon-
struction. In that regard, short of motoneuron replace-
ment, the use of neuronal precursors for SCI in clinical
trials now resembles more like what bricks and mortar
would be to a builder who has no blueprint. The fact that
even neuronally restricted precursors fail to retain their
neuronal fates in the injured spinal cord****! represents
another major hurdle to overcome before a rationale for
clinical application of stem cells in SCI can be fully
justified for neuronal replacement. In light of most recent
observations with huFSC grafts in PTS patients, the
question arises whether additional clinical efforts with

this donor material should be totally abandoned.*’*

Whether fetal CNS tissue can serve as a control for other
donor cells is a possibility warranting additional consid-
eration.

Various lines of experimental evidence suggest that
using cells to promote remyelination of spared axons can
be the most immediately viable cell-based strategy for
SCIL. It is unclear, however, whether oligodendrocyte
replacement would have equal benefit in all cases of SCI,
because observations of human specimens have sug-
gested that primary demyelination may be less common
than suggested in animal models.>>>° Furthermore, at
present, there are no studies in animal models of spinal
cord injury showing unequivocal evidence of remyelina-
tion-based, significant functional recovery. Questions
must also be asked regarding the reproducibility in ani-
mals and humans of demyelination, the distributions of
demyelinated internodes relative to the site of injury, and
the critical window post-SCI in which remyelination
must be achieved. Whether more advanced MR, such as
diffusion-weighted and other newer-generation imaging
approaches, can be used to effectively monitor demyeli-
nation/remyelination in the injured spinal cord needs
additional exploration.

In conclusion, it is imperative to realize that initial
translational experiences primarily represent, at least in
principle, an advance to another species—in this case
humans—and not an immediate prelude to a cure. The
license for doing so requires significant proofs-of-prin-
ciple from animal models and evidence of potential pa-
tient benefit. Whether mechanisms underlying recoveries
in animal studies need to be fully appreciated is an un-
settled issue, although a robust therapeutic effect alone
would be sufficient impetus to move forward. An ab-
sence of any sense of mechanism, however, would be a
major disadvantage whenever a trial failed to fulfill the
preclinical findings and expectations; knowing where to
look for differences may be difficult without some the-
oretical guidance. By reaching another point on the
learning curve, the very least that should be expected
from a clinical study is information that can help define
more targeted laboratory investigations based on specific
aspects of a human condition. As the fetal cell transplan-
tation experience in PD has demonstrated,’* such in-
structive information, including measures of safety, can
then be used to shape an even better conceived second-
generation translational study that would hopefully move
closer to the cure. At the same time, both basic science
and clinical efforts should proceed in parallel as much as
possible.

From this overall perspective, the experience with
huFSC grafts in PTS has provided an unexpected tem-
plate that was, in retrospect, in fundamental compliance,
if not more so, with guidelines that were more recently
articulated for a range of neurological disorders* and
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which are now being further expanded in specific refer-
ence to future clinical studies in SCI (Tuszynski et al., in
preparation). The PTS trials have taught a great deal
about the use of cellular transplants and clinical design
and implementation issues from only a very small group
of subjects. This was possible only because of the close
interaction and mutual respect basic researchers and cli-
nicians had for each other and their commitment to the
endeavor. Another contribution to the success of those
trials, especially the two in Gainesville and Sweden, was
the incorporation of preclinical experiences into the de-
sign of the respective studies. From a basic scientist’s
perspective, however, the value of the PTS trial in
Gainesville, at least, was not just the emphasis on fetal
tissue per se, but more on the opportunity to gain a
greater first-hand appreciation for human SCI and what
issues still have to be addressed at the laboratory level.
Cell-based therapies thus have demonstrated great po-
tential for SCI, and clearly there is now a greater sense of
urgency and pressure being put on researchers to move
as expeditiously to the clinic as possible. Although this
overview has underscored the extreme need for caution
and solid preclinical foundations, the message is not one
to discourage advances to human subjects but rather to
emphasize that trials should be designed to ensure that as
much can be gained from studies of human subjects as
possible. This may seem simplistic, however, as this
review demonstrates, many trials with cells have already
taken place in which limited outcome measures have
been sought or in which follow-ups were very modest.
Despite all of the reservations and caveats, it is encour-
aging that procedural safety has been identified in many
diverse experiences thus far; however, unequivocal dem-
onstration of biological safety remains an issue.
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