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Abstract

Multiple sclerosis (MS) is a common neurological
disease and a major cause of disability, particularly
affecting young adults. It is characterized by patches
of damage occurring throughout the brain and spinal
cord, with loss of myelin sheaths — the insulating
material around nerve fibres that allows normal con-
duction of nerve impulses — accompanied by loss of
cells that make myelin (oligodendrocytes). In addi-
tion, we now know that there is damage to nerve
cells (neurones) and their fibres (axons) too, and that
this occurs both within these discrete patches and in
tissue between them. The cause of MS remains
unknown, but an autoimmune reaction against oligo-
dendrocytes and myelin is generally assumed to play
a major role, and early acute MS lesions almost
invariably show prominent inflammation.

Efforts to develop cell therapy in MS have long
been directed towards directly implanting cells capa-
ble of replacing lost oligodendrocytes and regenerat-
ing myelin sheaths. Accordingly, the advent of
techniques to generate large numbers of oligodendro-
cytes from embryonic stem cells appeared a signifi-
cant step towards new stem cell treatments for MS;
while the emerging consensus that adult stem cells
from, for example, the bone marrow had far less
potential to turn into oligodendrocytes was thought
to cast doubt on their potential value in this disease.
A number of scientific and medical concerns, not
least the risk of tumour formation associated with
embryonic stem cells, have however, prevented any
possible clinical testing of these cells in patients.

More recently, increasing understanding of the
complexity of tissue damage in MS has emphasized
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that successful cell therapy may need to achieve far
more than simply offering a source of replacement
myelin-forming cells. The many and varied repara-
tive properties of bone marrow-derived (mesenchy-
mal) stem cells may well offer new and attractive
possibilities for developing cell-based treatments for
this difficult and disabling condition.

Introduction

Multiple sclerosis (MS) is a common neurological dis-
ease, affecting approximately one in 800 people in most
parts of Europe, and is a major cause of disability, par-
ticularly affecting young adults. It costs the European
economy some €9 billion annually — not least through
direct and indirect consequences of progressive disability
in sufferers. MS has been known since its first descrip-
tion, to cause such disability, notwithstanding the defin-
ing (usual) relapsing—remitting initial course comprising
discrete episodes of neurological dysfunction, sub-acute
in onset and resolving spontaneously, and often com-
pletely, over a period of weeks. The great majority of
patients experience such relapses, but in addition, over
80% of MS patients also develop progressive disease,
where disability accumulates very slowly — over years
rather than weeks or months — but inexorably. Forty per
cent of patients require a wheelchair within 10 years of
diagnosis.

It is, at present, incurable. We do not know the cause
of the disease — a complex interplay of environmental and
genetic factors culminating in autoimmune attack within
the brain and spinal cord (central nervous system, CNS) is
generally the accepted synthesis, but what such environ-
mental factors may be remains obscure. Immune treat-
ments are therefore routinely used, and these can reduce
individual relapses both in severity (steroids, given
acutely) and in frequency (interferons, glatiramer, and
more recently various monoclonal antibodies, taken regu-
larly). However, immune treatments have no impact on
patients with progressive disability — their neurological
deficits continue relentlessly, to accumulate.
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Our therapeutic impotence in this neurodegenerative
disorder has stimulated much searching for alternative
approaches to treatment — as with many other currently
incurable neurological diseases, such as Parkinson’s and
Alzheimer’s diseases. One striking possibility that has
steadily gained in credence over the past 30 years or so
has been that of cell therapy — using exogenous cells to
repair CNS damage in MS.

In this brief review, I hope to show why conventional
strategies for applying cell therapy, using stem cells, to
multiple sclerosis may need revising to accommodate
recent developments in our understanding of the patho-
physiology of the disease, which present serious barriers
to orthodox stem cell approaches to MS. But I hope also
to show that in parallel, advances in our knowledge of cer-
tain stem cell populations, particularly of bone marrow
cells, can be seen to meet and match these challenges, and
that such adult cells offer genuine prospects in this and
other neurodegenerative diseases. Finally I will summa-
rize our own efforts in Bristol, building on our and others’
laboratory and experimental studies, to begin clinical
translation of bone marrow cell therapy, describing our
small phase one clinical trial studying autologous bone
marrow cell infusion in six patients with chronic MS.

Possibility of repair in multiple sclerosis

Autoimmune processes characterizing multiple sclerosis
appear to be directed against oligodendrocytes, cells in the
CNS responsible for synthesizing and maintaining myelin.
Mpyelin is the ‘insulating” material that is wrapped around
axons and so facilitates conduction of nerve impulses.
Both oligodendrocytes and myelin are lost within patches
of inflammation in MS — so-called lesions or plaques,
which are readily seen on MRI scans and which, broadly,
correspond to individual clinical relapse.

The nature of this process appeared to lend itself extre-
mely well to some form of reparative cell therapy. As the
autoimmune process appeared so targeted and specific,
and only a single cell type, the oligodendrocyte required
to be replaced. Axons appeared largely spared, and so the
insurmountably complex challenge of re-building circuitry
did not apply. Also, the ability to demonstrate the site of
lesions using MRI scans would allow cells to be injected
accurately into the midst of the lesion — where, the hope
was, they would generate new myelin restoring normal
impulse conduction and with that, improved neurological
function.

Some 30 years ago, Bill Blakemore showed in a
remarkable study that exogenous myelinating cells (Schw-
ann cells in this instance), injected into a demyelinated
lesion in the rodent CNS, could indeed achieve successful
remyelination (1). This and subsequent studies offered

vital proof of principle for remyelinating cell therapy for
patients with MS (2). A key remaining problem was to
identify a source of cells for injection into patients, and
emergence of embryonic stem cells and their potential oli-
godendrocyte progeny were thought to offer a clear poten-
tial solution.

Problems of therapeutic repair in multiple
sclerosis

There are, however, some problems with this theoretical
approach, and these are listed below:

e [t was shown in the 1960s that, perhaps surprisingly, a
certain amount of spontaneous myelin repair occurred
in MS (3). Initially, this was considered both partial,
and sparse, but recent studies have shown that it is far
more widespread, and successful, than previously
thought (4,5); this raises the question of whether, as
spontaneous myelin repair is so successful, attempts to
augment the process are as pressingly needed as first
thought.

e More recently, studies of MS lesions have shown that
oligodendrocyte progenitors, the cells responsible for
spontaneous myelin repair, are present in lesions in sig-
nificant numbers (6—10) as indeed are endogenous neu-
ral precursors (11). So this raises the question of
whether adding still further stem cells or oligodendro-
cytes would actually help.

e Furthermore, although lesions are the pathophysiologi-
cal basis for relapses, it is increasingly considered that
chronic disability in MS is more closely correlated with
far more diffuse neuronal and axonal damage in the
brain and spinal cord, rather than lesions (12-15).
Repairing discrete lesions might therefore not usefully
affect chronic progressive disability, and axon and neu-
ronal damage, rather than oligodendrocyte loss,
appeared to be the key problems in progressive MS.

Possibilities of bone marrow cells

If straightforward oligodendrocyte replacement into
lesions to make new myelin is, after all, not a reasonable
approach, how might cell therapy make progress in MS?
We (and many others) have concentrated on bone
marrow cells partly because of the evidence that normal
function of adult stem cells is (spontaneous) tissue repair
(16), and that they achieve this through multiple mecha-
nisms (17) — many of which are particularly apposite to a
disease such as MS. As it happens, it may well be the
case that among these properties, transdifferentiation, at
least into oligodendrocytes, is not possible for the much-
studied mesenchymal stem cell sub-population of bone
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marrow cells. However, as outlined above, cell therapy in
MS may well no longer have as its core aim replacing
myelinating cells to regenerate myelin, and as shown
below, indirect means of promoting remyelination are
nonetheless apparent.

These cells do, however, exhibit a number of other
functional capacities that are tantalizingly attractive in the
context of considering what might be useful in MS:

e They have pronounced immune-modulating properties
of significant possible relevance to MS (18-21).

e Both whole, unseparated, bone marrow cells, and
isolated MSCs, can promote myelin repair after experi-
mental (non-immune) demyelination (22,23). Mecha-
nisms remain uncertain, but indirect effects seem to be
more likely — bone marrow cells can stimulate prolifer-
ation of endogenous neural stem cells (24) and direct
their differentiation along oligodendrocyte pathways
(25-27).

e Intravenously delivered cells successfully infiltrate the
brain and spinal cord, and are stimulated to migrate
towards those cytokines known to be expressed in MS
lesions, so that local actions are likely to be important
(28).

e MSCs also appear to reduce gliotic scar formation — gli-
osis representing a major barrier to spontaneous repair
(26,29).

e MSCs also secrete a wide range of neuroprotective fac-
tors, including both growth factors such as NGF, BDNF
and GDNF (among others) (30-34) and antioxidants
such as superoxide dismutase 3 (35).

e Fusion of MSCs with some cell types (perhaps particu-
larly cerebellar Purkinje cells) may represent a further
mechanism by which MSCs may offer protection (or
rescue damaged cells) (36,37).

e Finally, ability of intravenously delivered cells to infil-
trate throughout the human CNS, and apparently
remain in place for years if not decades (38,39), offers
further encouragement, particularly given the likelihood
that injecting cells directly into lesions is unlikely to be
useful.

Time to begin translation

At some point, modelling and theorizing must yield to
translation into clinical use. Such a point is marked by a
significant body of experimental evidence suggesting
potential clinical benefit, and a much larger evidence base
for suspecting safety. Given the studies and consider-
ations outlined above, taken in context of a wealth of his-
torical evidence attesting to safety of bone marrow cells,
from haematological medicine over many decades, and
from our more adventurous cardiological (and other)
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colleagues in recent years (40,41), we elected to com-
mence translational investigations with a small safety and
feasibility study exploring bone marrow cell therapy in
chronic MS.

In close collaboration with our haematology col-
leagues, we treated six patients in an open label study of
autologous cells, harvesting bone marrow in each under
general anaesthetic, filtering and re-suspending cells, and
re-injecting an average of 9 x 10'° cells intravenously
into each patient. The procedure was safe and well-
tolerated, with secondary outcome measures providing
preliminary evidence on extensive neurophysiological
testing of beneficial effects (42).

Stem cell therapy for neurological disease

While plainly there is much to do, and we are at the earli-
est possible stage of developing these therapies, results so
far are encouraging. Significantly, range of non-canonical
repair mechanisms mentioned above could well be rele-
vant to neurological and neurodegenerative diseases other
than multiple sclerosis. In Parkinson’s disease, motor neu-
ron disease, Alzheimer’s disease and other disorders, neu-
rons are lost, oxidative damage is often implicated as a
final common pathway, and immune and inflammatory
responses, even if secondary rather than primary, play a
role. The ability of MSCs to offer neuroprotection, secrete
growth factors and antioxidants, and to be attracted to
areas of damage within the CNS after intravenous deliv-
ery, their autologous nature, and relative accessibility, all
offer promise. Re-focusing (stem) cell therapy on the
more general — if complex and varied — processes com-
prising tissue repair, and exploiting promiscuously repara-
tive and non-canonical properties of (for example) bone
marrow cells rather than over-concentrating on replace-
ment of individual cell populations, may usefully acceler-
ate translation in some diseases.
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