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bstract

No specific treatment exists for patients with multiple sclerosis (MS) who fail to respond to conventional immunosuppressive and
mmunomodulating modalities. Furthermore, no method is available for regeneration of existing defect in the central nervous system (CNS).
he ultimate goals of MS treatment, similarly to other autoimmune diseases, are twofold: first, to eliminate self-reactive lymphocytes and to
revent de novo development of self-reactivity by induction of self-tolerance. Second, attempting regeneration and repair of existing damage.
n the case of MS, there is a need to stop the ongoing process of inflammation against the CNS by self-reactive lymphocytes thus facilitating
pontaneous re-myelinization while in parallel attempt to recover existing neurological deficits caused by the autoimmune process resulting in
emyelinization. Cell therapy stands out as the most rationale approach for neurological regeneration. In the absence of clinically applicable
pproaches involving the use of embryonic stem cells, we are investigating the feasibility and efficacy of enriched autologous mesenchymal
tromal cells (MSC) injected intrathecally and intravenously to induce in situ immunomodulation and neuroprotection and possibly facilitate
epair of the CNS in patients with MS and other neurodegenerative disorders. Our preclinical results suggest that bone marrow cells may
rovide a source of stem cells with a potential for migration into inflamed CNS and differentiate into cells expressing neuronal and glial cell

arkers. Based on the preclinical data, we are currently evaluating the safety of a similar therapeutic approach in a small group of patients
ith MS and other neurodegenerative diseases.
2008 Elsevier B.V. All rights reserved.
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. Introduction

Available methods for the treatment of multiple sclerosis
MS) are only partially effective, due to inadequate con-
rol of self-reactive lymphocytes in one hand and ineffective
e-myelinating regenerating mechanisms, which results in
umulative disability and irreversible axonal/neuronal dam-
ge, on the other [1,2]. Innovative approaches are urgently
equired for better control of anti-self reactivity and facilita-
ion of neurological repair. In the past, we have introduced

he concept of lymphoablative treatment for elimination
f all lymphocytes, self-reactive lymphocytes included,
ollowed by transplantation of autologous stem cells, prefer-
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bly enriched or depleted of self-reactive T cells, towards
e-induction of self-tolerance [3–6]. Ongoing clinical inves-
igations suggest that selected patients with malignant MS
ully resistant to all available modalities may indeed respond
ositively to autologous stem cell transplantation [7–15]. Ide-
lly, simpler approaches are desirable for immune regulation
f the ongoing anti-central nervous system (CNS) inflamma-
ory process. Moreover, in the absence of clinically available
ptions for regeneration of existing damage, and lack of abil-
ty to use embryonic or neural stem cells, newer therapeutic
nterventions which may offer effective neuroprotection and
eurological repair are required.
Adult bone marrow cells may be applicable for meeting
ome of these goals. First, safe elimination of lymphocytes by
ymphoablative conditioning, followed by transplantation of

cell depleted stem cells may provide a partial answer to the
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rst treatment goal, since successful elimination of lympho-
ytes and de novo regeneration of the T cell repertoire is likely
o result in re-induction of self-tolerance due to anticipated
poptosis of self-reactive T cells in status nascendi in the
hymus, similarly to the process that results in self-tolerance
n utero [3]. Much more uncertainty exists as to the potential
f adult stem cells for repair of existing neurological deficits
n patients with MS as well as other degenerative central ner-
ous system disorders. Until recently, it was considered that
o repair mechanisms exist in the central nervous system.
ore recently, experimental data suggest that neuronal stem

ells may exist in certain areas of the CNS, suggesting that
n principle, under proper conditions and elimination of the
ause of the disease to start with, such cells may be activated
o induce repair of neurological deficits.

Following proof of principle in preclinical studies using
he animal model of MS, EAE, our ongoing investiga-
ions focus on the potential use of bone marrow-derived
esenchymal stem cells (MSC) for in situ immune reg-

lation and possibly induction of neurological repair
nd re-myelinization in an ongoing preliminary clinical
rial.

. Preclinical support of the working hypothesis

The therapeutic potential of bone marrow-derived MSC
as documented in the chronic progressive model of EAE

nduced in C57BL/6 mice with the MOG 35-55 peptide.
solation of bone marrow-derived MSCs was accomplished
y culturing bone marrow cells obtained from syngeneic
emora. Enrichment for MSC was documented 2 weeks
ater by positive staining of cultured cells with anti-CD29
nd CD44 and negative staining for CD45 (hematopoietic
ineage marker) as was also documented earlier [16–18].

SC cultured under these conditions appeared with thin and
ong processes resembling neural-like and glial-like cells.
ells featured positive immunostaining for neural-lineage
ell markers: nestin (neural marker), tubulin beta-III (neural
arker), GFAP (astrocyte marker) and O4 (oligodendrocyte
arker). In the model of chronic EAE induced by the MOG

5-55 peptide, MSCs showed a strong migratory potential to
hite matter lesions, in correlation to the site and degree of

nflammation. The clinical course of EAE was significantly
meliorated in animals treated with purified MSCs, follow-
ng both intracavitary and intravenous MSC administration
20 and manuscript submitted for publication). Histopatho-
ogical analysis of CNS sections in these successfully treated
nimals revealed a strong neuroprotective effect induced by
SC transplantation.
To investigate the immunomodulatory effects of purified

SCs, myelin-sensitized lymphocytes (obtained from EAE

ice), were cultured with different MSCs concentrations

n the presence of MOG peptide or of the mitogen con-
anavalin A. MSC induced a strong suppression of specific
nd non-specific proliferative responses of T lymphocytes,
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o
m
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hus suggesting that immune regulation of self-reactivity may
lso occur in vivo.

Considering the fact that our preclinical results demon-
trated that MSC could result in immune regulation and
euroregeneration in the model of chronic EAE [40–41], it
eemed reasonable to consider a similar therapeutic approach
n the management of neuroimmunological and neurodegen-
rative diseases such as MS and amyotrophic lateral sclerosis
ALS), respectively, in consenting patients with progressive
isease failing to respond to any of the available modali-
ies.

. Pilot clinical trials to investigate the safety and
easibility of intrathecal treatment with MSC in MS
nd ALS

Based on the aforementioned rationale and supported by
ata in preclinical animal models as indicated above, and
onsidering the fact that no alternative effective treatment
xists for patients with existing neurological deficits result-
ng from active MS and ALS, we decided to conduct a pilot
linical trial and treat patients in need with no other treatment
ptions available, starting with ALS, to prove that treatment
ith MSC is feasible and safe, as a preliminary study to be fol-

owed in patients with MS, where in addition to neurological
epair, such a procedure may be also indicated for regulation
f self-reactive lymphocytes. After approval of Institutional
eview Board, autologous bone marrow-derived cells were
ultured under strict sterile conditions in clean rooms. MSC
ere enriched within 3–4 weeks. Autologous MSC were

njected intrathecally and intravenously to 12 patients [not all
ut few of the patients were injected both intrathecally and
ntravenously with MS and other neurological diseases like
mytorphic lateral sclerosis (ALS), cerebral atrophy (CA),
otor neuron disease (MND) and progressive spinal palsy

PSP)] after confirmation of sterility of the cells with 2-week
ulturing system by the Department of Microbiology of the
adassah Medical Center. Whereas it is too early to report the
utcome of this experimental treatment with MSC, suffice is
o mention that some patients claim for demonstrable bene-
t, but objective evaluation must be carried out in order to
eparate any possible placebo effects from wishful thinking.
he safely of intrathecal and intravenous infusion of MSC

o both patients with ALS, MS and a few other with differ-
nt indications for tissue repair, like spinal injury, were well
ocumented, until now.

. Discussion

Based on preclinical data and the rationale to use cell

herapy for down-regulation of anti-self reactivity on the
ne hand, with the goal in mind to enable spontaneous re-
yelinization and possibly neurological repair of existing

amage, our preliminary study indicated that intrathecal and
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ntravenous autologous MSC therapy is feasible and safe.
ased on the murine data we hope that intrathecal injection
f MSC will maximize the chance of homing of such cells to
esirable locations in the central nervous system. All treated
atients are under observation to exclude late side effects,
hich until now were not observed.
Only one patients (ALS) developed self-limited mild

eningeal signs starting immediately after intrathecal cell
njection, with no evidence of any infective agent. All man-
festations disappeared within 2 days, most likely due to
esidual DMSO injected with the cells due to inadequate
ashing of thawed cryopreserved MSC by a new techni-

ian. No other side effects were noticed within an observation
eriod of >1 year.

The use of marrow stromal cells as stem cells for
on-hematopoietic tissues is already seriously considered
or a large variety of indications [19–21]. Likewise the
mmunoregulatory role of MSC was also documented by sev-
ral investigators in different model systems and on different
ymphocyte subsets in mice and man [22–29]. In addition,
ransition of bone marrow-derived MSC to cells that express
eural markers was also previously demonstrated in vivo
nd in vitro using murine and human bone marrow-derived
ells, respectively [30–34]. The use of MSC for treatment of
xperimental autoimmune encephalomyelitis inducing ame-
ioration of the signs of disease, most likely through induction
f T-cell anergy was also previously reported [20,35]. In view
f the multipotentiality of MSC, in parallel with attempts to
egenerate the CNS by MSC, other investigators are trying
o use bone marrow-derived MSC for treatment of other dis-
rders that may be successfully treated by autologous cell
herapy [36–39].

Based on the limited experience, it seems that further
rials utilizing MSC derived from adult stem cells may be
arranted, preferably in patients at an earlier stage of the
isease, to allow potential neurological regeneration before
rreversible changes occur in the CNS. Future culturing of
one marrow-derived adult multipotential MSC, possibly
ith additional biological agents to further enhance neuro-
enesis on the one hand and/or to rejuvenate degenerating
eurons are currently under investigation. Evaluation of
he potential clinical benefits of autologous MSC treatment
equires further investigations in larger cohorts of patients
ith MS and other neurological diseases, in prospective

andomized clinical trials, which may be fully justified, espe-
ially since the procedure can be technically successfully
ccomplished with no major risks, based on our preliminary
tudy.
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