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8.1 Introduction

The pathological hallmark of multiple sclerosis (MS) is the presence
within the central nervous system (CNS) of inflammatory infiltrates con-
taining few autoreactive T cells and a multitude of pathogenic nonspe-
cific lymphocytes determining patchy demyelination, axonal loss, and
severe glial scarring. It is currently believed that CNS antigen-specific
T cells provide the organ specificity of the pathogenic process and regu-
late the influx within the CNS of nonantigen- specific mononuclear cells
that, in turn, act as effector cells by directly destroying oligodendro-
cytes and/or by releasing myelinotoxic substances (Kieseier et al. 1999;
Martino and Hartung 1999). In most instances, however, oligodendro-
cytes or their precursors are morphologically preserved in demyelinating
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plaques during the early phase of the disease thus remaining capable of
differentiation and remyelination (Lucchinetti et al. 1996; Martino and
Hartung 1999; Prineas et al. 1993). A successful therapeutic approach
of MS should therefore be aimed to (a) inhibit the activation of antigen-
and nonantigen-specific immune cells, and/or (b) to rescue the surviving
oligodendrocytes within demyelinating plaques, or both. CNS gene de-
livery using nonreplicative viral vectors able to infect postmitotic cells
such as those resident in the CNS has being proposed as a useful thera-
peutic approach to deliver anti-inflammatory cytokine and — possibly —
growth factor genes for either inhibiting the activation of antigen- and
nonantigen-specific immune cells (anti-inflammatory therapies) or fos-
tering surviving oligodendrocyte progenitors to differentiate into myelin
forming cells (“remyelinating” therapies), respectively (Furlan et al.
2003). Experimental cell- based strategies aimed at replacing damaged
myelin-forming cells have also been developed in the last few years
(Pluchino et al. 2004). Most of these therapeutic approaches have ap-
peared as unfeasible, owing to the mutifocality of the demyelinating
process in MS patients and the inability of in vitro growth and of differ-
entiation of large numbers of myelin-forming cells. However, recently
proposed adult somatic stem cell-based therapies (Pluchino et al. 2003)
have partially overcome these limitations.

Recent advances in the development of gene- and stem cell-based
therapies, aimed at promoting multifocal remyelination, are here dis-
cussed.

8.2 CNS Delivery of Neuroprotective Genes
8.2.1 Anti-inflammatory Cytokine Genes

Proinflammatory cytokines (i.e., Thl cytokines such as IFNy, tumor
necrosis factor (TNF)a/B, IL-2) are believed to play a crucial role in MS
pathogenic process since they can promote and sustain the development
of myelin-specific T cells and the recruitment, within the CNS, of periph-
eral myelinotoxic effector cells, i.e., monocyte/macrophages (Kieseier
et al. 1999). In addition, proinflammatory cytokines such as TNFa can
be directly toxic for oligodendrocytes (Selmaj et al. 1998). Proinflam-
matory cytokines thus represent a suitable therapeutic target in MS.
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However, systemic delivery of anti- inflammatory cytokines has shown
limited or no efficacy, and considerable toxicity when administered to
MS patients. Intramuscular or subcutaneous administration of interferon
(IFN)B reduces by only one third the exacerbation rate of the disease,
does not change substantially the progression of disability, and induces
the production of neutralizing anti-IFNB antibodies (27?72?2275 1993;
222222277708 1996 ). Systemic administration of TGFp fails to pre-
vent the appearance of new inflammatory magnetic resonance imaging
lesions in the brain of patients and causes reversible nephrotoxicity
(Calabresi et al. 1998). Intravenous injection of the recombinant TNF-
receptor p55 immunoglobulin fusion protein Lenercept® increases the
number of patients experiencing disease relapses and induces the for-
mation of neutralizing antibodies (??2?7272?7?788 1999). These disap-
pointing results are possibly due to the scarce capacity of systemically
administered cytokines to cross the blood brain barrier (BBB) and accu-
mulate in the CNS where the MS pathogenic process takes place (Khan
et al. 1996). Moreover, cytokines act in an autocrine-paracrine fashion
and have a short half-life thus being consumed at the site of production
and/or administration. The CNS delivery of anti-inflammatory cytokines
(i.e., Th2 cytokines such as IL-4, IL-5, IL-10, IL-13) could partially
overcome these limitations. Biological vectors engineered with heterol-
ogous genes coding for anti-inflammatory cytokines and injected into
the CNS might represent appropriate tools to deliver anti-inflammatory
“protective” Th2 cytokines in inflammatory demyelinating diseases of
the CNS.

8.2.2 The Ependymal Route

We have developed an alternative approach to CNS gene therapy by
using the ependymal route (Martino et al. 2001). Injection into the cere-
brospinal fluid (CSF) allows viral vectors to infect only cells lining
liquoral spaces, like ependymal and leptomeningeal cells. The large
number of viral particles that can be delivered in this relatively small
compartment ensures high infection efficiency. If the delivered gene
codes for a soluble, secreted molecule, this will be released into the CSF
and be able to travel through the ventricular system to reach all brain
areas, remaining confined to the brain and unable to induce unwanted
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side effects in the periphery. This approach has been used in EAE in
mice and nonhuman primates (Furlan et al. 2003), and in ischemic stroke
(Shimamura et al. 2004), but holds promise for all multifocal brain dis-
eases. Since ependymal and leptomeningeal cells are slow dividing cells
that are poorly renewed, their infection allows long-term expression, up
to 6 months, of the delivered transgene. Summarizing, the advantages
of the ependymal route for CNS gene therapy are:

1. The high concentration of soluble therapeutic proteins that can be
achieved in the CSF

2. The possibility of reaching multiple brain areas and thus be useful in
multifocal CNS disorders

3. The ability of vectors injected in the CSF to express the transgene
long-term, being potentially useful for chronic diseases

4. The absence of unwanted peripheral toxicity and side effects

5. The absence of an intrathecal immune response towards the viral
vector which should allow repetitive injections without loss of thera-
peutic efficacy

Some of these features rely on the nature of the protein encoded by the
transferred gene. The therapeutic molecule has to be soluble and se-
creted, and its ability to travel across the brain—CSF barrier and “soak”
the brain parenchyma depends on its physical and chemical properties,
and has to be assessed for each molecule. Using an HSV-1-derived vec-
tor expressing the cytokine IFNy in mice, we have been able to show
that the biological effect (i.e., induction of MHC-I and -II expression)
of the molecule transferred by gene therapy could be detected in the
brain parenchyma at least at 1 mm from liquoral spaces (Furlan et al.
2001). With the same type of vector, but delivering the cytokine IL-4,
however, we were able to interfere with an inflammatory disease ongo-
ing in the brain of larger mammals such as Rhesus monkeys (Poliani
et al. 2001), indicating that data obtained in mice were, most likely,
underestimated. HSV-1-derived vectors were used to deliver IL-4 in
mice with EAE, either before or after disease onset. I.c. injection of an
IL-4-coding HSV-1 vector was able to inhibit chronic-remitting EAE
development in Biozzi AB/H mice immunized with the myelin oligo-
dendrocyte glycoprotein (MOG)40-55 peptide (Furlan et al. 1998). Dis-
ease prevention was associated to a decreased recruitment within the
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CNS of monocyte/macrophages from the peripheral circulation. The
i.c., HSV-1- mediated, IL-4 delivery was able also to ameliorate on-
going relapsing-remitting EAE in spinal cord homogenate-immunized
Biozzi AB/H mice, determining, in this case, a significant modulation of
the local cytokine milieu, leading to downregulation of proinflammatory
cytokines and chemokines (Furlan et al. 2001). This latter approach has
been tested also in nonhuman primates affected by a very acute, invari-
ably fatal, form of EAE induced by immunization with whole myelin.
Sixty percent of monkeys, i.c.-injected at the time of disease onset with
an HSV-1 vector engineered with the human IL-4 gene, were com-
pletely protected from EAE signs and symptoms (Poliani et al. 2001).
The ependymal route using HSV-1-derived vectors has been employed
also to deliver the IFNy gene, which was able to both inhibit or treat
MOG35-55-induced chronic EAE in C57BL/6 mice, through the in-
duction of in situ apoptotic death of encephalitogenic T cells (Furlan
et al. 2001). Using the same protocol, we used HSV-1 derived vec-
tors to deliver the IL-1 receptor antagonist (IL-1ra) to C57BL/6 EAE
mice immunized with MOG35-55 and obtained delay of disease onset
and decreased severity only on a prophylactic schedule (R. Furlan, un-
published). HSV-1-derived vectors, however, have a low chance to be
employed in a human clinical setting due to: (a) the short term trans-
gene production i.e., up to 4 weeks); (b) their possible immunogenicity;
and (c) their derivation from a virus potentially very dangerous for its
selective neurovirulence.

8.2.3 Neurotrophic Growth Factor Genes

The development of therapies aimed to promote remyelination is a major
issue in MS, where repeated episodes of demyelination over time lead to
axonal loss and permanent neurological impairment (Lucchinetti et al.
1996; Prineas et al. 1993). Therapies aimed to promote myelin restora-
tion are so far mainly based on transplantation of oligodendrocytes (or
oligodendrocyte precursors) or multipotential neural stem cells (NSCs;
Franklin 2002), and on the use of neurotrophic growth factors able to
promote migration, proliferation, and differentiation of oligodendrocyte
precursors (Franklin et al. 2001).
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HSV-1-mediated intracisternal delivery of the fibroblast growth factor
(FGF)-II gene was able to induce oligodendrocyte precursors prolifera-
tion and migration, thus ameliorating ongoing chronic EAE in MOG35-
55-immunized C57BL/6 mice (Ruffini et al. 2001). Growth factors have
been partially successful in the therapy of EAE (Chen et al. 1998; Crox-
ford et al. 1997; Villoslada et al. 2000), but not in MS patients where
their systemic administration caused heavy side effects (Calabresi et al.
1998). However, results in humans are still preliminary and questionable
(i.e., natural inactive TGFP1 was used in EAE while active TGFB1 was
used in MS patients) since there is clear in vitro evidence that growth
factors may stimulate the proliferation of glial progenitor cells, and their
differentiation into myelinating oligodendrocytes.

8.3 Stem Cell Therapies

Somatic stem cells represent an alternative source of cells that can be
used to promote myelin repair (Pluchino et al. 2004). Encouraging pre-
liminary results have been obtained by transplanting adult neural stem
cells (aNSCs) (Fig. 1) into rodents affected by CNS demyelination (Ben-
Hur et al. 2003b; Pluchino et al. 2003). However, although somatic stem
cells may integrate within the CNS and possibly repair the myelin dam-
age, further studies are required to assess the in vivo plasticity of these
cells and the safety and efficacy of this therapeutic approach. Further-
more, there are some additional questions we need to confront with
before prospecting any potential human application of such therapies:
(a) the ideal stem cell source for transplantation; (b) the route of cell
administration; (c) the differentiation and persistence of the transplanted
cells into the targeted tissue; and, last but not least, (d) functional and
long-lasting integration of transplanted cells into the host tissue has to
be achieved.

Whatever the organ or tissue necessities, the “gold standard” cell for
replacement therapies has to be inherently plastic. Stem cells can meet
this criterion since they are intrinsically able either to adapt their terminal
cell fate to different environmental needs (differentiation plasticity) or
to transdifferentiate (developmental plasticity). Moreover, stem cells
represent a potentially unlimited source of myelin-forming cells while
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Fig. 1A-D. Adult neural stem cells (aNSC) for transplantation in CSN demyeli-
nation. Double immunofluorescence of mouse subventricular zone (SVZ)- de-
rived aNSCs grown as neurospheres in vitro and labeled with antibodies against
nestin (B, green), and the proliferation marker Ki67 (C, red). Nuclei have been
counterstained with dapi (A, blue). Merged image of A—C is shown in D. x40

either more mature or even postmitotic myelin-forming cells are difficult
to manipulate and can be expanded in vitro only scarcely (Franklin
2002). Both embryonic stem cells (ES) and aNSCs might represent
the ideal cell source for cell replacement-based therapies in myelin
CNS disorders. aNSCs showed the potential to repair demyelinating
lesions by acquiring a preferential glial cell-fate once transplanted in
vivo into rodents suffering from either acute or chronic autoimmune
inflammatory demyelination (Ben-Hur et al. 2003b; Bulte et al. 2003;
Einstein et al. 2003; Pluchino et al. 2003). ES cells have been able to
differentiate into glial cells and re-ensheath in vivo demyelinated axons
when transplanted in animal models of either genetically determined or
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chemically-induced demyelination (Brustle et al. 1999; Chu et al. 2003;
Liu et al. 2000; McDonald et al. 1999;Reubinoff et al. 2001; Zhang et
al. 2001). However, transplantation of ES cells has been complicated by
the formation of heterologous tissues and teratomas within the organ of
transplantation (Brustle et al. 1997, 1999; Deacon et al. 1998; Yanai et
al. 1995).

Other somatic stem cells of nonneuronal origin have been recently
used to repair the myelin sheath in vivo. Rats with an acute demyeli-
nated lesion of the spinal cord showed varying degrees of remyelination
—which was proportional to the number of injected cells — after systemic
or intralesional injection of acutely isolated mononuclear bone marrow-
derived stem cells BMSCs; (Akiyama et al. 2002a; Inoue et al. 2003).
Moreover, bone marrow-derived stromal cells induced remyelination
and improvement of axonal conduction velocity once transplanted by
direct microinjection into the demyelinated spinal cord of immunosup-
pressed rat (Akiyama et al. 2002b). These results, although encouraging,
are still too preliminary to draw any meaningful conclusion about the
therapeutic use of BMSCs in demyelinating disorders.

The route of cell administration represents another key issue for stem
cell transplantation in multifocal CNS diseases. While direct intrale-
sional cell transplantation can be instrumental in focal CNS disorders
(e.g., Parkinson’s disease or spinal cord injury), alternative approaches
have to be established in multifocal CNS disorders (e.g., MS), where
multiple CNS injections would be impractical. Interestingly enough,
some recent experiments have shown that stem cells e.g., bone marrow
cells, mesenchymal cells, (aNSCs) may reach multiple areas of the CNS
once injected into the blood stream (i.v.) or into the cerebrospinal fluid
circulation (i.c.) of rodents with multifocal demyelinating disorders of
inflammatory origin (Ben-Hur et al. 2003b; Einstein et al. 2003; Pluchino
et al. 2003). This specific homing has been explained, at least in part, by
the constitutive expression by transplanted stem cells of a wide array of
inflammatory molecules such as adhesion molecules (i.e., integrins, se-
lectins, immunoglobulins, etc.), cytokines, chemokines, and chemokine
receptors (Ben- Hur et al. 2003a; Coulombel et al. 1997; Klassen et al.
2003; Luo et al. 2002; Papayannopoulou 2003; Pluchino et al. 2003;
Schmid and Anton 2003).
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Ideally, once in the target organ, transplanted stem cells should differ-
entiate into the appropriate daughter cells and persist as long as needed
at the site of engraftment. Very little is known about the mechanisms
instructing the terminal differentiation of stem cells in vivo; however,
there is strong evidence that the local micro-environment might dictate
the fate choice of transplanted uncommitted stem cells. In this respect,
undifferentiated multipotent aNSCs or even totipotent ES cells, trans-
planted in different experimental neurological conditions, have shown
considerable capacity to restrict their terminal fate to tissue-specific cues
and replace nonfunctioning neural cells of different lineages, including
myelin-forming cells (Brustle et al. 1999; Liu et al. 2000; McDonald
et al. 1999; Pluchino et al. 2003). It has been shown that also BMSCs
may give rise to myelin-forming cells once transplanted in vivo into
demyelinated areas (Akiyama et al. 2002a; Inoue et al. 2003). However,
developmental transdifferentiation of BMSCs into neural stem cells —
although clearly described — has been recently disputed by studies show-
ing that this is a rare event in vivo and that most of “transdifferentiated”
BMSC:s are transplanted cells whose nuclei are fused with those of en-
dogenous resident neural cells (Alvarez-Dolado et al. 2003; Mezey et
al. 2003; Priller et al. 2001; Weimann et al. 2003).

Finally, the functional integration of stem cells at the site of hom-
ing/transplantation is the most critical issue. Although indications that
stem cells — whatever their tissue of origin — can reach the target organ
and differentiate into the appropriate lineage exist, there is still scarce
evidence that these cells can reconstruct the 3D brain architecture and
give raise to properly functioning cells integrating into the brain cir-
cuitries. So far, most studies on aNSCs or BMSCs have relied strictly
on morphological or immunohistochemical evidence (Doetsch 2003).
Further studies fulfilling several strict criteria are therefore necessary to
determine whether a stem cell has generated a functional neuronal or
glial cell.

In conclusion, the intrinsic complex nature of MS — in particular
its chronicity and multifocality and the presence of both inflammatory
(acute myelin and axon destruction) and degenerative (chronic axonal
loss) features — poses great limitations for cell-based remyelinating ther-
apies. Although promising results have been obtained using stem cell-
based therapies in preclinical settings, the great challenge for the future
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is to understand how to use these cells in a reliable, safe, and repro-
ducible fashion in order to hopefully achieve a complete functional and
anatomical rescuing of myelin architecture.
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