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@ PERSPECTIVE

Perspectives on neuroreparative
therapies for treating multiple sclerosis

A need to develop neuroreparative therapies for multiple
sclerosis (MS): MS is the most common neurological disease
of young Caucasian adults. This disease is characterized by
inflammatory demyelination of the central nervous system
(CNS) and involves activation of key inflammatory cells of
both the adaptive and innate immune systems, which target
and destroy both myelin and oligodendrocytes (the my-
elin-forming glial cells in the CNS). Key pathological features
of the disease include autoimmune inflammation, axonal
degeneration and demyelination (myelin loss), latter of which
can occur in both white matter and gray matter. The key cell
type damaged in MS is oligodendrocytes, which produce the
insulating myelin sheath surrounding many axons in the CNS.
Myelin and oligodendrocytes have critical roles. Myelin is re-
sponsible for promoting rapid, saltatory conduction of action
potentials throughout much of the CNS. When myelin is lost
in diseases such as MS, saltatory conduction is disrupted and
conduction block can ensue. Myelin also provides a physical
barrier for axons and thus serves to abrogate axonally directed,
immune attack. Oligodendrocytes can also provide key nu-
tritive support to axons in the healthy, quiescent state, which
is compromised when oligodendrocytes are targeted (Nave
and Werner, 2014). There is an emerging consensus that the
progressive disability that ultimately ensues for many patients
with MS correlates with the degree of accumulative axonal
degeneration. It is also apparent that the extent of demyelin-
ation, and the degree of oligodendrocyte targeting, are likely
to be relevant factors that dictate outcomes. Whilst it is well
identified that spontaneous remyelination occurs after a de-
myelinative insult, the degree of remyelination within MS le-
sions is variable; generally MS lesions remyelinate relatively ef-
ficiently early in disease; however, at later stages many lesions
remain chronically demyelinated (Trapp and Nave, 2008).
These chronically demyelinated lesions typically contain oli-
godendrocyte progenitor cells (OPCs) and premyelinating
oligodendrocytes that have “stalled” in their differentiation
(Franklin et al., 2012). These findings suggest remyelination
is not limited by an absence of oligodendrocyte progenitors
or their failure to generate oligodendrocytes, but a failure to
differentiate into mature oligodendrocytes and to initiate new
myelin formation.

Although the factors that inhibit remyelination in the con-
text of MS are not fully understood, they most likely include a
variety of inhibitory signals present within the lesion environ-
ment and an absence of positive signals (Franklin et al., 2012).
Significant loss of axons and neurons occurs as a consequence
of demyelination, which is believed to be a major determinant
of the ultimate progression of MS and persistent neurologi-
cal deficit (Trapp and Nave, 2008). Importantly, much of this
axonal loss is thought to be secondary to the ongoing demye-
lination and failure of remyelination. However, available ther-
apies for MS target the immune system to reduce the incidence
of new lesion formation, but do not promote remyelination.
This has led to substantial interest in developing neurorepar-
ative therapies that directly enhance myelin repair and protect
axons, to be used in conjunction with immunomodulatory
therapies. However, this goal can only be rationally achieved
via a better understanding of the nature of signals that regu-
late CNS myelination and identifying factors either promote or
inhibit this process.

Current molecular candidates to control remyelination: Over
the last two decades, a number of molecular candidates have
been identified that appear, either directly or indirectly, to con-
trol myelination within the CNS. These factors include Lingol
(Mi et al., 2005), brain-derived neurotrophic factor (BDNF)
(Vondran et al., 2010; Xiao et al., 2010; Lundgaard et al., 2013),
insulin-like growth factor-1 (Beck et al., 1995), members of
the gp130 family of neuropoietic cytokines (Butzkueven et
al., 2002) and neuregulin 1 type-III (Nave and Salzer, 2006;
Lundgaard et al., 2013), fibroblast growth factors (Furusho et
al., 2012). Although the extent to which these factors directly
target oligodendrocytes, as opposed to exerting their effects on
bystander lineages remains uncertain, a precise understanding
of how these factors enhance CNS myelination has boosted the
confidence of developing potential neuroreparative strategies
for treating MS. Lingol and BDNF are two recent examples
as developing pro-myelinating strategies. This is reflected by
current clinical trials of neutralizing antibodies against the my-
elination inhibitor Lingol by Biogen Idec. Lingo1 is a negative
regulator of neuronal survival, oligodendrocyte differentiation
and myelination, axonal outgrowth and regeneration (Mi et al,,
2005). Lingol is present on both neurons and oligodendrocytes.
Blocking Lingo1 has been shown to enhance remyelination and
axonal regeneration in animal models of central demyelination
(Pepinsky et al., 2011). These studies have lead to the develop-
ment of anti-Lingol antibodies to promote myelin repair and
prevent axonal degeneration for clinical trials. These studies
have provided important “proof of principle” evidence that tar-
geting molecules expressed by oligodendrocytes and/or neurons
in myelin lesion is a promising strategy to enhance myelin re-
pair and restore nerve function to complement current immu-
notherapies in MS. Currently, anti-Lingol antibodies are under
clinical trials for central demyelinating disorders such as MS.
A recent published study has shown randomized phase I trials
of anti-Lingol monoclonal antibody are safe and tolerable in
both health volunteers and patients with MS (Tran et al., 2014),
leading to phase II clinical trials for developing a potential an-
ti-Lingo1 treatment in human MS. However, this approach tar-
gets one of many potential inhibitors present within the lesion
environment, raising the question of whether identification of
pro-myelination targets may be more effective.

BDNF has been identified as a positive regulator of CNS my-
elination both in vitro and in vivo (Vondran et al., 2010; Xiao et
al., 2010) and it exerts its promyelinating effect via activating its
TrkB receptors (Xiao et al., 2010). Importantly, BDNF has been
found to improve both clinical outcomes and increases nervous
system repair in two separate animal models of central demye-
lination (Makar et al., 2009; Fulmer et al., 2014). However, the
utility of BDNF for therapeutic purposes is complex, as it exhib-
its pharmacokinetic behavior that is sub-optimal. BDNF has a
relatively short half-life in the circulation, there is no strong evi-
dence that it can readily cross the blood-brain barrier, and it has
complex receptor interactions signaling through two distinct re-
ceptors: TrkB and p75™"™ (Chao, 2003). Although there is an ac-
tive search for alternative delivery strategies to overcome some
of these problems, the advantages of developing small molecule
mimetics of BDNF that targets TrkB are evident: small mole-
cules can be modified to penetrate freely into the brain paren-
chyma, can be designed for oral administration, and can exhibit
selective receptor activation. Currently there are peptide and
non-peptide small molecules that have recently been developed
as TrkB agonists. TDP6 is a small molecule peptide memetic of
BDNF that has been shown to enhance oligodendrocyte myelin-
ation via TrkB in vitro (Wong et al., 2014). LM22A4 and Dihy-
droxyflavone are two non-peptide small molecule TrkB agonists
that have been studied in a number of distinct neurological
disease models (Massa et al., 2010; Simmons et al., 2013; Zeng
et al., 2013), For example, LM22A4 reduces motor impairment
and neuropathology in mouse models of Huntington’s disease
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(Simmons et al., 2013). However, none of these TrkB agonists
have yet been studied in the context of myelination. The next
would be to identify if these TrkB agonists enhance remyelin-
ation and exert a protective influence in animal models of CNS
demyelination.

Animal models of CNS demyelination: Potential and lim-
itation: The difficulty of identifying factors with selective re-
myelinating potential is compounded by the composite and
complex pathology generated in some commonly used animal
models of central demyelinating diseases. The most commonly
used animal model for studying MS is experimental autoim-
mune encephalomyelitis (EAE), a T-cell mediated inflammatory
demyelinating model. Of note, EAE can be induced in a variety
of species including a number of susceptible mouse strains by
either the systemic injection of myelin antigens or by the passive
administration of autoreactive T cells (Gold et al., 2000). The
exact pathology of the resultant disease differs between species
and induction method, but uniformly involves inflammatory
demyelination, often without a clear-cut remyelinative phase
(Gold et al., 2000). On the other hand, toxin induced models of
demyelination, in particular those generated by either the injec-
tion of lysolecithin, ethidium bromide or the consumption of
the copper chelatorcuprizone, induce a selective oligodendrocy-
topathy and enable a more focused interrogation of remyelin-
ative potential (Skripuletz et al., 2011). As no one animal model
faithfully mimics all aspects of MS, the therapeutic potential
of future candidate factors or approaches in promoting remy-
elination should be investigated in separate models of central
demyelination in the context of MS.

Neuroreparation and future directions: Future work is still re-
quired to identify molecules and signals that directly control
myelin repair. It is likely that these molecules are not acting in
isolation, but rather part of a larger signaling network. Under-
standing the interactions between these various molecules will
also decipher the precise balance between pro-myelination
and anti-myelination. Precisely determining their underlying
mechanisms is crucial to identify molecular targets with great-
er selectivity for remyelination in order to avoid off-target
effect possibly compromising therapeutic potential. Emerging
neuroreparative approaches that selectively target the ner-
vous system and enhance myelin repair may one day allow
for acute or post-acute treatment strategies to reverse damage
inflicted by MS attacks. We hope and believe for a future in
which treatment for MS will come to consist of combination
immunomodulatory and neuroreparative strategies. Neurore-
parative therapies remain under investigation, but are likely to
become important complementary elements of MS therapy in
the future.
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