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Significance Statement 51 
Remyelination therapy for multiple sclerosis (MS) is a rapidly emerging 52 
research area despite the fact that only limited success has been achieved so 53 
far in clinical trials. The extracellular matrix (ECM) is significantly altered in 54 
chronic MS lesions, which is believed to be an important remyelination-55 
inhibiting factor. However, the ECM components have not been specifically 56 
targeted in current MS remyelinating trials. Qin et al. described the role of a 57 
major ECM protein, fibronectin, in de/remyelination. Exogenous ganglioside 58 
GD1a was demonstrated to overcome the remyelination-inhibiting effects of 59 
aggregated fibronectin during later stages of oligodendrocyte maturation. 60 
Thus, GD1a could potentially be used as a novel remyelinating compound or 61 
as combination therapy in conjunction with other drugs to enhance different 62 
stages of remyelination in MS. 63 
 64 
 65 
Multiple sclerosis (MS) is an autoimmune disorder of the central nervous 66 
system, characterized by inflammatory demyelination and progressive axonal 67 
loss. Demyelination has long been considered as the main pathological 68 
feature of MS. Remyelination usually fails in chronic MS lesions despite the 69 
presence of oligodendrocyte precursor cells (OPC) (Kuhlmann et al., 2008). A 70 
major focus of current MS treatment is on immunomodulation and relapse 71 
control. However, it is increasingly believed that chronic demyelination can 72 
cause secondary axonal loss (Nave, 2010) which may lead to disease 73 
progression and clinical disability. Therefore, remyelinating therapy has 74 
become a rapidly emerging MS research area (Plemel et al., 2017). Some 75 
novel remyelinating compounds have been developed and progressed into 76 
clinical trials. Most of the remyelination clinical trials included patients with 77 
optic neuritis as study subjects, because de/remyelination in the visual 78 
pathways is more clinically measureable, which can be determined by the 79 
latency of visual evoked potentials (VEP)(You et al., 2011). However, only 80 
limited success in VEP latency improvement has been achieved to date in the 81 
clinical trials (Cadavid et al., 2017; Green et al., 2017). Considering the fact 82 
that multiple proteins and signaling pathways are involved in the myelin 83 
pathology of the disease, targeting only one pathway might not be enough to 84 
generate substantial remyelination in MS lesions. 85 
 86 
The extracellular environment, or extracellular matrix (ECM), is significantly 87 
altered inside MS plaques (van Horssen et al., 2007), which is considered to 88 
be an important remyelination-inhibiting factor in chronic lesions. However, 89 
the ECM has not been targeted in the current MS remyelinating trials, which 90 
could potentially explain the relatively unsuccessful clinical results so far. This 91 
may be particularly true for chronic lesions, where some ECM components 92 
can form a non-permissive barrier at the lesion edge to block migration of 93 
OPCs to the lesion core, leading to a reduced OPC population with impaired 94 
potential for remyelination and lesion repair (Lau et al., 2013). The ECM is 95 
composed of proteoglycans, hyaluronan and multiple protein components 96 
such as collagen, fibronectin and laminin. Recent studies have suggested that 97 
most of the major ECM components may play a role in OPC migration and 98 
differentiation. Chondroitin sulfate proteoglycans (CSPGs) were shown to 99 
accumulate in demyelinating lesions and have multiple inhibitory actions on 100 
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oligodendrocytes (Pendleton et al., 2013; Keough et al., 2016). The 101 
glycosaminoglycan hyaluronan was also identified in MS lesions (Back et al., 102 
2005) and was found to be an inhibitor of OPC maturation and remyelination 103 
through Toll-like receptor 2 (TLR2) (J. A. Sloane et al., 2010). Type IV 104 
collagen is an important basement membrane protein, and an increased 105 
collagen deposit has been seen in MS lesions which was thought to be an 106 
inhibitor of OPC migration (van Horssen et al., 2007). In contrast, laminin-2 107 
can significantly enhance myelin membrane formation and promote 108 
remyelination (Buttery and ffrench-Constant, 1999). On the other hand, 109 
tenascins, including tenascin-C (TnC) and tenascin-R (TnR), appear to play 110 
opposite roles in remyelination. TnC was shown to inhibit OPC differentiation 111 
via cell adhesion molecule contactin (Cntn1) (Czopka et al., 2010), while TnR 112 
can potentially promote OPC adhesion and differentiation (Pesheva et al., 113 
1997). In addition, fibrinogen, the plasma protein can also enter the brain 114 
parenchyma and inhibit OPC differentiation when there is disruption of the 115 
blood brain barrier under certain disease conditions including MS (Baeten and 116 
Akassoglou, 2011; Petersen et al., 2017). The major ECM components and 117 
their roles in OPC differentiation and remyelination are summarized in Figure 118 
1. The ECM in MS lesions forms a complex network of interacting 119 
proteoglycans and proteins and the predominant signaling pathway remains 120 
to be determined (Plemel et al., 2017). 121 
 122 
The recent paper (Qin et al., 2017) published in the Journal of Neuroscience 123 
has broadened our understanding of the role of fibronectin (Fn), another major 124 
ECM component, in MS de/remyelination. This study was developed based 125 
on the group’s previous investigations (Stoffels et al., 2013), where they 126 
demonstrated Fn aggregation in MS lesions as well as in experimental 127 
autoimmune encephalitis (EAE) but not in the lysolecthin-induced 128 
demyelination model. The results suggested that Fn aggregation is mediated 129 
by inflammatory demyelination and inhibits oligodendrocyte remyelination. 130 
The authors further investigated the underlying mechanisms as well as the 131 
therapeutic potential of overcoming Fn-mediated deficits of myelin formation. 132 
It was first shown in OPC cultures that gangliosides GD1a corrected the 133 
inhibition of myelin membrane formation induced by aggregated Fn. This 134 
remyelination effect appears to be generated via OPC proliferation and myelin 135 
formation rather than cell migration or differentiation. The results were 136 
consistent with the findings in a previous study where OPCs were cultured on 137 
Fn-coated dishes and no effect on cell differentiation was observed (Baron et 138 
al., 2014). By contrast, it was suggested by other studies that failure of 139 
remyelination in chronic MS lesions might be attributed primarily to reduced 140 
OPC recruitment (Boyd et al., 2013) or differentiation (Kuhlmann et al., 2008). 141 
Also, the effect of Fn on OPC migration remains to be determined. It was not 142 
surprising to see an increased level of myelin proteolipid protein (PLP) mRNA 143 
in vivo after GD1a treatment. This again is likely to be a result of OPC 144 
proliferation, evidenced by increased Ki67(+) OPCs. In the in vivo study, the 145 
authors demonstrated an unchanged percentage of MBP-positive cells, 146 
suggesting no effects on OPC differentiation; therefore, a similar 147 
percentagewise analysis (e.g., ratio of myelin producing oligodendrocytes to 148 
total oligodendrocyte lineage ‘Olig2’ cells) could potentially reveal whether 149 
GD1a affects OPC differentiation in vivo. Additionally, it remains to be 150 
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confirmed whether the PLP mRNA upregulation could eventually lead to an 151 
enhanced myelin sheath formation. It is challenging to test this in vivo - Fn 152 
aggregation is only seen in the EAE model (not in the cuprizone or lysolecthin 153 
models), but the EAE model is not ideal for remyelination study because of 154 
ongoing inflammation and sporadic demyelinating lesions with unpredictable 155 
lesional site and timing; therefore, exogenous aggregated Fn had to be added 156 
in the cuprizone model in the highlighted study. Spontaneous aggregate 157 
clearance over time leads to only a transient aggregated Fn microenvironment 158 
in vivo, which makes it difficult to study ultimate remyelination. It may, 159 
therefore, be worthwhile to consider inducing EAE in a transgenic mouse line, 160 
which allows OPC labeling and lineage analysis (Mei et al., 2016).  161 
 162 
Next, Qin et al. investigated the mechanisms of GD1a-induced remyelination. 163 
It was demonstrated that only in the late stage of oligodendrocyte maturation 164 
does GD1a become effective in promoting myelin membrane formation. By 165 
using the serine/threonine kinase (STK) array, the authors identified that the 166 
above GD1a effects on myelin formation were mediated through the activation 167 
of the protein kinase A (PKA)-signaling pathway, which was further confirmed 168 
in oligodendrocyte cultures by analyzing the PKA downstream cAMP 169 
response element-binding protein (CREB) as well as by using the PKA 170 
inhibitor H89 and activator dBcAMP. While the effect might be mediated via 171 
oligodendrocyte membrane microdomains as suggested by the authors, the 172 
detailed machinery of GD1a-induced PKA activation remains to be 173 
determined. Also, how GD1a is inducing OPC proliferation at the early stage 174 
of remyelination is still unknown. Nevertheless, the results from this paper 175 
have significantly extended our knowledge of the ECM related signaling 176 
pathways in MS remyelination (Figure 1). 177 
 178 
As shown in Figure 1, since the ECM constitutes a complex signaling network 179 
in OPC differentiation and myelin formation, targeting only one ECM 180 
component might not be sufficient for successful remyelination in real disease 181 
scenarios. There are some major obstacles to overcome in developing 182 
remyelination therapies for MS. Firstly, OPC recruitment and differentiation is 183 
believed to play a key role in the process of successful remyelination and 184 
therefore most of the new potential remyelinating drugs are focusing on 185 
targeting OPC differentiation. Interestingly, GD1a was not shown to have 186 
significant effects on OPC differentiation. This provides a possibility that GD1a 187 
can potentially be used in combination with other drugs to form double or 188 
even triple therapies to enhance different stages of remyelination. Secondly, a 189 
pathological feature of MS lesions is astrogliotic scarring. Most of the ECM-190 
based remyelination inhibitors are astrocyte-driven, including CSPGs, 191 
hyaluronan, as well as aggregated Fn (Stoffels et al., 2013). Astrocytes play a 192 
complex dual role in remyelination. It has been well documented that 193 
astrocytic signaling is required for OPC survival and differentiation (Moore et 194 
al., 2011), but on the other side, reactive astrocytes shown in human MS are 195 
not only neurotoxic, but also toxic to differentiated oligodendrocytes (Liddelow 196 
et al., 2017). Finally, it has been recognized that there is primary 197 
neurodegeneration in MS, evidenced by progressive retinal nerve fiber loss in 198 
non-optic neuritis eyes (Graham et al., 2016; Petzold et al., 2017), as well as 199 
by morphological (Petzold et al., 2017) and functional (You et al., 2018) 200 
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changes in the myelin deficient retinal inner nuclear layer. Therefore, it may 201 
be essential to incorporate neuroprotection as part of the therapeutic strategy 202 
to ensure successful remyelination. Interestingly, some of the above 203 
remyelination-inhibiting ECM components (e.g., CSPGs, hyaluronan) are 204 
important in maintaining synaptic plasticity and were found to be 205 
neuroprotective in the central nervous system (Suttkus et al., 2016).  206 

In summary, the ECM comprises an extremely complex neural signaling 207 
network, with both pro- and counter-remyelinating components coexisting, 208 
and myelin-formation inhibitors being neuroprotectants. The predominant 209 
cellular signaling pathway mediating remyelination in MS is not well 210 
understood. However, recent advances in pre-clinical models have 211 
significantly improved our knowledge about the role of ECM in MS pathology, 212 
bringing us steps closer to its potential clinical applications. 213 
 214 
 215 
 216 
 217 
 218 
 219 
 220 
Figure 1: The role of extracellular matrix (ECM) components in 221 
oligodendrocyte (OLG) remyelination. Multiple ECM components are inhibitors 222 
of oligodendrocyte precursor cell (OPC) differentiation and migration, 223 
including chondroitin sulfate proteoglycans (CSPG)(Lau et al., 2013; 224 
Pendleton et al., 2013), hyaluronan (HA)(J. A. Sloane et al., 2010), tenascin-C 225 
(TnC)(Czopka et al., 2010) and fibrinogen(Petersen et al., 2017) via different 226 
signaling pathways. Laminin-2 (LM2) may not have significant effects on OPC 227 
differentiation, but it promotes myelin sheets formation in mature OLGs 228 
(Buttery and ffrench-Constant, 1999). Tenascin-R is also a pro-remyelinating 229 
component, and it improves OPC adhesion and differentiation (Pesheva et al., 230 
1997). Aggregated fibronectin (aFn) in the highlighted paper is an inhibitor of 231 
OPC proliferation and OLG myelin formation (Qin et al., 2017), though the 232 
exact mechanisms are still unclear. Administration of GD1a (Qin et al., 2017), 233 
fluorasamine (Keough et al., 2016) and ancrod (Petersen et al., 2017) in 234 
animals can overcome the remyelination-inhibiting effects of aFn, CSPG and 235 
fibrinogen, respectively. Thus, those compounds have translational potentials 236 
for remyelinating therapy. ACVR1: activin A receptor, type I; TLR2: toll-like 237 
receptor 2; PTPσ: protein tyrosine phosphatase sigma; ROCK: Rho-238 
associated protein kinase; PKA: protein kinase A. 239 
 240 
 241 
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