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Remyelination failure contributes to axonal loss and progression of disability in multiple sclerosis. The failed re-
pair process could be due to ongoing toxic neuroinflammation and to an inhibitory lesion microenvironment that
prevents recruitment and/or differentiation of oligodendrocyte progenitor cells into myelin-forming oligodendro-
cytes. The extracellular matrix molecules deposited into lesions provide both an altered microenvironment that
inhibits oligodendrocyte progenitor cells, and a fuel that exacerbates inflammatory responses within lesions.
In this review, we discuss the extracellular matrix and where its molecules are normally distributed in an unin-
jured adult brain, specifically at the basement membranes of cerebral vessels, in perineuronal nets that surround
the soma of certain populations of neurons, and in interstitial matrix between neural cells. We then highlight the
deposition of different extracellular matrix members in multiple sclerosis lesions, including chondroitin sulphate
proteoglycans, collagens, laminins, fibronectin, fibrinogen, thrombospondin and others. We consider reasons be-
hind changes in extracellular matrix components in multiple sclerosis lesions, mainly due to deposition by cells
such as reactive astrocytes and microglia/macrophages. We next discuss the consequences of an altered extracel-
lular matrix in multiple sclerosis lesions. Besides impairing oligodendrocyte recruitment, many of the extracellu-
lar matrix components elevated in multiple sclerosis lesions are pro-inflammatory and they enhance inflamma-
tory processes through several mechanisms. However, molecules such as thrombospondin-1 may counter
inflammatory processes, and laminins appear to favour repair.
Overall, we emphasize the crosstalk between the extracellular matrix, immune responses and remyelination in
modulating lesions for recovery or worsening. Finally, we review potential therapeutic approaches to target extra-
cellular matrix components to reduce detrimental neuroinflammation and to promote recruitment and matur-
ation of oligodendrocyte lineage cells to enhance remyelination.
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Introduction
Multiple sclerosis is an inflammatory condition of the CNS with
demyelination and axonal loss, and oligodendrocyte and neuronal
death. Following these destructive processes, recovery manifests
as the regeneration of oligodendrocytes and the reformation of
myelin. The success of regenerative processes is dependent on the
balance of factors that promote the pathogenicity of the inflamma-
tory responses,1 and availability of conditions that mitigate de-
structive neuroinflammation whilst promoting remyelination.2

Less well described is the altered extracellular matrix (ECM) in
multiple sclerosis lesions that profoundly controls the injury and
repair processes. In this review, we describe the ECM, highlight the
changes to ECM members in multiple sclerosis lesions, consider
reasons behind changes in ECM components in multiple sclerosis,
and discuss the consequences of an altered ECM in multiple scler-
osis lesions. In particular, we highlight the contributions of ECM
components in promoting injurious neuroinflammation, and in
enhancing or inhibiting attempts at repair of lesions. Finally, we
consider approaches to normalize the altered ECM in multiple
sclerosis lesions to enable recovery from insults.

The extracellular matrix in the
uninjured adult CNS
The ECM is a complex network of molecules distributed through-
out the extracellular space of tissues. In the normal adult CNS, the
ECM can be found in three principal compartments: the interstitial
matrix, basement membrane around blood vessels, and the peri-
neuronal nets surrounding neuronal soma.3,4 The interstitial ma-
trix refers to the ECM components dispersed between cellular
structures of the CNS and contributes to the structural support
and signal transmission. The interstitial matrix of the uninjured
white matter of the adult brain (Fig. 1) consists mainly of hyalur-
onan, tenascins and chondroitin sulphate proteoglycans (CSPGs),
while it is low in fibronectin and fibrillar collagens common to
other tissues.5 The basement membranes including endothelial
and parenchymal basement membrane line the parenchymal side
of cerebral microvessels and are composed of collagens (primarily
collagen IV), laminins and heparan sulphate proteoglycans (HSPG)
(e.g. perlecan and agrin) (Fig. 1). The basement membranes play a
role in the maintenance of the blood–brain barrier integrity and
angiogenesis.6,7 The perineuronal net is the dense extracellular
matrix meshwork around certain populations of neuronal cell
bodies, and it includes tenascins, hyaluronan bound with CSPGs,
and link proteins. Perineuronal nets maintain the synaptic integ-
rity, limit the synaptic plasticity and protect neurons against oxi-
dative damage.8–10

Hyaluronan, the most abundant ECM component in the inter-
stitial matrix of the healthy CNS, is composed of long unbranched
chains of repeating disaccharides called glycosaminoglycan.11

Hyaluronan is usually a large high molecular weight molecule that
forms the framework for the structure of the CNS. Other ECM com-
ponents such as sulphated proteoglycans can bind and cross-link
high molecular weight hyaluronan. Sulphated proteoglycans are
generally associated with a core protein that is covalently linked to
one or more sulphated glycosaminoglycan chains. CSPGs are the
highly expressed proteoglycans within the CNS. Based on the core
protein and sulfation pattern of chains, CSPGs are divided into
subfamilies that include the lecticans (i.e. aggrecan, brevican, neu-
rocan and 4 isoforms of versicans), phosphacan and neuron-glial
antigen-2 (NG2). Aggrecan is particularly enriched in perineuronal
nets and forms large aggregates with hyaluronan.12 Small leucine-
rich repeat proteoglycans, including decorin and biglycan, and
other proteoglycans such as HSPGs participate mainly in protein-

protein interactions and have diverse functions.13 Tenascins are
the other subset of the CNS ECM proteins that form homodimers
or trimers and can bind to the CSPG-hyaluronan aggregate, result-
ing in a highly complex substrate for cells and extracellular mole-
cules.14 Several glycoproteins such as fibronectin,
thrombospondin and vitronectin are also found within the brain
ECM, albeit in low amounts. Osteopontin is a glycoprotein that
defies easy classification as a bona fide ECM molecule: it exerts
several distinct functions as a soluble molecule (e.g. cytokine and
chemokine functions), and it can also be anchored to the ECM
where it has particular activities.15 We will discuss its roles on the
remyelination process where indicated, but we have not catego-
rized it as a typical ECM molecule such as collagens or CSPGs.

Extracellular matrix changes in multiple
sclerosis lesions
Multiple sclerosis lesions have been classified as active, chronic ac-
tive and inactive lesions. In active lesions, immune cells are quite
uniformly distributed throughout the plaque, correspondent with a
recent injury. In chronic active lesions, the immune cells are at the
edge of lesions, reflecting their migratory route outwards from an
initial centre as the lesion expands. In inactive lesions, the immune
cell activity has largely subsided. There is substantial evidence that
several components of the ECM are altered in multiple sclerosis
lesions (Figs 1 and 2). There is deposition of presumed blood-derived
fibrinogen and fibronectin on and around endothelial cells in chron-
ic active lesions, leading the authors to suggest their potential role
in loss of integrity of the vessel walls followed by the infiltration of
immune cells and plaque development.17 At sites of blood–brain bar-
rier disruption, fibrinogen enters the CNS and is deposited as fibrin,
which is a potent inflammatory factor including the activation of
microglia.18 Fibrin deposition is a marker of blood–brain barrier dis-
ruption and occurs early in multiple sclerosis.19,20 Fibrinogen is
abundant in the cortex of progressive multiple sclerosis and in both
active and chronic multiple sclerosis lesions.21,22 Vitronectin is also
elevated in the blood vessel walls of active multiple sclerosis
lesions.23 While these observations provide insights into blood–brain
barrier dysfunction in multiple sclerosis,24 revealed that ECM depos-
ition could also occur in the parenchyma of multiple sclerosis
lesions. They demonstrated the accumulation of laminin, HSPGs,
fibronectin and collagen type IV in both the basement membranes
of perivascular cuffs and in the parenchyma of active and chronic
active lesions. These parenchymal deposits were associated with
activated microglia and CD45+ leucocytes, indicating the probable
involvement of the immune cells in the synthesis of these proteins
in active multiple sclerosis lesions.24 Analyses of versican, aggrecan,
neurocan and dermatan sulphate proteoglycans revealed an
enhanced expression in the hypercellular edge but not the centre of
chronic active multiple sclerosis lesions; there was decreased immu-
noreactivity in chronic plaques.16 Reduced levels of these proteogly-
cans at the centre of the chronic active lesion may be due to their
removal by phagocytic cells following deposition, and the migration
of these foamy macrophages outwards from the lesion centre as the
lesion transitions to a chronic active plaque (Fig. 2).

Experimental autoimmune encephalomyelitis (EAE) is an in-
flammatory animal model of multiple sclerosis. In C57BL/6 mice
induced with myelin oligodendrocyte glycoprotein peptide (35-55),
clinical signs commonly occur around Day 10 after immunization,
with increasing clinical severity that reaches a peak about 5 days
after, followed by a chronic phase with reduced clinical disability
that does not completely resolve. At clinical onset and particularly
at peak severity, active lesions of inflammation and demyelin-
ation adjacent to perivascular cuffs (aggregates of immune cells

Extracellular matrix of multiple sclerosis lesions BRAIN 2021: 144; 1958–1973 | 1959



in postcapillary venules) in the spinal cord and cerebellar white
matter, or adjacent to meninges in the spinal cord can be readily
seen.25 Our immunohistochemical study of the spinal cords of
mice afflicted with EAE showed increased V1 isoform of versican
in active lesions and perivascular cuffs, closely associated with
the infiltrating immune cells; there was no change of V2 versican
isoform or aggrecan in the lesions.25 We corroborated the EAE
findings by demonstrating that versican V1 was also present in
the perivascular cuffs of active multiple sclerosis lesions. Given
that the expression of versican V1 transcript has been docu-
mented in infiltrating CD45 + leucocytes and F4/80 + macrophages
by in situ hybridization, we postulate that immune cells may be
the main source of elevated levels of V1 isoform in lesions.25

Hyaluronan also accumulates in multiple sclerosis and EAE
lesions,26 and we discuss its postulated roles in inhibiting remye-
lination below. Loss of tenascin-C and -R has been observed in ac-
tive multiple sclerosis lesions, whereas their expression remained
unaltered in chronic (inactive) lesions.27

Osteopontin is upregulated in the brain and serum of both mul-
tiple sclerosis patients and EAE mice during relapses of disease.28–

30 Active multiple sclerosis lesion showed elevated osteopontin
mRNA and protein levels compared to control white matter,31,32 al-
though another gene expression study discovered a downregula-
tion in osteopontin transcript levels.33

A study of RNA transcripts encoding 50 ECM components in
multiple sclerosis plaques showed upregulation of more than 20
ECM members in both active and chronic lesions including

fibrillar collagens (I, III and V), basement membrane collagen (IV),
laminins, small leucine-rich repeat proteoglycans (biglycan,
decorin), hyaluronan link proteins, thrombospondin and the
HSPG member, perlecan.34 Fibrillar collagens, biglycan and
decorin were localized as a meshwork in the perivascular space
of blood vessels. In addition to the perivascular space, the paren-
chyma of active lesions had immunoreactivity for collagen V.
That the altered ECM has consequences was demonstrated by fi-
brillar collagens preventing the production of the chemokine
CCL2 by monocytes in culture, suggesting their potential role in
limiting the enlargement of multiple sclerosis lesions through
the inhibition of immune cell recruitment.34 Transcriptomic
studies of astrocytes during EAE found higher levels of versican,
fibronectin, fibulin-2, biglycan, decorin, collagen V, laminin a4
and a5 but reduced laminin a2, thrombospondin-1 and tenascin-
C.35,36 The most expanded subpopulation of astrocytes in mul-
tiple sclerosis and EAE lesions had upregulated fibronectin, bigly-
can and laminin a4. It is of interest that during acute and chronic
EAE, different astrocyte subpopulations with distinct ECM mem-
bers were over-represented.36

From the above descriptions, it would appear that multiple
sclerosis lesions have an altered expression pattern of ECM during
their evolution from active to chronic active and inactive lesions
(Fig. 2). However, this interpretation is largely based on separate
studies reporting on specific ECM components in different lesion
types. Future studies are needed to assess the deposition, conse-
quence, cellular sources and clearance of ECM components

Figure 1 The ECM in the healthy CNS and in multiple sclerosis lesion. (A) In the uninjured white matter of the CNS, the neural interstitial matrix in
the parenchyma primarily consists of CSPGs, hyaluronan (HA) and tenascins whereas collagens (principally type IV), laminins and some members of
HSPGs are concentrated in the basement membranes that separate the perivascular space post-endothelial barrier. (B) Several members of the ECM
are altered in multiple sclerosis lesions. High levels of CSPGs and hyaluronan accumulate and are prominent at the hypercellular edge as they have
been deposited and then cleared from the centre of chronic active multiple sclerosis lesions. As well, fibrillar collagens (I, III, V), small leucine-rich re-
peat proteoglycans (biglycan, decorin), thrombospondin and the HSPG member (e.g. perlecan) are upregulated in the parenchyma of lesions.
Moreover, the basement membranes in multiple sclerosis show a meshwork of ECM components including increased laminins, HSPGs, fibronectin,
biglycan, decorin and collagens. Images were created using BioRender.
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systematically and comprehensively in multiple sclerosis lesions
as they evolve from active to inactive plaques.

Since transcriptome profiling cannot accurately represent the
protein content of the tissue, particularly their post-translational
modifications, mass spectrometry would be advantageous to
gain a better overview of the dynamic alterations in the ECM. A
multiple sclerosis lesion-specific proteome profiling revealed a
unique set of proteins in acute and chronic plaques, and impli-
cated an important role of the coagulation cascade in the devel-
opment of active lesions of multiple sclerosis.37 Further pathway
analysis showed the abundance of ECM components, including
collagen, fibronectin, fibulin, laminin, vitronectin, osteopontin,
thrombospondin and heparan sulphate in the chronic active pla-
que proteome of multiple sclerosis.32

Finally, a recent comprehensive proteome map of the brain and
spinal cord of EAE mice showed that cell adhesion characteristics
are amongst the most enriched gene ontology terms for upregu-
lated molecules; numerous ECM members are amongst the highly
expressed proteins.38

Sources of altered extracellular matrix
change expression in lesions
ECM remodelling is a response to injury and contributes to the re-
pair process. Following an insult, reactive astrocytes change their
pattern of secretion of ECM molecules to create a barrier called a
glial scar, which likely represents an attempt to limit the extent of
damage and leucocyte migration.39–41 Transforming growth factor
beta (TGFb) and epidermal growth factor signalling induce the ele-
vation of ECM molecules in astrocytes.42,43

Another cause of increased ECM protein levels is damage to the
blood–brain barrier and deposition of plasma derived ECM proteins
such as fibrinogen and fibronectin. These members can further
stimulate ECM production by promoting TGFb signalling in astro-
cytes.44 Multiple cell types are known to be responsible for ECM
upregulation within CNS, including astrocyte, neurons, oligoden-
drocytes and macrophages/microglia.45–48 As discussed earlier, im-
mune cells are likely main sources of elevated versican V1 in
lesions. Microglia may mediate the aberrant deposition of CSPGs
directly or indirectly through regulation of other cells, consistent
with the result from a recent study that depleted microglia in
Huntington’s disease models.49

Interactions between extracellular
matrix and immune cells within the CNS
The ECM and immune responses are intricately linked. In inflamed
CNS, cytokines such as TGF-b, tumour necrosis factor-a (TNF-a)
and interferon-c (IFN-c) can increase ECM synthesis, turnover and
protease secretion.4 In addition to reactive astrocytes, resident
microglia and infiltrating macrophages contribute to the dysregu-
lated remodelling of the ECM in multiple sclerosis lesions.
Microglia and macrophages release cytokines and proteases
including matrix metalloproteinases that degrade and remodel the
ECM.50 The elevation of matrix metalloproteinases may be an im-
portant underlying reason for dysregulation of ECM molecules in
multiple sclerosis.51 On the other hand, ECM components employ
several mechanisms to modify immune responses. Increasing evi-
dence indicates that the infiltration, activation, differentiation and
survival of immune cells in the CNS are affected by aberrant

Figure 2 Expression of ECM proteins in different white matter multiple sclerosis lesions. Schematic shows ECM changes in distinct multiple sclerosis
lesion types including active, chronic active and inactive lesions. Early demyelinating active lesions consist of hypercellular lesion centre containing
reactive astrocytes and immune cells. Chronic active lesions are defined by a hypercellular inflammatory margin and a hypocellular centre with fi-
brous astrocytes and foamy (myelin-laden) microglia/macrophages. Inactive lesions show minimal signs of inflammation while containing mainly
scar forming (fibrous) astrocytes. Each lesion type has a different ECM composition when compared among each other and to normal white matter.
Refer to the main text for the capacity of individual ECM components to modulate the activity of immune cells. In active lesions, prominent sources
of hyaluronan (HA), fibronectin (FN), CSPGs and Tenascin-C/R (Tn-C/R) appear to be reactive astrocytes while fibrinogen (FG) is deposited by leakage
of serum into lesions. Sources of CSPGs are reactive astrocytes and macrophages/microglia although these cells are also removing the deposited
CSPGs from the lesion centre as the immune cells move outwards.16 The accumulation of inhibitory ECM such as CSPGs in the lesion edge is thought
to be a barrier to incoming progenitor cells such as OPCs that attempt to repair the lesion.3 COLV = collagen V. Images were created using BioRender.
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expression of ECM components or production of ECM fragments.
They are able to act as damage-associated molecular patterns
(DAMPs) and interact directly with their specific pattern recogni-
tion receptors such as toll-like receptors (TLRs) (Fig. 3).
Furthermore, they may play a role as chemoattractants and alter
the properties of immune cells and their activities. In inflamma-
tory conditions, activated macrophages synthesize and secrete
several proteoglycans such as versican, biglycan and decorin.
These ECM components can act as endogenous TLR ligands and
shape the immune response in an autocrine and paracrine man-
ner.52,53 Opposing pro- or anti-inflammatory outcomes from ECM-
derived DAMPs interacting with pattern recognition receptors
have resultant phenotypes that depend on unknown factors and
contextual features.54,55 Whether altered ECM in inflamed tissue
modulates inflammation further or contributes to the develop-
ment of chronicity remains to be investigated. Here, we aim to re-
view the known immunological aspects of ECM members. Where
little is known about their immunological actions within the CNS,
we refer to non-CNS tissues as guides where applicable.

Previous studies have mainly focused on the immunological
role of both intact and degraded CSPGs such as versican and aggre-
can, or small leucine-rich repeat proteoglycans including biglycan
and decorin. Lewis lung carcinoma-derived versican can bind to
TLR2/6 and engage myeloid differentiation primary response 88
(MYD88) adapter signalling, inducing an inflammatory response in
macrophages.56 Versican enhances the migration of macrophages
and production of pro-inflammatory cytokines such as TNF-a and
interleukin (IL)-6.25,56,57 Moreover, versican affects the immune re-
sponse indirectly through binding to hyaluronan and stabilizing
CD44 signalling, resulting in enhanced leucocyte adhesion and re-
tention.58,59 In support of the pro-inflammatory role of versican,
fluorinated sugar analogues that block the production of CSPGs
ameliorate inflammation and decrease clinical severity in the EAE
model of multiple sclerosis through reducing the synthesis of
versican.25,60,61

In contrast to the proinflammatory roles of versican, there are
reports of its regulatory effect on immune responses. It has been
suggested that macrophage-derived versican exerts anti-inflamma-
tory roles, as it is a type I IFN-stimulated gene. Versican can be
induced in macrophages by a signalling pathway involving the TIR-
domain-containing adapter-inducing IFN-b (TRIF) adapter molecule
and type I IFNs and their receptors.62 Type I IFN stimulated genes
are important for the resolution of inflammation. This is consistent
with another study in which versican: TLR2 interaction activated an
anti-inflammatory response in dendritic cells through increased
production of IL-6, IL-10 and IL-10R.63 In the context of lung inflam-
mation in mice, versican deficiency in myeloid cells enhanced the
recruitment of inflammatory cells and reduced the expression of
type I IFN and IL-10, suggesting an immunomodulatory role for ver-
sican.62 However, general deficiency of versican showed a complete-
ly opposite effect with regards to leucocyte infiltration.57 Different
cell types in response to stimuli use distinct signalling pathways to
express versican which may be functionally diverse depending on
the cellular source and signalling pathway invoked.64,65 The conflict-
ing roles of versican could also arise from the different isotypes in
various cell types.

Biglycan and decorin are mainly known as inflammatory medi-
ators through direct interaction with TLR 2 and TLR4.66,67 Biglycan
deficiency improves the severity of different inflammatory condi-
tions and de novo overproduction of circulating biglycan in a
transgenic mouse model elicits an innate immune response, high-
lighting the pro-inflammatory properties of biglycan.13,68

Biglycan impacts immune responses via various pathways. It
promotes the recruitment of neutrophils and macrophages by in-
duction of CXCL1 and CCl2 through TLR2/TLR4–MYD88 pathway.

By activating the TLR4–TRIF signalling pathway, biglycan promotes
CCL5 expression and T-cell infiltration.69,70 TRIF signalling induces
the expression of type I IFN-stimulated genes which are consid-
ered to be important in the resolution of inflammation and the
transition from innate to adaptive immune responses, suggesting
biglycan as a link between innate and adaptive immunity.
Biglycan is also involved in formation of the NLRP3 (NLR family
pyrin domain containing 3) inflammasome complex, caspase-1 ac-
tivation, and IL-1b maturation in macrophages. Although inter-
action of soluble biglycan with TLR2/4 and the purinergic receptor
P2X7 induces the release of mature IL-1b, it may also play an anti-
inflammatory role through inhibiting the synthesis of IL-1b.71,72

Decorin is another endogenous ligand for TLR2 and TLR4, and it
can activate the mitogen-activated protein kinases (MAPKs) and
NF-jB pathways to result in an acute inflammatory response via
the synthesis of proinflammatory TNF-a and IL-12.66 Moreover,
decorin is a known TGF-b-binding molecule and can sequester this
regulatory cytokine or inhibit its signalling. Decorin may also con-
tribute to inflammation by inducing programmed cell death 4
(PDCD4), which is a translational suppressor of anti-inflammatory
IL-10. Overall, decorin forms a pro-inflammatory milieu by the in-
duction of TNF-a, IL-12 and by the inhibition of TGF-b1 and IL-10.66

Hyaluronan is a non-sulphated glycosaminoglycan without a
protein core whose molecular weight determines pro- or anti-in-
flammatory outcomes.69,73 Upon tissue injury, high molecular
weight hyaluronan is degraded into low molecular weight hyalur-
onan fragments by inflammation-induced enzymes or reactive
oxygen species. These low molecular weight hyaluronan frag-
ments are capable of interacting with TLR2/4 and CD44 in macro-
phages to initiate MYD88 downstream signalling and NF-jB
activation.74,75 In addition to the synthesis of pro-IL-1b, low mo-
lecular weight hyaluronan activates the NLRP3/ASC in inflamma-
some complex, resulting in maturation of IL-1b.75,76 Blockade of
hyaluronan synthesis prevents and ameliorates EAE disease
through enhancing regulatory immune cell populations.77,78 While
low molecular weight hyaluronan promotes inflammation and
acts as an activator of TLR2, high molecular weight hyaluronan
inhibits TLR2 signalling and plays a protective role.79 It has been
shown that high molecular weight hyaluronan promotes a regula-
tory T-cell response, thereby resolving inflammation.80,81

Fibrinogen is deposited in multiple sclerosis lesions as fibrin,
which is a potent activator of innate immunity and a driver of T-
cell infiltration and demyelination. In vivo imaging in EAE mice
reveals that leakage of plasma fibrinogen into the CNS paren-
chyma before onset of neurological signs triggers perivascular
microglial clustering and reactive oxygen species release, contribu-
ting to axonal damage. Fibrinogen promotes pro-inflammatory ac-
tivation of microglia and macrophages.82,83 Injection of fibrinogen
into the healthy CNS results in adaptive immune responses
against myelin antigens that precede demyelination.83 The mech-
anism of fibrinogen in initiating CNS autoimmunity is attributed
to CD11b/CD18 receptor (integrin aMb2) activation in antigen pre-
senting cells, since pharmacological blockade or genetic deletion
of CD11b inhibits fibrinogen-driven demyelination.83 Depletion of
fibrinogen using ancrod reduces inflammation and axonal dam-
age, and results in ameliorated EAE and in other multiple sclerosis
models.82,84–87

Substantial datasets indicate that fibronectin activates TLR sig-
nalling and promotes immune responses. Altered fibronectin
domains resulting from unfolding, cleavage or alternative splicing
processes induce pro-inflammatory cytokine expression through
NF-jB and p38-MAPK-2 signalling axis.88–91 In addition to innate
immune response, fibronectin enhances anti-CD3-induced T-cell
proliferation via two receptors, very late antigen-4 (VLA-4) and
VLA-5.92 The fibronectin extra domain A not only enhances
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Figure 3 Direct interaction between ECM molecules and OPCs, and indirect effect of ECM on immune cells, affect OPCS and remyelination. This sche-
matic aims to emphasize that remyelination is an outcome of the direct interplay between OPCs and ECM, and indirectly through the effects of ECM
on immune cell activity. While CSPGs, hyaluronan, decorin, biglycan, fibrinogen and fibronectin promote an M1-like phenotype in macrophages,
thrombospondin drives a regulatory response in both macrophages and T cells. The different phenotype of macrophages or T cells then contribute to
oligodendrocyte development in diverse ways. Not strongly emphasized in this review, but also prominent, is that pro-inflammatory macrophages,
Th1 and Th17 cells can directly impede OPCs, while a switch towards a regulatory phenotype such as M2-like macrophage and Treg improves tissue
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dendritic cell maturation and inflammatory cytokine expression
(IL-12, TNF-a), but also contributes to antigen presentation and
acts as an antigen carrier, thereby augmenting cytotoxic T-cell
responses.93 Based on proteomic analyses, fibronectin aggregates
are potential points of attachment for other proteins, including
Hsp70 and thrombospondin-1.94

HSPGs are also involved in shaping immune responses through
regulating cell adhesion, cytokine and chemokine function and
acting as TLR agonists.95–97 Based on a bioinformatics screen, it
has been speculated that HSPGs may interact not only with TLR4
but also other TLRs containing the heparan sulphate-binding
motif, such as TLR1, TLR2 or TLR6.97 Although HSPG binding to
IFN-b, TNF-a and IFN-c has been shown to result in sequestration
of these cytokines and to reduce their bioavailability, HSPGs can
protect IFN-c from proteolytic cleavage, thereby enhancing the ac-
tivity of IFN-c.98,99

Thrombospondin-1 is commonly considered an anti-inflamma-
tory molecule since it is a major activator of TGF-b in vivo100 and it
promotes alternative activation in macrophages through inter-
action with CD47.94 Thrombospondin-1 is also able to impede the
activation and induce tolerance of dendritic cells.101 Furthermore,
thrombospondin-1:CD47 interaction skews T-cell polarization to-
wards regulatory T cells.102 Prolonged inflammation in thrombo-
spondin-1-deficient mice corroborates its positive effect on the
resolution of inflammation.103,104 Additionally, given that it facili-
tates phagocytosis of damaged cells via binding to CD36, increased
expression of thrombospondin-1 upon inflammation is a potential
regulatory mechanism to control immune responses and tissue
damage. However, opposite effects of thrombospondin-1 on in-
flammation have been discussed previously, and its high levels
bind CD36 and increase IL-1 and IL-6 in macrophages.105

Osteopontin is considered a key inflammatory molecule that is
secreted by various immune cell types in response to inflamma-
tion, including activated macrophages and T lymphocytes.106

Osteopontin-deficient mice developed milder EAE signs and were
resistant to the progressive phase of disease.31,107 Osteopontin
recruits immune cells to sites of inflammation, promotes Th1 and
Th17 cell polarization and enhances their survival in the
CNS.29,106,108–110 In contrast, in vitro studies document that osteo-
pontin has an anti-inflammatory role in microglia.111

In summary, many of the ECM components elevated in mul-
tiple sclerosis lesions are pro-inflammatory and they enhance the
inflammatory process through several mechanisms. However,
some ECM molecules such as thrombospondin-1 may counter in-
flammatory processes. The regulatory roles of particular ECM com-
ponents remain to be better defined.

Remyelination as an outcome of direct
and indirect extracellular matrix–
immune interactions
The process of myelin reformation (remyelination) begins with the
generation of oligodendrocyte precursor cells (OPCs) and their
maturation into oligodendrocytes whose processes contact and
compact around axons to form myelin.2 Both innate and adaptive
immunity contribute to oligodendrocyte development and

remyelination. For macrophages/microglia, both pro-inflamma-
tory and regulatory phenotypes promote remyelination.112,113 Pro-
inflammatory macrophages/microglia facilitate the proliferation
and recruitment of OPCs,113 in part through promoting the phago-
cytic removal of otherwise inhibitory myelin debris.114,115

Regulatory macrophages/microglia favour the maturation of OPCs
into oligodendrocytes.113 For lymphocytes, the deficiency and se-
lective depletion of CD4 + or CD8 + T cells reduce the levels of spon-
taneous remyelination in the lysolecithin model.116 The
administration of regulatory T cells (Tregs) enhances, while their
depletion inhibits, remyelination after lysolecithin or cuprizone
demyelination; Tregs secrete cellular communication network fac-
tor 3 (CCN3), a matricellular growth factor associated with the
ECM, to mediate oligodendrocyte differentiation.117 Conversely,
pro-inflammatory Th1 and Th17 cells directly prevent OPCs and
myelin formation, in vitro and in vivo.118,119 IL-17 from Th17 cells
induces NOTCH1 (Notch homolog 1, translocation-associated) sig-
nalling in OPCs, resulting in apoptosis and reduced differenti-
ation120 (Fig. 3). Overall, a properly harnessed inflammatory
response can mediate oligodendrocyte repopulation and remyeli-
nation, and it remains to be characterized further whether there is
involvement of the ECM in this process. Before addressing that, we
next overview the direct effects of ECM components on oligo-
dendroglial lineage cells briefly, as there several reviews on this
topic.40,121–124

While the deposition of ECM components after injury appears
to be an attempt to limit the spread of the lesion, the excessive
and dysregulated deposition likely leads to a matrix that becomes
unfavourable for repair (Fig. 3). In tissue culture studies, several
ECM components inhibit OPC maturation and these include
CSPGs, high molecular weight hyaluronan several collagens,
aggregated fibronectin, tenascins and thrombospondin; converse-
ly, pan-laminin, decorin and non-aggregated fibronectin promote
OPC maturation (reviewed in Pu et al.).124 In vivo, however, while
most of the upregulated ECM molecules in lesions are considered
inhibitory to remyelination,125 this has been addressed in experi-
mental models only for CSPGs, hyaluronan, fibrinogen and aggre-
gated fibronectin (see below).

Prominently, when OPCs are plated onto a mixed CSPGs prep-
aration or onto purified aggrecan, they adhere poorly, and the cells
that succeed in attachment do not elaborate profuse processes or
mature properly into oligodendrocytes.60,126–128 In vivo inhibition of
CSPG synthesis, deposition or signalling enhances remyelination
post-injury.60,126,129,130 CSPGs bind to cell surface receptors to acti-
vate growth-inhibitory pathways, but they also interact directly
with growth factors, cytokines and guidance molecules to control
their availability to differentiating neurons and glia.131–133 In con-
trast, CSPGs can play a possible pro-regenerative role through
upregulation of trophic factors for OPC including insulin-like
growth factor-1 (IGF1) and brain-derived neurotrophic factor
(BDNF).134–136

Hyaluronan is another upregulated ECM component whose
high and low molecular weight forms possess different roles for
tissue repair. Back et al.26 have shown that high molecular weight
hyaluronan injection limits robustly the amount of remyelination
in lysolecithin lesions whereas mice receiving low molecular
weight hyaluronan show the normal pattern of myelin repair. In

Figure 3 Continued
repair. ACVR1 = activin A receptor, type I; CCN3 = cellular communication network factor 3; FAK = focal adhesion kinase; Foxo3 = forkhead box O-3;
HA = hyaluronan; HWA-HA = high molecular weight hyaluronan; LMW-HA = low molecular weight hyaluronan; LAR = leucocyte common antigen
related; MYD88 = myeloid differentiation primary response 88; NF-kB = nuclear factor kappa-light-chain-enhancer of activated B cells; NgR = Nogo
receptor; NLRP3 = NLR family pyrin domain containing 3; NOTCH1 = Notch homolog 1, translocation-associated; PTPr = protein tyrosine phosphatase
sigma; ROCK = Rho-associated protein kinase; ROS = reactive oxygen species; Smad1/5 = small mothers against decapentaplegic 1/5. Images were
created using BioRender.
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contrast, another study by the same authors points out that hya-
luronan-digestion products underlie deficient remyelination in
lysolecithin lesions.137 More recent research by this group has
speculated that low molecular weight hyaluronan fragments hin-
der the differentiation of late oligodendrocyte progenitors via an
TLR/AKT/FoxO3 immune tolerance-like pathway that blocks pro-
myelination signalling.138,139

Fibrinogen contributes to the non-permissive extracellular en-
vironment in demyelinating lesions. In addition to being a marker
of blood–brain barrier disruption, fibrinogen initiates an inhibitory
signalling involving inhibitor of DNA binding1-3 (Id1-3) to suppress
differentiation of OPCs and remyelination.87 The outcome of this
signalling pathway in OPCs is an arrest in maturation and myelin
production. Fibrinogen also skews the OPC differentiation towards
GFAP + astrocyte-like cells instead of mature oligodendrocytes.87

The diverse roles of fibronectin have been also addressed.
Fibronectin stimulates the migration and proliferation of OPCs via
interaction with integrin receptors avb1 and avb3.140,141

Upregulation of astrocyte-derived rather than plasma fibronectin
is thought to be a positive regulator of remyelination.142 However,
more recent studies point to an inhibitory effect of fibronectin
aggregates on oligodendrocyte differentiation and
remyelination.143,144

Conversely, laminin-2 (merosin) promotes OPC survival and
maturation while its in vivo effect on remyelination has yet to be
defined precisely.145–147 A recent study has shown that after de-
myelination, pericytes foster OPC differentiation through the ex-
pression/secretion of laminin a2.148 Other findings suggest that in
addition to laminin a2, two other chains, laminin a4 and a5, posi-
tively regulate migration and survival of OPCs through interaction
with integrin a6b1 and downstream focal adhesion kinase (FAK)
signalling.149

Less is known about the role of other ECM members in the con-
text of remyelination. Increased type IV collagen in multiple scler-
osis lesions is considered to be an inhibitor of OPC migration.24

Tenascin-C impedes oligodendrocyte from expressing myelin and
its loss augments the level of OPC maturation and differenti-
ation150,151; conversely, tenascin-R can potentially promote OPC
adhesion and differentiation.152 In addition, neuronal precursors
from thrombospondin-1-deficient mice yield significantly more
OPCs and mature oligodendrocytes.153 Although indirect evidence
indicate that decorin promotes repair processes by negative regu-
lation of TGF-b and CSPGs, HSPGs might be involved in the sup-
pression of OPC differentiation through interaction with
fibroblast growth factor-2.124 Increased expression of osteopontin
during the remyelination phase of toxin-induced demyelination
in the mouse CNS and it ability to enhance proliferation and dif-
ferentiation of OPCs in culture imply its possible role in remyeli-
nation.154,155 However, osteopontin deficiency did not affect
remyelination, indicating that osteopontin may not play a critical
role in myelin repair.155

In agreement with the evidence emphasizing the importance
of ECM on OPC functions, several studies now highlight the role of
mechanical properties of the extracellular milieu and ECM stiff-
ness in OPC differentiation. OPCs are mechanosensitive and are
able to sense the altered stiffness of their immediate surround-
ings and remain as precursor cells or differentiate into myelinat-
ing oligodendrocytes.156–158 Generally, a softer matrix is more
permissive to OPC differentiation159 while the increased stiffness
through elevated deposition of ECM components generally leads
to remyelination failure in chronic demyelinated lesions.160

Recent findings in the ageing field raise the possibility that ageing
ECM and niche stiffness may be an important factor impairing the
function of OPCs, by signalling through the mechanosensitive ion
channel PIEZO1 in OPCs; digesting the ECM of the ageing CNS

using chondroitinase ABC enhances both OPC proliferation and
differentiation.161

While it is clear that ECM components can directly affect OPCs,
the evidence that the ECM alters immune responses that then im-
pinge upon oligodendrocyte lineage cells and remyelination is still
sparse. However, inferences can be drawn from the descriptions
above where many ECM molecules tune immune responses that
then affect oligodendrocytes. This is supported by results, for ex-
ample, of impaired OPC differentiation following their exposure to
conditioned medium from fibrin-treated macrophages.82,83

Fibrinogen depletion in mice decreases inflammation and aug-
ments myelinating oligodendrocyte repopulation and tissue re-
pair.82,84–87

Overall, many of the ECM molecules that accumulate in mul-
tiple sclerosis lesions can directly affect oligodendrocyte lineage
cells and remyelination, usually adversely. That ECM components
alter immune responses in multiple sclerosis lesions that then af-
fect OPCs favourably or otherwise is an area that deserves more
research.

Targeting the extracellular matrix to
enhance remyelination
Given that the extremely perturbed extracellular environment in
multiple sclerosis plaques is considered to be a prominent remye-
lination-inhibiting factor in chronic lesions, targeting the ECM
could have significant therapeutic potential to promote tissue re-
pair (Fig. 4).

Several approaches have been applied to overcome the dysre-
gulated CSPGs. These methods include degradation of deposited
CSPGs using chondroitinase ABC, blocking CSPG synthesis by
small-molecule inhibitors such as xylosides and fluorinated sugar
analogues, and interfering with signalling through CSPG receptors.
Enzymatic digestion of CSPGs by chondroitinase ABC has revealed
promising effects on remyelination.126,128 To overcome the limita-
tions of enzyme administration, a controlled chondroitinase ABC
gene therapy has been developed for the treatment of spinal cord
injury.162 Nonetheless, chondroitinase ABC leaves carbohydrate
stubs attached to core protein which could be inflammatory and
also hinder OPC functions.163,164 Another drawback of this ap-
proach is that not only upregulated CSPGs in the lesion but also
those required for homeostatic functions in perineuronal nets are
targeted. Inhibitors of glycosaminoglycan chain elongation such
as xylosides or fluorinated glucosamine analogues block the syn-
thesis and release of CSPGs. Use of a xyloside after injury to the
spinal cord improves tissue repair and recovery.126,135 Previous
work by our group has revealed the potency of fluorinated glucosa-
mine analogues, particularly peracetylated N-acetyl,4-fluoro-N-
acetylglucosamine (fluorosamine) at reducing injury-enhanced
CSPG content; this reduction correlated with improved remyelina-
tion at 21 days post-injury in lysolecithin-induced demyelin-
ation.25,60,61 Recently, reduced CSPG accumulation and enhanced
oligodendrocyte differentiation have been shown after targeting
the endocannabinoid system using 2-arachidonoylglycerol (2-
AG).165 As these compounds can affect CSPG synthesis throughout
the body, developing CNS-targeted treatment is necessary to avoid
potential off-target effects and peripheral toxicity.

Blocking the downstream signalling of CSPGs is another ap-
proach to overcome the repair-inhibitory properties of these mole-
cules. CSPGs can interact with receptors, including protein
tyrosine phosphatase sigma (PTPr), leucocyte common antigen
(LAR) and Nogo receptor (NgR1/3).166–168 Inhibition of LAR and
PTPr signalling using intracellular sigma peptide (ISP) and intra-
cellular LAR peptide (ILP) following traumatic spinal cord injury
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promotes oligodendrogenesis as well as oligodendrocyte integrity,
maturation, and myelination.129,168 Moreover, systemically deliv-
ered PTPr-specific blocking peptide augments myelin repair and
recovery in both toxin-induced demyelination and in chronic
EAE.130 The Nogo receptor-1 and its co-receptor Lingo-1 bind to a
broad range of interacting molecules such as Nogo A and also
CSPGs.169 The interaction of Nogo receptor complex with its
ligands results in negative growth and myelination signals.170,171

Therapies that target Lingo-1 lead to improved remyelination and
functional recovery from EAE.172 Since some of these receptors are
also expressed on immune cells, future studies should focus on
how targeting these receptors affect the inflammatory response in
the lesion. For example, as PTPr is an important negative regulator
for pro-inflammatory responses of dendritic cells and polarization
of Th1 and Th17 cells, its suppression might result in deleterious
autoimmune responses in EAE or multiple sclerosis while promot-
ing remyelination.173 Therefore, it is of importance to develop cell
specific approaches to target these receptors.

As mentioned earlier, fibronectin aggregates contribute to a
remyelination-inhibitory environment in multiple sclerosis

lesions.144 Fibronectin (aggregate) antagonists could thus be a po-
tential therapeutic approach for remyelination. Moreover, the
interaction between fibronectin and its cell surface receptors
(integrins) can be hindered by gangliosides.174,175 There is some
evidence that ganglioside GD1a, but not other gangliosides, over-
comes the inhibitory effect of aggregated fibronectin on remyeli-
nation.143 GD1a rescues the inhibition of myelin membrane
formation induced by aggregated fibronectin in primary oligo-
dendrocyte cells and also neuron-oligodendrocyte cocultures.
Furthermore, it promotes the repair process in demyelinated cere-
bellar slice cultures and in fibronectin-containing lesion after
cuprizone demyelination. A specific GD1a-dependent activation of
protein kinase signalling pathway is considered as an underlying
mechanism for increased OPC maturation.143 These results sug-
gest that GD1a could be a novel tool for remyelination therapy.

Hyaluronan contributes to several pathological conditions
such as inflammation and inhibition of tissue repair as described
earlier, so attempts have been conducted to inhibit its synthesis
and accumulation. 4-methylumbelliferone (4-MU) is a derivate of
coumarin, which is known for its anticoagulatory properties. 4-

Figure 4 Targeting ECM components to promote OPCs and remyelination. This schematic depicts different approaches to overcome the inhibitory ef-
fect of dysregulated ECM molecules in multiple sclerosis. These methods include blocking hyaluronan synthesis by 4-methylumbelliferone (4-MU);
blocking CSPGs synthesis by xylosides, fluorosamine (4-fluoro-N-acetylglucosamine) or 2-arachidonoylglycerol (2-AG); interfering with CSPG signal-
ling through PTPr/LAR-specific blocking peptides (ISP, ILP); antagonizing Nogo receptor complex using blocking antibodies; depleting fibrinogen by
ancrod or blocking its activity using an anti-fibrin antibody; and neutralizing aggregated fibronectin by ganglioside GD1a. ACVR1 = activin A receptor,
type I; Foxo3 = forkhead box O-3; ILP = intracellular LAR peptide; ISP = intracellular sigma peptide; LAR = leucocyte common antigen related; NgR =
Nogo receptor; MYD88 = myeloid differentiation primary response 88; NF-kB = nuclear factor kappa-light-chain-enhancer of activated B cells; PTPr =
protein tyrosine phosphatase Sigma; ROCK = Rho-associated protein kinase; Smad1/5 = small mothers against decapentaplegic1/5. Images were cre-
ated using BioRender.
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MU inhibits hyaluronan production through different mecha-
nisms. It acts as a competitive substrate for UDP-glucuronosyl-
transferase enzyme which is required in hyaluronan
synthesis.176,177 Moreover, 4-MU decreases mRNA levels of hyalur-
onan synthetase and other enzymes involved in hyaluronan syn-
thesis, but the details of the mechanism are unclear.178,179 There
are concerns that 4-MU affects other glycosaminoglycans, such as
CSPGs and HSPGs.180 4-MU treatment has been reported to pre-
vent and ameliorate EAE disease where it skews T-cell polariza-
tion towards Treg and Th2 cells and away from Th1.77,78 Given
that hyaluronan fragments play a non-permissive role in myelin
repair, whether using 4-MU would be beneficial in remyelination
needs to be studied.

As discussed before, fibrinogen and fibrin impact various
pathological mechanisms including inflammation and oligo-
dendrocyte repair. To deplete fibrinogen and inhibit fibrin forma-
tion in the lesion, the defibrinogenating agent ancrod has been
used in lysolecithin-induced demyelination and EAE.82,84–87 The
results show that this anti-coagulant therapy is beneficial in both
conditions. To avoid the anti-coagulant effect when targeting fi-
brinogen, an immunotherapy approach has been developed to se-
lectively target fibrin-induced inflammation. Monoclonal antibody
5B8 against integrin binding site of fibrin reduces innate immune
activation and neurodegeneration.181

Conclusions and future directions
Many ECM molecules are deposited in multiple sclerosis lesions
where they affect oligodendrocyte functions and remyelination
directly. Moreover, the deposited ECM is increasingly appreciated
to form a second layer of regulation of remyelination through
altering immune responses that then dictate repair or exacerba-
tion of injury. The considerations of ECM components and func-
tions must consider the individual ECM proteins, rather than lump
them together, since different ECM components can exert permis-
sive or inhibitory functions on oligodendroglial lineage cells and
immune subsets, as described above. Nonetheless, ECM molecules
interact with one another, and are often being cross-linked to one
another through link proteins and other mechanisms, so while
there is a need to consider ECM members separately, there is also
a requirement to consider them as a whole, particularly since
members with opposing functions are often in the mix. The per-
missive laminins for axon regrowth are often in the same lesion as
the inhibitory CSPGs.182 It has been emphasized that the balance
between permissive (laminins, unaggregated fibronectin) and in-
hibitory (CSPGs, tenascins, fibronectin aggregates) ECM molecules
within and around a demyelinating lesion determines the degree
of remyelination as an outcome.122 How one can elevate the levels
of permissive molecules and simultaneously lower amounts of in-
hibitory ECM is a subject for future studies.

Regardless of our knowledge about the ECM changes in the CNS
pathological conditions and also their role in the cellular processes
such as differentiation or axonal growth, the precise functions of
ECM in the CNS are still elusive. The potential role of ECM in
remyelination has been highlighted using different strategies to
target ECM members during CNS injury, but there is so little evi-
dence for ECM in developmental myelination. Laminin alpha 2-de-
ficiency resulted in myelination deficits or delays,183,184 while
several other knockout mice e.g. neurocan, brevican, tenascin-C/R
showed no CNS anatomical abnormalities but some effects on
perineuronal nets.133,186 On the other hand, deficiency of some
ECM molecules such as versican causes embryonic lethality.133

Lack of suitable animal models limits the study of the role of par-
ticular ECM components in the CNS. Moreover, complex and dy-
namic expression pattern of ECM during CNS development and

disease, and also compensation mechanisms, hamper the elucida-
tion of precise functions of particular ECM members. Future stud-
ies using conditional knock out mice would help to clarify the
specific role of particular ECM components in the CNS in develop-
mental myelination and in remyelination.

There are many other unknowns that are topics for future
investigations. In this review we focused on the ECM content of
white matter lesions because the ECM composition in grey matter
lesions is not as well characterized. In one study of leukocortical
lesions in multiple sclerosis, the grey matter region of the lesion
did not have obvious versican elevation and showed better remye-
lination efficiency than the white matter part of the same le-
sion.187 Why and how ECM components differ in grey versus white
matter, particularly after an injury, is not understood, and should
be a subject for future studies. Moreover, while the loss of axons
and synapses is an important feature of multiple sclerosis path-
ology, and abnormal perineuronal nets have been observed in
Alzheimer’s disease and amyotrophic lateral sclerosis,188,189 we
are unaware of reports of potential perineuronal net changes in
cortical or other grey matter multiple sclerosis lesions. Given that
perineuronal nets are protective against oxidative stress and neu-
rodegeneration,190 their role in multiple sclerosis pathology is of
interest. Overall, the potential of ECM changes in the grey matter
and how this may affect the loss of neurons or their integrity and
function in multiple sclerosis is an important area for future study.

It is now increasingly clear that different ECM components
could be targeted separately; for instance, the repair inhibitory and
pro-inflammatory CSPGs could be differentially affected while the
pro-regenerative mechanisms of laminin could be simultaneously
enhanced. In addition, each molecule could be distinctly targeted
by specific means, such as the use of different inhibitors to the
various receptors that interact with CSPGs.

Another issue that needs to be addressed is the effect of ECM-
targeted therapies on other ECM members. Interaction between
different ECM molecules and possible feedback loops add another
layer of complexity to the situation. For example, when affecting
hyaluronan synthesis with 4-MU, the CSPGs would be expected to
be altered, as hyaluronan forms extensive cross-links with CSPGs.
Moreover, since ECM members are broadly expressed in peripheral
tissues, developing CNS-targeted treatments is necessary to avoid
potential of off-target effects and peripheral toxicity.

One caveat in remyelination studies for multiple sclerosis is
the lack of suitable animal model of multiple sclerosis for repair
investigation. In spite of toxin-based models such as lysolecithin
and cuprizone injury that are commonly used to study remyelina-
tion in the CNS, there is the absence of lymphocyte involvement
and chronic immune responses which are characteristics of mul-
tiple sclerosis lesions.191 On the other hand, although EAE recapit-
ulates many features of multiple sclerosis lesions, it is not an ideal
model to assess remyelination due to unknown lesion localization
and ambiguity in the stage of lesion evolution for a given plaque.
To overcome these limitations, a new transgenic mouse that
reveals newly formed oligodendrocytes, but not dying or spared
oligodendrocytes, in lesions has been used.192 This model introdu-
ces a new approach to shed more light on the myelin repair during
the ongoing neuroinflammation in EAE. The use of ECM-altering
therapies should be encouraged in the EAE model to enable analy-
ses of such perturbations not only for remyelination, but also on
immune responses that impinge upon the repair potential.

In conclusion, the ECM in multiple sclerosis lesions is pro-
foundly changed from the normal content. The altered ECM com-
ponents have the capacity individually and collectively not only to
directly affect oligodendrocytes and remyelination, but also the
immune components that indirectly influence the success of
lesional repair. These multiple axes of interactions lead us to
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consider the ECM as fine-tuning the subsequent outcome of repair
or further injury to the lesion. While current disease modifying
therapies used in multiple sclerosis are based on immunomodula-
tory approaches with low efficacy in promoting repair, more atten-
tion should be paid to ECM-targeted treatments due to their
capacity to regulate both remyelination and neuroinflammation.
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