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All licensed medications for multiple sclerosis (MS) target the immune system. Albeit promising preclinical results
demonstrated disease amelioration and remyelination enhancement via modulating oligodendrocyte lineage cells, most
drug candidates showed only modest or no effects in human clinical trials. This might be due to the fact that remyelination
is a sophistically orchestrated process that calls for the interplay between oligodendrocyte lineage cells, neurons, central
nervous system (CNS) resident innate immune cells, and peripheral immune infiltrates and that this process may
somewhat differ in humans and rodent models used in research.
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| 1. Introduction

Multiple sclerosis (MS) is an inflammatory autoimmune disease and the most frequent degenerative disease of the central
nervous system (CNS) W. Immune cells with peripheral origin pass through the damaged blood—brain barrier (BBB) and
release cytokines, including tumor necrosis factor alpha (TNFa), interferon gamma (IFN-y), and interleukin 17 (ll-17).
These cytokines can directly attack myelinating oligodendrocytes (OLs) & or indirectly impair the OL—neuron coupling by
polarizing microglia into the M1 (pro-inflammatory) state, which then activate reactive neurotoxic Al astrocytes by
secreting Il-10, TNFa, and the complement component 1q (C1q) Bl. The combined secretion of cytokines by lymphocyte
infiltrates, activated M1 microglia, and Al astrocytes lead to OL death and demyelination ¥, Demyelinated axons lose
insulation and metabolite support from OLs B, which eventually leads to axonal degeneration and neuronal loss [&l.

Although remyelination can be demonstrated by the occurrence of thin myelin using electron microscopy and animal
models at different time points after a demyelinating lesion &, it has been difficult to conclude whether the thinly
myelinated axons in postmortem MS patients are partly demyelinated or incompletely remyelinated axons 29. However,
Bodini et al. used positron emission tomography to show in vivo myelin degeneration and repair by tracing myelin-binding
Pittsburgh compound B [, This provided evidence that remyelination can occur in some MS lesions. Imaging
remyelination in living MS patients remains, however, challenging, and currently, the most accurate way to evaluate
remyelination is to measure visual evoked potential (VEP) latency (reviewed in 12), which requires a pre-existing lesion in
the optic nerve. Remyelination is mostly seen in acute and relapsing/remitting MS (RRMS) active lesions and borders 131,
Mixed/inactive lesions, marked by decreased or even absent remyelination, present a rim enriched in microglia and pro-
inflammatory iNOS+ myeloid cells and depleted in anti-inflammatory CD163+ myeloid cells, compared to active lesions
131 Furthermore, an increased density of CD3+ T lymphocytes together with phagocytic and activated microglia has also
been shown in normal-appearing white matter (NAWM) of MS brain tissue compared to control WM 314l The alteration
of innate immune cell populations in MS patients varies largely within the lesion areas and throughout disease
progression.

The density of OL progenitor cells (OPCs), the main cell population remyelinating axons, increases in early MS lesions
compared to the adjacent NAWM, which sustains mature OL populations with unaltered density. Chronic MS lesions are
marked by severe depletion of OPCs and mature OLs (15, Consistently, chronic MS lesions were found to have not only a
decreased OL density but also a decreased proportion of OLs that expressed myelin gene regulatory factor (MYRF)
compared to NAWM (28],

| 2. Roles of Peripheral and CNS Resident Innate Immune Cells

Demyelination results in large amounts of myelin debris, composed of cholesterol, phospholipids, glycolipids, and myelin-
associated proteins 1. These myelin debris are not only neurotoxic 28 but also inhibit axonal outgrowth 1229 gnd
remyelination (2. Moreover, myelin-associated proteins, such as myelin basic protein (MBP), myelin proteolipid protein



(PLP), and myelin oligodendrocyte glycoprotein (MOG), serve as antigens to induce an adaptive autoimmune response in
MS patients [22123],

Clearance of myelin debris by macrophages and microglia following demyelination is a crucial process to allow
remyelination. Phosphatidylserine is a phospholipid that is abundant in myelin. During OL apoptosis, phosphatidylserine
translocates to the outer layer of the plasma membrane, where it serves as a signal inducing phagocytosis 24 Indeed,
phosphatidylserine mediates the activation of TAM (Tyro3, Axl, and Mertk) receptors through their ligands Protein S and
Gas6 [23[28], Consistently, in a cuprizone model of CNS demyelination and remyelination, Shen et al. found that Mertk-KO
mice had impaired myelin clearance and remyelination 24, Another important phospholipid sensor is the triggering
receptor expressed on myeloid cells-2 (TREM2), which is also expressed by microglia and macrophages 28, TREM2 is
essential for microglia activation and phagocytosis. Trem2-deficient mice were found to have fewer lipid droplets, elevated
endoplasmic reticulum (ER) stress, and enhanced neuronal damage and motor impairments 2289 On the other hand,
treatment with the TREM2 monoclonal agonistic antibody ALoo2a enhanced myelin debris clearance in the mouse model
of demyelination mediated by cuprizone [28. The same study also detected elevated TREM2 expression in lipid-laden
macrophages—microglia in active lesions from MS patients but not in NAWM and control WM; this presents further
evidence that the activation of microglia and myelin clearance also occurs transiently in active lesions.

Pattern recognition receptors (PRRs) expressed in CNS phagocytes can also sense myelin debris. Major PRRs involved
in CNS myelin clearance include Toll-like receptors (TLRs), Nod-like receptors (NLRs), and C-type lectin receptors (CLRs)
B Deerhake et al. showed that PRRs have both pathologic and protective roles in the experimental autoimmune
encephalomyelitis (EAE) model, which is commonly used to model the autoimmune inflammatory aspect of MS [,
Indeed, after deleting the primary TLR adaptor protein Myd88, mutant mice had fewer CD4+ infiltrates and partial-to-
complete resistance to MOG immunization 233! However, using the lysolecithin model of CNS demyelination, Cunha
and colleagues showed that Myd88 mutant mice had suppressed phagocyte activation and impaired myelin clearance and
remyelination 4. These seemingly contradictory phenotypes are partially due to the fact that the former studies used the
EAE model, whereas the latter chose the lysolecithin model. As lysolecithin directly dissolves myelin and kills OLs at
lesion sites without causing a major immune response from the peripheral immune system, it is arguably more suitable for
CNS myelin clearance and remyelination studies.

During demyelination, the large amount of cholesterol present in myelin debris is phagocytosed by activated microglia and
macrophages B3] Activated phagocytes upregulate sterol synthesis genes in mice 2 and in MS repairing lesion samples
(361 except for the gene coding for 24-dehydrocholesterol reductase (DHCR24). DHCR24 leads to the sterol synthesis
intermediate product desmosterol that activates LXR (liver X receptor) signaling in phagocytes, which was shown to
resolve inflammation and enhance recycled cholesterol export from phagocytes for remyelination by OLs in vivo B2, |n
aged phagocytes, cholesterol excessively accumulates, switching from a free to a crystal form, which activates
inflammasomes 71,

On the other hand, activated microglia release the cytokines Il-1a and TNF, as well as Clq, which polarizes astrocytes
into a reactive neurotoxic Al state. Unlike M1 microglia which actively engulf myelin debris, A1l astrocytes display
decreased Mertk expression and loss of phagocytic capacity of myelin debris Bl. Furthermore, Al astrocyte-conditioned
medium can induce neuron and OL apoptosis in vitro Bl. Although activated phagocytes are recruited to lesion sites and
clear myelin debris, persistent microglia and astrocyte activation are associated with chronic inflammation and loss of
myelin. As mentioned earlier, histological analyses showed increased levels of TMEM119+ homeostatic microglia and
iINOS+ (pro-inflammatory) myeloid cells and decreased levels of CD163+ (anti-inflammatory) myeloid cells in the
periphery of mixed lesions compared to active lesions 2], Mixed lesions are also characterized by fewer oligodendrocytes
and less myelin in the lesion center compared to active lesions that can be remyelinated and to NAWM 121,

| 3. Roles of Oligodendrocyte Lineage Cells in Remyelination
3.1. Oligodendrocyte Progenitor Cells Migrate to Lesion Sites and Proliferate Following CNS Injury

Both parenchymal adult OPCs and subventricular neural stem cells (NSCs) can repopulate depleted OLs in lesion sites
(38][39][40][41][42)[43][44] The relative contribution of OPCs versus NSCs depends on the location of lesions. Using cuprizone-
conditioned mice, Xing and colleagues found that in the rostral region adjacent to the subventricular zone, the majority of
OLs originated from Nestin+ neural precursor cells (NPCs) and formed remyelinated internodes with a thickness
equivalent to unchallenged controls, in contrast to the remyelinating sheath observed in other CNS regions that is typically
thinner than in the unlesioned CNS 43l |n terms of distribution, however, the NG2 (nerve/glial antigen-2)- and PDGFRa
(platelet-derived growth factor receptor alpha)-expressing OPCs are more widespread throughout the CNS than NPCs



and might, hence, likely be more available for OL repopulation for the various CNS lesion sites [28I[391142]145]146] o
repopulation and subsequent remyelination are relatively efficient in active demyelinating lesions, even after several
successive lesions, but the efficiency of this process decreases in chronic MS lesions 2131, Demyelination induces the
release of a range of chemoattractants that activate OPC migration to lesion sites 42l4748] nMoyon and colleagues
identified the chemoattractants //13 and Ccl2, among other upregulated genes, in OPCs isolated from cuprizone-treated
mice compared to healthy untreated mice 2. CCL2 was also found to be upregulated at the protein level in active MS
lesions and cuprizone-treated mice. Consistent with their chemoattractant function, in vitro treatment with IL13 or CCL2
promotes OPC migration 2. In addition to chemoattraction, other mechanisms are involved in OPC migration. For
instance, the PDGF-A-induced ERK pathway and the interaction of integrins in OPCs with laminin in the extracellular

matrix (ECM) promote OPC migration and process extension via focal adhesion kinase activation and actin reorganization
[48][49]

On the other hand, a wide range of chemorepellents is released by CNS cells during CNS demyelination 9. Chondroitin
sulfate proteoglycans (CSPGs) inhibit remyelination through binding to their cognate receptor, protein tyrosine
phosphatase ¢ (PTPo), on OPCs Bl |nhibiting CSPG/PTPo signaling leads to increased expression of matrix
metalloproteinase-2 (MMP-2) in OPCs, digestion of inhibitory CSPGs by MMP-2, and enhanced recovery from EAE
induction B2, A review by De Jong et al. B provides a detailed overview of the complex ECM remodeling process during
demyelination. Improper ECM remodeling may inhibit OPC migration and OL repopulation and lead to remyelination
failure in MS lesions. For example, Boyd and colleagues (2013) reported that the chemoattractant rSema3F appears in
and around active lesions, together with astrocytes, microglia, and macrophages, whereas Sema3A is absent ‘7,
Sema3A appears only in chronic active MS lesions and inhibits mouse OPC migration in vivo. All in all, upon CNS injury,
CNS resident cells secrete a wide range of chemicals, ECM, and ECM-remodeling enzymes, providing molecular and
structural cues for OPC migration. In pathological conditions, ECM chemorepellents can exceed chemoattractants, hence
inhibiting OPC migration to lesion sites, leading to inefficient repair.

OPC migration to lesion sites precedes proliferation 2. A wide range of ECM molecules, growth factors, and chemokines
secreted by astrocytes are crucial for OPC proliferation. Endothelin-1 (ET-1) inhibits OPC maturation, thereby maintaining
their migratory and proliferative capacity 23, ET-1 also increases the production of the growth factors PDGFA and FGF2
and promotes OPC proliferation via activating ERK/MAPK and CREB pathways 24, Various ECM components, such as
fibronectins and laminins, appear or are upregulated in active MS lesion sites. They can self-polymerize or assemble to

form an adhesive bridge between OPCs and the surrounding tissue via integrin receptors, promoting OPC migration and
proliferation [A[551[56],

Not surprisingly, some factors that transiently promote migration and proliferation such as Wnt also inhibit OPC
differentiation 54BN \which protects premature OLs from insults within the inflamed microenvironment 9. wnt
signaling was shown to be activated after demyelination, and this activation is associated with the increased expression of
its intranuclear mediator Tcf4 in mouse lesion areas and MS lesions B4, wnt signaling leads to the activation and
accumulation of pB-catenin, which eventually translocates to the nucleus and triggers expression of the Cxcl12-binding
chemokine receptor Cxcr4 that facilitates OPC migration 59, Perturbed Wnt/B-catenin signaling may compromise
remyelination. The overactivation of B-catenin under the control of the Olig2 promoter in mice inhibits OPC differentiation
and delays remyelination after lesion B4, Conversely, overexpression of the Wnt inhibitor Apcddl increases OPC
differentiation in vitro and enhances remyelination after lysolecithin lesion [61],

3.2. Key Transcription Factors for Oligodendrocyte Maturation and (Re)myelination

Olig2 is expressed in the entire OL lineage cells and is an essential transcription factor for oligodendrogenesis €2, The
loss of Olig2 in NG2 cells leads to reduced OPC production €3] and to a fate switch into the astrocyte lineage €4, The
overexpression of Olig2 under control of the Sox10 promoter in mice enhances the expression of Myrf, Mbp, and Plp1
expression, promoting OPC differentiation and enhancing remyelination after lysolecithin lesion B3, Olig2 expression
remains relatively low in healthy WM while increasing in active but not inactive MS lesions, which suggests its contribution
to the success of remyelination 2. Olig1, a homolog to Olig2, is co-expressed with Olig2 in most OL lineage cells. Unlike
Olig2-null mice that die at birth, OligZ-null mice exhibit a normal phenotype until the adult stage. Additionally, Olig2 is
confined to the nuclear compartment, whereas Oligl is mostly localized in the cytoplasm of OLs. During demyelination
and remyelination, however, Oligl translocates to the OL nucleus. This subcellular translocation is very likely to be critical
for remyelination, as suggested by the finding that OligZ-null mice fail to express PLP and MBP and to remyelinate after
cuprizone- or lysolecithin-induced CNS demyelination, while control littermates remyelinate extensively (€8],



Nkx2.2 is transiently expressed at the onset of OPC differentiation and determines the differentiation timing. Zhu and
colleagues have reported that Nkx2.2 represses PDGF signaling via the downregulation of PDGFRa, arresting OPC
migration and proliferation while inducing their differentiation in the developing mouse spinal cord 4. From a
therapeutical point of view, it could be interesting to target Nkx2.2 in MS lesions; however, it may also be challenging due
to the transient time window of Nkx2.2 expression. Hypothetically, activating Nkx2.2 in MS lesions while OPCs migrate to
or proliferate at lesion sites could result in reduced numbers of OPCs that can differentiate into remyelinating OLs.
Similarly, one should also consider the spatio-temporal dual function of the PDGF signaling, as opposed to merely pro-
proliferative or inhibitory to differentiation.

Sox10 is required during OPC differentiation and induces myelination-associated gene expression (reviewed in [8l).
During postnatal development in mice, Sox10 deletion in OLs causes hypomyelination associated with a drastically
decreased expression of mature OL markers, such as Plp, Mbp, and Myrf 9. In addition, Myrf was completely absent
after additional ablation of Sox8, a close relative of Sox10 €2, As Sox10 upregulates myelination-associated genes during
OL developmental myelination, it is tempting to speculate on its role in remyelination. Indeed, Duman and colleagues
reported that an increased expression of the chromatin-remodeling enzyme histone deacetylase 2 (HDAC2) enhanced
MBP expression and CNS remyelination after lysolecithin lesion in mice, through Sox10 stabilization and maintenance of
Sox10 target genes activation 9.

The tyrosine kinase Fyn promotes OPC differentiation, OL process extension, and myelination 4. Mbp mRNA-containing
granules can be shuttled to OL—axon contact sites, where L1/contactin-activated Fyn phosphorylates heterogeneous
nuclear ribonucleoprotein A2 (hnRNP A2), leading to the dissociation of the RNA transport granules, thereby allowing for
spatio-temporal regulation of MBP translation and myelination (2. Additionally, upon activation by the laminin family
member Netrin-1, Fyn can inactivate Rho-A, which is a downstream effector of LINGO-1, a negative regulator of OPC
differentiation 374 Another laminin family member, laminin-2, which interacts with Bl-integrin, can also initiate
myelination via Fyn activation. Consistently, the ablation of laminin-2 in the mouse CNS leads to delayed OL maturation
and hypomyelination in vivo 3],

3.3. Epigenetic Modulation of Myelination in Oligodendrocyte Lineage Cells and the Aging Process

HDACs are known to repress gene expression by deacetylating histones, which leads to chromatin condensation and
thereby limits access to genes for the transcriptional machinery. In addition, HDACs have many non-histone targets, such
as transcription factors and other factors involved in transcriptional regulation. Class 1 HDACs are powerful regulators of
OPC differentiation, myelination, and remyelination QG778 HDAC2 prevents the targeting of Sox10 to the
proteasome via deacetylating its negative regulator eukaryotic elongation factor 1A1 (eEF1A1) 9 and thereby promotes
Sox10-mediated activation of promyelinating and myelin genes, such as Myrf and Myelin basic protein (Mbp) in OLs [,
Theophylline, a potent HDAC2 activator when used at a low dose, increases Sox10 and myelin protein expression and
remyelination in the mouse spinal cord after a demyelinating lesion by lysolecithin in young and old adults 9, in the
mouse sciatic nerve after nerve crush injury 29 and in a mouse model of peripheral neuropathy B2, On the other hand,
co-immunoprecipitation analyses revealed that the association of HDAC1/2 with the transcription factor Yin Yang 1 (YY1)
was weak in OPCs but enhanced in OLs 28l |n this research, the researchers show that YY1 inhibits the expression of
Tcf4 and Id4 by recruiting HDACL1 to their promoter region. Similarly, HDAC1 was found to be increasingly recruited to the
promoter of the differentiation inhibitor Hes5 in the mouse corpus callosum after demyelination induced by cuprizone
treatment, and this was associated with an increased expression of Oligl 8. Taken together, these studies show that
class 1 HDACs can enhance the expression of multiple promyelinating factor and myelin genes by repressing their
inhibitors.

The different cell types, cell processes, and molecular players involved in CNS demyelination and remyelination described
above are illustrated in Figure 1.
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Figure 1. Summary of the processes of CNS demyelination and remyelination.
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