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SUMMARY

In the central nervous system (CNS) oligodendrocytes (OLGs) produce myelin and 

one OLG enwraps multiple axons to provide insulation and protection to the axon. 

The myelin membrane is an extension from the OLG cell body and required for prop-

er saltatory nerve impulse conduction and metabolic axonal support. Demyelination, 

the loss of myelin sheaths, and the lack of remyelination, the regeneration of my-

elin sheaths, results in neurological deficits, as observed in multiple sclerosis (MS). 

Remyelination is a regenerative process and is most efficient when recruited oligo-

dendrocyte progenitor cells (OPCs) differentiate and myelinate the denuded axon 
59. Although OPCs are present in most lesions, the remyelination process fails in the 

later stage of MS leading to (secondary) neurodegeneration and disease progression 
14,15,39–41,62,279. Upon demyelination, factors that inhibit OPC differentiation are tran-

siently (re)expressed and guide the timing of OPC differentiation and therefore suc-

cessful remyelination 8,59. These OPC differentiation inhibitory factors are however 

still present in MS lesions, indicating that an appropriate initial response to demye-

lination occurs in MS, but that somehow the process deteriorates. It is still unknown 

where and why the remyelination process stagnates in MS. Therefore, a detailed un-

derstanding of the temporal and spatial factors that regulate remyelination will be 

essential in developing effective therapies to enhance remyelination in MS. 

A tight regulation and cooperative communication between neurons, astrocytes and 

microglia to oligodendrocyte lineage cells contributes to successful remyelination. 

The glycosylation status of the cell surface is translated to specific biological func-

tions, therefore the study of the glycome in relation to diseases has gained interest. 

Galectins are a family of proteins that bind β-galactosides and are important media-

tors in different endogenous and exogenous processes, including immune response, 

trafficking, and signaling 44–48,335. Galectins have been implicated in MS pathology, 

and their functional role in remyelination is just emerging 147,149,288,304. In chapter 1, 
the roles of galectins in regulating glial cell behavior during developmental myelin-

ation, neuroinflammation and remyelination is discussed. In addition, their contri-

bution to MS pathology is highlighted with a perspective towards developing new 

galectin-based therapies to treat remyelination failure in MS. In summary, galec-

tins-1, -3, and -4 act as interglial communication cues upon demyelination and guide 
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successful remyelination. More specifically, galectins have multifaceted functions in 

modulating innate and adaptive immune responses, and their timed expression and/

or secretion, which is derailed in MS lesions, are crucial determinants of successful 

remyelination. Therefore, galectins may be therapeutic targets or tools for the devel-

opment of remyelination-based therapies in MS. 

Recently it became apparent that mature pre-existing surviving OLGs are likely re-

sponsible for remyelination in the so-called shadow plaques in MS 9–11. In the chronic 

demyelinated lesions, mature OLGs do not survive 14,16,62, rendering remyelination 

dependent on newly-formed OLGs generated via OPC differentiation. Therefore, the 

genes and proteins involved in OPC-based remyelination are likely very similar to 

developmental myelination 16–18,59. In developmental myelination, galectin-4 is tran-

siently secreted by axons and acts as a negative regulator of OPC differentiation, and 

the timing of OPC differentiation 49. In chapter 2, the presence of galectin-4 during 

de- and remyelination in experimental models and in MS lesions was investigated. 

Similar to development myelination, galectin-4 was transiently re-expressed on ax-

ons in toxin-induced demyelinated areas, and more surprisingly the lectin was also 

localized to microglia/macrophages in demyelinated areas of toxin- and inflamma-

tion-induced experimental models. Cultured microglia and bone marrow-derived 

macrophages (BMDMs) endocytosed galectin-4, and may in this way scavenge galec-

tin-4 from oligodendrocytes. On the other hand, galectin-4 levels were increased in 

alternatively-activated pro-regenerative microglia and BMDMs, a phenotype essen-

tial for remyelination 22. While the presence galectin-4 disappeared in a toxin-in-

duced experimental model for successful remyelination, galectin-4 was persistently 

localized on axons in inactive MS lesions, and present in microglia/macrophages in 

active MS lesions. Given that galectin-4 impairs OPC differentiation, the persistent 

presence of galectin-4 in MS lesions may create an environment that prevents OLGs 

to myelinate the denuded axon. While during developmental myelination, galectin-4 

expression is mainly confined to neurons and OLGs 49, an unexpected finding in the 

experimental models and MS lesions was the presence of galectin-4 in microglia/

macrophages. The increased presence of galectin-4 in cultured anti-inflammatory 

pro-regenerative in microglia and BMDMs, indicate that microglia/macrophage may 

endogenously express galectin-4. To examine a potential endogenous regulatory role 
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Figure 1. Schematic representation of the role of extracellular axonal galectin-4 
during developmental myelination, and upon demyelination based on the key 
findings of this thesis. Development. 1. During brain development galectin-4 is secreted 
by immature axons 49. 2. Axonal galectin-4 binds to UGT8 and contactin-1 (chapter 4) at 
the cell surface of the proximal part of primary process of immature oligodendrocytes (inset, 
chapter 4). 3,4. Galectin-4 binding prevents the differentiation of immature oligodendrocytes 
to mature myelinating oligodendrocytes (3, 49), and may induce in a subset dedifferentiation 
of immature oligodendrocytes to OPCs (4, 49). 5,6. Mature axons do not express galectin-4 
49, and in the absence of galectin-4, the level of galactosylceramide (GalCer) in membrane 
microdomains is increased (5, inset, chapter 4), which likely allows for localized synthesis and 
accumulation of MBP at the proximal part of primary processes, and maturation of immature 
oligodendrocytes to myelinating mature oligodendrocytes (6,187,488,489). Demyelination. 7. 
Galectin-4 is transiently localized to axons upon cuprizone-induced demyelination (chapter 
2). 8-10. Likely, in analogy to developmental myelination, secreted axonal galectin-4 binds 
to the proximal part of primary processes of immature oligodendrocytes (8), prevents the 
differentiation of immature oligodendrocytes (9) and may induce dedifferentiation towards 
OPCs (10). 11,12. In contrast to developmental myelination, galectin-4 is also localized 
to the cytoplasm and/or nucleus of microglia/macrophages upon cuprizone-induced 
demyelination and in EAE (chapter 2). In vitro analysis indicate that galectin-4 is effectively 
endocytosed by macrophages, irrespective of their activation state, and may scavenge 
axonal galectin-4 from oligodendrocytes (11, chapter 2). In addition, galectin-4 protein 
levels were significantly upregulated in alternatively IL-4-activated BMDMs and microglia 
(12, chapter 2). Notably, galectin-4 is not secreted by BMDMs and microglia (chapter 2). 
Whether microglia/macrophages are cellular source of galectin-4 remains to be determined. 
Preliminary findings indicate the existence of a novel galectin-4 isoform, that differs both in its 
C- and N-terminal CRD compared to intestine galectin-4 (chapter 3). 13. In contrast to their 
individual activities, simultaneous presence of galectin-4 and fibronectin, an extracellular 
matrix protein that is also transiently expressed upon demyelination, effectively promoted 
myelin membrane formation in vitro (13, chapter 4). 14. The transient expression of axonal 
galectin-4, scavenging axonal galectin-4 by microglia/macrophages, a potential beneficial 
role of microglia/macrophage galectin-4 in OPC differentiation and/or the interaction of 
galectin-4 with fibronectin, may contribute to differentiation of immature oligodendrocytes to 
myelinating oligodendrocytes. Multiple sclerosis (MS). 15. In demyelinated MS lesions, the 
persistent presence of axonal galectin-4 (chapter 2), dysfunctional microglia/macrophages 
and the presence of fibronectin aggregates may contribute to remyelination failure.
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of galectin-4 in microglia and macrophage function, we initially aimed in chapter 
3 to unravel whether microglia and macrophages are cellular sources of galectins by 

examining galectin-4 at the mRNA level. However, using a functional in situ hybrid-

ization probe against intestine galectin-4, our findings revealed a rare example to 

detect no galectin-4 transcripts in upon cuprizone-induced demyelination, despite 

increased protein levels. Similarly, qPCR analysis showed that galectin-4 mRNA lev-

els were very low in alternatively and classical activated microglia and BMDMs. By 

contrast, using a different primer pair, qPCR analysis of lysolecithin-induced demy-

elinated lesions demonstrated increased galectin-4 mRNA levels. Extensive RT-PCR 

analysis with different primer pairs indicated the presence of a potential new galec-

tin-4 isoform in microglia, BMDMs, neurons and oligodendrocytes compared to in-

testine galectin-4. Therefore, the identity and origin of this galectin-4 isoform needs 

to be first confirmed, before it can be assessed whether microglia/macrophages are 

cellular sources of galectin-4 upon CNS demyelination. 

Galectin-4 is a tandem-repeat galectin composed of two non-identical carbohydrate 

recognition domains (CRDs) joined via a small linker peptide. Previous findings re-

vealed that properly connected CRDs are required for galectin-4-mediated inhibition 

of OPC differentiation 49. To obtain more insight in the underlying mechanism and 

to specifically interfere with galectin-4-mediated signaling, we aimed in chapter 4 

to identify galectin-4 binding partners at the surface of OLGs. Using affinity-based 

precipitation and mass spectrometric identification we identified UDP-galactose:ce-

ramide galactosyltransferase 8 (UGT8, also named CGT), an enzyme required for the 

biosynthesis of galactosylceramide (GalCer) 457,506,507 and contactin-1, an adhesive 

protein involved in the onset of MBP expression 171,172,174,491 as galectin-4 counterre-

ceptors at the surface of the proximal part of primary processes of immature OLGs. In 

contrast to axons and enterocytes 450, sulfatide was only a minor binding partner for 

galectin-4 in OLGs. GalCer is an important constituent of membrane microdomains, 

and following galectin-4 treatment GalCer levels were reduced in membrane micro-

domains. Similar to galectin-4, the ECM protein fibronectin is persistently present in 

MS lesions, in the form of aggregates, and impairs myelin regeneration by preventing 

correct membrane microdomain formation 30,187,375,442,450,477,478. Interestingly, the lat-

eral membrane redistribution of GalCer upon galectin-4 binding was not observed 
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on a fibronectin substrate. Surprisingly, in contrast to their individual activities as 

negative regulators of (re)myelination, the simultaneous presence of galectin-4 and 

fibronectin effectively promoted myelin membrane formation in vitro. Hence, mod-

ulating galectin-4-mediated signaling, among others by modulating its interaction 

with UGT8 and contactin-1, may be attractive approaches to promote remyelination 

in MS lesions. 

Taken together and visualized in figure 1, the work presented in this thesis marks 

galectin-4 as a potential pathogenic factor in MS lesions that may interfere with 

OPC differentiation, and therefore remyelination. Furthermore, we have identified 

surface-localized UGT8 and contactin-1 as counterreceptors for galectin-4 on im-

mature OLGs. In addition, rather unexpectedly the simultaneous presence of galec-

tin-4 and fibronectin effectively promoted myelin membrane formation. Since both 

compounds are persistently present in MS lesions, where remyelination fails, further 

analysis on the presence of oligodendroglial galectin-4 counterreceptors in MS le-

sions, and the nature of their interaction and downstream signaling should clarify 

the underlying mechanism of their combined effect. Similar, the relevance of galec-

tin-4’s presence in microglia/macrophages to remyelination (failure) requires further 

investigation. This will reveal whether a strategy based on galectin-4 antagonism or 

agonism of its counterreceptors on immature OLGs should be taken to design remy-

elination-based therapies for MS. 

 

PERSPECTIVES

The work described in this thesis uncovers a potential dual role of galectin-4 in reg-

ulating remyelination. Depending on the presence of other environmental factors 

galectin-4 may be either beneficial or detrimental for OPC maturation. Being a neg-

ative regulator of OPC differentiation during developmental myelination, galectin-4 

is re-expressed and persistently present on axons in MS lesions, indicating a poten-

tial continuous suppression of OPC differentiation in MS lesions (chapter 2). Re-ex-

pression of an axonal protein that inhibit OPC differentiation during developmental 

myelination is not uncommon, as other negative axonal regulators of OPC differen-

tiation are re-expressed upon demyelination. More specifically, signaling factors that 
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play a role in the timing of developmental myelination, such as adhesion proteins 

Jagged1 and PSA-NCAM 33,34 are re-expressed upon demyelination in experimental 

models and similar to galectin-4 persistently present in MS lesions 35–37. The exten-

sive cellular crosstalk and timely sequence of actions, i.e., clearing of myelin debris, 

OPC recruitment and OPC differentiation, is essential for successful OPC-based re-

myelination 14,15,40. Our findings show that galectin-4 was most abundantly re-ex-

pressed on axons at the end of cuprizone-induced demyelination, when the remye-

lination process has already started 383,508, while at remyelination, i.e., regeneration 

of myelin membranes, axonal galectin-4 is reduced. This indicates that similar to 

developmental demyelination, axonal galectin-4 may act as a timer and temporally 

halt OPC differentiation to fine tune the onset of myelin regeneration of denuded 

axons in the demyelinated area. In MS lesions, galectin-4 is persistently present. The 

(persistent) presence of many otherwise transiently expressed inhibitory factors for 

OPC differentiation and myelin biogenesis in MS lesions appears to be a central ob-

stacle for successful OPC-based remyelination 8,59. This indicates that the turning 

point from preparing the scene for remyelination to actual remyelination did not 

succeed in MS lesions. Another protein, LINGO-1, has also been identified as a neg-

ative regulator of OPC maturation and treatment with anti-LINGO-1 antibody leads 

to functional recovery in EAE, an experimental model that mimics inflammatory as-

pects of MS 292,294. In analogy, it is tempting to suggest that by removing galectin-4 or 

blocking its action in MS lesions may result in robust remyelination. However, it may 

be sufficient to overcome negative signals from a key inhibitor of OPC differentiation, 

such as galectin-4, it cannot be excluded that other hampering signals still prevail 

and negatively affects remyelination. For example, clinical trials with Opicinumab, 

an anti-LINGO-1 antagonist antibody failed to show an improvement or a slowdown 

of disability progression 509. Although this is still a phase II clinical study it suggests 

that by overcoming one obstacle for remyelination failure, does not lead to func-

tional recovery and halting disease progression in MS. In addition, even if inhibitory 

factors are removed, a potential absence of remyelination stimulating factors could 

further complicate successful remyelination in MS lesions, although OLGs are gen-

erating myelin by default. 
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Strikingly, although this needs to be further investigated, galectin-4 exposure bene-

fits OPC maturation by interacting with remyelination inhibitor fibronectin (chapter 

4). This makes galectin-4 a molecular tool to counteract the remyelination-impair-

ing effect of fibronectin aggregates that are present in MS lesions 30. Conversely, fi-

bronectin also overcomes the inhibitory effect of galectin-4 on OPC differentiation. 

An intriguing question to resolve is that why in our in vitro study the combination 

of galectin-4 and fibronectin has a positive effect on myelin membrane formation, 

while being both present, remyelination fails in chronic MS lesions. Galectin-4 ex-

posure to for example ex vivo demyelinated organotypic cerebellar slice cultures that 

contain fibronectin aggregates 442 will be the next step to translate and interpret our 

in vitro results to MS. Also, a better understanding on the underlying mechanism of 

the interaction between galectin-4 and fibronectin is required. For example, does 

galectin-4 mask fibronectin aggregates and/or does galectin-4-interfere with fi-

bronectin-mediated signaling? Equally well possible is that galectin-4 in MS lesions 

is not able to bind to oligodendrocyte lineage cells. A very recent study showed that 

oral GlcNAc drives primary myelination and blocking N-glycan branching inhibits 

primary myelination 510. Genetic deficiencies in N-glycan branching promote neu-

rodegeneration, spontaneous inflammatory demyelination and modulate multiple 

T cell functionalities 308,511–513. Sy et al. showed that the degree of GlcNAc branching 

in N-glycans promotes binding to galectins 510. Given that a deficiency in the N-gly-

cosylation pathway is associated with MS 308, it is interesting to examine whether 

GlcNAc and N-glycan branching affects the binding of galectin-4 to surface-localized 

receptors UGT8 and contactin-1. Also, an inside out hypothesis that the immature 

OLGs regulate their N-glycan branching in such a way they are susceptible for galec-

tin-4 binding is an interesting lead to follow. Other relevant research aims for future 

studies are to reveal whether galectin-4 is secreted by axons in MS lesions, whether 

microglia/macrophages scavenge secreted axonal galectin-4 to prevent its binding 

to oligodendrocyte lineage cells, or whether galectin-4 counterreceptors are present 

and functional on the surface of oligodendrocyte lineage cells in MS lesions. 

 

To determine potential beneficial functions of targeting galectin-4 in MS lesions, it 

is interesting to further investigate its role as a ligand to the in this thesis identified 

receptor, UGT8 on immature OLGs (chapter 4). UGT8 catalyzes the transfer of ga-
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lactose from UDP-galactose to ceramide, synthesizing GalCer, a major glycosphin-

golipid of myelin. This led to our hypothesis that galectin-4 by binding to UGT8 

controls the pool of cerebrosides that is synthesized in the oligodendroglial plasma 

membrane 514. Our findings revealed that galectin-4 binding reduces GalCer levels 

in membrane microdomains. Whether galectin-4 laterally redistributes GalCer or 

modulate UGT8 activity remains to be determined. UGT8 is a type I transmembrane 

protein with its active domain facing the extracellular space 469,470. As UDP-galac-

tose can be secreted by other cells, including astrocytes 515, and with ceramide being 

present in the plasma membrane, GalCer may be generated at and incorporated in 

the outer leaflet of the plasma membrane lipid bilayer. Notably, β-1,4-galactosyl-

transferase is a transferase that also resides in the plasma membrane of cells, acting 

not as an enzyme, but as a receptor for ECM proteins, including laminin 516–519. In 

this context it is interesting to assess the membrane localization and presence of 

galectin-4 counterreceptors, including UGT8, on a laminin-2 substrate. In contrast 

to fibronectin, laminin-2 enhances myelin membrane formation 355,520,521. Therefore, 

it would be interesting to examine whether galectin-4 modulates downstream sig-

naling pathways via UGT8 in immature OLGs, and whether this will be distinct on 

the different substrates. For example, we have previously shown that activation of 

PKA and phosphorylation of CREB, a transcription factor, counteracted the inhibi-

tory effect of fibronectin on myelin membrane formation 442. Hence, further analysis 

of post-binding effects of galectin-4, such as cross-linking of counterreceptors and 

signaling pathways activated, may guide in finding an innovative means to promote 

remyelination in MS lesions. 

Recent studies showed that not only newly-formed OLGs but also mature surviving 

OLGs are able to regenerate new myelin sheaths within the demyelinated area 9–11. 

Therefore, it is interesting to examine whether galectin-4 will have a role in the timing 

or remyelination by these mature OLGs. Our findings reveal a restrictive localization 

of galectin-4 binding sites at the proximal part of primary process of immature OLGs 

hinting to a specific role of galectin-4 at primary process that prevents OPC differen-

tiation. In addition to UGT8, contactin-1 is identified as another galectin-4 surface 

counterreceptor present at the proximal part of primary processes. Oligodendroglial 

contactin-1 orchestrates the initial interaction between immature OLGs and axons 
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that is in vivo essential for the onset of MBP synthesis 171,172,174,491. Furthermore, local 

GalCer levels are linked to membrane association and distribution of MBP 187,488,489. 

Therefore, it is tempting to suggest that the exclusive presence of both UGT8 and 

contactin-1 at primary processes may be an elegant way to prevent ectopic MBP ex-

pression at secondary and tertiary processes and localize initial MBP translation and 

MBP association at the proximal part of primary processes from where the myelin 

membranes may further elaborate. Neuronal galectin-4 may act as an antagonist that 

prevent both premature binding of contactin-1 to axonal L1 and GalCer accumulation 

in membrane microdomains, and thereby regulate the timing and position of the 

onset of MBP expression, and therefore OPC differentiation and myelin biogenesis. 

Also pre-existing mature OLGs need to extend a new primary process to regenerate 

a myelin sheath and requires regulated synthesis and correct positioning of MBP. 

Therefore, it is tempting to suggest that galectin-4 present in demyelinated areas may 

also be involved in the timing of mature-OLG based remyelination.

Hence, identifying and manipulating regulatory mechanisms of galectin-4 by mod-

ulating its surface counterreceptors may provide new insights into disease pathogen-

esis and novel strategies for galectin-4-based therapeutic intervention to overcome 

remyelination failure in MS. One complication may be that galectin-4 also binds to 

neuronal contactin-1 153. Neuronal contactin-1 is important for the assembly of the 

paranodal complex 499,500, axonal growth 493 and the initiation of OPC differentiation 
499. Galectin-4 organizes the transport of the axon growth-promoting NCAM mole-

cule L1 152 and recruitment of neuronal contactin-1 to galectin-4-containing domains 

that prevent myelination 153. Therefore, it will be of interest to examine whether 

upon demyelination similar galectin-4-containing domains will be formed on axo-

nal membranes, as observed during development that locally determine myelin-free 

axon segments in a myelin-dependent manner 153. In addition, a recent study shows 

that secreted oligodendroglial contactin-1 is involved in nodal sodium channel clus-

ter formation 502, implying also a potential role of galectin-4 in this process, which 

needs to be considered when modulating galectin-4-mediated effects. Nevertheless, 

a galectin-4 antagonist and/or agonist in combination with other therapies may be 

considered as a treatment to improve remyelination.
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Another open question to be addressed is whether galectin-4 is endogenously ex-

pressed in pro-regenerative microglia/macrophages in demyelinated areas or wheth-

er galectin-4 is endocytosed from the environment, and how this contributes to 

successful remyelination (chapter 2). Microglia/macrophages positively contribute 

to remyelination by phagocytosing remyelination-inhibiting myelin debris, while al-

ternatively activated microglia/macrophages secrete pro-OPC differentiation factors 
22,29,229,283,522,523. Of relevance, other galectins play a role in activation, proliferation 

and/or the phagocytic capacity of microglia/macrophages 143,244,306. Although microg-

lia secrete other galectins that are beneficial for OPC differentiation 144,149,150,241, we ob-

served that at least in vitro galectin-4 is not secreted by microglia and BMDMs. Upon 

cuprizone-induced demyelination, galectin-4 is mainly nuclear localized, in the in-

flammatory infiltrates in EAE galectin-4 is mainly present in the cytoplasm, and in ac-

tive MS lesions galectin-4 resides both in the nucleus and cytoplasm of microglia/mac-

rophages. More in-depth analysis of a potential novel galectin-4 isoform in microglia 

and BMDMs (chapter 3) will reveal whether microglia and macrophages are cellular 

sources of galectin-4. In either way, cytoplasmic galectin-4 may contribute to (apical) 

vesicular transport 112,524, while nuclear localized galectin-4 may bind to transcription 

factors and regulate gene expression, as also observed for nuclear localized oligoden-

droglial galectin-4 that is involved in p27-mediated activation of MBP promotor 151.   

Taken together, based on the findings presented in this thesis galectin-4 may be con-

sidered either as a novel target or tool to overcome remyelination failure in MS lesions. 

Current treatments of MS are disease-modifying therapies that reduce the number 

and severity of relapses by immunosuppressive or immunomodulating drugs, but do 

not halt disease progression. To halt disease progression, a treatment that prevent 

neurodegeneration, including a treatment that is directed to improve remyelination, 

is essential. An achievable remyelination strategy is to control galectin-4-mediated 

effects on OPC differentiation, either by mimicking or blocking its interaction with 

its counterreceptors UGT8 and contactin-1 on the surface of oligodendrocyte lineage 

cells, dependent on the presence of other environmental signals in demyelinated le-

sions, such as fibronectin. To accomplish this more insight in the post-binding effects 

of the bivalent galectin-4 is essential, as well as a functional role of galectin-4 under 

inflammatory conditions. 
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