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I. Multiple sclerosis 

i. A little bit of history 

A woman from Iceland, called Halla, experienced at some point between 1293-1323 

acute bilateral optic neuritis and severe dysarthria. She progressively recovered 

over a two-week time span 1. Lidwina (1380-1433) from Schiedam, Holland fell 

while ice-skating at the young age of 15. She fractured a rib and developed an 

abscess. Hereafter she experienced difficulty in walking and what would be 

characterised as paresis of the right upper limb, facial paresis, trigeminal neuralgia, 

and right optic neuritis, with transient partial remission but finally progressive 

worsening 2. Lidwina accepted her illness that was said to come directly from God 

and was canonised in 1890. Those two stories of the fourteenth century are 

speculated to be the first described cases of multiple sclerosis (MS), although, as 

historically originating from the popular culture, they cannot be verified 

scientifically 3. Supported by verified sources, Auguste d’Este (1794-1848), 

illegitimate grandson of George III of England and cousin of Queen Victoria, 

autobiographically described the 26-year progressive course of his affection that 

had started with optic neuritis in 1823 of which he recovered but relapsed three 

years later. He also suffered of lower limb paresis, paraesthesia, bladder and bowel 

control problems and Uhthoff’s phenomenon 3. While there are other examples, 

Charles-Prosper Ollivier d’Angers (1796-1845) probably published the first case 

report of MS in his treatise (Maladie de la moelle épinière [Diseases of the spinal 

cord], 1824) 4.  

In the nineteenth century, diseases were rather classified based on an overlapping 

semiology in large symptom clusters, such as paralysis, paraplegia or chorea. 

Herein, two independent anatomical drawings by Robert Carswell (1793-1857) in 

1838, who was studying atrophy, and Jean Cruveilhier (1791-1874) in 1841, who 

was attempting to localise the sensory and motor tracts within the spinal cord, have 

retrospectively been accredited as multiple sclerosis or at least as a demyelinating 

disorder, although for Carswell’s case any clinical information is largely missing 5. 

Shortly after, in 1857 Karl von Rokitansky (1804-1878) offered a first description of 

fatty corpuscules (corresponding to myelin debris) in lesions. In 1863, Eduard von 

Rindfleisch (1836-1908) acknowledged the perivascular distribution of plaque 

lesions 4,5. 
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Contemporaneous German physicians, Friedrich Theodor von Frerichs (1819-1885) 

and his pupil Wilhelm Valentiner (1830-1893), described, in 1849 and 1856 

respectively, Hirnsklerose (brain sclerosis) with some provisional clinical and 

pathological characteristics, although probably lacking the institutional and 

research facilities of the French physicians to obtain broader recognition 4–6.  

In 1868, Jean Martin Charcot (1825-1893) offered in “Histologie de la sclérose en 

plaques” a detailed description of the histopathological features of the disease, 

which he could precisely link to its clinical symptomatology, as a result of his 

intensive research with his colleague, clinical physician Doctor Edmé Félix Alfred 

Vulpian (1826-1887), and with his doctoral fellow, Doctor Leopold Ordenstein 

(1835-1902) who clinically and anatomopathologically confronted Parkinson’s 

disease, then-called paralysis agitans, with multiple sclerosis 5,6. In the mid-

nineteenth century in France the reorganisation of smaller hospitals into bigger 

centralised and specialised institutions, as La Salpêtrière, allowed Charcot, Vulpian 

and their team to have a stable and large cohort of patients for long term clinical 

observations, easily followed by anatomohistological studies after the patient had 

deceased, thanks to the proximity of the autopsy room and to the use of new 

German microscopic technologies (e.g. tissue staining techniques). Hence, thanks 

to this accurate and comprehensive clinicopathological approach, they historically 

set MS as a distinct disease entity 5. 

Interestingly, in 1903 Raymond Cestan (1872-1933) and Claudien Philippe (1866-

1903) as first acknowledged the vulnerability of the grey matter to the disease 

process. They described cortical lesions and neurodegeneration, which they linked 

to cognitive impairment and psychological symptoms 7. 

Hereafter, the diagnosis of multiple sclerosis remained challenging for multiple 

reasons 8. Firstly, medicine only started to be “compartmentalised” into specialties, 

which required some time to establish the expertise, but also to set the 

postgraduate programme and training of new candidates as well as to open 

specialised wards. Medical perceptions needed to evolve, as differential diagnoses 

as neurosyphilis and hysteria were primarily considered. Furthermore, for many 

years multiple sclerosis remained exclusively a clinical diagnosis. While physicians 

were aware of its relapsing-remitting course from as early as Charcot’s description 

(and even before), this also meant that sometimes years could pass by in between 

relapses before the diagnosis was properly documented. This changed with the 
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introduction of new, and still evolving, imaging techniques and biomarkers 9,10. 

Brain lesions were first described on magnetic resonance imaging (MRI) in 1981, 

that was found to be superior to computed tomography, and gadolinium enhancing 

lesions, reflecting leakage of the blood-brain barrier (BBB), in 1986. It would take 

at least one more decade to set it as a diagnostic tool in clinical routine while it was 

included in the diagnostic criteria only in 2001 9,11,12. Research on MRI techniques 

currently evolves quickly, allowing the detection of cortical lesions, chronic active 

paramagnetic rim lesions, leptomeningeal enhancement, microstructural tissue 

integrity, among others, although this is not yet set in clinical practice.13–15 

Oligoclonal immunoglobulin G bands (OCBs), produced by B cell clones in the 

cerebrospinal fluid (CSF), were first detected in 1959 by Karcher, van Sande and 

Lowenthal at the Institute of Tropical Medicine in Antwerp (Belgium) and named 

this way by the Belgian neurologist Emile-Christian Laterre 16–18. CSF-specific OCBs 

are present in about 90% of MS patients. Although they can also be detected in 

other inflammatory disorders, they are an important additional diagnostic criterion 

in case of a clinical suspicion of MS 19,20.  

 

ii. Natural history 

Multiple sclerosis is a chronic inflammatory, demyelinating and neurodegenerative 

disorder of the central nervous system (CNS) 21–23. MS can follow a relapsing-

remitting (RRMS) or a progressive (PMS) course (figure 0.1). Lublin e.a. 24 offered to 

specify the disease course by its activity, i.e. inactive versus (vs.) active RRMS/PMS 

based on clinical and/or radiological evidences, as well as by its progression in PMS. 

MS diagnosis was fully clinical before the advent of MRI. Several have offered 

clinical diagnostic criteria, as the historical symptoms triad of Charcot (nystagmus, 

intention tremor, scanning speech), but these symptoms were often not specific to 

MS, as they are the functional translation of active/chronic MS lesions 5,25. The 

diagnosis of MS hinges on two principles, namely the clinical and/or radiological 

evidence that lesions occur in at least two characteristic areas of the CNS and 

develop over time, referred to as dissemination in space and time (DIS/DIT), first 

implied in 1954 by Allison and Millar, then stated in 1965 by Broman e.a. 26,27. The 

modern diagnostic criteria, including paraclinical tests (mainly MRI and CSF 

analysis), have been revised several times since Poser in 1983 until McDonald in 
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2017, in order to facilitate and quicken an accurate diagnosis. However, this also 

limits the comparison of MS cohorts over time, especially for epidemiological 

studies 27–29. In the current diagnostic criteria, DIS is supported by the presence of 

T2-hyperintense MRI lesions in different characteristic areas (periventricular, 

(juxta)cortical, infratentorial or spinal cord) if needed with an additional clinical 

history of an event incriminating distinct CNS sites. DIT is supported by the 

occurrence of multiple clinical events, by the concomitant presence of active 

(gadolinium enhancing T1-weighted) lesions (reflecting the breakdown of the 

blood-brain barrier) and inactive (T2-weighted) lesions or by the presence of CSF-

specific OCBs 29.  

RRMS affects a majority of patients, with an increasing female-to-male ratio of 2-3 

to 1 and age of onset on average within the third-fourth decade of life, although it 

can already occur in children and adolescents 30–34. Herein, patients present with 

acute relapses, in which the confined inflammatory assault within the CNS clinically 

translates into new or exacerbating neurological symptoms lasting for more than 

24 hours and up to 3 months, and radiologically into gadolinium enhancing lesions 
24,35. These relapses alternate with longer periods of remission characterised by 

complete/incomplete recovery of the neurological deficits. Remarkably, the relapse 

rate and the number of gadolinium enhancing lesions is higher in women and the 

decline in relapse activity is related to patient’s age rather than disease duration 
36,37. 

Most patients will evolve within approximately 20 years after disease onset into 

secondary progressive MS (SPMS), while a minority of patients immediately present 

with a progressive phenotype, with no history of relapses, called primary 

progressive MS (PPMS). Age of progression onset is within the fifth-sixth decade of 

life for both SPMS and PPMS 30,38,39. The female-to-male ratio decreases for PMS as 

compared to RRMS. Thus, men are more at risk to develop PMS and to reach certain 

disability landmarks, which is mirrored by the accelerated grey matter atrophy in 

men, impacting especially cognitive functions 40,41. PMS is characterised by a steady 

progression of the disease, marked by continuous worsening of the neurological 

deficits, especially regarding ambulation and cognitive function, clinically 

evidenced by the Expanded Disability Status Scale (EDSS) 35,42–44. As specified by the 

descriptors of Lublin, PMS can have plateau-phases of non-progression but also 
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superimposed acute phases of disease activity, although the latter is more frequent 

in SPMS 24.  

In fact, MS is rather a single disease continuum of neuroinflammation and 

neurodegeneration reflected by disability worsening due to relapses and 

underlying, initially silent, disease progression. Age is a critical factor, marked not 

only by premature immunosenescence in MS but also by changes in the 

pathophysiology of MS with ageing (neurodegeneration, chronic inflammation, lack 

of remyelination) 23,45,46. The impact of relapses on long-term disability worsening 

and progression is still debated, and might be more evident in women and when 

occurring early, within the first two years of disease onset, but vanishes at higher 

disability landmarks (EDSS ≥ 4) 40,47–51. On the contrary, progression independent of 

relapse activity (PIRA), i.e. the worsening of EDSS and other functional tests without 

any (mainly) clinical evidence of relapse, seems to be a bigger burden than relapse-

associated worsening (RAW), starting already very early in the disease, increasing 

with age and occurring more frequently in men 45,52. The ongoing 

neurodegeneration occurs silently from disease onset until it becomes clinically 

evident as disease progression when the compensatory CNS mechanisms are 

exhausted 53. Hence, reaching a certain level of disability and onset of disease 

progression are rather depending on age than on any other factor 30,54. 

Radiologically, silent disease progression is seen within chronic active, slowly 

expanding lesions with smouldering inflammation 55,56. 

The evolution in the diagnostic criteria gave rise to two new disease categories, 

clinically and radiologically isolated syndrome (CIS/RIS). CIS patients present with a 

first demyelinating event suggestive of MS, that does not fulfil the criteria of DIS 

and/or DIT. However, the presence of CSF-specific OCBs replaces the DIT criterion, 

as these patients are at risk of converting to MS 24,29,57,58. About 20% of patients 

without MRI lesions and 60-80% of patients with MRI lesions will eventually convert 

to MS. Other risk factor include young age and female gender 57. RIS relies on the, 

often incidental, discovery of MRI lesions suggestive of a demyelinating disease 

with no record of neurological events 59,60. Young age, male gender and spinal cord 

lesions predicted conversion to MS in a multivariate model. Moreover, up to one 

third of RIS patients have signs of cognitive impairment 61,62. 

The latest McDonald criteria categorise a higher proportion of patients with a first 

demyelinating event as RRMS by the presence of OCBs, substituting for the need to 
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demonstrate DIT on a further MRI scan. This possibly results in more patients 

diagnosed with a milder disease course 29,63,64. Attempts have been made to define 

benign MS, especially to support decision making for treatment. However, a non-

negligible 20-35% of patients with so-called benign MS will have progressed at 20 

years of disease onset under the most common definition of EDSS ≤ 3 at 10 years 

of disease onset 65–67. Defining benign MS as EDSS ≤ 2 or even ≤ 1 at 10 years might 

be more accurate 66,67. This remains however a retrospective observation and 

should be considered with caution. No prognostic model can reliably predict 

disease course at disease onset, while reducing relapse rate in the first two years 

of disease course is critical as it increases the risk of converting to SPMS and of 

accumulating disability 51,68.  

Paediatric onset MS (POMS) has received increasing awareness because of its 

challenging differential diagnosis and its singular management 69,70. There are at 

least 30.000 children younger than 18 diagnosed with MS worldwide (3-5% of MS 

patients), although it is rare before the age of 10 (<1%) 69,71,72. Children present, 

even more than adults, with RRMS (98%) with a very active disease course (high 

relapse rate), but recover remarkably better 73–76. It is difficult to differentiate POMS 

from acute demyelinating encephalomyelitis, especially in children younger than 

10 presenting more frequently with polyfocal deficits and encephalopathy 69,70,77,78. 

A primary progressive course is extremely rare, thus mitochondrial, neoplastic, and 

neurodegenerative disorders must be firmly excluded 69,79. Although it takes longer 

for children to reach a certain disability landmark, they will still be on average 10 

years younger than adult-onset MS patients when reaching them. In POMS, SPMS 

settles after a median disease duration of 28.1 years at a median age of 41.4 years 
80. Children with MS are also at risk of faster cognition decline due to impaired 

maturation of the cortical and deep grey structures driven by inflammatory and 

early neurodegenerative phenomena 81,82. This may affect their academic, 

emotional and social functioning, and thus their perception on quality of life 83,84. It 

is further predictive of earlier long-term cognitive impairment and worse socio-

professional attainment in adulthood 85. 
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Figure 0.1 Disease course 

 

These plots show the disease course (pink solid line) clinically evidenced by the Expanded 

Disability Status Scale (EDSS) score (y-axis) according to the patient’s age (x-axis), for 

relapsing-remitting MS (RRMS), secondary progressive MS (SPMS) and primary progressive 

MS (PPMS). MS disease course is characterised by its activity and progression. Most patients 

present with a relapsing-remitting course. Hereby, relapses (blue pyramids) corresponding 

to acute demyelinating events are translated clinically by acute neurological symptoms and 

intermediate worsening of EDSS. They alternate with extended periods of remission. At the 

beginning, patients may recover completely, but with time, they might accumulate 

disabilities, as sequelae of the relapses, which is called relapse associated worsening (RAW). 

Patients may also progress independently of relapse activity (PIRA) as can be highlighted by 
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different functional tests, which can happen already early in the disease. Some RRMS 

patients will develop a progressive phenotype after a relapsing/remitting course, called 

secondary progressive MS. In progressive MS, patients suffer of progressive worsening, 

without necessarily having relapses, although they might occur at the beginning. A minority 

of patients develop the disease from onset as a progressive phenotype, which is then called 

primary progressive. Patients may also suffer from relapses remaining under the clinical 

threshold (grey dotted line). The brain reserve (orange dashed line) also decreases over time, 

due to ageing, neuroinflammatory and demyelinating processes. It contributes to 

neurodegeneration and may determine the transition into a progressive phenotype. A 

clinically isolated syndrome (CIS) corresponds to an isolated demyelinating event with 

neurological symptoms. Oppositely, a radiologically isolated syndrome (RIS) is a 

radiologically (MRI) evidenced demyelinating event without any history of related 

neurological symptoms, which might have been a relapse compensated by the brain reserve 

and thus not reaching the clinical threshold. 

 

iii. Epidemiology 

In 2020, 2.8 million people worldwide lived with multiple sclerosis, corresponding 

to a global prevalence of 35.9/100,000 people, an increase by 30% as compared to 

2013 (Atlas of MS, www.atlasofms.org) 72. To date, the prevalence reaches 100 to 

300/100,000 people in most North American and European countries as well as in 

Australia, but is much lower, reaching <1-20/100,000 people in most Latin 

American, African and South-East Asian countries, although data coverage is low 

for Africa (56%) (www.atlasofms.org) 72,86–88. According to the Viking hypothesis, 

the high prevalence areas coincide with the raiding, conquest and trading routes of 

the Vikings and their descendants (from the 9th century on) 1. 

The important female preponderance of MS manifests in adolescence and is thus 

suggestive of a hormonal influence on MS risk. While in paediatric MS female-to-

male ratio is around 1, especially before the age of 10, it largely increases post-

puberty and slightly decreases in PMS, or after the age of 50, which is 

approximately around menopause 89–91. A younger age of menarche correlates with 

an increased risk of MS and/or a younger age at first symptoms 92–95. There is no 

clear explanation to this phenomenon, although it has been evidenced that women 

exhibit a more robust adaptive immune response, especially of encephalitogenic T 

helper cells 96–99. The male hormones testosterone and dihydroxytestosterone (its 
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metabolite) are protective against MS through an immunosuppressive effect on T 

cells and macrophages 37,90,99–102. On the contrary, the female hormone oestradiol 

is protective at higher levels, which explains that less relapses occur during the third 

trimester of pregnancy, while it is immunostimulatory at the lowest end of the 

physiological range on T cell immunity, but promotes humoral immunity at any 

dose 90,103–106. Remarkably, parity has a cumulative protective effect on MS risk 107. 

Prolactin, another female sex hormone, promotes T cell response and supports B 

cell autoreactivity 90,108,109.  

Acknowledged risk factors include vitamin D deficiency, obesity in childhood, and 

possibly even in young adulthood (up to age 30), Epstein-Barr virus infection after 

early childhood, especially if symptomatic (as infectious mononucleosis), as well as 

smoking. Vitamin D deficiency and smoking can also increase the risk of disease 

progression 86. Remarkably, vitamin D3 has a stronger immunomodulatory effect in 

women 110. On the contrary, circulating levels of leptin, an immunostimulatory 

hormone linked to adipose inflammation, are higher in female, and adiposity 

advances the age of menarche, another risk factor of MS 92,93,111. Interestingly, 

people migrating to a high prevalence country during childhood acquire a risk of 

MS close to the risk in their new country, on the contrary, if they migrate during 

adulthood, their risk remains similar to the risk in their country of origin 86.   

Moreover, different populations living in a same country do not necessarily have 

the same risk, as seen for example by the lower prevalence (24.2/100,000 people) 

in the smaller indigenous Māori population as compared to the general disease 

prevalence (73.1/100,000 people) in New Zealand in which a majority of the 

population is of Scottish ancestry, hence implying a genetic susceptibility next to 

the environmental factors 112. This is also supported by familial aggregation showing 

an increased risk of MS of 25-30% among monozygotic twins versus 2-5% among 

dizygotic twins or other first-degree relatives 113–115. The genetic susceptibility of 

MS is polygenic, meaning that everyone possibly carries risk variants, and the 

combination of these determines the individual’s total genetic risk 116. A genome-

wide association study by the International Multiple Sclerosis Genetics Consortium 

identified 233 susceptibility variants, of which 32 within the major 

histocompatibility complex (MHC) region 117. Notably, the association of the human 

leukocyte antigen HLA-DRB1*15:01 haplotype, an major histocompatibility 

complex class II (MHC-II) allele promoting antigen presentation, with MS is long-
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established in Caucasians only 118–121. Remarkably, these candidate genes are 

largely involved in innate and adaptive immune cells as well as in microglia but 

barely or not in other CNS cell types, supporting the role of the immune system in 

the disease pathogenicity 114,116,117,122,123. However, MS-associated genes in cerebral 

non-myeloid cells were linked to myelinating oligodendrocytes 124. 

 

iv. Treatment 

Although multiple sclerosis is not curable, its management has remarkably 

improved over the last three decades and resides in three pillars: the rapid 

dampening of acute relapses by corticosteroids, the long-term modulation of the 

disease course by disease modifying therapies (DMTs), and the symptomatic 

treatment of MS-associated sequelae and comorbidities (neuropathic pain, 

bowel/bladder dysfunction etc.) 125. 

The first DMTs, interferon beta and glatiramer acetate, were approved in the mid-

1990s 126. Since then, research in the field has expanded, resulting in a large panel 

of DMTs available today. Currently, all DMTs are effective in reducing the relapse 

rate and the lesion load and thus possibly slowing down disease progression in 

RRMS 125,127. It is in fact acknowledged that the natural history of MS has changed 

since the introduction of DMTs, although DMTs are probably not the single drivers 

of this change, changes in diagnostic criteria and environmental factors play a role 

as well 128,129. From disease onset, the median time to conversion to SPMS was 12 

vs. 23 years and to EDSS score 6.0 was 22 vs. 30.4 years in a Swedish cohort of DMT 

naïve MS patients diagnosed between 1950 and 1964 vs. a predominantly treated 

MS cohort from the Swedish MS register assessed in July 2015 38,129. In the latter 

cohort, DMTs delayed the average age of sustained EDSS score 6.0 by 1.6 years 38.  

Current DMTs target the inflammatory processes of the disease. They have an 

immunomodulatory effect on dendritic cells, T and/or B cells (interferon beta, 

glatiramer acetate, dimethyl fumarate), prevent lymphocyte egress from lymph 

nodes (sphingosine-1-phosphate receptor modulators as fingolimod, siponimod, 

ozanimod, ponesimod), prevent leukocyte transmigration into the CNS 

(natalizumab, an anti-a4-integrin monoclonal antibody), deplete B cells (rituximab, 

ocrelizumab and ofatumumab, anti-CD20 monoclonal antibodies) or activated T 

and B cells (alemtuzumad, an anti-CD52 monoclonal antibody), induce the 
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apoptosis of proliferating T and B cells by disrupting DNA synthesis (teriflunomide, 

an inhibitor of dihydroorotate dehydrogenase blocking pyrimidine synthesis) or 

DNA repair (cladribine, a purine analogue causing DNA strand breakage) 130,131.  

Seen the large panel of DMTs, treatment choice is driven by efficacy, safety, and 

tolerability criteria. Although neurologists often start with a first line, less toxic DMT 

(interferon beta, glatiramer acetate, teriflunomide) and escalate to more effective 

DMTs in the event of ongoing activity, there is growing evidence that treating from 

the beginning with high-efficacy DMTs more effectively decreases the risk of 

progression 127,132,133. Treatment options are still sparse for PMS. Overall, DMTs are 

more effective in PMS in younger patients with clinical or radiological signs of 

disease activity over the past 2 years 134. To date, ocrelizumab is approved for active 

PPMS, siponimod for active SPMS 134–136. 

New therapeutic classes that also target CNS resident cells, might expand the panel 

of DMTs in a near future. Clinical trials are ongoing for Bruton’s tyrosine kinase 

(BTK) inhibitors (tolebrutinib, evobrutinib, fenebrutinib, remibrutinib, 

orelabrutinib) 137 in relapsing and/or progressive MS (phase 2 or 3 ongoing), for a 

receptor interacting protein kinase 1 (RIPK1) inhibitor (phase 1 completed, 

NCT04982991), and for a second generation CD40 ligand antagonist monoclonal 

antibody in RRMS and active SPMS (frexalimab, phase 2 ongoing, NCT04879628) 

(https://clinicaltrials.gov). BTK is a non-receptor tyrosine kinase downstream of the 

B cell receptor and Toll-like receptor (TLR) in B cells, participating in their 

development and maturation (from central pre-B cells up to the activation and 

terminal differentiation of circulating B cells) 137–140. It also mediates microglia and 

macrophage activation via IgG-specific Fc receptor III and TLR signalling 137. 

Phosphorylated BTK is increased in blood memory B cells of RRMS and SPMS 

patients 141. Its expression level is also increased in B cells and in microglia in MS 

brain lesion samples 142. Different from B cell depletion therapy, BTK inhibitors alter 

B cell function as antigen presenting cells for the development of encephalitogenic 

T cells without affecting their frequency and functional integrity 139. The BTK 

inhibitor reduces the severity of secondary progressive autoimmune demyelination 

in an in vivo mice model 143. RIPK1, increased in brain samples of MS patients and 

correlating with disease progression, induces a detrimental neuroinflammatory 

programme in microglia and astrocytes and mediates microglial cell death 144. RIPK1 

inhibition could also promote the proliferation of oligodendrocyte progenitor cells 
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(OPCs) by increasing the transcription of platelet derived growth factor receptor 

alpha via NFkB pathway 145. The costimulatory receptor CD40 and its ligand (CD40L) 

can activate T, B and innate immune cells. Anti-CD40L antibody reduced the 

number of new lesions in MS patients vs placebo 146. 

Stem cell transplantation has been considered as a therapeutic approach in 

aggressive MS, irresponsive to DMTs. Autologous hematopoietic stem cell 

transplantation can, by resetting the immune system, significantly increase relapse- 

and progression-free survival, yet especially in patients with RRMS and mild to 

moderate disability 147–151. Bone marrow mesenchymal stem cell infusion lowers the 

severity of experimental autoimmune encephalomyelitis (EAE) by reducing immune 

cell infiltration, demyelination, and axonal damage, although this is not yet clearly 

established by clinical trials in MS patients 151–155. Other yet experimental stem cell 

based strategies aim to promote remyelination via OPC differentiation and to 

possibly reduce neuroinflammation using neuronal stem cells, mesenchymal stem 

cell neuronal progenitors, human embryonic stem cell-derived neural precursors or 

induced pluripotent stem cells 151,156–160. 

The neurodegenerative process in MS pathogenesis, resulting from primary and 

secondary axonal damage, due to neuroinflammation and demyelination, 

conceivably starts early in the disease and sustains progression and even silent 

progression that has been evidenced in absence of relapse 23,45. Therefore, 

promoting remyelination, especially as it is inadequate and gradually insufficient, is 

a rational though unmet therapeutic strategy. Several agents that had proven 

promising in vitro and in vivo on the differentiation of oligodendrocyte progenitor 

cells and remyelination, have been tested in phase I and phase II studies over the 

past decades 161. Neither erythropoietin (a phase 3 study in optic neuritis) nor 

opicinumab, an anti-LINGO1 monoclonal antibody (a phase 2 study in RRMS/SPMS) 

(for the function of LINGO1, cf. Introduction II.i) did show any functional 

improvement 162,163. Clinical trials are currently ongoing for clemastine, an oral 

antihistamine drug with anti-muscarinic properties (as M1 muscarinic receptors 

possibly negatively regulate OPC differentiation164,165 (NCT05131828/ 

NCT02521311/phase 2, NCT05338450/phase 3), Metformin, an activator of AMP-

activated kinase pathway with anti-inflammatory effects on peripheral immune 

cells and proregenerative effects on OPCs by increasing the mitochondrial 

function166,167 (NCT05131828/phase 2), CNM-Au8, an oral suspension of 
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catalytically active, clean-surfaced gold nanocrystals (NCT03993171/phase2, 

NCT04626921/phase 2-3), bazedoxifene, an oral selective oestrogen receptor 

modulator (NCT04002934/phase 2), and testosterone (NCT03910738/phase 2) 

(https://clinicaltrials.gov). Testosterone, that can be aromatised in oestradiol but 

not dihydoxytestosterone, and oestrogens are neuroprotective during EAE 168–170. 

For the many others, further clinical trials seemed to have been delayed 

(https://clinicaltrials.gov) 161.  

 

v. Physiopathology 

Multiple sclerosis is an immune-mediated demyelinating disorder of the CNS 

characterised by a focal inflammatory assault resulting in lesions of primary 

demyelination and gliosis in the white and grey matter, as well as by diffuse 

neurodegeneration resulting in brain and spinal cord atrophy 21–23. The principal 

dogma states MS as a primary inflammatory disease with an activation of CNS-

resident cells by invading immune cells from the periphery that jointly injure 

oligodendrocytes, their progenitor cells and the myelin sheaths causing secondary 

neuroaxonal damage 21,171. Another, less defended concept of its pathogenesis sets 

it as a primary neurodegenerative disease by loss of glial support to axons amplified 

by secondary inflammatory demyelination 23,172,173.  

Neuroinflammation is ongoing throughout the entire disease. Herein, two types of 

inflammation, although occurring in parallel, distinctively prevail at the relapsing 

and the progressive stage of the disease (figure 0.2) 21,22,174,175. In the early phase of 

the disease, naïve CD4+ T cells are primed against myelin antigens in the periphery 

and differentiate towards encephalitogenic CD4+ T helper cells (Th1 and Th17). 

These activated cells migrate through an abnormally disrupted BBB by the interplay 

with endothelial cells involving chemokines and adhesion molecules and focally 

invade the CNS in a limited perivenular area 176–180. By secreting inflammatory 

mediators as cytokines and chemokines, they then attract other peripheral immune 

cells, as CD8+ cytotoxic T cells, CD20+ B cells and macrophages, and activate CNS-

resident cells, namely microglia and astrocytes 181–189. CD8+ T cells become 

eventually predominant 190–192. This inflammatory environment harms the 

homeostasis of oligodendrocytes and destroys the myelin sheaths, whereas 
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demyelinated axons are longer preserved although axonal transection has been 

evidenced early in the disease 171,193–200.  

 

Figure 0.2: Pathophysiology of multiple sclerosis 

 

(A) In the early inflammatory phase of MS, peripheral adaptive immune cells infiltrate the 

CNS through a disrupted BBB. These activated cells interact with each other and the resident 

cells of the CNS. They secrete cytokines (e.g., IFNg by Th1, IL6/17 by Th17, GM-CSF, IL6, TNFa 

by B cells) and cytotoxic molecules (e.g., granzyme B by CD8+ T cells). B cells can further 

evolve into autoantibody-producing plasma cells. As a consequence, T and B cells activate 

macrophages and microglia, which produce cytokines, nitric oxide, and ROS. This cytotoxic 

pro-inflammatory environment breaks down the myelin sheaths around axons and induces 

energy failure in the axon. Macrophages and microglia can still clear the myelin debris, 

allowing for the recruitment of OPCs that will partially remyelinate the lesion. (B) In the 

progressive phase of MS, T and B cell infiltrates are reduced. Remarkably, plasmablasts and 

plasma B cells form tertiary follicle-like structures in the meninges. The BBB is closed and the 

inflammation is sustained by innate CNS-resident cells, i.e., microglia and astrocytes. They 

produce cytokines (TNFa, IL6) and release ROS, causing myelin damage. Although microglia 

are primed into a pro-inflammatory phenotype, their phagocytic capacities are reduced. 

These features also characterise the senescence-associated phenotype of microglia and 

astrocytes. Myelin debris are improperly cleared, OPCs are less recruited and fail to 

differentiate. TNFa-mediated glutamate release from astrocytes results in excitotoxicity 

causing axonal damage. The ferrous iron released from the myelin, where it accumulates 
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with age, is oxidized, which produces ROS, and incorporated by microglia, forming a 

phenotypical rim around the demyelinating lesions, both in the white and grey matter. These 

successive events are self-sustained and enhanced by senescent processes, resulting in a 

major oxidative burst, causing mitochondrial dysfunction, mitochondrial DNA damage, 

energy failure and axonal loss. BBB = blood-brain barrier; B = B cell; CNS = central nervous 

system; GM-CSF = granulocyte-macrophage colony-stimulating factor; IFN = interferon; IL, 

interleukin; MS = multiple sclerosis; OPC = oligodendrocyte progenitor cell; ROS = reactive 

oxygen species; T = T cell; Th = T helper cell; TNF = tumour necrosis factor. Created in 

BioRender.com. 

 

In a second phase, when the focal inflammatory burst dampens due to the 

programmed cell death of the lymphocytes, microglia and macrophages will ensure 

their anti-inflammatory role by phagocyting myelin debris, allowing the process of 

remyelination by oligodendrocyte progenitor cells (OPCs) and surviving 

oligodendrocytes 201–204. This acute phenomenon repeats itself at each relapse. The 

chronic stage of the disease, which is pathophysiologically similar for PPMS and 

SPMS, is characterised by a meningeal inflammation and microglial activation 

within a compartmentalised reaction seen the integrity of the BBB 174,175. T and B 

cells, accounting mainly plasmablasts and plasma cells, relocate to the large 

perivascular spaces and in the meninges, eventually forming tertiary follicle-like 

structures in the more aggressive forms of the disease, which can be visualised with 

new MRI techniques as leptomeningeal enhancement. Interestingly, these 

meningeal and perivascular infiltrates release inflammatory mediators (mainly by B 

cells) and contribute hereby directly or indirectly through microglial activation to 

slowly expanding pre-existing white matter lesions and subpial cortical 

demyelination 205–211. Microglia and astrocytes further supply the neurotoxic 

environment with inflammatory mediators and reactive oxygen species causing a 

major oxidative burst and excitotoxicity 181,212–217. Chronically demyelinated axons 

finally degenerate due to the loss of oligodendroglial trophic support and energy 

shortage with ionic imbalance secondary to mitochondrial dysfunction causing a 

state of virtual hypoxia 218–222. The neurodegenerative processes eventually become 

self-perpetuating. Moreover, ageing causes functional changes in all the involved 

cell types that further support the pathophysiological differences observed in 

chronic MS 46.  
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Anatomopathological features of the different MS lesion types translate these 

pathophysiological events 56,223. Active lesions are typically centred on a venule, 

corresponding to the central vein sign on high resolution MRI, with a perivenular 

lymphocytic cuff; as well as a majority of microglia and macrophages throughout 

the lesion, containing myelin debris 56,224,225. Contrariwise, in slow-expanding 

lesions, characteristic to PMS, the lesion edge of microglia (and macrophages) 

surrounds an inactive demyelinated centre 56. Due to oxidative changes of iron 

molecules in the myelin debris phagocytised by the microglia, these edges appear 

as paramagnetic rim lesions on specific MRI sequences 226–228. Features of axonal 

injury can be seen in both lesions 229. Inactive lesions are sharply demarcated and 

characterised by reactive astrocytes forming a gliotic scar in the centre of the lesion 

while other immune cells have largely deserted the lesion, although a few 

microglia/macrophages can be present at the lesion edge. These lesions are 

depleted of oligodendrocytes and have a low degree of ongoing axonal injury 
56,224,229. Shadow plaques contain remyelinated axons with typically thinner myelin 
230. Cortical lesions and cortical, mainly subpial, demyelination occur already early 

in the disease. They are typically depopulated from lymphocytes but can have a rim 

of activated microglia 231–233. Remyelination is more effective in the cortex 234. 

Normal appearing white and grey matter, that is more frequent in PMS, is only 

normal in appearance, since it shows diffuse changes as perivascular inflammatory 

infiltrates, microglial activation, astrocytic gliosis and diffuse axonal injury with 

secondary demyelination (meaning that the demyelination is a consequence of 

axonal injury, while it is the opposite in primary demyelination) 235,236. Axonal injury 

results partially from anterograde (Wallerian) and retrograde degeneration 

secondary to neuronal and axonal damage, and is thus not caused by a focal lesion 
195,237. This occurs already early in the disease 195,198.  

 

Immune cells 

Briefly, the immune system comprises the innate immunity (granulocytes, 

macrophages, natural killer cells and dendritic cells), providing an immediate 

response against a pathogen, and the adaptive immunity (lymphocytes), that 

generates a specific cellular response selectively targeting a pathogen within a few 

days 238. Short-lived and blood-resident neutrophils, the major subtype of 

granulocytes, trap and kill a pathogen by phagocytosis and NETosis 239. Tissue-
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resident macrophages, deriving from monocytes, act through phagocytosis, 

secretion of inflammatory mediators and antigen presentation. In the adaptive 

immune system, antigen presenting cells (macrophages, dendritic cells, B cells) 

present a peptide fragment of a pathogen bound to MHC-II at their cellular surface 

(signal 1) alongside costimulatory molecules, such as CD80, CD86 and CD40 (signal 

2) and activate naïve CD4+ T cells by binding with the T cell receptor (TCR) and its 

costimulatory receptor 238,240. Contrariwise, naïve CD8+ T cells are activated by 

MHC-I, present on nucleated cells 241. Activated T cells will then differentiate 

towards effector T cells, requiring active antigenic stimulation, and finally a fraction 

persist as central memory (lymph node homing C-C motif chemokine receptor (CCR) 

7+ TCM) and effector memory T cells (tissue homing CCR7- TEM), able to survive 

without antigenic stimulation and to expand rapidly upon a secondary challenge, 

whereby TCM stimulate dendritic cells and differentiate into TEM while TEM display 

immediate effector functions 242–244. CD4+ T helper (Th) cells produce cytokines 

promoting macrophages, CD8+ T cells and B cells. Depending on the cytokines 

involved, we identify several Th cells, namely Th1, Th2, Th9, Th17, Th22, each with 

partially distinctive functions (table 0.1). Effector CD8+ T cells are cytolytic. They 

adhere to the infected target cells to form an immune synapse in which they 

secrete granzyme B and perforin inducing the apoptosis of the targeted cell 240. The 

stepwise development of B-cells (pre-/pro-/immature B cells) in the bone marrow 

is marked by the successive rearrangements of immunoglobulin heavy and light 

chain gene segments until the surface expression of the B cell receptor (BCR). 

Transitional B cells will then migrate to the secondary immune organs (lymph 

nodes, spleen) and integrate follicles until they encounter a pathogen which they 

will internalise to present its antigen on MHC-II to Th cells. This cognate T/B cell 

interaction activates the B cells as well, allowing their further development in the 

germinal centres, marked by immunoglobulin class switch recombination, with 

support of follicular Th cells, where they finally differentiate into memory B cells 

expressing surface immunoglobulins or into long-lived plasma cells secreting the 

antibodies 245,246. Finally, the extent of the immune reaction is carefully controlled 

and counterbalanced, mainly by the release of anti-inflammatory mediators, 

although other mechanisms have been described. In this function, the well 

acknowledged regulatory CD4+ T cells (Tregs), characterised by the expression of 

transcription factor forkhead box P3 (FOXP3) and interleukin 2 (IL2) receptor CD25 

(table 0.1), are accompanied by subsets of other CD4+ Tregs, namely, type 1 
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regulatory T cells (Tr1), IL17-producing Tregs, RAR related orphan receptor 

(ROR)gT-expressing inducible Tr3 Tregs and follicular CD4+ Tregs, as well as CD8+ 

Tr2 Tregs and regulatory B cells (Bregs) 247–252.  

 

Table 0. 1: CD4+ T cell differentiation and function 

Th 

subtype 

Inductor 

cytokines 

Key 

transcription 

factors 

Effector 

cytokines 
Functions 

Pro/anti-

inflammatory 

Th1 IL12 STAT4, TBX21 IFNg 

Cellular immunity 

(intracellular 

pathogen) 

Pro-inflammatory 

Th2 
IL4, IL25, 

IL33 

STAT5, STAT6, 

GATA3 

IL4, IL5, 

IL13 

Parasitic immunity, 

Allergic reaction 

Pro-inflammatory 

counterbalance 

to Th1 

Th9 IL4, TGFb PU.1, IRF4 IL9, IL10 
Parasitic immunity, 

Allergic reaction 
Pro-inflammatory 

Th17 
TGFb, IL6 

IL21, IL23 
STAT3, RORC 

IL17, IL21, 

IL22 

Tissue inflammation 

(extracellular 

pathogen) 

Pro-inflammatory 

Th22 TNFa, IL6 AHR, RORC IL22, IL13 Tissue inflammation Pro-inflammatory 

Treg TGFb, IL2 STAT5, FOXP3 IL10 

Suppression of 

immune response 

Tolerance to self-

antigen 

Anti-

inflammatory 

 

This table summarises the key mediators of CD4+ T cell differentiation and activation253–257, 

the cytokines inducing their differentiation and the transcription factors involved in their 

activation resulting in the expression of their effector cytokines via which they fulfil their 

function, as well as their overall pro- or anti-inflammatory character. AHR = aryl 

hydrocarbon receptor, FOXP3 = forkhead box P3, GATA3 = GATA binding protein 3, IFNg = 

interferon gamma, IL: interleukin, IRF4 = interferon regulatory factor 4, PU.1 = PU.1 

transcription factor, RORC = RAR Related Orphan Receptor C (also called RORgT), STAT = 

signal transducer and activator of transcription, TBX21 = T-box transcription factor 21 (also 

called TBET), TGFb = transforming growth factor beta, Th = T helper cell, TNFa = tumour 

necrosis factor alpha, Treg = regulatory T cell 
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The activation of CD4+ T cells, especially Th1 and Th17 cells, and their infiltration in 

the CNS triggers the further inflammatory cascade in MS. Through the release of 

cytokines and chemokines, they recruit other peripheral immune cells and activate 

CNS resident cells, microglia and astrocytes, resulting in the damage of 

oligodendrocytes and myelin sheaths 21,176,183,185,188. Peripheral immune cells, 

expressing chemokine receptors (CCR7, CXCR4/5) and integrins (alpha-4/beta-1 

(VLA4), alpha-L/beta-2 (LFA1)), are more prone to cross the BBB, due to the 

increased expression of chemokines (CCL19/21, CXCL12/13) and adhesion 

molecules (vascular and intercellular cell adhesion molecule 1 (VCAM1 and ICAM1)) 

on endothelial cells, induced by pro-inflammatory cytokines as TNFa, IL1b and IL17, 

thereby contributing to the permeability of the BBB and the invasion of the CNS 258–

265. 

IL12, a heterodimer of IL12p35 and IL12p40, and IL23, a heterodimer of IL23p19 

and IL12p40, induce respectively encephalitogenic Th1 and Th17 cells 266–269. Th17 

cells induced by IL6, transforming growth factor beta (TGFb), and IL21 but in the 

absence of IL23 are less pathogenic 270,271. Remarkably, IL12p40 or IL23p19 deficient 

mice are resistant, while IL12p35 deficient mice are still highly susceptible to EAE, 

suggesting the importance of Th17 cells 272. In fact, interferon gamma (IFNg)-

producing Th17 cells, also referred to as Th17/1 cells, inducible by both IL12 and 

IL23, preferentially cross the BBB and are increased in the blood of relapsing MS 

patients 178,273. Moreover, the production of granulocyte-macrophage colony 

stimulating factor (GM-CSF) by both activated subsets seems important towards 

their encephalitogenicity, given that GM-CSF is sufficient to induce EAE in the 

absence of IFNg and IL17 177,266,274. It is involved in the proliferation, survival and 

migration of leukocytes within the CNS, but it is also neurotrophic, it induces the 

phagocytosis of myelin debris and regulates astrogliosis 275. Interestingly, a 

signature subset of Th cells, characterised by the expression of GM-CSF, tumour 

necrosis factor (TNF), IL2 and C-X-C motif chemokine receptor 4 (CXCR4), and 

mainly consisting of Th1 cells, are increased in the blood and CSF of RRMS patients 
276. In fact, Th cells contributed substantially more to the production of GM-CSF in 

RRMS patients than any other cell type, namely CD8+, γδ T cells or B cells. 

Moreover, these CXCR4-expressing cells have a greater migration potential towards 

C-X-C motif chemokine ligand 12 (CXCL12), that has previously been involved in CNS 

invasion 259,276. Furthermore, Th1 and Th17 associated cytokines, such as IFNg, IL1b, 

IL17, TNFa, are involved in the disruption of the BBB (also by inducing the 
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expression of adhesion molecules on endothelial cells) and the recruitment and 

activation of other peripheral immune cells as well as CNS-resident cells, microglia 

and astrocytes 180,183,186,277. Notably, IL6 and IFNg have also anti-inflammatory 

effects, IL6 by inducing IL10 producing T cells, IFNg by counterbalancing GM-CSF 

production and by upregulating IL18 binding protein in microglia 177,278,279. 

The molecular trigger causing T cells to act against the own CNS is still unknown. 

Autoreactive CD4+ T cells recognising myelin proteins as myelin basic protein 

(MBP), proteolipid protein (PLP), and myelin oligodendrocyte glycoprotein (MOG) 

were found in MS patients but also in controls 280,281. Hence a dominant T cell 

antigen is still missing in MS and nourishing the etiological debate.  

Research has long been focused on CD4+ T cells. However, it has been evidenced 

that clonally expanded CD8+ T cells outnumber CD4+ T cells in MS lesions, and the 

CSF of MS patients, where they also display a higher cytotoxicity (measured by 

granzyme levels) during relapses 190,282–284. MHC-I is constitutively expressed on 

microglia and endothelial cells, and its expression is furthermore upregulated on 

astrocytes, oligodendrocytes and neurons in response to disease severity, while 

CD8+ T cells can target each of these cell types and cause axonal transection 

correlating positively with the extent of axonal damage 285–288,288–290. Moreover, a 

subset of non-cytotoxic CD8+ T cells secrete IL17, noticeably to the same amount 

as CD4+ T cells in active MS lesions 188,285. Tissue-resident memory T cells are more 

prominent in MS than naïve T cells and actively contribute to the disease 

pathogenesis, in particular memory CD8+ T cells in the compartmentalized 

inflammatory response 174,291–294. 

Tregs in MS, especially in RRMS, are functionally impaired, causing an imbalance in 

the immune response 295–300.The thymic output of naïve Tregs is reduced, whereas 

changes in the number of circulating Tregs in MS (subtypes) vs healthy controls (HC) 

are disputed 295,298,301. Additionally, T effector cells are resistant to Tregs via the 

signal transducer and activator of transcription 3 (STAT3)/IL6 signalling pathway 

wherein IL6 signalling is dominant in inhibiting T cell conversion towards Tregs and 

suppress Treg function, partly by inducing the secretion of non-apoptotic granzyme 

B by CD4+ T cells 302–304. IL12 and IL6/IL1b can induce respectively Th1-like Tregs 

(secreting IFNg) and Th17-like Tregs (secreting IL17) with reduced suppressive 

activity 305,306. Moreover, Tr1 exhibit a defective secretion of IL10 307. Several 

subsets of regulatory CD8+ T cells have been evidenced in EAE 308,309. While less 
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CD8+ Tregs recognising myelin-reactive CD4+ T cells were found in the CSF and 

peripheral blood of relapsing MS patients, glatiramer acetate treatment induces 

them 310–312. 

Children with MS have a lower proportion of circulating naïve T cells, and a higher 

proportion of memory T cells, suggesting a premature deficit T cell development in 

the thymus. Moreover, the peripheral response of IL17-producing TCM cells to 

myelin-derived antigens is increased while the suppressive capacity of Tregs is 

decreased in POMS 313,314.  

The contribution of B cells to MS pathogenesis is not negligible, as antigen 

presenting cells and antibody producing cells, as well as in modulating the response 

of other immune cells 315. Clonally expanded plasma cells produce antibodies within 

the CSF, which is reflected by the detection of CSF-specific OCBs 316. Antibodies 

against MBP or MOG were detected in CNS tissues of MS patients rather than in 

the CSF or serum 317–319. However, the presence of anti-MOG antibodies is 

characteristic of another disease category, called MOG antibody-associated 

disease, and is a criterion against the diagnosis of MS 320. Patient-derived 

plasma/serum antibodies could further cause complement-derived demyelination 

by specifically targeting terminally differentiated oligodendrocytes in vitro in 30% 

of the cases 321. Molecular mimicry was evidenced between the EBV nuclear antigen 

1 (EBNA1, an EBV transcription factor) and glial cell adhesion molecule (GlialCAM), 

while MS patients have CSF/plasma antibodies against EBNA1/GlialCAM as well as 

EBNA1-specific clonally expanded T and B cells 322,323. Memory B cells of RRMS 

patients but not of healthy controls, can further induce autoreactive T cells by 

acting as antigen presenting cells in response to myelin antigens, characterized by 

the overexpression of costimulatory molecules as CD80 and CD86, wherein MCH-II 

and BCR are indispensable 324–326. Furthermore, memory B cells of MS patients 

secrete proinflammatory cytokines as TNFa and lymphotoxin (LT) supporting CD4+ 

(both Th1 and Th17) and CD8+ T cell responses as well as GM-CSF supporting 

myeloid cells, both of which are reversed by B cell depletion treatment (namely 

anti-CD20) 327–329. B cells of RRMS patients have a direct or indirect (through 

activation of microglia or astrocytes) cytotoxic effect on oligodendrocytes and 

neurons that is independent of immunoglobulins and cytokines. The secreted 

cytotoxic factor is yet not identified 209,330. In children with incomplete recovery the 

transcriptional profile of PBMCs is characterised by B cell activation 76. 
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The chronic disease is marked by a meningeal inflammation wherein B cells, 

alongside plasmablasts, plasma cells, T cells and follicular dendritic cells can 

aggregate to form follicle-like structures with the architecture of germinal centres. 

The presence of these tertiary follicles was associated with microglial activation, 

cortical demyelination and neuronal loss 210,211,331. Leptomeningeal enhancement, 

although not specific to MS, is the radiological translation of these follicles, 

visualised by new MRI acquisition techniques. It is associated with lower cortical 

volume and variably associated with higher numbers of cortical lesions 208,332 

Remarkably, subsets of the several stages of B cell development typically 

encountered in secondary lymphoid organs were detected in the CSF of patients 

with MS and other neurological inflammatory disorders.  

Finally, Bregs, secreting IL10, IL35 and/or TGFb, are potentially supportive of Tregs 

while opposing Th1, Th17 and myeloid cells, but reports regarding their numerical 

and functional integrity in MS are largely contradictory 333–336. 

 

Microglia 

Microglia are the primary resident myeloid cells of the CNS, deriving from 

mesodermal progenitors in the embryonic yolk sac 337. These progenitors migrate 

early towards and spread out in the developing brain, proliferate, and differentiate 

to form this unique cell population with a large range of functions. During CNS 

development they sustain myelination (by releasing insulin like growth factor (IGF)), 

and phagocyte apoptotic neurons and overproduced oligodendrocytes. Microglia 

are guardian of the CNS homeostasis, ensuring synaptic integrity and plasticity, they 

also provide a trophic support to reduce the risk of excitotoxicity 338. While 

microglia were first considered quiescent cells scrutinising their environment 

through their ramifications to shift towards a so-called proinflammatory M1 (IL1b, 

IL6, IL23) or anti-inflammatory M2 (IL10, TGFb) phenotype upon encountering an 

activator mainly via Toll-like receptor signalling, they are now regarded as a 

heterogenous population rapidly changing within a phenotypic spectrum in 

between these two extremes depending on the type of stimulus and the 

microenvironment 338. This is further supported by single-cell approaches, 

identifying a diversity of microglial populations within the CNS contributing to 

neuroinflammation, neurodegeneration and/or oxidative stress, but also to 
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recovery, with distinct molecular hallmarks and cellular kinetics 339–343. Thus, the 

developmentally proliferative and postnatally myelination-supportive microglia 

turns into an adult homeostatic phenotype with regional differences depending on 

functional requirements 343. Moreover, human microglia have a long lifespan and 

divide on an average of 4.2 to 20 years 344. 

Microglia and macrophages play similar roles in MS, although some differences 

appear with ageing as ageing macrophages are impaired in producing a functional 

pro-inflammatory response 343. Both are involved in active lesions, expressing genes 

related to phagocytosis, oxidative stress and antigen presentation 345. Th1 and Th17 

cells induce proinflammatory microglia/macrophages, expressing MHC-II and 

secreting proinflammatory cytokines and reactive oxygen and nitrogen species 

(ROS/RNS). These ROS/RNS cause mitochondrial DNA mutations and mitochondrial 

dysfunction within glial cells, neurons and axons enhancing the oxidative burst, 

resulting in energy deficiency and ionic imbalance, and triggering axonal 

degeneration by accumulation of calcium as well 181,183,186,346–349. Via pro-

inflammatory cytokines, as IL1b and TNFa, they contribute to the glutamate 

excitotoxicity, causing oligodendrocyte death and synaptic degeneration 212,350. 

Moreover, the oxidation of Fe2+, accumulating in the extracellular space from 

harmed oligodendrocytes and myelin debris, to Fe3+ produces hydroxyl radicals, 

increasing the oxidative stress. The uptake of oxidized iron by microglia causes 

dystrophy and a second wave of Fe2+ release 228. This iron accumulation in microglia 

can be seen on brain MRI as a paramagnetic rim at the edge of slowly expanding 

lesions 226,227. Myeloid cells at the chronic lesion edge are mainly TMEM119+, a 

specific marker of microglia 345. Remarkably, two distinct microglia clusters have 

been identified, a foamy cluster characterised by foam-cell differentiation and lipid 

storage, thus involved in myelin phagocytosis, and an iron cluster characterised by 

MHC-II and inflammatory (especially IL1b and complement 1, Q subcomponent 

(C1q), involved in microglial activation and reactive microgliosis) markers as well as 

iron-related genes 351. Other cells at the lesion edge correspond to inflamed 

astrocytes, stressed oligodendrocytes and immunological OPCs, expressing genes 

involved in antigen presentation (MHC-I/II) and in immunoprotection, as well as 

some immune susceptibility genes of MS 351–353. Activated microglia can further 

induce neurotoxic astrocytes 354. 
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Microglia/macrophages play an important role in recovery by stimulating OPC 

survival and proliferation via IL1b and TNFa, that is profitable by binding to TNF 

receptor 2 (TNFR2) whereas its binding to TNFR1 is accompanied by a 

proinflammatory Th1 response 355–357. Furthermore, microglia/macrophages are 

indispensable to clear myelin debris that inhibit OPC differentiation as well as 

remyelination 202,204,358,359. Herein, macrophages seem to be rather involved in 

myelin destruction and microglia in myelin clearance 360. In this process, 

microglia/macrophages must switch to an immunoregulatory phenotype for the 

release of growth/neurotrophic factor such as Igf1 and activin-A that support OPC 

differentiation 203,361. Rather than switching between phenotypes, an 

immunoregulatory phenotype might in fact repopulate the lesion area following 

necroptosis of the inflammatory phenotype 362. Remarkably, in vitro MS-derived 

myelin is preferentially phagocytised by microglia/macrophages as compared to 

myelin of healthy controls, thus changes in myelin might precede demyelination 

and phagocytosis 363. 

 

Astrocytes 

Astrocytes derive embryogenically from radial glial cells, originating themselves 

from neuronal stem cells 364. They are highly ramified cells expressing numerous 

receptors to sense and make contact with their environment 365,366. Astrocytes 

actively participate to ensure CNS homeostasis. They regulate synaptic formation, 

activity and plasticity, and control the composition of the extracellular milieu (pH, 

electrolytes) and the neuronal microenvironment as part of the panglial syncytium 

(a network between oligodendrocytes/astrocytes/ependymal cells) 366–370. They 

provide energy substrates, trophic factors and cholesterol to neurons and 

oligodendrocytes 366,371. They support the integrity and functionality of the BBB 

(formed by the astrocyte endfeet, the pericytes, the basement membrane and the 

tightly joint endothelial cells) and are an intermediate for the neurovascular 

coupling within the neurovascular unit 372,373. 

Astrocytes represent a very heterogenous cell population with a dual role, 

protective and degenerative, in the setting of MS 365. Astrocytes are activated early 

in the disease, even before the massive CNS invasion. By the production of 

cytokines, chemokines, matrix metalloproteinases (MMPs), and ROS/RNS, they 
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contribute to the disruption of the BBB (reduction in tight junction proteins, 

endothelial cell apoptosis, retraction of the astrocytic endfeet), to the attraction 

(expression of CXCL12, induction of expression of adhesion molecules on 

endothelial cells) and activation of peripheral immune cells and microglia 365. They 

may express MCH-I and/or MCH-II, but their expression of costimulatory molecules 

is disputed. They support the differentiation of CD4+ T cells towards Th1/Th17, they 

produce IL15 which activate CD8+ T cells and B cells, as well as IL6 and lymphotoxin-

alpha, stimulating microglia. Moreover, CNS-restricted production of IL23 by 

astrocytes has been evidenced in progressive chronic EAE and induces pronounced 

neuroinflammation and demyelination, accompanied by multilocular infiltrates of 

B cells 374. Astrocytes massively produce ROS/RNS, which is further sustained by 

pro-inflammatory cytokines resulting in oxidative stress, mitochondrial dysfunction 

and energy deficits 215,216,375,376. Activated astrocytes form a glial scar in order to 

contain the inflammatory assault, and release several molecules (hyaluronan, 

fibronectin, chondroitin sulfate proteoglycans, fibroblast-growth factor) that 

hinder OPC migration, maturation and differentiation 377–380. They can also promote 

TNF-mediated OPC cell death 381. Finally, astrocytes contribute to excitotoxicity 

when their glutamate buffering capacity is exceeded, partly by reduced glutamate 

metabolism and increased glutamate release 350,382,383. 

Even in light of all these adverse effects supporting MS pathogenesis, ablation of 

reactive astrocytes increased the leukocyte infiltration in the CNS, resulting in a 

fulminant EAE course indicating the indispensable role of astrocytes in containing 

the inflammatory assault 384. Moreover, they express anti-inflammatory cytokines 

as IL4, IL10, IL27 and induce the expression of ectoendonucleases CD39 and CD73 

in activated CD4+ T cells possibly partially reversing the balance towards an 

immunoregulatory response 385–387. Although they produce ROS/RNS, they can also 

produce several antioxidant enzymes 365. Furthermore, astrocytes can restore the 

integrity of the BBB by releasing several molecules (retinoic acid, peroxiredoxin 6, 

sonic hedgehog) that silence the inflammatory and oxidative burst around the 

endothelial cells 388–390. They can finally promote remyelination, axonal 

regeneration and neurogenesis by secreting several neurotrophic factors and 

growth factors (that act on both neurons and oligodendrocytes), and recruit 

microglia/macrophages to remove myelin debris 365,391. 
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Oligodendrocytes 

Oligodendrocytes (OLs) are postmitotic cells differentiating from oligodendrocyte 

progenitor cells (OPCs), originating themselves from neuroepithelial cells of the 

neural tube giving rise to a common progenitor for neurons, oligodendrocytes and 

astrocytes 392. OPCs are uniformly distributed across the adult brain and spinal cord, 

although more abundant in the white matter, as well as in germinative areas, 

especially in the subventricular zone 393–396. They form a pool for OL/myelin 

remodelling throughout life in case of physiological turnover or local injury 397–399. 

In MS, OLs and myelin sheaths are directly harmed by the cytotoxic, inflammatory 

and oxidative environment, as explained in previous sections, due to the presence 

of proinflammatory cytokines, auto-antibodies against myelin proteins, ROS/RNS 

and other molecules secreted by the peripheral and/or CNS-resident immune cells 

as well as by the direct cytotoxicity of CD8+ T cells, resulting in mitochondrial 

dysfunction, metabolic imbalance and apoptosis, although microglia/macrophages 

and astrocytes can eventually shift to an anti-inflammatory remyelination-

supportive phenotype 400. A primary oligodendrogliopathy with loss of myelin 

associated glycoprotein (MAG) expression but a prominent nuclear expression of 

hypoxia inducible factor 1a (HIF1a), that characterises the early degeneration of 

most distal, periaxonal oligodendrocyte processes, has been described as well 
401,402. 

Following demyelination, OPCs are activated, migrate to the site of harm and 

differentiate into remyelinating OLs in response to respectively cytokines, mitogens 

(platelet derived growth factor), chemoattractants (semaphorin 3F (Sema3F)) and 

trophic factors (IGF, ciliary neurotrophic factor) released by microglia and 

astrocytes, whereby an axon-OL interaction is indispensable as well to engage 

remyelination (figure 0.3), with a notion of critical window of time for 

remyelination, beyond which axonal damage and thus functional loss can’t possibly 

totally recover 403–409. Moreover, surviving OLs that reversibly retract myelin 

processes to favour cell survival under metabolic stress, at least to a critical point, 

could possibly form new myelin sheaths, as carbon dating of genomic DNA 

evidenced an increase of newly generated OLs in normal appearing white matter 

only in subjects with aggressive MS but not in shadow plaques 193,410,411. 
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Single-cell RNA sequencing identified similar OPC/OL subcluster in MS patients and 

controls, although at different frequency highlighting changes in their 

transcriptional signatures. OPC and intermediate OL subclusters were reduced in 

MS lesions and normal appearing white matter. One end state OL subcluster was 

notably reduced while other subclusters were enriched in MS, namely a mature 

actively myelinating with increased myelin gene expression, another end state and 

an immune OL subcluster, the latter being closely associated with microglia. Hence, 

the loss of this end state OL subcluster, that was transcriptionally directed towards 

signalling, cell-to-cell adhesion and viability rather than myelination, might be 

important in the understanding of MS pathogenesis 412. The transcriptional 

signature of OPC/OL clusters also significantly differs at the peak of EAE with among 

others, alternative splicing of myelin genes and increased expression of 

neuroprotective serpin family A member 3 (Serpina3), a serine protease inhibitor, 

and of immunoprotective serpin family G member 1 (Serping1), an inhibitor of 

complement activation. Remarkably, specific subsets of OPCs/OLs have 

immunomodulatory capacities as they express MS susceptibility genes (as 

interferon responsive genes), MHC-I genes, making them direct targets of cytotoxic 

CD8+ T cells, or MHC-II genes induced by Ifng thereby promoting CD4+ T cells. 

Furthermore, certain immunocompetent OPCs are also capable of phagocytosis, 

even of myelin 353. 

Remyelination efficiency declines with age and disease progression and is often 

incomplete as only approximately 20% of chronic lesions are completely 

remyelinated 413–417. Moreover, myelin sheaths coming from remyelination are 

thinner with shorter internodes, but still sufficient to ensure nerve conduction 230. 

There are multiple reasons explaining remyelination failure in MS, both intrinsic 

and extrinsic to OPCs/OLs, due to the toxic neuroinflammation and an inhibitory 

lesion microenvironment 418. OPC densities decrease in chronic lesions but whether 

this is due to OPC depletion, especially after successive episodes of demyelination, 

is still debated 419–423. However, OPCs might be more fragile and susceptible to the 

inflammatory and oxidative assault and be directly targeted by cytotoxic CD8+ T 

cells 194,352,424,425. OPC migration might further be impaired 426–428. Herein, group 3 

semaphorins, normally absent, are re-expressed in MS lesions. Notably, the 

overexpression of chemoattractant Sema3F in active inflammatory lesions 

correlates with higher numbers of OPCs, and the overexpression of chemorepellent 

Sema3A in chronic active lesions correlates with lower numbers of OPCs 408,429. 
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Netrin 1 is progressively upregulated upon OPC recruitment to arrest their 

migration and favour their differentiation. However, early expression of Netrin 1 by 

reactive astrocytes in demyelinated lesions, limits periplaque OPC recruitment, 

while chemokine Cxcl1 (interacting with Cxcr2 expressed on OPCs), is upregulated 

at the periphery of demyelinated lesions and promotes OPC proliferation but 

inhibits their differentiation 430–432. Oppositely, Cxcl12 expressed by microglia and 

astrocytes during demyelination, supports the maturation and differentiation of 

Cxcr4-expressing OPCs 433. Endothelin 1 induced jagged 1 expression in reactive 

astrocytes which induces Notch signalling in OPCs, inhibiting its differentiation in 

lysolecithin demyelinated rats 434. Myelin itself as well as the altered composition 

of the extracellular matrix, partly resulting from deposition of reactive astrocytes 

and microglia, inhibit OPC differentiation 202,358,435 Hereby, inhibitory aggregates of 

fibronectin persist in chronic lesions because of the reduced microglial secretion of 

metalloproteinases (MMP) such as MMP7, that cleave these aggregates 436. 

Furthermore, OLIG2 that is sufficient to induce OPC differentiation, was more 

detected in maturing OPCs in active lesion borders than in chronic silent lesions, 

shadow plaques and periplaque white matter of chronic MS suggesting a 

differentiating block, further supported by an impaired migration and 

differentiation capacity of ageing OPCs and their reduced response to pro-

differentiation compounds 167,428,437,438. Finally, premyelinating OLs in chronic 

lesions extended processes to demyelinated axons but radial ensheathment was 

rare, suggesting an axonal irresponsiveness to remyelination 419.  

Hence, in MS, the demyelination/remyelination balance tilts towards 

demyelination overtime, due to (1) the loss of OLs and myelin sheaths, (2) the 

impaired migration and differentiation of OPCs, (3) the impaired remyelination 

capacity of surviving/newly formed OLs, contributing to the axonal damage and 

neuronal loss and thus to neurodegeneration 422,439.  

 

vi. What’s still to explore? 

MS is characterised by neuroinflammation, demyelination and neurodegeneration. 

Despite decades of research, that has however historically focused primarily on the 

inflammatory aspect, none of these aspects is completely understood and the 

causal character of each, by means of primary or secondary, is still debated 440. 
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Nevertheless, since they occur simultaneously, they are probably intertwined and 

not mutually exclusive. 

Neurodegeneration (figure 0.3) that is mainly driving disease progression, remains 

a major burden we still fail to control in today’s disease management. Moreover, 

axonal transection and Wallerian degeneration have been detected early in the 

disease course 195,198,199. However, delaying Wallerian degeneration did not reduce 

axonal damage that was further sustained by axonal transport disturbances 198.  

Focal axonal damage can occur with intact myelin sheaths, initiated by intra-axonal 

mitochondrial pathology 349. Therefore, neuroinflammation has been incriminated 

in direct axonal damage, possibly by the cytotoxicity of CD8+ T cells (exocytosis of 

granzyme B/perforin-containing granules), and the oxidative stress induced by 

microglia and astrocytes 349,440–447. Mitochondrial dysfunction, partly resulting from 

oxidative stress, causes axonal energy deficiency and major ionic imbalance, mainly 

of sodium and calcium, due to the decreased activity of the sodium/potassium 

ATPase, and the reversing of the sodium/calcium exchanger, leading further to the 

degradation of structural proteins by calcium-activated neutral proteases 

(calpains), and the disruption of axonal transport, microscopically seen as axonal 

swelling 218,222,448,449 

Furthermore, excitotoxicity, mediated by an astrocytic-microglial interplay, largely 

contributes to neuronal damage and OL death. The synaptic concentration of 

glutamate, the major excitatory neurotransmitter, is finely regulated, especially by 

astrocytic uptake 450. Increased levels of glutamate are observed in the CSF and in 

active lesions and normal appearing white matter of MS patients, and cause 

excessive synaptic excitation 450–452. Herein, the reduced expression of proteins 

involved in the uptake and degradation of glutamate by activated astrocytes, as 

well as the release of ATP by activated microglia and of TNFa and IL1b by activated 

microglia, T and B cells potentiate excitotoxicity 212,350,382,453–457. 

Demyelination is not solely causing neurodegeneration, but its contribution is 

undeniable. While demyelination results from the inflammatory and oxidative burst 

in acute lesions and from the oxidative environment nourished by microglial activity 

and iron toxicity in chronic active lesions, directly exposing the axon to the hostile 

environment, demyelination also occurs in the normal appearing white and grey 

matter, secondary to axonal injury 21,22,171,228,237.  
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Figure 0.3: Remyelination and neurodegeneration 

 

 

At the beginning of the disease remyelination is possible by surviving OLs or by OPCs 

proliferating, migrating, and differentiating at the site of injury, in response to cytokines, 

chemokines (Cxcl1, Cxcl12), mitogens (platelet derived growth factor), chemoattractants 

(semaphorin 3F) and trophic factors (insulin like growth factor, ciliary neurotrophic factor) 

released by microglia and astrocytes. Moreover, myelin debris clearance by 

microglia/macrophages, recruited by astrocytes, is indispensable as myelin debris inhibit 

OPC differentiation and collocate myelin-associated factors inhibiting axonal growth and 

regeneration. However, remyelination decreases with disease progression due to the 

impaired migration and differentiation of OPCs, the impaired remyelination capacity of 

surviving/newly formed OLs and the reduced phagocytosis capacity of 
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microglia/macrophages, contributing to the axonal damage, neuronal loss and thus to 

neurodegeneration. Neurodegeneration is further driven by the cytokine storm, cytotoxicity, 

oxidative stress, excitotoxicity of microglia, astrocytes, T and B cells as well as the lack of 

trophic support by the loss of oligodendrocytes. BBB = blood-brain barrier, CNS = central 

nervous system, OPC = oligodendrocyte progenitor cell, OL = oligodendrocyte. Created in 

BioRender.com 

 

Moreover, primary OL apoptosis alongside microglial activation has been suggested 

in myelinated tissue without any consistent lymphocyte/myelin-containing 

phagocyte infiltration 458. This is further supported by a mouse model of toxin-

induced focal subpial demyelination, resulting in the selective degeneration and 

functional impairment of a normally myelinated interneuron subtype 

(characterised by the staining of calcium-binding protein parvalbumin), possibly 

with a subsequent microglial/astrocytic contribution. This interneuron subtype is 

particularly ATP-demanding and thus depending on nutrient supply by OLs. 

Noticeably, excitatory neurons, that can be variably myelinated, remained 

unaffected. The selective loss of these interneurons was also observed in MS brains 
459. Moreover, myelin debris clearance by microglia/macrophages is essential as 

myelin debris inhibit OPC differentiation and remyelination, but also collocate 

myelin-associated inhibitory factors, such as reticulon 4, previously known as 

neurite outgrowth inhibitory factor (NogoA) as well as MAG and oligodendrocyte-

myelin glycoprotein (OMGP), inhibiting axonal growth and regeneration by binding 

to Nogo receptor 1 expressed on axons 460–462. 

Oligodendrocytes are essential for the axonal integrity and vice versa. First, myelin 

ensures the insulation of axons facilitating the proper saltatory, electrical 

conduction relying on highly organised Ranvier nodes, enriched in voltage-gated 

sodium channels, and paranodal axo-glial junctions where several adhesion 

molecules anchor the myelin loops to the axon 463. Demyelination results in a 

diffuse distribution of the nodal/paranodal/juxtaparanodal ion channels and 

molecules, whereas aggregation of these molecules is necessary in the process of 

remyelination to restore nerve conduction and possibly prevent or lessen 

secondary axonal degeneration 229,464,465. Oppositely, neurofascin-specific (a nodal 

protein) antibodies, detected in the serum of MS patients, exacerbated the clinical 

course of MOG-induced EAE by causing axonal injury without demyelination nor 
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enhanced CNS-inflammation 466. Moreover, elongated and disorganised paranodes 

on myelinated axons at the border of chronic lesions, could contribute to axonal 

degeneration and impend further myelin loss 467. Remarkably, the extent of 

paranodal axoglial disruption was found to be correlated with the local degree of 

microglial inflammation and axonal injury in MS normal appearing white matter, 

but was independent of demyelinating lesions and of infiltrating lymphocytes. 

Moreover, paranodal alteration persisted along microglial inflammation in chronic 

EAE 468. On the contrary, while remyelinated lesions could still present with signs of 

inflammation, acute axonal injury was significantly less pronounced 229 

Secondly, OLs are, myelin-independently, a major trophic (prostaglandin D) and 

metabolic (lactate and ATP, required for membrane repolarization and axonal 

transport of organelles and vesicles) support to the adjacent axon, ensuring 

mitochondrial function and transport within the axon 469. To illustrate this, Mbp null 

mice are severely dysmyelinated with functional axons whereas Plp null mice are 

fully myelinated with extended axonal degeneration 469–472. Moreover, peroxisome-

deficiency in OLs resulted in axonal degeneration, progressive subcortical 

demyelination and generated a proinflammatory milieu attracting CD8+ T and B 

cells 473.  

In a noteworthy study, spatial transcriptomics and high-sensitivity proteomics 

performed on cortical brain tissues of SPMS patients vs controls identified a 

pseudotemporal pattern of early grey matter neurodegeneration despite active 

myelination pathways, mainly driven by local failure of trophic and anti-

inflammatory cellular interactions, that were correlated with both immune-related 

and CNS-related groups of genes whereas pro-inflammatory interactions appeared 

more ambiguous and were narrowly linked to immune-related components. 

Remarkably trophic interactions were already reduced in intact grey matter of MS 

patients as compared to controls but further reduced in degenerating MS grey 

matter 474. 

The current DMTs mechanistically target and lessen the neuroinflammatory events, 

although mostly without directly affecting CNS resident immune cells, but still fail 

to control neurodegeneration, which remains the major burden of disease 

progression we are still not able to modulate in patients’ disease management 
134,475–478. While trophic failure appears to strongly underlie neurodegeneration, 

OPCs/OLs could still prove to be an indirect counteractant, both by the newly 
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formed myelin protecting physically the axonal integrity, and by the trophic support 

of OLs. This remains so far an unmet need in the current therapeutic strategies. 

Thus, exploring inflammation, demyelination and neurodegeneration could help 

further understand their concomitant and joint involvement in MS pathogenesis as 

well as unravel the primary and secondary mechanisms to their self-maintenance 

and mutual interaction 22,23,440. 

 

 

II. Oligodendrocyte progenitor cells and oligodendrocytes 

i. Physiology 

Oligodendrocytes, first described as neuroglia in the nineteenth century by Rudolf 

Virchow (1856), Otto Deiters (1865) and Camillo Golgi (1886), were initially 

considered as connective tissue, or nerve glue, in between neurons 479–482. Since 

their first description, the appreciation of their functional importance has been 

largely upgraded. Next to myelinating axons in the CNS, thereby ensuring their 

insulation for rapid and efficient saltatory conduction of the action potential, they 

grant a trophic and metabolic support (by lactate supply) to the axons sustaining 

their integrity 219,220,483.  

Myelination is a dynamically active process in the first two decades of life and 

neocortical myelination is protracted beyond late adolescence 396,484,485. OPCs are 

equally distributed in the CNS, although more abundant in the white than in the 

grey matter in the adult brain. Throughout adult life, OPCs can differentiate in 

mature OLs to replace lost OLs and renew myelin sheaths 397,399. 

 

OPC/OL development 

Neurons, OLs and astrocytes sequentially arise from multipotent neuroepithelial 

progenitor cells in neurogenic niches in the developing and adult CNS by a tightly 

orchestrated epigenetic programme of transcriptional control 486,487. In the 

developing forebrain/prosencephalon, OPCs are generated in 3 sequential waves, 

first ventrally in the medial ganglionic eminence and anterior entopeduncular area, 
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of which most OPCs do not survive, secondly in the lateral and caudal ganglionic 

eminences, and thirdly within the postnatal cortex 488. OPCs develop similarly in 3 

waves in the spinal cord, although herein, ventral-derived OPCs predominate in the 

end 489,490. 

 

OPC fate determination 

After neurogenesis, neural progenitor cells are specified towards the 

oligodendroglial fate by extrinsic factors, namely Sonic hedgehog (Shh), along 

Notch signalling, or fibroblast growth factor (Fgf) 2, binding to Fgf receptor (Fgfr) 

1/2 (with downstream phosphorylation of extracellular signal-regulated protein 

kinase (Erk) 1/2 of mitogen-activated protein kinase (Mapk) signalling), 

antagonising bone morphogenetic protein (Bmp)/small mother’s against 

decapentaplegic homolog family member (Smad) and Wnt/beta-catenin signalling 
491–496. The spinal cord is impregnated by opposite gradients of ventrally expressed 

Shh and dorsally expressed Bmp, whereby Bmp at low concentration enhances 

astroglial lineage specification at the expense of OL lineage by favouring global 

histone acetylation 494,495,497. This results in the expression of transcription factors 

NK2 homeobox 2 (Nkx2.2) and Nkx6.1 collaborating with the basic helix-loop-helix 

(bHLH) oligodendrocyte transcription factor Olig2, key to OPC specification 498–501. 

Serine-147 phosphorylation of Olig2, resulting in its homodimerization, promotes 

the generation of motoneurons, while its dephosphorylation with resulting 

sequestration of proneural transcription factor neurogenin 2 (Neurog2/Ngn2) is 

necessary for OPC development 502. Olig2 can be compensated by the closely 

related Olig1, although Olig1 has a more important role in OL maturation 500. 

Moreover, Achaete-Scute family bHLH transcription factor 1 (Ascl1/Mash1) 

promotes OPC specification at the expense of neurons at early stages and at the 

expense of astrocytes at later stages by repressing proneural transcription factors 

distal-less homeobox 1/2 (Dlx1/2) 503–505. SRY box transcription factor 9 (Sox9) is key 

for initial glial specification as well, both OPCs and astrocytes, by inducing nuclear 

factor I/A (Nfia), a proglial/antineuronal transcription factor 506,507. Sox9 ablation in 

neural stem cells reduces astrocyte numbers, while OPCs will recover at later stages 

due to compensation by Sox8/10 (Sox10 is induced by Olig2), but the double 

ablation of Sox9/10 will further reduce their numbers 507. Oppositely, Sox9 ablation 

in established OPCs does not affect their further development, while double 
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Sox9/10 deletion results in the loss of platelet-derived growth factor receptor A 

(Pdgfra) expression in OPCs, displaying an increased apoptotic rate and a reduced 

migratory capacity 508. 

 

OPC proliferation and migration 

After glial cell fate decision, OPCs proliferate and migrate throughout the CNS, 

keeping the differentiation programme on hold. The two most important mitogens 

are Pdgf, binding to tyrosine kinase receptor Pdgfra, its only isoform expressed in 

OPCs, and Fgf2 binding to Fgfr, which can also act in synergy with Igf1. These 

mitogens induce downstream of these tyrosine kinase receptors ERK/MAPK and 

PI3K/Akt/mTOR signalling pathway and promote cell cycle transition by inducing 

cyclin D1 509–512. Furthermore, transcription factors inhibiting OPC differentiation, 

as Sox5, Sox6, Hes family bHLH transcription factor 5 (Hes5), inhibitor of DNA 

binding 2 (Id2), Id4, are upregulated in OPCs in response to extracellular signalling 

through the transmembrane protein, Leucine-rich repeat and immunoglobulin 

domain-containing 1 (Lingo1), G-protein-coupled receptor 17 (Gpr17), 

transmembrane glycoprotein receptor Notch1, and Wnt 487. The SoxD proteins, 

Sox5/6 interfere with the SoxE proteins (Sox9/10) 513. 

Lingo1, by binding in trans to its own ectodomain or by dimerizing with ErbB 

tyrosine kinase receptor family member 2 (Erbb2), activates small GTPase, Ras 

homolog family member A (RhoA) and represses Fyn tyrosine kinase, a negative 

regulator of RhoA signalling by inducing Rho GTPase activating protein 5 (Arhgap5). 

Thereby Lingo1 supports active, GTP-binding, RhoA that inhibits morphologic OPC 

differentiation 514–517. Gpr17 signalling is mediated by Id2/Id4, that bind and inhibit 

Olig1 518. Notch1 is cleaved by a gamma-secretase upon binding to axonally 

expressed jagged-1 and delta-1, which releases the notch intracellular domain 

(Nicd) that enters the nucleus, forms a complex with recombination signal binding 

protein for immunoglobulin kappa J region (Rbpj) and induces the expression of 

Hes1 and Hes5 519,520. Hes5 represses Ascl1 expression and competes with Sox10 

whereby the most abundant of both factors sequestrates its opponent 521–523. 

Oppositely, its non-canonical pathway launched by axonally expressed 

F3/contactin, a glycosyl phosphatidylinositol (GPI)-anchored neural cell adhesion 

molecule of the immunoglobulin superfamily, promotes OPC differentiation 
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through the distinctively cleaved Nicd binding to downstream Deltex1 which 

induces Mag expression 524. In the canonical, differentiation inhibiting, Wnt 

signalling pathway, upon binding of Wnt to the receptor Frizzled, beta-catenin 

moves to the nucleus where it recruits transcription factor 7 like 2 (Tcf7l2, also 

called Tcf4) to its target genes, delaying OPC differentiation 525–527. 

OPC migration is guided by proteins that are secreted (chemoattractant Pdgfaa, 

Fgf2, Cxcl12/Cxcr4, Sema3f vs. chemorepellent astrocytic Cxcl1/Cxcr2, Sema3a) or 

presented in the extracellular matrix (chemoattract fibronectin vs. chemorepellent 

tenascin C, anosmin 1) and on the surface of other cells (chemoattract 

polysialylated neuronal cell adhesion molecule (Psa-Ncam), claudin 11 – 

oligodendrocyte specific protein vs. chemorepellent membrane-bound Sema4d, 

Ephrins/Eph, N-cadherin) 489. Moreover, the OPCs mutually repel each other to 

ensure a homogenous distribution 528. 

 

OPC differentiation 

Once at destination, OPCs will stepwise pass through a transient stage of 

premyelinating OLs and then terminally differentiate into post-mitotic mature 

myelinating OLs in a controlled, timely scheduled manner (figure 0.4) 528. Tcf7l2, 

expressed at late OPC/premyelinating OL stage, acts as a molecular switch of OPC 

differentiation, as histone deacetylase complex 1/2 (Hdac1/2) disrupts it from beta-

catenin, when beta-catenin levels are low, by decreased Wnt signalling or by 

increased beta-catenin proteasomal degradation mediated by Sox17 529,530. 

Moreover to promote OPC differentiation and subsequent myelination, Tcf7l2 

interacts with zinc finger and BTB domain containing 33 (Zbtb33), which blocks 

beta-catenin, at differentiation onset, and recruits Sox10 during OL maturation 531. 

Ascl1, alongside Nkx2.2, and Olig2, both involved in OPC specification, also play an 

active role in OPC differentiation 503,532,533. Herein, Nkx2.2 binds to the promoter of 

Pdgfra to repress its expression 534. Although Nkx2.2 is required for OPC 

differentiation, it can inhibit Mbp expression and is thus transiently downregulated 

at the onset of myelination alongside re-expression of Nkx6.2 needed for the 

expression of paranodal molecules 535–537. Of note, the binding sites of Olig2, Sox10 

and myelin regulatory factor (Myrf) display a substantial overlap. Hereby, Olig2 

recruits chromatin-remodelling enzyme Smarca4 (SWI/SNF related, matrix 
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associated, actin dependent regulator of chromatin, subfamily A, member 4, also 

called Brg1) to regulatory regions of key differentiation genes, making them 

accessible to transcription factors Sox10 and Myrf, that act synergistically on a 

subset of myelin genes, but not for all 487,538–540. Remarkably, unlike the other 

transcription factors that are expressed throughout OPC/OL development, Myrf is 

specifically induced by Sox8/10 and Olig2/Smarca4 chromatin remodelling complex 

at the early stages of differentiation and is needed for both initiation and 

maintenance of myelination, by inducing many genes encoding cytoskeletal, 

(para)nodal, lipid metabolism and myelin proteins (Mbp, Plp) as well as other 

transcription factors (Smad7, Nkx6.2) and receptors (Fgfr2, Gpr37) 538. Smad7, 

induced by zinc finger E-box binding homeobox 2 (Zeb2) inhibits Bmp and 

Wnt/beta-catenin signalling 541. 

Although Olig1 is already expressed early in OPC development. Olig1 knockout does 

not affect OPCs but abrogates OL myelination resulting in axonal degeneration, 

hence highlighting its importance at the onset of myelination 542. Olig1 promotes 

Mbp transcription in synergy with Sox10 543. More strikingly, as OLs mature, the 

relocation of phosphorylated Olig1 to the cytosol is mandatory to promote 

membrane expansion 544. 

 

Myelination 

For the process of myelination itself (figure 0.4), immature OLs extend numerous 

cytoplasmic protrusions mediated by actin polymerization, called filipodia, that are 

enlarged by the invasion of microtubules to form lamellipodia, adopting a highly 

branched morphology enabling them to sense their environment searching for 

myelin-competent axons. These cytoskeletal changes are dynamically modulated 
545,546. Hereby, extracellular matrix proteins as laminin alpha 2 or fibronectin bind 

with alpha-6 beta-1 integrins. Hereafter, these integrins can associate at the inner 

leaflet with integrin-linked kinase (ILK) that can activate PI3K/Akt and is involved in 

the actin cytoskeleton assembly by complexing with parvin and LIM zinc finger 

domain containing 1 to recruit paxillin and protein tyrosine kinase (linking it to Fyn) 
547–549. Moreover, non-receptor tyrosine kinase Fyn, is also activated by these 

integrins, resulting in the dephosphorylation of an inhibitory site on Fyn. 
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Figure 0.4 OPC differentiation and myelination 

 

(A) OPCs differentiate into myelinating OLs and enwrap an axon (blue) at the inner tongue 

whereafter the myelin is compacted. (B) OPC differentiation can be staged by the expression 

of distinctive genes ((late) OPC markers (purple), premyelinating OL markers (yellow), 

myelinating OL markers (red), overall markers (blue)). A2B5, O4 and O1 are not themselves 

expressed by OPCs/OLs but recognise surface proteins and are typically used in 

immunocytochemistry. Of note, markers do not switch abruptly but progressively overlap at 

stage transition. (C) This figure shows the structure of compacted myelin with key myelin 

proteins (Cnp, Mbp and Plp) and the distribution of cholesterol, phospholipids 

(phosphatidylcholine in the outer leaflet, plasmalogens and other phospholipids in the inner 

leaflet), and sphingolipids (galactocerebrosides and sphingomyelin in the outer leaflet). 

Myelin compaction by zippering via Mbp results in the apposition of the inner/cytoplasmic 

and outer/extracellular membrane leaflets (corresponding respectively to the major-dense 

lines, and intraperiod lines in electron microscopy). Cnp hinders myelin compaction and 

forms cytoplasmic channels for molecule transport. Adapted from Jackman et al (2009), 

Kister and Kister (2023), Poitelon et al (2020)550–552 and from the master thesis of Pauline 

Pauss. Created in BioRender.com. OPC = oligodendrocyte progenitor cell, OL = 

oligodendrocyte. 
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Activated Fyn induces ERK signalling pathway and acts on several small GTPases of 

the Rho subfamily by the inhibition of RhoA, through phosphorylation of Arhgap5, 

and by the activation of cell division cycle 42 (Cdc42) and Rac family small GTPase 

1 (Rac1), through phosphorylation of protein tyrosine kinase 2 (Ptk2) 515,553,554. By 

activating downstream Rho associated coiled-coil containing protein kinase (Rock), 

active GTP-binding RhoA favours the formation and contraction of stress fibres, 

that inhibit both process expansion and differentiation in OPCs. This negative effect 

is further abided by phosphorylated myosin II, also acting as an actin-

depolymerizing agent, enhanced by Rock 545,555,556. Moreover, morphological 

deficits in Ilk-deficient OLs was caused by increased RhoA activity 549. The synergistic 

contribution of Cdc42 and Rac1 to myelination requires tight regulation of their 

expression as both Cdc42 and Rac1 knockout result in an abnormal accumulation 

of cytoplasm at the inner tongue of OL processes and outfolding of myelin 557. Cdc42 

and Rac1 can bind to and activate p21 activated kinase (Pak), an actin regulator, by 

inducing a conformational change and the autophosphorylation of Pak 558–560. Pak1, 

a member of the group 1 PAKs that is particularly enriched in OL, promotes 

morphologic changes in OL and myelination 561,562 Furthermore, Cdc42 activates 

neural Wiskott-Aldrich syndrome protein (WASP) like actin nucleation promoting 

factor (Wasl, also known as Nwasp), involved in the formation of filipodia, while 

Rac1 activates WASP family member 1 (Wasf1, also known as Wave1), involved in 

the formation of lamellipodia 563,564. Both Wasl and Wasf1 act on actin 

polymerization within the cell processes and are necessary for myelin 

ensheathment 565–567. There is possibly an additional link between the pathways 

downstream Ilk and Fyn as Ilk and paxillin potentially regulate Wasl and Wasf, but 

this remains to be explored in OLs 545,549,568. 

 

ii. Myelin and nodes – ultrastructure and function 

Differently from the Schwann cells, that only myelinate a segment of a single axon 

in the peripheral nervous system, OLs extend flattened membrane processes to 40-

60 axons to enwrap an internodal segment of each axon, thereby myelinating 

several axons to a different extent depending on their diameter, and enhancing its 

surface up to 2 mm² 551,569. Myelin sheaths are thus the extension of the OL cell 

membrane that is however remarkably different from a typical cell membrane 

(figure 0.4). Myelin has a low water content versus a high proportion of lipids (70-
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85% of its dry weight), and a low proportion of proteins (15-30%), contrarily to the 

50/50 lipid/protein-ratio in a typical cell membrane. Although no lipids are uniquely 

specific to myelin, the composition of the major lipid components is unique to 

myelin, consisting of 40% cholesterol, 40% phospholipids (mainly ethanolamine 

plasmalogens and phosphatidylcholines) and 20% glycosphingolipids (particularly 

galactocerebroside and galactosulfatide) (versus 25%/65%/10% in a typical cell 

membrane). Phospholipids are more abundant in the inner and glycolipids in the 

outer layer of the membrane. This highly hydrophobic, poorly permeable, 

insulating bilayer membrane has thus a high proportion of saturated, long-chain 

fatty acids, to ensure its tight packing 552,570–573. Myelin lipid biosynthesis is finely 

modulated at the level of the enzymes involved in their metabolism 574. Moreover, 

astrocytes are an important cholesterol supplier 371. Myelin-associated proteins are 

also very specific and strongly contribute to the ultrastructure and function of the 

myelin sheath 575. Proteolipid protein (PLP), a transmembrane protein and the most 

abundant myelin protein of the CNS with 38% of its total protein mass, fixes the 

apposition of the outer leaflets by its hydrophilic extracellular domain 576,577. PLP1 

gene gives 2 isoforms by alternative splicing, the shorter, less abundant but 

functional DM20 (25kDa) and the longer PLP (30kDa) 577–579. PLP safeguards myelin 

and axonal integrity 578. Duplication and missense mutations in the PLP1 gene, 

causing Pelizaeus-Merzbacher disease, result in OL cell death due to the toxicity of 

accumulated mutated PLP, myelin swelling and abnormal folding, and 

hypomyelination of the cerebral and cerebellar white matter 580–583. Contrarily, PLP 

null mutations are associated with noticeably less myelin loss and large areas with 

normal myelination, but with more axonal swelling and degeneration, which is also 

observed in PLP knockout mice 470,584. Myelin basic protein (MBP), the second most 

abundant protein of the CNS (30%) existing as different isoforms by alternative 

splicing and different isomers by posttranslational modifications, is a positively 

charged intracellular protein bridging by electrostatic forces two apposing 

negatively charged cytoplasmic leaflets of the myelin sheath, indispensable for its 

compaction 576,585–590. Mbp is also involved in cytoskeletal turnover, calcium 

homeostasis, membrane expansion and Fyn-mediated signalling 589. Remarkably, 

while the average cholesterol content of myelin is 40%, it has been measured that 

a cholesterol content of 44% is thermodynamically the most optimal for MBP 

interaction 552,591. Moreover, after transcription, MBP mRNA binds to 

heterogeneous nuclear ribonucleoproteins (e.g. hnRNPA2, hnRNPF) and is 
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transported in granules to the distal end of membrane processes where hnRNPA2 

is phosphorylated by activated Fyn kinase upon which MBP mRNA is released, and 

locally translated by free polysomes to be directly incorporated into the myelin 

sheath 592–595. Myelin oligodendrocyte basic protein (MOBP) is quite similar to MBP. 

It is dispensable for myelin compaction but reinforces the apposition of the 

cytoplasmic leaflets. Moreover, it increases the expansion of the membrane 

processes. It is also transported in granules bound to hnRNPA2 and translated close 

to the cell membrane upon Fyn activation 596,597. Other proteins are quantitatively 

minor. 2',3'-cyclic nucleotide 3' phosphodiesterase (CNP) associates with the actin 

cytoskeleton forming struts to oppose MBP-mediated membrane zippering and 

form cytoplasmic channels to allow the transportation of molecules 598. Myelin-

associated glycoprotein (MAG), a transmembrane protein, member of the 

immunoglobulin superfamily, with a heavily glycosylated extracellular part, is 

located in the periaxonal myelin membrane, where it interacts with neuronal 

gangliosides establishing the axon-myelin spacing 599–601. MAG can induce signalling 

through Fyn tyrosine kinase in OLs and is thereby involved in myelination 602,603. 

MAG can also bind to the Ngr1-Lingo1-Troy/p75 complex on axons inhibiting axonal 

outgrowth by activating downstream RhoA signalling 461. MAG further contributes 

to the maturation of the axonal cytoskeleton by inducing the phosphorylation of 

neurofilaments and microtubule associated proteins through cyclin dependent 

kinase 5 (CDK5) and ERK1/2 activation 604. 

Myelin ensheathment occurs in a bidirectional movement allowing its radial and 

longitudinal growth. First, the flattened membrane extension wraps spirally around 

the axon, whereby the newly formed myelin membrane is added at the inner 

tongue, crawling underneath the previously deposited membrane thanks to 

dynamic actin remodelling 605,606. After a few wraps, myelin compaction, driven by 

the electrostatic interaction and folding of MBP with two adjacent cytoplasmic 

leaflets of the myelin bilayer membrane, progresses from the outermost layer on 

inwards 585,588,606. Electron microscopy shows this multilayered periodic structure of 

alternating major-dense lines, representing the condensed cytoplasmic surfaces, 

and intraperiod lines, corresponding to the tightly apposed outer membranes, with 

a periodicity of approximately 12 nm 588. 

Myelin also grows at the lateral edges longitudinally towards the future node 606,607. 

When it is close to the growing myelin sheath of the opposite internode, up to 40 
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terminal loops of the myelin sheath are anchored to the axon by the paranodal 

proteins (contactin-associated protein Caspr and contactin-1 at the axonal side, 

neurofascin at the glial side, bound to the cytoskeleton), forming the axon-glial 

junction 463,608–611. Except of the very narrow junctional gaps for diffusion of 

nutrients and metabolites, this paranodal barrier (4 µm) tightly separates clusters 

of sodium channels and other proteins of the node (1 µm) from the potassium 

channels in the juxtaparanode segment (10-15 µm), preventing any current 

leakage, as high potassium levels cause repetitive depolarization and lead to 

conduction block by inactivation of the sodium channels 370,569,612–614. Moreover, 

myelin also ensures potassium siphoning as gap junctions, composed of connexins, 

connect the periaxonal space to the inner myelin sheath and further at the outer 

layer to a network of interconnected glial cells. Astrocytes are further connected to 

ependymal cells and to the pericapillary and subpial space, forming thus the 

panglial syncytium (between oligodendrocytes/astrocytes/ependymal cells) 

allowing an osmotic and ionic homeostatic regulation of the periaxonal space 370,615–

618. 

The myelin sheaths effectively insulate the internode region of the axon, but also 

separate it from the extracellular nutrient-rich environment. Therefore, axons are 

metabolically supported by OLs 619,620. OLs sense their metabolic needs through N-

methyl-D-aspartate (NMDA) receptors at the inter/paranodal membrane and 

produce lactate by glycolysis which they transfer to axons through the solute carrier 

family 16 member 1 (Slc16a1, also known as monocarboxylate transporter 1 

(Mct1)) at the adaxonal membrane 621,622. Hereby, cytoplasmic channels, formed by 

CNP, connect the OL cell body to the innermost myelin layer allowing molecule and 

organelle transport in between the surrounding compacted myelin 598,623. 

Remarkably, OL-specific Slc16a1/Mct1-deletion in mice causes axonal degeneration 

with normal myelination 621.  

 

iii. Key signalling pathways 

Several signalling pathways are concomitantly or successively involved in OPC 

proliferation and/or differentiation (figure 0.5). 
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Wnt/beta-catenin signalling pathway 

In the canonical Wnt/beta-catenin signalling pathway, an extracellular Wnt family 

member binds to a seven-transmembrane domain frizzled receptor and a single-

transmembrane domain coreceptor, the low density lipoprotein receptor related 

protein (LRP5/6). LRP5/6 is thereby phosphorylated and recruits axin, which is 

mediated by a cytoplasmic signalling molecule, dishevelled segment polarity 

protein (DVL). This results in the dissociation of the intracellular beta-catenin 

destruction complex, formed by axin, adenomatous polyposis coli (APC), glycogen 

synthase kinase 3b (GSK3B), and casein kinase 1 (CK1) and responsible for the 

proteasome-mediated degradation of beta-catenin. Beta-catenin, that has no DNA 

binding site, can then translocate to the nucleus and interact with one of the four 

transcription factors of the TCF/LEF family (TCF7, TCF7L1, TCF7L2, lymphoid 

enhancer binding factor 1 (LEF1), of which TCF7L2 is specific to OLs). Canonical Wnt 

signalling mediates cell fate via its target genes that are cell type and 

developmental stage specific 624,625. Id2, an inhibitor of OPC differentiation, is 

induced by Wnt/beta-catenin/Tcf7l2 626. 

The role of the canonical Wnt/beta-catenin pathway in OPCs during development 

is still not completely understood. Some controversies remain from the different 

experimental models as they do not exclude involvement of parallel pathways 625. 

Overall, forced Wnt/beta-catenin activation can both inhibit OPC generation and 

promote postnatal/adult OPC generation/proliferation from the 

subventricular/subependymal zone. Therefore endogenous Wnt/beta-catenin 

activity might rather modulate the timing of OPC specification from embryonic 

neuronal progenitor cells depending on the microenvironment 625,627–629. Tcf7l2 is 

not expressed in adult normal white matter, but the Wnt/beta-catenin signalling 

pathway is (re)activated during developmental myelination and remyelination. 

Herein, low levels of Wnt/beta-catenin/Tcf7l2 promote the transition from OPCs to 

immature OLs, whereas a forced activation of Wnt/beta-catenin/Tcf7l2 delays OPC 

differentiation and myelination with however progressive partial normalisation 

into adult life, without affecting OPC proliferation, apoptosis or adoption of another 

cell fate 525,526,530,628,630. The same was evidenced during remyelination with 

constitutively active Wnt/beta-catenin signalling in mice models of demyelination 
525. Unexpectedly, Tcf7l2 knockdown in mice is lethal soon after birth and marked 

by a decreased expression of myelin gene 631,632. Tcf7l2 is mainly expressed in CNP+ 
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premyelinating (pre-)OLs and promotes timely OL maturation by a two-modal 

action, wherein beta-catenin/Tcf7l2 complex inhibits OPC differentiation (as a 

transcriptional activator), but when beta-catenin levels are low, Tcf7l2 is caught by 

Hdac1/2 and promotes OPC differentiation (as a transcriptional repressor) 530,631. 

Tcf7l2 can also bind to the regulatory element of Bmp4, thereby repressing it and 

allowing OPC differentiation and remyelination as Bmp4 opposes this by inducing 

its target genes, such as Id2/4 via phosphorylation of Smad1/5 633,634. Interestingly, 

TCF7L2, undetectable in normal adult white matter, is expressed in early but not in 

chronic MS lesions. While one study colocalised it with Olig2 within active lesions, 

another found it aside Nogoa at the periplaque white matter and in remyelinating 

areas, rather than in demyelinating/demyelinated lesions. Whether it hereby 

promotes or affects remyelination remains to be determined 525,635.  

In the noncanonical Wnt signalling pathway, Wnt still binds to a frizzled receptor 

and phosphorylates DVL, but it does not involve downstream beta-catenin nor its 

degradation complex. Hereby, it can increase intracellular calcium which leads to 

the activation of calcium/calmodulin-dependent kinase and protein kinase C, or 

induce a planar cell polarity pathway involving small GTPases or c-Jun N-terminal 

kinase to modulate the cytoskeleton 636. Noncanonical Wnt signalling seems to 

prompt neurodegeneration by microglial induction in neurons but has not been 

investigated directly in OPCs/OLs 637. 

 

Mitogen-activated protein kinases signalling pathways 

Mitogen-activated protein kinases (MAPK) are one of the components of a three-

kinase cascade, activated by subsequent phosphorylation events starting from 

MAPKKKs to MAPKKs (MAP2K) and finally MAPKs, downstream a wide range of 

receptors (receptor tyrosine kinases (RTKs), G-protein coupled receptors (GPRs), 

cytokine receptors etc). There are three major families of MAPKs with multiple 

partners underlying the cell- and context-dependent diversity of actions. The effect 

of MAPKs results from their phosphorylation of downstream cellular and nuclear 

targets, directly or via MAPK-activated protein kinases (MAPKAPKs, consisting of 

ribosomal S6 kinases (RSKs), mitogen- and stress-activated kinases (MSKs), MAPK-

interacting kinases (MNKs), MAPKAPK2/3) 638. 
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(1) The mainly stress-induced c-Jun N-terminal kinase (JNK) is encoded by 3 genes, 

with each existing as multiple isoforms by alternative splicing, influencing their 

substrate specificity, JNK1 or MAPK8 and JNK2/MAPK9, ubiquitously expressed, 

and JNK3/MAPK10, only expressed in the brain, heart, and testis. JNK is activated 

by MAP2K4/7 638,639. Moreover, Ras can induce the activation of Jnk in a Raf/Erk-

independent pathway, possibly via Ras p21 protein activator 1 (Rasa1) 640. Among 

many others, the key downstream substrates of JNK are the transcription factors 

JUN proto-oncogene (mainly JUN/c-JUN but also JUNB, JUND) and FOS proto-

oncogene (FOS, FOSB, FOS like (FOSL) 1, and FOSL2) that dimerize to form the active 

activator protein 1 (AP1) complex. JNK signalling pathway is involved in the 

regulation of cell proliferation, differentiation, survival and apoptosis 638,639,641. 

In vitro proliferation of OPCs promoted by the conditioned medium of B104 

neuroblastoma cells, containing both Pdgfaa and basic Fgf depends on the 

phosphorylation of Jnk (as well as Erk1/2) and the expression of downstream c-Jun, 

c-Fos and c-Myc 642,643. Jnk1 knockout mice are postnatally marked by 

hypomyelination resulting from the impaired morphological maturation of OPCs 

exhibiting a reduced branching morphology. These OPCs are however highly 

proliferative and do not fail to differentiate into Mbp-expressing OLs 644. On the 

contrary, phosphorylated c-Jun was found to downregulate Mbp and Cnp 

expression in a Sox10-independent manner by binding at a AP1-like site at Mbp 

promoter only after inhibition of p38MAPK activity 645,646. This binding was however 

lost when the cells differentiated as Sox10 can interact with and sequestrate c-Jun 

to attenuate AP1 activity 646,647. Moreover, Jnk1 maintains the cytoskeletal integrity 

by regulating microtubule dynamics through phosphorylation of microtubule 

associated protein 1b (Map1b) as evidenced in neuronal cells and Map1b is 

expressed in myelinating OLs 648,649. However, Jnk, rather Jnk3, also transduces the 

signalling for oligodendroglial apoptosis 650,651. In Schwann cells, c-Jun blocks 

myelination and promotes their dedifferentiation 652,653. 

 

(2) The extracellular signal-regulated kinases (ERK) ERK1/MAPK3 and ERK2/MAPK1, 

are phosphorylated by MAP2K1/2, themselves activated by MAP3Ks, mainly of the 

Raf family, and upstream MAP4K such as Ras signal transduction proteins. Their 

extracellular signals can be of many types, as growth factors, transforming growth 

factors, neurotrophic factors, cytokines, cell stressors etc, and bind to receptors as 
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RTK, GPR, that transduce the signal to the ERK/MAPK signalling pathway through 

adapter proteins as growth factor receptor-bound protein 2 (GRB2), Src homology 

2 domain containing transforming proteins (SHC), and SOS Ras/Rac guanine 

nucleotide exchange factor. c-Fos and c-Myc are downstream targets of ERK1/2, 

among others 638,654. 

Although in vitro inhibition of Erk1/2 potentiated AMPA-induced excitotoxicity, in 

vivo data point towards a negligible role of Erk1/2 in OL survival 655–657. 

Nevertheless, Erk1/2 plays a temporally specific role in OPC proliferation, 

promoting it in the earliest stages (evidenced by Olig1/2-Cre driven genetic 

manipulation) while being dispensable in later stages (evidenced by Ng2-Cre drivers 

or in O4+-OPCs) 656–659. In vitro proliferation of OPCs promoted by the conditioned 

medium of B104 neuroblastoma cells depends on the phosphorylation of Erk1/2 (as 

well as Jnk) resulting in the expression of c-Jun, c-Fos, Id2 and cyclins D1, D2, E 
642,643. The involvement of ERK/MAPK signalling in OPC differentiation (based on 

O4/O1/Galc staining or Plp expression) is still debated 654,656,657,659–661,661. Erk1/2 was 

suggested to promote the transition from early to late progenitors and immature 

OLs but to be dispensable thereafter 660,661. On the contrary OL-specific ablation or 

constitutive activation of Erk1/2 signalling in vivo did not affect Plp expression and 

thus OPC differentiation 656,657. Notably, Erk1/2 activation temporally coincides with 

active myelination. Hereby, in vivo and in vitro constitutively active Map2k1 

increases while Erk1/2 knockout decreases myelination (based on Mbp expression) 

and myelin thickness (based on electron microscopy) without affecting numbers of 

OL and of myelinated axons 656,657,659,660. The loss of Erk2 is more critical and is only 

partially compensated by Erk1 660. ERK/MAPK signalling is on longer terms needed 

to ensure myelin maintenance and axonal integrity 662. Its sustained activity fastens 

myelin repair and increases myelin thickness in lysolecithin lesions 663. On the 

contrary, in vitro pharmacological inhibition of MAP2K/ERK pathway in neuronal 

progenitor cell-derived OPCs enhanced OPC differentiation and myelination. In 

vivo, it reduced EAE severity and accelerated remyelination after cuprizone 

withdrawal 664. 

Brain-derived neurotrophic factor, by binding to the neurotrophic receptor tyrosine 

kinase 2 (Ntrk2), induces non-receptor tyrosine kinase Fyn, that then 

phosphorylates Ras and launches the ERK cascade, promoting myelination 665. Fyn 

can also be activated by extracellular matrix proteins that interact with 



INTRODUCTION 

49 

transmembrane beta-1 integrins. It is further involved in cytoskeletal dynamics, 

OPC differentiation and myelination by modulating small GTPase activity of RhoA, 

Rac1 and Cdc42, but also by regulating Mbp translation in membrane processes 

through hnRNPA2/F (as largely detailed in Introduction II.i.) 515,553,555,557,594,595.  

 

(3) p38MAPKs consist of p38MAPK alpha and beta, both ubiquitously expressed, 

gamma and delta, respectively MAPK14/11/12/13. p38MAPK is mainly stress-

induced and is activated by MAP2K3/6. It can be activated upstream through Rac1 

and Cdc42 that bind to and activate group I PAKS (PAK1/2/3). It is also involved in 

cell growth, differentiation, apoptosis, and inflammation 638,666. 

p38MAPK induces the transition from OPCs to pre-OL and further as well as the 

initial establishment of axonal contact necessary for myelination, marked by an 

early increase of phosphorylated MAPKAPK2 and an upregulation of differentiation 

and myelin genes (Cnp, Mbp, Plp, Mag). 645,667–669. Hereby, it promotes Sox10 DNA-

binding activity to Mbp, without changing its transcriptional levels 645. The inhibition 

of p38MAPK pathway is remarkably most effective early after mitogen withdrawal, 

thereby emphasising its role in the transition to pre-OL. p38MAPK inhibition 

decreases their morphological differentiation, overall without affecting OPC 

proliferation or survival, although a decrease in proliferation capacity has been 

described as well 645,668,669. p38MAPK antagonises ERK, Jnk and c-Jun 

phosphorylation and vice versa, Jnk and Erk mediate p38MAPK inhibition, 

suggesting that this reciprocal relationship could tightly coordinate OPC 

differentiation 645. Hereby p38MAPK may block Ras-induced Jnk activation via 

Mapkapk2 and block Erk activation by inducing dual specificity phosphatase 6 

(DUSP6) 645,670,671. Moreover, c-Jun inhibits Mbp expression by binding to an AP1-

like site in its promoter, but this is only possible after inhibition of p38MAPK activity 
645,646.  

 

PI3K/AKT/mTOR signalling pathway 

In the PI3K/Akt/mTOR pathway, phosphatidylinositol-4,5-bisphosphate 3-kinase 

(PI3K), induced upon binding of a growth factor to a RTK, phosphorylates 

phosphatidylinositol-4,5-biphosphate (PIP2) into phosphatidylinositol-3,4,5-
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triphosphate (PIP3). Hereby, AKT serine/threonine kinase (AKT, also known as 

protein kinase B) and 3-phosphoinositide dependent protein kinase 1 (PDPK1) are 

recruited to the cell membrane, allowing PDPK1 to partially phosphorylate AKT. AKT 

phosphorylates and inhibits tuberous sclerosis complex, subunit 1 and 2 (TSC1/2), 

GTPase-activating proteins, which releases Ras homologue enriched in brain 

(RHEB). RHEB activates mTOR complex 1 (mTORC1), formed by mammalian target 

of rapamycin kinase (mTOR) and regulatory associated protein of mTORC1 (RPTOR), 

that phosphorylates its downstream targets ribosomal protein S6 kinase B1 

(RPS6KB1, an inducer of translation through phosphorylation of RPS6 and EIF4B), 

and eukaryotic translation initiation factor 4E binding protein 1 (EIF4EBP1, a 

repressor of translation by binding EIF4E that is released upon its phosphorylation). 

Contrariwise, mTORC2, formed by mTOR and RPTOR independent companion of 

mTORC2 (RICTOR), is directly activated downstream PI3K and TSC1/2 in a RHEB-

independent manner. mTORC2 reinforces the pathway by phosphorylating AKT 
672,673. 

mTOR signalling is determinant for the differentiation from immature to mature 

OLs 661,674. PI3K/Akt/mTOR signalling pathway is further involved in lipid biogenesis, 

initiation of myelination, and myelin thickness 675. Forced activation of the pathway, 

by knockout of phosphatase and tensin homolog (Pten), a negative regulator of 

PI3K, or constitutively activated Akt, resulted in hypermyelination 676–678. Similarly, 

mTOR inactivation, by rapamycin (pharmacologically), by mTOR knockout, and 

more specifically by Rptor, rather than by Rictor knockout, decreased OPC 

differentiation (evidenced by reduction in Galc+ OLs) and myelination, indicating 

the prominent role of mTORC1 in CNS myelination, while none of these affected 

the total numbers of OPCs and OLs 674,679–681. Remarkably, these effects persist 

throughout life 676,681. PI3K/Akt/mTOR signalling pathway involves phosphorylation 

of Rps6kb1, Rps6 and Eif4ebp through mTORC1 and of Akt through mTORC2 
674,678,679,682. Notably, Rptor knockout was not compensated by mTORC2 and Rictor 

knockout reduced mTORC1 signalling 679. The pathway induces the expression of 

myelin protein genes (Cnp, Mbp, Plp, and possibly to a lesser extent Mag and Mog), 

genes related to lipid biosynthesis, both cholesterol (sterol regulatory element 

binding protein 2 (Srebp2), 3-hydroxy-3-methylglutaryl-coenzyme A reductase 

(Hmgcr) and isopentenyl-diphosphate delta isomerase 1 (Idi1)) and fatty acid 

synthesis (fatty acid synthase (Fasn) and stearoyl-CoA desaturase-1 (Scd1) levels, 

two targets of Srebp1 that was itself not affected) 679–681,683. Rapamycin treatment 
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further decreased cytoskeletal proteins and factors (sirtuin 2 (Sirt2), modulating 

microtubule stability) and positive mediators of OPC differentiation (Fyn and 

quaking I (QKI6/7)), while it elevated a negative regulator, G-protein coupled 

receptor 17 (Gpr17), mRNA processing factors and carrier proteins 683. 

 

Crosstalk 

The Erbb tyrosine kinase receptor family has four members, Erbb1 or epidermal 

growth factor receptor (EGFR), and Erbb2/3/4 that are activated upon homo- or 

heterodimerization with another family member, and thereby involved in OPC 

specification, proliferation, survival and differentiation as well as myelination, 

depending on their ligand, their dimerization partner and the downstream pathway 

induced 684,685. Homodimers of Erbb1/1-2/2-4/4 as well as heterodimers of Erbb1/2-

2/3-2/4 can induce the Ras/Raf/MAP2K/ERK cascade through adapters as Shc, 

Grb2, Sos. Erbb1/1 and Erbb1/2 can further induce Jnk and p38MAPK pathways, as 

well as Src family tyrosine kinase/PTK2. Finally Erbb2/3 and 2/4, through binding of 

a neuregulin, induce the PI3K/Akt/mTOR signalling pathway 685. Hereby Erbb1 and 

Errb2 are expressed in immature astrocytes and OPCs during their development 

whereas, Erbb1 inhibition promotes Mbp expression and OPC differentiation 686,687. 

Moreover, axonal neuregulin 1 (NRG1) modulates OPC differentiation and/or 

myelin thickness via Erbb2, Erbb3 and/or Erbb4. Erbb3 colocalises with Cnp 686,688–

690. However, sustained Erbb activation induced apoptosis in OPCs and newly 

formed OLs leading to non-inflammatory hypomyelination whereas it caused 

necroptosis in mature OLs resulting in hypermyelination followed by inflammatory 

demyelination 691. 

Regarding OPC proliferation, Pdgf and Fgf2 are two major mitogens, whereby Pdgf 

delays the differentiation from early to late progenitors and Fgf2 hinders late 

progenitors to enter terminal differentiation 509,692. Likewise, Pdgfra heterozygote 

knockout reduces OPC proliferation and OL regeneration in cuprizone-fed mice, 

while Fgf2 knockout mice had more differentiated OLs. Therefore, the combination 

of both rescued impaired OL regeneration and thus restored lesion repopulation 

after cuprizone feeding 511. Their mitogenic effect within OPCs are mediated by ERK, 

p38MAPK and mTOR signalling 509,693. Fgf2 further acts synergistically with Igf1, 

whereby Fgf2 enhances via Erk signalling cyclin D1 (Ccnd1) expression to promote 
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cell cycle transition, and Igf1 phosphorylates and inactivates Gsk3b via PI3K/Akt 

which reduces the proteasomal degradation of Ccnd1 and increases the abundance 

of beta-catenin 510,694,695. Pdgf can also induce Ccnd1 by transducing its signal 

through PI3K/Akt/Gsk3b or through Map2k1-2/Erk/Lrp6, a coreceptor of Wnt 

ligands), and is thereby linked to activation of Wnt/beta-catenin signalling 529. Pdgfa 

is further involved in OPC migration, partly in combination with the extracellular 

matrix protein fibronectin, by the phosphorylation of Erk1/2 that then interacts 

with PTK2 (also known as focal adhesion kinase) and paxillin resulting in actin 

reorganization allowing OPC migration 696,697. Pdgfaa is involved in OPC migration 

by stimulating, via Fyn, cyclin dependent kinase 5 (Cdk5) activity, that 

phosphorylates Wasp2 698. Notably, Cdk5 inhibition/ablation reduced OPC 

differentiation and myelination and also delayed myelin repair in lysolecithin 

lesions, by reducing Akt pathway while enhancing Gsk3b pathway 699,700.  

Erk and PI3K/AKT/mTOR have been suggested to act sequentially on OPC 

differentiation, wherein Erk signalling is required for the transition from early to 

late progenitors whereas mTOR signalling promotes the differentiation from 

immature to mature OLs 661. However, Rptor knockout was accompanied by an 

increase in Erk phosphorylation, although this was not evidenced elsewhere 679,680. 

Therefore, it appears that both pathways converge unidirectionally at two crossing 

points, insulin receptor substrate 1 (Irs1) and Rps6kb1. The inhibition of Erk had 

little impact on PI3K/Akt/mTOR. Oppositely, by the inhibition of mTOR, the less 

active/phosphorylated Rps6 reduced its negative feedback on Irs1, an upstream 

regulator common to both pathways, whereas Irs1 could then induce the 

Ras/Raf/Map2k/Erk pathway 701. Herein, Igf1 binds to Igf1 receptor which 

phosphorylates Irs1/2 and hereby, Igf1 induces both PI3K/Akt/mTOR, and 

downstream Rps6 and Eif4ebp, as well as Erk signalling pathway 702,703. Secondly, 

Erk2 knockout was found to decrease the activation/phosphorylation of Rps6kb1, 

a downstream target of mTORC1 as well, resulting in reduced Rps6 phosphorylation 

and Mbp translation (without affecting its transcription) while mTOR expression 

and activation was unaffected. The timing of myelination is thus tightly controlled, 

as Mbp translation is induced upon a critical threshold of Rps6kb1 activity, 

coordinated by both pathways 704. Moreover, the differentiation of OPCs, cultured 

in vitro without mitogens, was arrested at an early progenitor stage when inhibiting 

p38MAPK, but at a later stage when inhibiting ERK or mTOR signalling 509.  
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Interestingly, OL-specific Pten ablation increases myelin thickness with no change 

in OL numbers in a mTOR-dependent manner, while OPC-specific Pten ablation 

resulted in enhanced myelination and OL accumulation by increased OPC 

proliferation and differentiation to OL in a mTOR-independent manner. Herein, 

Pten inactivation promoted the inhibitory phosphorylation of Gsk3b by Akt in OPCs 
705. Inhibition of Gsk3b induces OPC proliferation and survival by increasing the 

nuclear translocation of beta-catenin. However, oppositely to the Wnt/beta-

catenin signalling pathway, the inhibition of Gsk3b can also support myelination by 

stimulating Creb and by reducing Notch1 signalling 706. Moreover, ERK can 

phosphorylate and inhibit GSK3B, resulting in increased beta-catenin levels while 

inhibited GSK3B reduced RPS6KB1 phosphorylation, although this has not directly 

been evidenced in OPCs/OLs 707,708. Reduced Rps6kb1 can induce ERK signalling by 

reduced negative feedback on Irs1 701. 

 

Figure 0.5: Signalling pathways involved in OPC proliferation and differentiation 

 

 

Several pathways are involved in the (1) proliferation (blue) and/or (2) differentiation 

(orange) of OPCs. (1) Pdgfa and Fgf2 are two key growth factors to OPC proliferation via the 

expression of cyclin D1 (Ccnd1), a promoter of cell cycle transition. Fgf2 induces the 

Ras/Raf/ERK signalling pathway and acts synergistically with Igf1, whereby Igf1 
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phosphorylates and inactivates (i) Gsk3b via PI3K/Akt reducing the proteasomal 

degradation of Ccnd1 and beta-catenin. Pdgfa induces PI3K/Akt/Gsk3b signalling pathway 

as well as the phosphorylation of Lrp6, coreceptor of Frizzled in Wnt signalling, via 

Map2k1/2. The canonical Wnt signalling pathway inhibits the beta-catenin destruction 

complex (Gsk3b, APC, axin, Ck1), and thus increases beta-catenin levels whereby beta-

catenin complexes with Tcf7l2, a transcriptional activator, to promote OPC proliferation. 

Oppositely, Tcf7l2 can be caught by Hdac1/2 and will then promote OPC differentiation (as 

a transcriptional repressor). (2) OPC to OL differentiation can be conceptualised stepwise, 

whereby different signalling pathways are predominantly involved at each transition. ERK 

signalling pathway supports transition of OPCs to late progenitors and p38MAPK signalling 

pathway from late progenitors to premyelinating OLs, which are respectively inhibited by 

Pdgfa and Fgf2. PI3K/Akt/mTOR signalling pathway promotes the final differentiation to 

mature myelinating OLs. Finally, myelination and myelin thickness depend on Ras/Raf/ERK 

and PI3K/Akt/mTOR signalling pathways, which both act through downstream 

Rps6kb1/Rps6 to induce Mbp expression. Rps6 further acts via a negative feedback loop on 

Irs1, while Igf1-induced Irs1 activates Ras/Raf/ERK and PI3K/Akt/mTOR signalling pathways. 

mTOR also phosphorylates downstream Eif4bp1, which then unbinds from Eif4e, promoting 

the translation of myelin protein genes. Pten inhibits both OPC proliferation and 

differentiation, by dephosphorylating respectively Gsk3b and PI3K. OPC = oligodendrocyte 

progenitor cell, OL = oligodendrocyte, i (subscript) = inactive form. 

 

iv. What’s still to explore? 

There is a major heterogeneity in remyelination capacity between lesions of a single 

MS patients and even more between MS patients 234,417,709,710. OPCs become 

functionally heterogenous with regional and age-dependent differences 711. 

Moreover, the tissue transcriptional signature suggests an OPC deficit in chronic 

lesions of cuprizone-induced demyelination as compared to acute lesions as well as 

differences between brain lesions in chronic cuprizone-induced demyelination 712. 

Remyelination of MS lesions is more extensive in the cortex than in the white 

matter 234. Age is an important factor, as the capacity of myelin clearance by 

macrophages (rather than microglia) decreases with age, and OPCs/OLs themselves 

manifest a functional decline as seen in their reduced capacity to respond to 

extracellular factors, to migrate or to differentiate 46,167,416,428,713. Herein, an 

increased mTOR activity was accompanied by the expression of genes associated 

to cellular senescence as well as increased DNA damage and reduced cellular 
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respiration in ageing OPCs 167. However, this OPC heterogeneity is already observed 

in young patients 411.  

Moreover, recent findings have opened many doors to new research areas in the 

field. While OL were long seen as passive bystanders in remyelination, a recent 

study evidenced by carbon dating of genomic DNA that shadow plaques contained 

“old” rather than newly generated OLs. Hereby it suggests the inefficient 

integration of new OLs in lesions, and the remyelination by surviving OLs. 

Oppositely, shadow plaques might be partly demyelinated rather than thinly 

remyelinated lesions 411. Furthermore, single cell RNA sequencing evidenced 

changes in OPC/OL heterogeneity and their transcriptional signature in MS patients 

as compared to controls, especially with a decrease in an OPC, intermediate OL and 

an end stage OL subcluster while actively myelinating OLs were present, suggesting 

that enhancing remyelination might not be enough to reverse MS pathogenesis 412. 

Hence, the physiology and pathophysiology of OPCs/OLs is complicated and 

intricated as the same signalling pathways appear to be involved in OPC 

proliferation and differentiation, possibly determined by the ligand and receptor 

dimerization. Moreover, the underlying cellular changes are probably vaster than 

expected and multifaceted as evidenced by single cell RNA sequencing 353,412. 

Thus, exploring OPC/OL physiology and pathophysiology could help further 

understand demyelination and (defective) remyelination processes and the 

underlying pathways as well as unravel ways to counter this. 

 

 

III. microRNAs 

i. Biogenesis 

Microribonucleic acids (microRNAs) are small non-coding RNAs of approximately 

21-24 nucleotides (nt) 714. In 1993, Lee et al. and Wightman et al. first described a 

small RNA of Caenorhabditis elegans (C. elegans), Lin-4, not coding for a protein but 

with an antisense complementarity to Lin-14 in its 3’ untranslated region (3’UTR) 

that negatively regulated the expression level of the latter 715,716. It is only in 2001, 

after the discovery of approximately a hundred similar genes encoding these short 
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transcripts in Drosophila melanogaster, C. elegans and humans, that the name 

“microRNA” was introduced 714,717,718. They are distinct from the many other non-

coding RNA species (small interfering (si)RNAs, Piwi-interacting RNAs, yRNA, small 

nuclear RNA, small nucleolar RNA, vault RNA, long non-coding (lnc)RNAs, and all 

derived non-canonical small non-coding RNAs) that may differ in their biogenesis 

and/or function 719. 

MicroRNA genes are independent genes (with their own promoters) or enclosed 

within the introns of a coding gene (and thus coordinated with the expression of a 

protein) (figure 0.6). They are transcribed by RNA polymerase II, mainly (in rare 

cases by RNA polymerase III), and fold into an imperfect double-stranded hairpin, 

the primary (pri-)microRNA. It is hereafter processed successively by two RNase III 

type endonucleases, containing each two RNase III domains for a separate cut of 

each strand, leaving a 2-nt 3’ overhang. DROSHA, complexed with DiGeorge 

syndrome critical region gene 8 (DGCR8, containing double stranded RNA binding 

domains) cleave the pri-microRNA into the precursor (pre-)microRNA, a 70-nt 

hairpin, in the nucleus, which is then exported to the cytoplasm by exportin 5. In 

the cytoplasm, the hairpin-end is cleaved by DICER, complexed with TAR RNA 

binding protein (TRBP), leaving a 21-24 base-pair microRNA duplex. The strand with 

the 5’ terminus located at the thermodynamically less stable end of the microRNA 

duplex is selected as “guide” single stranded mature microRNA and loaded onto the 

microRNA-induced silencing complex (miRISC) containing an Argonaute protein 

(AGO 1 to 4 in mammals) and other regulatory/effector proteins. The other 

“passenger” strand is degraded, although sometimes both strands can be selected 

and functionally active 720,721. Alternately, a few spliced out introns fold into a 

hairpin corresponding to a pre-microRNA, and these miRtrons are, without 

cleavage by DROSHA, further processed by exportin 5 and DICER 722. All the steps 

of microRNA biogenesis can be finely regulated by accessory proteins 723. To note, 

microRNAs have been numbered in order of discovery. To date, miRbase has 1917 

human microRNA entries (https://mirbase.org/browse/results/?organism=hsa). 

Previously the less abundant functional strand was indicated by an asterisk, but to 

avoid any confusion seen the amount of microRNAs, both strands are now denoted 

with the suffix -3p or -5p 724.  
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Figure 0.6 microRNA biogenesis 

 

 

RNA polymerase (RNA pol) II (a) transcribes DNA into a primary microRNA (pri-microRNA) 

which is further (b) cleaved by endonuclease Drosha, complexed with DiGeorge syndrome 

critical region gene 8 (DGCR8) into a precursor microRNA (pre-microRNA). The pre-microRNA 

is exported from the nucleus into the cytoplasm by exportin 5 where it is (c) cleaved by 

endonuclease Dicer, complexed with TAR RNA binding protein (TRBP), into a microRNA 

duplex. Hereafter, the guide strand is (d) selected from the passenger strand, the latter is 

usually degraded (although in some cases it can be selected as guide strand as well), the 

former is (e) loaded with an Argonaute (AGO) protein onto the microRNA-induced silencing 

complex (miRISC). This complex binds by complementarity to its seed region in the 3’ 

untranslated region and (1) represses translation by competing with the eukaryotic initiation 

factor 4F (EIF4F) complex at the 5’ cap region or by dissociating the ribosomes. It can also 

(2) destabilise the mRNA by inducing deadenylation by the CCR4-NOT deadenylase complex. 

Both result in reduced protein expression. In the rare case of perfect mRNA/microRNA 

complementarity AGO2 can (3) cleave the mRNA via its catalytically active RnaseH-like 

domain. Created in BioRender.com 
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ii. Mechanism of action 

MicroRNAs mainly negatively regulate gene expression post-transcriptionally by 

binding by complementarity to the 3’UTR of their target messenger RNA (mRNA) 
725. Hereby, microRNAs regulate an estimated 30-60% of protein-coding genes, 

hence participating in the regulation of almost every cellular process and implicated 

in pathologies by changes in their expression 721,726.  

MicroRNAs bind to the 3’UTR of their target mRNA by base pairing, although 

complete complementarity is rare in animals. Instead, a perfect and contiguous 6-

8 oligomer base pairing (the longest, the strongest), centred on their seed (nt 2-8) 

is mandatory, and stabilized by a reasonable complementarity to the 3’ half of the 

microRNA (particularly to nt 13-16). Moreover, microRNA seeds are remarkably 

conserved between species 721,725,727,728. Binding to the open reading frame and 

5’UTR of the mRNA has been reported as well but is less frequent and less effective 

as the silencing complexes would be displaced by the translation machinery, up to 

approximately the 15th nt after the stop codon 725,729,730. A mRNA can have multiple 

seed regions of a single microRNA or the seed region of several microRNAs, that act 

cooperatively if they are close (<40 nt) and independently if not to repress the 

mRNA 729. Therefore, one microRNA can potentially target hundreds of mRNAs and 

each mRNA can be targeted by several microRNAs. Since they are not all expressed 

within one cell, the cell-specific microRNA milieu finely tunes the mRNA expression 
725. 

Regarding mRNAs, translation is initiated by recognition of the mRNA 5’-terminal 

7-methylguanosine (m7G) cap by the precedingly phosphorylated eukaryotic 

translation initiation factor (EIF) 4E, part of the multi-subunit complex EIF4F 

containing EIF4A (an RNA helicase), and EIF4G (a scaffold protein for the assembly 

of the complex) as well. Upon interaction of EIF4G with EIF3 and polyadenylate 

[poly(A)] binding protein 1 (PABP1, associated with the poly(A) tail), the latter 

allowing circularisation of the mRNA, the 40S ribosomal subunit is recruited, and 

attracts the 60S ribosomal subunit at the start codon for translation elongation until 

the stop codon where both subunits are dissociated again and easily recycled due 

to the circular conformation of the mRNA. EIF6 participates to the 60S ribosomal 

subunit biogenesis and might inhibit its recruitment. Less frequently, the ribosomal 

subunits are recruited at the internal ribosome entry site (IRES), independently of 

cap and the translation initiation complex 721. 
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In the rare cases of perfect complementarity, AGO2, the only Argonaute protein 

with a catalytically active RnaseH-like within the P-element induced wimpy testis 

(Piwi) domain, cleaves the mRNA in the centre of the microRNA-mRNA duplex, 

between nt 10-11 731,732. More often, however, protein synthesis is lessened by 

repressing translation initiation or by destabilising the mRNA (figure 0.6) 721. 

Cap-initiated translation can be repressed by miRISC by promoting the dissociation 

of EIF4A1 and EIF4A2 before releasing the other complexed proteins 733. Argonaute 

proteins can bind to m7G-cap, although with lower affinity than EIF4E, and thus 

compete with the latter especially if there are several microRNA binding sites 

whereby multiple Argonaute proteins can be recruited. This impedes the 

recruitment of the 40S ribosomal subunit and the mRNA circularisation, possibly 

rendering the poly(A) tail more vulnerable to deadenylation 734–736. Alternately, EIF6 

can associate with miRISC in a multiprotein complex and hereby reduces the 60S 

ribosomal subunit recruitment 737. Furthermore, instead of reducing translation 

initiation, microRNAs could induce premature dissociation of ribosomes or 

decelerate the translation elongation, as repressed mRNAs with actively translating 

polyribosomes have been reported. These mechanisms are still unclear but could 

explain the repression of IRES-mediated translation 738–740. Finally, microRNAs can 

destabilise a mRNA by inducing deadenylation by the CCR4-NOT deadenylase 

complex. Within the CCR4-NOT complex, CCR4 interacts with trinucleotide repeat 

containing adaptor 6A (TNRC6A, better known as GW182) through CCR4-NOT 

transcription complex subunit 9 (CNOT9), and both CCR4 and CNOT9 are scaffolded 

to CNOT1, that recruits DEAD-box helicase 6 (DDX6, a translational inhibitor) and 

modulates its ATPase activity 741–743. This can be followed by a 3’-to-5’ decay by an 

RNA exosome complex containing several 3’-5’ exoribonucleases or by a 5’-to-3’ 

decay by the 5’-3’ exoribonuclease 1 (XRN1) following decapping by decapping 

mRNA proteins (DCP1/2) 741,744,745. Moreover, GW182 can dissociate EIF4G and 

PABP from respectively the 5’ and 3’ end of the targeted mRNA, which is 

independent of deadenylation 746. The deadenylation of the poly(A) tail might as 

well impede the synergy between the 5’ cap and 3’ poly(A) tail by disrupting the 

EIF4G-mediated mRNA circularisation 743,747. MicroRNA-targeted mRNA repression 

is initiated in the cytosol. Hereafter, Argonaute proteins interact with GW182 to 

load onto mRNA ribonucleoproteins that accumulate in discrete granules, called 

GW- or P-bodies, enriched in these proteins involved in mRNA catabolism, to be 

degraded or to be stored 748–750.  
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iii. microRNA dysregulation in MS  

The expression of microRNAs has been largely investigated in the setting of MS and 

over 500 microRNAs have been found dysregulated in MS, with however only 9% 

consistency in at least 3 studies 751–755. Interestingly, the microRNA biogenesis 

machinery, namely DROSHA, DGCR8 and DICER, was upregulated in the blood of 

RRMS patients as compared to healthy controls (HC) 756. miR-146a-5p and miR-155-

5p are well-known immuno-microRNAs found upregulated in serum, peripheral 

blood mononuclear cells (PBMCs) and monocytes of RRMS patients and in active 

lesions of RR/PMS patients, as is miR-21-5p, found upregulated in PBMCs and active 

lesions as well 757–761. The effect of DMTs on microRNA expression has also been 

investigated in order to look for potential biomarkers of response to treatment 751. 

miR-146a-5p was downregulated and miR-150-5p was upregulated in response to 

glatiramer acetate and natalizumab respectively 760,762. Furthermore, the microRNA 

expression profile appears to be slightly different between MS phenotypes 763–767. 

Herein, miR-15b, miR-23a and miR-223 were downregulated in serum exosomes of 

PMS vs RRMS and in serum of PPMS vs HCs 764,765. Several microRNAs have been 

proposed as biomarkers of MS or MS phenotypes, but with almost no concordance 

in between studies and none has been validated by a systematic and 

comprehensive study so far 763,768,769. Moreover, some microRNAs are also 

dysregulated in other inflammatory and neurodegenerative disorders of the CNS, 

although not necessarily in the same direction 763,770,771. Therefore, a microRNA 

signature compelling several microRNAs might offer a better discrimination 
763,764,772. However, the many studies on microRNA dysregulation in MS have shown 

some discrepancies and have revealed to be hard to unify due to differences in (1) 

methodology (small RNA sequencing, microarray, PCR array, RT-qPCR), (2) 

population characteristics (patients not always grouped according to disease 

activity/progression or treatment course), (3) sample type (mainly in the periphery: 

whole blood, serum, plasma, PBMCs, specific cell subtypes; to a lesser extent 

centrally: different types of brain tissues and lesions, CSF) 755,763. 
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iv. Functional impact of microRNAs on immune cells, microglia, astrocytes, 

and OPCs/OLs 

Some of these microRNAs linked to MS have been functionally investigated to 

explore their physiological and pathophysiological role in MS and other diseases. 

Remarkably, TGFb signalling topped in a pathway enrichment analysis on the 

predicted targets of the most consistently reported dysregulated microRNAs in MS 

among 61 studies. TGFb, an important cytokine for the differentiation of Th17 and 

Tregs 773, can induce the expression of several microRNAs and is itself modulated 

by several microRNAs as well, epitomising the filigree conjunction between 

microRNAs and mRNAs. This might however be biased as the majority of studies 

was conducted in the immune compartment 755.  

Since so many microRNAs have been linked to MS, this section will focus on a few 

microRNAs of interest of this thesis, in order to briefly summarise their known 

functional involvement in peripheral immune cells, microglia, astrocytes and 

oligodendrocytes in and outside the scope of MS. 

 

Dicer ablation 

Dicer knockout is lethal early in the development due to the depletion of stem cells 
774. However, as Drosha/Dicer ablation impairs microRNA biogenesis, its 

experimental ablation in a specific cell type is a way to appreciate the general 

involvement of microRNAs in the cellular homeostasis and function.  

A CD4-driven Drosha ablation causes a spontaneous and lethal inflammatory 

disorder marked by lymphopenia, whereby the remaining T cells can still 

differentiate in IFNg and IL17 secreting T cells but fail to induce a Treg response 775. 

Dicer ablation in early effector CD8+ T cells reduces their expansion while in B cells 

it hinders germinal centre formation, reduces antibody diversity and increases their 

apoptosis 776–778. In microglia, Dicer ablation results prenatally in a spontaneous 

microglial activation and postnatally in an excessive microglial responsiveness to 

endotoxin exposure, reflecting the need of microRNAs to modulate microglial 

activation 779. Dicer ablation in postnatal astrocytes impedes OPC differentiation 

and myelination without impacting neuronal integrity 780. However, in another 

study it severely affected the maturation and function of postnatal astrocytes 
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resulting in impaired glutamate uptake and antioxidant pathways causing a lethal, 

fulminant neurological decline due to neuronal dysfunction and degeneration 781. 

Dicer ablation in OPCs does not affect their proliferation/survival but severely 

delays their differentiation. Herein, Dicer knockout in mice causes early severe 

tremor and ataxia, whereby CNP and Olig1-driven Dicer knockout mice die at 3-4 

weeks postnatal, while Olig2-driven knockout results in delayed myelination, but 

the mice eventually recover 782,783. Contrarily, OL-specific Plp-driven Dicer knockout 

is accompanied by demyelination, peroxisomal and oxidative damage, 

inflammatory astrogliosis/microgliosis and neuronal degeneration 784.  

 

miR-21-5p 

Both pro- and anti-inflammatory properties have been attributed to miR-21-5p. 

miR-21-5p is known to target STAT3 and SMAD7, hereby impeding Th17 while 

promoting Treg development 785,786. It can induce CD8+ Tregs as well 787. However, 

it has also been described as inducing T cell proliferation and enhancing the 

secretion of pro-inflammatory cytokines as IL6/17/21/23 and IFNg by targeting 

programmed cell death 4 (PDCD4) 788,789. On the contrary, lipopolysaccharide (LPS) 

induces miR-21-5p via myeloid differentiation innate immune signal transduction 

adaptor (MYD88) and nuclear factor of kappa light polypeptide gene enhancer in B 

cells (NFkB), whereafter miR-21-5p targets Pdcd4, that blocks NFkB activity and 

enhances IL10 expression in macrophages 790. miR-21-5p is upregulated in 

malignant T cells through STAT3 and STAT5, while its silencing causes apoptosis 
791,792. In microglia, miR-21-5p overexpression dampens the proinflammatory 

response after intracerebral haemorrhage, and averts microglia-mediated neuronal 

apoptosis through the downregulation of Fas ligand during hypoxia 793,794. 

Furthermore, exosomes derived from injured neuron cells (PC12) containing miR-

21-5p polarized microglia towards a proinflammatory “M1” phenotype which in 

return induced apoptosis of the PC12 cells 795. It is also upregulated in neurons and 

astrocytes after an ischaemic event (oxygen and glucose deprivation/spinal cord 

injury), while oppositely its silencing promotes synaptic formation, nerve growth 

and the transformation of neurotoxic reactive astrocytes to anti-inflammatory “A2” 

astrocytes 796–798. Finally, miR-21-5p can reduce OPC apoptosis and improve 

myelination by targeting Pten 799. 
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miR-27a-3p/miR-27b-3p 

Optimal miR-27 levels are mandatory to insure Treg homeostasis 800. miR-27b-3p 

impairs Treg differentiation through the TGFb signalling pathway, without 

impacting the suppressor function of the cells that could differentiate, it induces a 

Th2 to Th1 shift, and worsens EAE 801,802. Similarly, miR-27a-3p overexpression in 

CD4+ T cells during relapsing MS was accompanied by the overexpression of Th17 

mediators. Oppositely, miR-27a-3p was found to reduce dendritic cell mediated 

differentiation of Th1 and Th17 cells allowing the accumulation of Tregs 803–805. miR-

27a-3p is also overexpressed in exosomes of IL1b-induced astrocytes 806. On the 

contrary, miR-27a-3p is downregulated in LPS-induced microglia, while its 

overexpression negatively modulates this pro-inflammatory response by targeting 

Toll like receptor 4 (Tlr4) and interleukin 1 receptor associated kinase 4 (Irak4) 807. 

Contrarily, miR-27b-3p was induced in LPS-treated macrophages and contributed 

to the pro-inflammatory response by targeting peroxisome proliferator activated 

receptor gamma (PPARg) 808. Finally, miR-27a-3p impeded OPC proliferation and 

differentiation as well as myelination by activating the Wnt/beta-catenin signalling 

pathway. Remarkably, miR-27a-3p could hinder miR-219-5p induced OPC 

differentiation 809. Oppositely, miR-27a-3p overexpression in neurons is 

neuroprotective 810. 

 

miR-145-5p 

miR-145-5p is downregulated in Tregs from HCs, as it can target cytotoxic T 

lymphocyte associated protein 4 (CTLA4), a co-inhibitory molecule that sustains 

Treg suppression 811,812. It however promotes a Th2 response over a Th1 response 
813. miR-145-5p is overexpressed in vitro in microglia under oxygen/glucose 

deprivation conditions, accompanied by the downregulation of its target nuclear 

receptor subfamily 4 group A member 2 (Nr4a2, also known as Nurr1), which 

releases the expression of Tnfa. Furthermore, miR-145-5p overexpression in 

microglia causes neuronal cell death in cocultures with neurons 814. Oppositely, it 

was upregulated in anti-inflammatory “M2” polarized microglia (by IL4 

stimulation), but not in pro-inflammatory “M1” microglia (by LPS stimulation) 815. 

miR-145-5p overexpression in vivo in astrocytes affects their proliferation and 

migration and reduces their cell density and morphology (size and number of cell 
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processes) by targeting Gfap and Myc proto-oncogene (Myc), a bHLH transcription 

factor promoting cell growth. Therefore, the downregulation of miR-145-5p one 

week after spinal cord injury is critical to induce astrogliosis 816. Furthermore, LPS 

downregulates its expression in astrocytes, while oppositely, it is upregulated in 

exosomes of IL1b-treated astrocytes 806,816. Finally, miR-145-5p was found highly 

expressed in OPCs and its silencing allowed their spontaneous differentiation by 

releasing the expression of its target Myrf 817 miR-145-5p was still highly expressed 

in a cuprizone-fed mice, but downregulated as compared to the control mice 818.  

 

miR-146a-5p 

The activation of the pro-inflammatory NFkB signalling pathway, involved in both 

innate and T cell response, induces miR-146a-5p. miR-146a-5p targets IRAK1 and 

TNF receptor associated factor 6 (TRAF6), subsequent factors in the TLR/MYD88 

signalling pathway that activate inhibitor of nuclear factor kappa B kinase (IKK), 

needed for the activation of NFkB, thereby acting as a negative feedback on its 

inflammatory stimulus 819–822. Alternately, IRAK1 phosphorylates STAT3 involved in 

Th17 differentiation 823,824. STAT1, involved in Th1 differentiation, is another target 

of miR-146a-5p 825. miR-146a-5p is thus an anti-inflammatory microRNA. In T cells 

it promotes Tregs instead of Th1 and Th17 cells, while its silencing does the 

opposite resulting in the loss of immunotolerance 821,825,826. Moreover, miR-146a-

5p overexpression in brain endothelial cells hinders cytokine-stimulated adhesion 

of T cells 827. IL1b treatment in astrocytes induces the expression of miR-146a-5p as 

well as the upregulation of pro-inflammatory cytokines as IL6 and TNFa, but also of 

upstream mediators cyclooxidase 2 and high mobility group box 1 (HMGB1). 

However the specific overexpression of exogenous miR-146a-5p in IL1b stimulated 

astrocytes completely reverses the pro-inflammatory signature 820. Likewise in 

microglia/macrophages, it promotes the anti-inflammatory phenotype 819,828,829. 

Similarly, miR-146a-5p overexpression in microglial BV2 cells resulted in the 

downregulation of genes involved in TLR signalling pathway, Fcγ receptor-mediated 

phagocytosis and in the oxidative burst phenomenon 830. Interestingly, exogenous 

miR-146a-5p, that was detected in microglia/macrophages and OPCs after 

intravenous injection and intracerebral infusion respectively, improved both EAE 

and cuprizone demyelination by promoting an anti-inflammatory phenotype of 

microglia/macrophages as well as OPC differentiation and myelination 831,832. 
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Microglia isolated from miR-146a knockout mice and stimulated by LPS acquired a 

pro-inflammatory phenotype however with reduced proliferation and migration 833. 

When cuprizone-fed, these knockout mice had less induced CD11c+ microglia with 

moreover a reduced sensome protein signature to perceive their environment 833. 

Contrarily, cuprizone-fed miR-146a-5p knockout mice were protected against 

demyelination and axonal loss 834.  

 

miR-150-5p 

miR-150-5p is expressed in mature T and B cells but not in their progenitors and 

thereby tightly controls their development, i.a. by targeting MYB proto-oncogene 

transcription factor. Its premature or ectopic expression hampers B cell 

development 835,836. Its overexpression also represses memory CD8+ T cell 

differentiation by reducing anti-apoptic factors, Bcl2 apoptosis regulator and Bcl2 

like 1, downstream of c-Myb, hereby regulating the balance between terminal 

effector and memory CD8+ T cells 837. It promotes the differentiation to effector 

and effector memory T cells by inhibiting FOXP1 and increases the secretion of 

proinflammatory cytokines 838. EAE severity and demyelination are reduced in miR-

150 knockout mice 839. Finally, miR-150-5p overexpression in microglial BV2 cells 

reversed the LPS-induced expression of pro-inflammatory cytokines IL1b, IL6, and 

TNFa 840. 

 

miR-155-5p 

Suppressor of cytokine signalling 1 (SOCS1) is a well-established target of miR-155-

5p 841,842. SOCS1 is a negative regulator of T helper cell differentiation and 

microglia/macrophage response by inhibiting the JAK/STAT signalling pathway, 

involved in cytokine production and signalling 843–845. miR-155-5p inhibition of 

SOCS1 results in an increased phosphorylation of STAT3 and STAT5, important for 

Th17 and Treg cells respectively 842. It thereby promotes Th17 development and 

IL17 production, and it even potentialises their encephalitogenicity by targeting 

Ets1, a negative regulator of Th17 differentiation that is contrarily indispensable for 

proper Th1 and Treg development 842,846–849. miR-155 knockdown mice presented 

with a milder EAE course 850. miR-155-5p further ensures Treg homeostasis. It is 
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induced by FOXP3 and promotes Treg development, but not IL10/TGFb production, 

by increasing STAT5 phosphorylation in response to IL2 842,851,852. miR-155 deficient 

mice have less, but functional Tregs 853. miR-155-5p is involved in B cell activation 

and its silencing reduces the production of antibodies 854. It also supports IL10 

production by Bregs which suppresses TNFa and IFNg production by monocytes and 

Tregs. However, in Bregs isolated from Crohn patients, miR-155-5p induces an 

impaired response, marked by the production of TNFa instead of IL10 and 

subsequently its inability to induce Tregs and suppress T effector cells 855. miR-155-

5p expression in brain endothelial cells contributes to the cytokine-induced 

(TNFa/IFNg) disruption of the BBB by targeting components of focal adhesion and 

of the interendothelial junctional complex 856. miR-155-5p has been linked to the 

pro-inflammatory phenotype of microglia/macrophages and astrocytes as well 
815,841,857–861. In microglia and macrophages, it can subsequently promote CD4+ T cell 

proliferation and activation and neuronal cell death 841,857. Its silencing promotes 

their polarization towards the anti-inflammatory M2 phenotype and reduces their 

phagocytic activity 862,863. Hereby, it can target SOCS1 (a JAK/STAT inhibitor), RACK1 

(a negative regulator of NFkB), SMAD2 (a mediator of TGFb signalling), inositol 

polyphosphate-5-phosphatase D (INPP5D, a negative regulator of PI3K pathway 

and suppressor of inflammatory cytokines and iNOS) or CCAAT enhancer binding 

protein beta (CEBPB, a transcription factor indispensable for “M2” cytokines) 857,863–

868. Finally, miR-155-5p is upregulated during EAE and cuprizone demyelination 
818,869,870. 

p53 activation in microglia, induced by ROS and the accumulation of DNA damage 

linked to oxidative stress, promotes miR-34a-5p, miR-145-5p and miR-155-5p in 

microglia. miR-155-5p targets the anti-inflammatory transcription factor Maf, while 

the other 2 microRNAs target Twist2, a transcriptional activator of Maf, resulting in 

a proinflammatory response and reduced tissue repair 871. Moreover, miR-34a-5p 

and miR-155-5p, upregulated in active MS lesions and found in astrocytes, target 

CD47 and could thereby promote the phagocytosis of myelin, as CD47 interacts 

with signal regulatory protein alpha (SIRPa) on macrophages/microglia to trap them 

and withhold them from their phagocytic activity 758. 

 



INTRODUCTION 

67 

miR-219-5p, miR-338-3p/5p and others in OPCs/OLs 

miR-219-5p and miR-338-3p/5p are key microRNAs in promoting strongly and 

cooperatively OPC differentiation, even in human-induced pluripotent stem cells 
782,783,872–874. Shared targets are Hes5, Sox6 (OPC differentiation inhibitors) and zinc 

finger and BTB domain containing 18 (Zbtb18), a transcriptional repressor 

promoting neurogenesis but repressing OL differentiation 782,783,875. miR-338, as well 

as miR-155, target pre-OL transcription factor Tcf7l2, as part of a feedforward loop 

as Sox10 induces both microRNAs and Tcf7l2, thereby finely tuning 

oligodendrogenesis 876. Both (miR-338 and miR-155) also target neurosteroidogenic 

enzymes of which the biosynthetic machinery was found downregulated in normal 

appearing white matter of MS patients 877. miR-338 further targets Sox9 878. Other 

targets of miR-219-5p include Pdgfra, and Lingo1. It further tailors very long chain 

fatty acid biosynthesis by targeting elongation of very long chain fatty acids protein 

7 (Elovl7) to avoid the pejorative effects of its accumulation. miR-219-5p is 

therefore also involved in later stages of OL maturation and myelination 782,784,879. 

Correspondingly, miR-219-5p overexpression enhances differentiation in Dicer 

knockout OPCs in vitro, as well as OL maturation and remyelination in vivo after 

lysolecithin-induced demyelination and EAE 782,879. miR-219-5p reduces cuprizone-

induced demyelination as well by inducing OL maturation. Hereby it upregulates 

solute carrier family 16 member 1 (Slc16a1, also known as monocarboxylate 

transporter 1 (Mct1)) via targeting of Hes5 and Sox6. Interestingly, MCT1 inhibitor 

is sufficient to reverse the effects of miR-219-5p 880. Contrarily, miR-138-5p 

promotes early stages of OPC differentiation, but will delay later stages 782. 

Interestingly, exogenous miR-219-5p is able to suppress microglia and astrocyte 

activation alone or jointly with miR-338-3p/5p, but also to promote Tregs and 

decrease Th17 cell percentages 881–883. 

Furthermore, microRNA expression changes dynamically along OPC development 
884,885. Hereby, miR-219 and miR-338 are among the most compelling upregulated 

microRNAs during OL maturation 884. Moreover, miR-145-5p and miR-214-3p 

strongly increase in the earliest OPC stage, then decrease during the developing 

OPC stages and slightly increase again in mature OLs. Hereby miR-214-3p was 

proposed to target Mobp 885. miR-214-3p further induces Tregs by targeting PTEN 
886. miR-297a-5p was found to arrest cell cycle and induce OPC differentiation 887. 

miR-297 is downregulated in astrocytes suffering of oxidative injury due to iron 
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exposure or overexpression of heme oxygenase 1 which promoted iron deposition 
888. miR-20a-5p, part of the miR-17-92 cluster that induces OPC proliferation, is 

upregulated in both OPC and OL, along the other members of the clusters, although 

it was also found downregulated in mature OLs as an inhibitor of Plp, it seemingly 

decreases along OPC differentiation 872,889,890.  

 

v. What’s still to explore? 

The interest in microRNAs has boomed over the past 15 years leading to the 

discovery of over 500 dysregulated microRNAs in several biological compartments 

in MS patients with however substantial differences between studies complicating 

their interpretation. Likewise, several microRNAs have been proposed separately 

or conjointly as potential biomarkers of disease, of disease subtype/progression or 

of response to treatment, but none has been confirmed so far due to the same 

issue of study heterogeneity 755. Moreover, their functional characterisation is quite 

limited, proportionally to this high number of dysregulated microRNAs linked to 

MS, with some discrepancies but also a redundant focus on a few of them 751,769,891. 

Identifying the cellular source of circulating microRNAs might also be challenging 
892. However, since microRNAs can potentially target a hundred of mRNAs, their 

cell- and condition-specific expression finely tunes cellular signalling pathways. 

They are thereby a unique mirror of the cell’s physiological or pathophysiological 

state, substantiating their interest in research.  

The therapeutic opportunities of microRNAs, mainly as personalised precision 

medicine, are currently explored in order to restore their physiological expression 

levels directly with synthetically modified microRNA mimics or inhibitors. However, 

there is concern regarding the stability, safety and target-specificity of the delivered 

microRNA(s). Circulating microRNAs are bound to lipoproteins or enclosed within 

extracellular vesicles. Research is ongoing on producing extracellular vesicles or 

nanoparticles, manipulating their content and their composition, the latter in order 

to improve their stability and delivery to the cell/tissue of interest to avoid off-

target effects 893–896.  

Thus, exploring microRNAs could help further understand the cellular signalling 

pathways and their regulation as well as unravel new therapeutic strategies based 

on the microRNAs themselves or their key targets. 
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IV. Hypothesis and aims 

microRNAs are undeniably dysregulated in MS. Instead of a single microRNA, we 

expected that the expression profile of several microRNAs could be more accurate 

to characterise MS, while still keeping in mind that DMTs, disease activity and 

phenotype are major confounding factors. We further hypothesised that MS 

dysregulated microRNAs are actively involved in the pathophysiology of the 

disease, and that they might in particular partially orchestrate the contribution of 

each involved cell population to MS pathogenesis. 

Therefore, we first aimed to explore the expression of microRNAs that had been 

related to immunological, neurodegenerative and/or lipidic processes, in the CSF 

of treatment naïve RRMS patients, with regard to their disease activity, as 

compared to symptomatic controls, but also of patients with other infectious, 

inflammatory and non-inflammatory disorders of the CNS, in order to verify the 

specificity of the identified dysregulated microRNAs to MS. We focused on the CSF 

as it had not been largely explored so far, while it is the site of the ongoing 

pathophysiological events. We further investigated the expression of a selection of 

these dysregulated microRNAs in the peripheral compartments, namely the serum 

and PBMCs, of treatment naïve RRMS patients, considering relapse and remission 

separately, vs healthy controls. 

Our second purpose was to link these dysregulated microRNAs with the peripheral 

immunological T cell signature in a clinic’s routine-based MS population. We 

investigated the expression of these microRNAs as well as T cell mediators and 

markers of interferon beta response in the PBMCs of MS patients vs HC, and further 

looked for their mutual correlation as well as their correlation with serum 

neurofilament light chain levels. In this population, MS patients were not 

characterised by their MS phenotype (relapsing vs remitting), but by their 

radiological disease activity (based on brain MRI), and were rather untreated or 

treated with first line DMTs, namely interferon beta or glatiramer acetate. 

We then initially aimed to explore the functional impact of the less characterised 

microRNAs on the Th17/Treg balance and to identify potential mRNA targets in this 

scope. We tried to transfect and nucleofect an exogenous microRNA mimic and to 

nucleofect a plasmid expressing a pre-microRNA in PBMCs, but unfortunately, we 

failed to obtain a satisfactory transfection rate to allow an effective mRNA (by RT-
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qPCR) or protein (by flow cytometry) readout, even after fluorescence activated cell 

sorting (FACS, when transfecting a fluorescent-labelled microRNA mimic). We 

further had major issues with the stability of the microRNA mimic after its 

transfection, and with cell viability after nucleofection of a pre-microRNA 

expressing plasmid, which we could not solve. 

Therefore, we decided to shift our focus to oligodendrocyte progenitor cells. Failure 

of OPC differentiation and remyelination is one of the key events in MS 

pathogenesis. Herein, the microRNA involvement is even less explored. We first 

wanted to screen for the effect of several of the initially identified dysregulated 

microRNAs on the differentiation of OPCs. Hereafter, we aimed to investigate in 

detail how the microRNAs with the strongest effect in the first screening, could 

functionally affect OPC cell fate by RNA sequencing, confirming our independent 

RT-qPCR analysis. Therefore, we transfected the microRNA mimics separately in an 

OPC cell line called CG-4, cultured in a medium promoting their differentiation after 

the transfection. We wanted to confirm their effect by transfecting sequentially the 

corresponding microRNA inhibitor as well. We finally attempted to identify mRNA 

targets that could support the observed changes in cell fate, characterised by gene 

enrichment analysis on RNA sequencing, and verified their downregulation by RT-

qPCR. We are confident that this strategy could draw broader attention to known 

pathways involved in OPC physiology/pathophysiology or even unravel so far 

unexplored pathways. 
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We first aimed to screen for microRNAs differentially expressed in the CSF of 
relapsing and remitting MS patients versus controls and hereafter verify their 
specificity in RRMS vs other neurological disorders as well as their dysregulation in 
peripheral compartments (serum and peripheral blood mononuclear cells) as part 
of our hypothesis that microRNA dysregulation is involved in MS pathogenesis. 

 

Figure 1.1 Graphical abstract 

 

We first aimed to analyse (1) the expression of 127 microRNAs by PCR array on pooled 

cerebrospinal fluid (CSF), serum or peripheral blood mononuclear cell (PBMC) samples of 

relapsing MS patients vs controls. Hereafter, we verified (2) the dysregulation of 64 

microRNAs with a higher fold change in individual CSF samples of relapsing and remitting 

MS (RRMS) patients separately vs symptomatic controls (SC) by RT-qPCR and we verified (3) 

the specificity of this dysregulation in the CSF in RRMS vs other neurological disorders (OND). 

Based on these first results, we finally explored (4) the expression of 24 more promising 

microRNAs in individual serum and PBMC samples of RRMS patients vs healthy controls (HC) 

by RT-qPCR. We identified (2) 18 microRNAs in the CSF, (4a) 6 microRNAs in the serum and 
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(4b) 1 microRNA in PBMCs that were differentially expressed (up- or downregulated) in 

relapsing MS (red), remitting MS (yellow) or both (purple) vs the controls at least, or 

remitting MS only (*). We also identified 7 microRNAs, indicated in bolt, that had not been 

linked to MS before, although in the meantime, miR-29c-3p and miR-149-3p have 897. Some 

microRNAs are commonly (3) upregulated in the CSF of relapsing MS patients (Rel MS, red) 

and patients with inflammatory (Inflam ND, brown) and infectious neurological disorders 

(Infectious ND, blue), with however an increased relative expression level. 

 

I. Abstract 

Objective - To perform a comprehensive multicompartment analysis of microRNA 

(miRNA) expression in multiple sclerosis (MS) linked to disease activity and 

compared with other neuroinflammatory diseases through a retrospective cross-

sectional study. 

Methods - One hundred twenty-seven miRNAs were measured by PCR arrays on 

pooled CSF, serum, and peripheral blood mononuclear cell (PBMC) samples of 10 

patients with relapsing MS and 10 controls. Sixty-four miRNAs were then measured 

by quantitative PCR on individual CSF samples of patients with relapsing or 

remitting MS and controls (n = 68). Fifty-seven miRNAs were analysed in the CSF 

from a second cohort (n = 75), including patients with MS, neuroinfectious, or 

neuroinflammatory diseases and controls. MiRNAs significantly dysregulated in the 

CSF were analysed on individual serum/PBMC samples (n = 59/48) of patients with 

relapsing or remitting MS and controls. Post-hoc analysis consisted of principal 

component analysis (PCA), gene set, and pathway enrichment analysis. 

Results - Twenty-one miRNAs were differentially expressed, mainly upregulated in 

the CSF during MS relapses. Relapsing MS and neuroinfectious/inflammatory 

diseases exhibited a partially overlapping CSF miRNA expression profile. Besides 

confirming the association of miR-146a-5p/150-5p/155-5p with MS, 7 miRNAs 

uncharacterised for MS emerged (miR-15a-3p/29c-3p/33a-3p/34c-5p/124-5p/149-

3p/297). PCA showed that distinct miRNA sets segregated MS from controls and 

relapse from remission. In silico analysis predicted the involvement of these 

miRNAs in cell cycle, immunoregulation, and neurogenesis, but also revealed that 

the signalling pathway pattern of remitting MS is more akin to controls rather than 

patients with relapsing MS. 
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Conclusions - This study highlights the CSF-predominant dysregulation of miRNAs 

in MS by identifying a signature of disease activity and intrathecal inflammation 

among neuroinflammatory disorders. 

 

 

II. Introduction 

Multiple sclerosis (MS) is characterized by multifocal inflammatory lesions inducing 

myelin sheath damage and axonal degeneration. MS results from a complex 

interplay between genetic susceptibility and environmental and epigenetic factors, 

but its molecular determinants remain elusive. A predominance of patients present 

initially with a relapsing-remitting disease course 898. 

MicroRNAs (miRNAs) are single-stranded noncoding RNAs regulating post-

transcriptionally the expression of a large spectrum of genes during various 

biological processes 899. Several miRNAs have been associated with MS, but only 

few were linked to disease activity 753,900. Most studies were performed in small 

cohorts, in single biological compartments, rarely compared with other neurologic 

disorders or were not replicated, due to large heterogeneity between study 

populations and analysis methods. Few studies have focused on CSF miRNAs 901, 

although these might be more relevant to understanding disease regulation.  

We sought to characterise miRNA expression in 3 biological compartments, i.e., 

CSF, serum, and peripheral blood mononuclear cells (PBMCs) of patients with MS 

according to disease activity compared with that of controls and other neurologic 

disorders in the CSF. MiRNAs known for their involvement in immunity, 

inflammation, neurodegeneration, and lipid metabolism were measured by 

quantitative PCR (qPCR). Finally, a principal component analysis (PCA) and a 

pathway enrichment analysis were performed, altogether leading to a 

comprehensive multicompartment characterisation of the miRNA expression 

profile in MS. 
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III. Methods 

i. Patients 

CSF and blood samples were collected at the Cliniques universitaires Saint-Luc 

(Brussels) between March 2005 and March 2018, processed according to 

international guidelines within 1 hour before storage at −80°C until miRNA 

extraction 902,903. PBMCs paired with serum were processed as previously described 
904. The study was conducted stepwise (figure 1.2). 

 

Figure 1.2: Workflow summary of different study steps 
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AUC = area under the curve; HC = healthy control; Infect/Inflam-ND = patients with infectious 

or inflammatory neurologic disorders; KEGG = Kyoto Encyclopaedia of Genes and Genomes; 

mRNA = messenger RNA; miRNA = microRNA; MS = multiple sclerosis, PBMC = peripheral 

blood mononuclear cell; PCA = principal component analysis; qPCR = quantitative PCR; Rel 

MS = relapsing MS; Rem MS = remitting MS; ROC = receiver operating characteristic; RRMS 

= relapsing-remitting MS; SC = symptomatic control. 

 

A group size of at least 9 patients was calculated using the CSF fold changes of 

relapsing MS vs controls in the 2 miRNA arrays, with alpha error at 0.05 and power 

of 0.80. Patient cohorts were classified according to the BioMS-eu consortium 

definitions (supplementary table 1.1) 905. The 2017 McDonald criteria were used for 

MS diagnosis 29. Relapse was defined clinically and/or by the presence of 

gadolinium-enhancing lesions (GELs) on MRI for 93% - 100% of patients, depending 

on the cohort 24. Remitting patients were clinically stable for 1 month up to 21 

years. To reduce bias, patients were age and sex matched to controls, and none of 

the patients with MS were under any disease-modifying treatment (DMT). None of 

the relapsing patients had received high-dose IV methylprednisolone before 

sample collection. Clinical and paraclinical features of the patients are summarised 

in table 1.1 and supplementary table 1.1 906,907. Diagnoses of other disease 

categories are listed in supplementary table 1.2. Data were collected between 

February 2015 and July 2018. 

 

ii. MiRNA isolation 

MiRNAs were isolated from CSF (400 μL) and serum (200 μL) using the miRNeasy 

Serum/Plasma Kit, and from 11 - 13.106 PBMCs using the miRNeasy Mini Kit, 

following the manufacturer’s protocol (Qiagen, Hilden, Germany). Caenorhabditis 

elegans miR-39 mimic (Qiagen) was added to CSF and serum samples as spike-in 

control for relative quantification. MiRNA extraction, reverse transcription (RT), 

and PCR were performed sequentially.  
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Table 1.1: Baseline characteristics of patients and controls included in the CSF microRNA 
study 

 
CSF 

MS vs SC 

n (%♀) 68 (64.7) 

Mean age (±SD) 35.1 (±10.8) 

 Rel MS Rem MS SC 

n (%♀) 40 (72.5) 13 (46.2) 15 (60) 

Mean age (±SD) 34.5 (±11.7) 38.2 (±11.5) 33.1 (±7.1) 

Disease duration in months: mean (±SD) 5 (±16) 65 (±83) NA 

Relapse phenotype (%)    

     1: Spinal 32.5   

     2: Brainstem/cerebellum 20   

     3: Optic neuritis 27.5 NA NA 

     4: Supratentorial 10   

     5: Multifocal 10   

EDSS score: median [range] 2.25 [0-3.5] 2.0 [0-3] NA 

No. of relapses since disease onset: median [range] 1 [1-2] 2 [0-3] NA 

Proportion of patients with a 1st clinical event (%) 75 30.8 NA 

Barkhof criteriaa scores 3 and 4 (%) 85.0 75.0, n = 12 NA 

GELs on brain MRI: mean (±SD) 
2 (±1.7), n = 

35 
0, n = 8 NA 

Proportion of patients with spinal cord lesions on MRI (%) 82.5, n = 33 81.8, n = 11 NA 

GELs on spinal cord MRI: mean (±SD) 
0.3 (±0.6), 

n = 19 
0, n = 8 NA 

Proportion of patients with at least 1 GEL on brain and spinal 

cord MRI (%) 
94.6, n = 37 0, n = 9 NA 

No. of CSF cells/mm³: mean (±SD) [range] 
5.6 (±5.3) [0-

22] 

3.8 (±2.9) 

[0-8] 

0.8 (±1.3) 

[0-4] 

Proportion of patients with CSF-specific IgG OCBs or CSF FKLCs 

(%) 
87.5 92.3 0 

Proportion of patients with IgG intrathecal synthesis (%) 67.5 53.8 0 

% IgG intrathecal synthesisb: mean (±SD) 24.9 (±23.4) 26.8 (±30.5) 0 

Proportion of patients with IgM intrathecal synthesis (%) 37.5 38.5 0 

% IgM intrathecal synthesisb: mean (±SD) 15.1 (±23.3) 19.5 (±28.3) 0 

 



CHAPTER 1 

79 

Number of patients for which data are available is indicated by “n.” aBarkhof criteria907 was 

assessed to reflect the lesion load. bIgG and IgM intrathecal fractions were calculated using 

Reiber formulas906 (normal value is 0%). Patients with relapsing-remitting MS were disease-

modifying treatment naive. Furthermore, none of the patients had received high-dose IV 

methylprednisolone. According to the consensus definition905, SCs are patients with 

neurologic symptoms, but without any objective clinical or paraclinical findings to support 

the diagnosis of a specific neurologic disease. % ♀ = percentage of female; EDSS = Expanded 

Disability Status Scale; FKLC = free kappa light chain; GEL = gadolinium-enhancing lesion; 

IgG = immunoglobulin G; IgM = immunoglobulin M; NA = not applicable; OCB = oligoclonal 

band; SC = symptomatic control, SD = standard deviation.  

 

iii. MiRNA PCR array 

MiRNA profiling was kindly performed by the manufacturer with “Inflammatory 

Response & Autoimmunity” and “T-cell & B-cell Activation” miScript miRNA PCR 

Arrays (Qiagen) on a pool of 10 patients with relapsing MS and 10 symptomatic 

controls (SCs) (for CSF) or 10 healthy controls (HCs) (for serum and PBMCs). 

 

iv. RT, preamplification, and qPCR 

RT was performed on 5 μL of miRNA using the miScript II RT Kit. One microliter of 

complementary DNA was preamplified using the miScript PreAmp PCR Kit following 

the manufacturer’s recommendations (Qiagen). The spike-in control C. elegans 

miR-39 mimic was not preamplified. qPCR reactions were performed in duplicate, 

except for miR-24-3p in CSF, a putative internal reference gene 908, which was 

assayed in triplicate. Patients’ subgroups and controls were equally distributed 

across each run to minimise inter-run bias for a single miRNA target. 

 

v. qPCR analysis 

Sample selection was based on Ct variability within duplicates of a same sample 

and between samples, as well as melt curve morphology. Ct was set at 40 in case 

of inefficient amplification. The miRNA transcripts were normalised using 

references (exogenous miR-39 for CSF/serum or intracellular RNU6B [small nuclear 

ribonucleoprotein U6B, later referred to as RNU] for PBMCs). Relative expression 
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was determined by the comparative Ct method to the mean of the SCs or HCs (2−ΔΔCt 

with ΔΔCt = ΔCt [target-reference]sample − ΔCt [target-reference]mean of controls) 909. 

Extraction efficiency was considered by comparing the mean Ct of miR-39 or RNU 

amplification between subgroups and miRNA extraction series. When extraction 

efficiency appeared variable, results were expressed relative to the mean of 

controls extracted using the same RT enzyme lot. 

 

vi. Gene target prediction and pathway enrichment analysis 

Kyoto Encyclopaedia of Genes and Genomes (KEGG) pathways were investigated 

for miRNAs displaying a statistically significant relative expression difference above 

1.5-fold between disease categories. MiRNAs were grouped in sets according to the 

disease subgroup and biological compartment. Two (supplementary table 1.6) or 

three (figure 1.6) databases were combined comprising predicted and validated 

miRNA targets, namely mirPath v.3 by DIANA TOOLS based on TarBase v7.0 (filtered 

with Pathway Union and false discovery rate [FDR] correction), miRNet (filtered 

with a 2.0 cutoff degree and using a hypergeometric Fisher exact test algorithm; 

mirnet.ca), and enrichment using the Cytoscape stringApp (with data set from the 

filtered miRNet analysis and a confidence score cutoff set at 0.6). The miRNA-gene 

network was generated from the miRNet database, filtered (2.0 cutoff degree of 

analysis and 40.0 betweenness) and sketched in the Cytoscape stringApp to show 

the most representative genes. 

 

vii. Statistical analysis 

For statistical analysis, a nonparametric one-way analysis of variance Kruskal-Wallis 

test of all relative miRNA expression levels across subgroups was performed using 

GraphPad Prism 5.0, followed by a Dunn’s post-test for a 2-by-2 comparison of the 

subgroups. Dunn’s p values, with a significance threshold set at ≤ 0.05, were 

calculated and corrected by the Benjamini-Hochberg FDR method 

(astatsa.com/KruskalWallisTest/). Differential expression of miRNAs was 

considered only if statistically significant for both post-tests.  

PCA of continuous variables obtained from the CSF miRNAs screening was 

performed using the R FactoMineR program. The presence/absence of oligoclonal 
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bands (OCBs), MRI lesion load, presence/absence of GELs, and diagnostic category 

were analysed as illustrative qualitative variables. The missing values were replaced 

by the mean value of the subgroup to which the sample belonged to 910. Results 

were plotted using Rcmdr (cran.r-project.org/web/packages/Rcmdr/index.html). 

For miR-146a-5p, -150-5p, and -155-5p in CSF, the receiver operating characteristic 

(ROC) curves were calculated providing a cutoff with an optimal compromise 

between sensitivity and specificity to discriminate MS from SC. 

 

viii. Standard protocol approvals, registrations, and patient consents 

Patients sign a charter upon hospital admission stating that the residual CSF and 

serum samples, collected for routine diagnostic procedures or patient care, can be 

used for retrospective academic research, without an additional informed consent 

(ethical approval 2007/10SEP/233). PBMCs and paired serum were collected 

separately under a distinct research protocol upon signature of an informed 

consent (ethical approval 2007/31AOUT/222). 

 

ix. Data availability 

Raw PCR files and detailed in silico and statistical outputs are not included in this 

article. Any unpublished and anonymised data will be shared upon request from a 

qualified investigator. Strengthening the Reporting of Observational Studies in 

Epidemiology guidelines have been respected.  

 

 

IV. Results 

i. Multicompartment screening of immune related miRNAs from a pool of 

patients with relapsing MS vs SCs/HCs  

To investigate whether miRNA expression was modified in MS, particularly during 

relapses, we first performed a screening on a pool of CSF, serum, or PBMCs 

obtained from 10 patients with MS in relapse and 10 age- and sex-matched SCs or 
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HCs (supplementary table 1.1A). The expression of 168 miRNAs was assessed using 

the “Human Inflammatory Response & Autoimmunity” and the “T-Cell & B-Cell 

Activation” miScript miRNA PCR Arrays. Forty-one miRNAs were assayed in both 

arrays, thus 127 different miRNAs were ultimately assessed. Absolute expression 

differences ranging between 3- (ΔCt = 1.59) and 148-fold (ΔCt = 7.21) were 

observed for 49 miRNAs, of which 35 originated from CSF, 9 from serum, and 8 from 

PBMCs. Of note, some miRNAs were found dysregulated in 2 compartments (miR-

181c-5p and miR-210-3p in CSF and PBMCs; miR-34c-5p and miR-184 in PBMCs and 

serum). Most CSF miRNAs were overexpressed in the relapsing MS pool in 

comparison to the SC pool (ΔCt < 0), except miR-101-3p and miR-17-5p. Twenty-

three miRNAs were discarded from subsequent analysis because of low expression 

levels (Ct ≥ 30) (supplementary figure 1.1). 

 

ii. Quantification of miRNAs in the CSF of patients with relapsing and 

remitting MS vs SCs 

As most miRNAs were found dysregulated in the CSF, we aimed to confirm these 

trends in individual CSF samples of patients with MS, according to disease activity 

(n = 40 in relapse and n = 13 in remission) and compared with age- and sex-matched 

SCs (n = 15) (table 1.1). In total, 64 miRNAs were amplified from individual CSF 

samples (supplementary table 1.3). Those were either selected from the 

differentially expressed targets identified in the screening arrays, from previously 

published studies in MS or for their involvement in immunity, inflammation, lipid 

metabolism, or neurodegeneration.  

Eighteen miRNAs were differentially expressed in at least 1 subgroup, with 

statistically significant (p ≤ 0.05) median fold changes ranging from −4.17 to 5.41 

(figure 1.3A, supplementary figure 1.2A and supplementary table 1.4A). MiR-150-

5p and miR-155-5p were upregulated, whereas miR-15a-3p, -34c-5p, and -297 were 

downregulated in patients with MS, irrespective of disease activity in comparison 

to SCs. Most miRNAs (n = 8) were upregulated in patients with relapsing MS 

compared with patients with remitting MS or SCs, except miR-124-5p, which was 

downregulated compared with SCs. Three miRNAs (miR-20a-5p, -33a-3p, and -214-

3p) were downregulated in patients with remitting MS compared with patients with 

relapsing MS and/or SCs, whereas miR-149-3p was upregulated. In addition, miR-



CHAPTER 1 

83 

24-3p was differentially regulated in patients with MS and could therefore not be 

used as an internal reference gene in this setting. 

 

Figure 1.3: miRNA expression fold change in MS according to disease activity 

 

Differences in CSF (A) and serum (B) miRNA expression levels. The fold change is calculated 

as the ratio between the median of the relative miRNA expression level of the respective 

subgroups. HC = healthy control; miRNA = microRNA; Rel = relapsing MS; Rem = remitting 

MS; SC = symptomatic control. 

 

iii. Specificity of the differentially expressed CSF miRNAs for MS 

qPCR was performed for 57 miRNAs (supplementary table 1.3) on individual CSF 

samples of 14 patients having infectious neurologic disorders (Infect-NDs), 12 

patients having inflammatory neurologic disorders (Inflam-NDs), 15 patients with 

relapsing MS, 9 patients with remitting MS, and 25 SCs. 

Twenty-four miRNAs were differentially expressed in at least 1 subgroup reaching 

a statistically significant threshold of 0.05 following Benjamini-Hochberg correction 

(supplementary table 1.4B). These were all upregulated in Infect-ND compared 

with SC except miR-22-3p. 
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Figure 1.4: Comparative CSF miRNA expression profile of MS vs 
neuroinfectious/neuroinflammatory diseases and controls 

 

Relative CSF miRNA expression levels in the different subgroups. Of note, values exceeding 

the graph scale were of 25.66, 61.48, and 85.94 for miR-15b-5p, -146a-5p, and -150-5p, 

respectively. Infect-ND = infectious neurologic disorder; Inflam-ND = inflammatory 

neurologic disorder; miRNA = microRNA; Rel = relapsing MS; Rem = remitting MS; SC = 

symptomatic control. 

 

The levels of miR-21-5p, -142-3p, -223-3p, -342-3p, -423-5p, and let-7f-5p were 

increased in the CSF of both Infect- and Inflam-ND vs SC, whereas miR-15b-5p, -

29b-3p, and -29c-3p were upregulated in Infect-ND, Inflam-ND, and relapsing MS 

compared with SC. miR-150-5p was the only miRNA upregulated in all disease 

subgroups in comparison to SC. The profile of overexpressed miRNAs in these 



CHAPTER 1 

85 

disease categories was strikingly similar except for the expression levels that were 

2- to 6-fold higher in the Infect-ND subgroup and even 14-fold higher for miR-150-

5p compared with relapsing MS (figure 1.4). 

In addition, 46 of these miRNAs were investigated on CSF samples of 16 patients 

having neurodegenerative disorders and 17 patients with peripheral nervous 

system disorders, but no differences in expression levels were found, except 

compared with Infect-ND (data not shown).  

 

iv. Quantification of miRNAs in the serum of relapsing and remitting MS vs 

HCs 

To determine whether the dysregulated miRNAs identified in the CSF were also 

differentially expressed in peripheral compartments, qPCR was performed for 24 

miRNAs (supplementary table 1.3) on individual serum samples of 20 patients with 

relapsing MS, 19 patients with remitting MS, and 20 HCs. 

Relative quantification of 6 miRNAs reached statistical significance, with fold 

change in the median miRNA expression level ranging between −3.23 and −1.47 

(figure 1.3B, supplementary figure 1.2B and supplementary table 1.4A). Five 

miRNAs (miR-15a-3p, -24-3p, -126-3p, -146a-5p, and -181c-5p) were 

downregulated in both relapsing and remitting MS compared with HC, whereas 

miR-214-3p was downregulated in relapsing MS compared with HC only. 

 

v. Quantification of miRNAs in PBMCs of patients with relapsing and 

remitting MS vs HCs 

qPCR was performed for 24 miRNAs (supplementary table 1.3) on individual PBMC 

samples of 18 patients with relapsing MS, 16 patients with remitting MS, and 14 

HCs. Only 1 miRNA, miR-34a-5p, was significantly downregulated in relapsing MS 

compared with remitting MS with a fold change of −1.89 (supplementary figure 

1.2C and supplementary table 1.4A).  
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vi. PCA and correlation with CSF parameters 

To identify the combination of variables that best explain the differences between 

patients with MS and SCs, we performed a PCA on upregulated CSF miRNAs that 

showed more than 1.5-fold variation between these groups. Significantly 

upregulated miRNAs in patients with MS (miR-150-5p, -155-5p, -146a-5p, -21-5p, 

and -149-3p) accounted for 40.32% of the sample population variance, whereas 

other numerical variables such as the immunoglobulin G (IgG) or immunoglobulin 

M intrathecal fractions and CSF pleocytosis accounted for 18.43% of the variance, 

allowing an excellent discrimination between patients with MS and SCs (figure 1.5, 

A and B). The relative contribution of selected miRNAs to the variability of the 

population was significant as indicated by their cos2 value, with the most significant 

miRNAs being miR-146a-5p and miR-150-5p (supplementary table 1.5A). 

Conversely, the analysis performed with the miRNAs that were significantly 

downregulated in MS vs SC (miR-15a-3p, -20a-5p, -33a-3p, -34c-5p, -124-5p, -214-

3p, and -297) accounted only for 31.95% of the sample population variance (data 

not shown). ROC curves were plotted for miR-150-5p, -146a-5p, and -155-5p, with 

an area under the curve of 0.88, 0.82, and 0.80, respectively (p < 0.0001). Relative 

cutoff value for miR-150-5p was 1.9, with a sensitivity of 80% and a specificity of 

81% for MS diagnosis (figure 1.5C). In addition, miR-150-5p expression levels were 

moderately correlated with CSF pleocytosis, but not with other CSF parameters, 

both in the MS vs control cohort and in the cohort of different Infect-NDs/Inflam-

NDs (Spearman r = 0.47 and r = 0.58, respectively, p < 0.0001). miR-150-5p levels 

were also significantly upregulated in patients with CSF-specific IgG OCBs (data not 

shown).  

PCA on miRNAs whose expression was modified in patients with relapsing vs 

remitting MS (miR-20a-5p, -145-5p, -214-3p, -27a-3p, -27b-3p, -24-3p, and -29c-

3p), using the presence/absence of GELs as illustrative variable for disease activity, 

showed a good separation between patients with relapsing and remitting MS. This 

miRNA combination accounted for 77.52% of the population variance (figure 1.5, D 

and E), with the most representative miRNAs being miR-24-3p, -27a-3p, and -145-

5p (supplementary table 1.5B). Adding miR-149-3p, which is decreased 2-fold in 

relapsing vs remitting MS, did not improve disease activity discrimination (data not 

shown). 
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Figure 1.5: Patient stratification according to diagnosis or disease activity by PCA 

 

PCA was applied using the significantly upregulated CSF miRNAs in patients with MS and 

other CSF parameters (IgG or IgM IF, CSF pleocytosis). PCA can distinctly separate MS from 

SC (A) in a 2-dimensional representation comprising in total 58.75% of sample population 

variability. The upregulated miRNA panel (i.e., miR-21-5p, -146a-5p, -149-3p, -150-5p, and -

155-5p) segregates from other diagnostic criteria (Barkhof imaging criteria, IgM and IgG IF). 

Cos² values for each variable are plotted in abscissa and ordinate (B). They represent the 

strength of the individual variables in indicating population variability according to each 

dimension (significant above 0.5). ROC curves are plotted (C) for miR-150-5p, -146a-5p, and 

-155-5p as diagnostic biomarkers for MS with respective areas under the curve of 0.88, 0.82, 

and 0.80, respectively (p < 0.0001). PCA can also partially separate patients with Rel MS 

from patients with Rem MS (D) in a 2-dimensional representation comprising in total 77.52% 

of sample population variability. MiR-20a-5p, -24-3p, -27a-3p, -27b-3p, and -145-5p 

segregate from miR-29c-3p and miR-214-3p (E). AUC = area under curve; GEL = gadolinium-

enhancing lesion; IF = intrathecal fraction; IgG = immunoglobulin G; IgM = immunoglobulin 
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M; miRNA = microRNA; PCA = principal component analysis; Rel = relapsing MS; Rem = 

remitting MS; ROC = receiver operating characteristic; SC = symptomatic control. 

 

vii. Biological significance and targeted genes of the differentially expressed 

miRNAs in MS  

To obtain insight regarding the functions of the dysregulated miRNAs, we 

performed pathway enrichment analysis for the differentially expressed miRNA 

sets (more than 1.5-fold difference with corrected p value ≤ 0.05) between 

subgroups, as defined below and in figure 1.6. Some pathways were affected, 

independently from disease activity, such as cancer (p53 signalling pathway, 

glioma, or chronic myeloid leukaemia), cell cycle and proliferation (Wnt), immune 

(transforming growth factor beta and FoxO), cellular adhesion (focal adhesion and 

adherens junction) signalling pathways. We nevertheless observed that the 

enrichment score (defined as the -log10[p value])755 was always stronger for the 

relapsing vs remitting (Rel/Rem) subgroup compared with the 2 other subgroups. 

More strikingly, some pathways were found specifically in relapsing patients 

(neurotrophin, mTOR, and ErbB) compared with the 2 other groups, suggesting 

some relevance of these pathways in modulating disease activity. On the other 

hand, nuclear factor kappa-light chain-enhancer of activated B cells (NFkB) was 

shown as general signalling for relapsing-remitting MS (RRMS). Some pathways 

were only affected in the Rel/Rem subgroup (axon guidance and insulin) or 

specifically in the Rel/SC subgroup (tumour necrosis factor alpha) (figure 1.6A). The 

comparison between up- and downregulated miRNAs in the different 

compartments showed a parallelism between pathways targeted by miRNAs 

upregulated in the CSF of relapsing MS and downregulated in the CSF of remitting 

MS (supplementary table 1.6). In addition, the most representative genes retrieved 

from the analysis of all differentially expressed miRNAs in the CSF were introduced 

in a miRNA-gene interaction network. Several genes (MYC, VEGFA, MKN2, BCL2, 

PMAIP1, KIAA1551, XIAP, NFAT5, E2F3, WEE1, STAT3, CCND1, SMAD4, TMEM167A, 

and LRRC58) were targeted by at least 4 miRNAs species from the 3 different sets, 

revealing possibly important miRNA-related genes affected in MS (figure 1.6B). 

 

.
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Figure 1.6: Predicted signalling pathways and genes targeted by dysregulated CSF miRNAs in MS 
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(A) Top enriched canonical pathways associated with the differentially expressed CSF 

miRNAs between each subgroup (Rel/Rem [orange bars], Rel/SC [blue bars], or Rem/SC 

[yellow bars]) are illustrated. Indicated pathways were found by performing Kyoto 

Encyclopaedia of Genes and Genomes (KEGG) analysis using the miRNet, mirPath, or 

Cytoscape stringApp databases. The columns on the left side of the graph indicate the 

number of databases from which a determined pathway was retrieved. The pathways 

retrieved by specific databases are indicated by the aforementioned colour code (a void line 

indicates that a pathway was not found in the database from the corresponding column). 

On the right side, results are expressed as mean ± standard error of the enrichment score 

(−log10 of adjusted p value) obtained from the 3 databases, giving a score for the relative 

weight of a given signalling pathway between experimental subgroups; the dotted line 

designates the threshold of 1.3 (representing p value at 0.05). We identified signalling 

pathways consistent with MS pathogenesis such as cell cycle or apoptosis (Insulin, mTOR, 

Wnt, and ErbB signalling pathways with the following gene targets: MYC, CCND1, LMNB2, 

CDKN1A, MDM2, E2F3, TP53, NRAS, WEE1, MKNK2, BTG2, PMAIP1, TAOK1, DDI2, and 

NUFIP2), immunoregulation (TNF-α, NF-κB, TGF-β, FoxO signalling pathways, and gene 

targets: SMAD4, NFAT5, SP1, MYC, CCND1, SLC1A5, STAT3, BCL2, and XIAP), neuroprotective 

and neurodegenerative processes (axon guidance, ErbB, and neurotrophin signalling 

pathways with BCL2, TP53, VEGFA, EGFR, ZBTB18, PLAGL2, and TOR1AIP2 as targeted 

genes), and cancer-related signalling pathways (only glioma and myeloid leukaemia were 

selected). (B) Cytoscape network representation of interactions between the 18 MS-

associated miRNAs in the CSF and a panel of targeted genes extracted from the miRNet 

database. The resulting network comprises 47 nodes (the 18 dysregulated miRNAs with the 

29 most represented genes) and 176 direct edges. The colour code refers to the sets of 

miRNAs according to their differential expression across subgroups, as in A. miRNA = 

microRNA; NF-κB = nuclear factor kappa-light-chain-enhancer of activated B; Rel = relapsing 

MS; Rem = remitting MS; SC = symptomatic control; TGF-β = transforming growth factor 

beta; TNF-α = tumour necrosis factor alpha 

 

 

V. Discussion 

i. CSF-predominant miRNA dysregulation and miRNA species newly 

associated with MS  

This study sought to perform a comprehensive analysis of the differential 

expression of carefully preselected miRNAs in patients with RRMS, according to 
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disease activity, vs controls in 3 different biological compartments. Patients were 

free of DMT and devoid of high-dose steroids. A second CSF cohort was analysed to 

compare the MS miRNA profile with that of other neurologic diseases. Strikingly, 

we observed 18 significantly dysregulated miRNAs in the CSF vs 6 in the serum and 

only 1 in PBMCs, pointing toward specific intrathecal processes ongoing in MS and 

confirming the results of the preliminary miRNA array analysis performed on 

pooled samples. We have identified 7 miRNAs, namely miR-15a-3p, -29c-3p, -33a-

3p, -34c-5p, -124-5p, -149-3p, and -297 that have not yet been described in MS to 

the best of our knowledge, but rather found in cancer either as tumour suppressors 

or as oncogenes 911. Other miRNA species (miR-21-5p, -27b-3p, -145-5p, -146a-5p, 

-150-5p, -155-5p, -20a-5p, -214-3p, -24-3p, -27a-3p, and -125b-5p) were previously 

described as differentially expressed in RRMS in at least 1 of the following sample 

types: PBMCs or immune cell subpopulations, serum, whole blood, or active brain 

lesions 753. Moreover, this study suggests that a specific set of miRNAs could serve 

as potential biomarkers for MS disease activity.  

 

ii. The CSF miRNA profile parallels the extent of intrathecal inflammation, 

but is not specific to MS 

Although studies on CSF miRNAs in MS are sparse, several miRNAs identified in this 

study were previously described by other groups either in the CSF or other sample 

types 900. Our work emphasises, however, the predominance of CSF miRNA 

dysregulation in MS, in concordance with its pathogenesis. Furthermore, our 

results highlight the partially overlapping profile of CSF-upregulated miRNAs in 

infectious and inflammatory CNS disorders compared with relapsing MS. The CSF 

miRNA expression level was related to pleocytosis, as it was higher in Infect-NDs 

than in relapsing MS, especially regarding miR-150-5p expression, which was also 

associated with the presence of OCBs.  

The upregulation of CSF miR-150-5p in MS is in agreement with the previously 

published studies by Quintana et al. and Bergman et al 768,912. The expression of this 

miRNA is also increased in serum and exosomes from activated lymphocytes and is 

therefore considered as a sensor for activation of adaptive immunity 913. In this 

study, however, miR-150-5p was not upregulated in peripheral compartments, 

again suggesting the predominance of intrathecally mediated immune processes. 
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We illustrated by PCA that miR-150-5p, -146a-5p, and -155-5p could significantly 

segregate patients with RRMS from controls. ROC curve analysis was the strongest 

for miR-150-5p, with a sensitivity and specificity of 80% and 81%, respectively, an 

even stronger result than previously shown 912 and comparable to ROC curves of 

kappa free light chains for MS diagnosis 903.  

The set of miRNAs (miR-20a-5p, -145-5p, -214-3p, -27a-3p, -27b-3p, -24-3p, and -

29c-3p) whose expression was modified according to disease activity could be 

sufficient to segregate patients with relapsing MS from patients with remitting MS. 

Further studies, in larger independent cohorts, should investigate whether these 

miRNAs could serve as biomarkers of disease activity. 

 

iii. MiRNA profile in the serum and PBMCs of patients with MS 

Five miRNAs were downregulated in the serum of both relapsing and remitting MS 

(miR-15a-3p, -24-3p, -126-3p, -146a-3p, and -181c-5p), whereas miR-214-3p was 

downregulated in the serum of relapsing MS only. Remarkably, only 

downregulation of miR-15a-3p was consistent in both serum and CSF, whereas miR-

24-3p, -146a-5p, and -214-3p were found upregulated in the CSF. Comparably, miR-

126-3p was downregulated in whole blood MS samples 914. Other miRNAs (miR-

122-5p, -196b-5p, -301a-3p, and -532-5p) found in extracellular vesicles were also 

decreased in the serum of patients with relapsing MS 915. This discrepancy between 

the CSF and peripheral compartments was also shown in Alzheimer disease and 

intracerebral haemorrhage, but is yet not understood 916,917. The expression 

patterns of miR-181c-5p remain controversial, as some have described its 

upregulation in the CSF and in active MS lesions 758,901. In our hands, the levels of 

miR-181c-5p were however too low to allow quantification in the CSF, but it was 

downregulated in the serum of patients with MS compared with controls. Finally, 

in agreement with the decrease of miR-34a-5p levels in CD4+ T cells of patients with 

MS, we found its expression significantly downregulated in the PBMCs of patients 

with relapsing MS 918. 
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iv. Target analysis of miRNAs dysregulated in MS 

To generate hypothesis regarding the functional role of the identified miRNAs in 

CSF, we performed a pathway enrichment analysis on several KEGG pathway 

databases to reveal the most affected signalling pathways according to disease 

activity, but also in serum and PBMCs. As a single miRNA species is not sufficient to 

account solely for the disease, as discussed above, we grouped the different 

miRNAs in sets. For CSF miRNAs, we first observed the highest enrichment score for 

several cancer signalling pathways, but we only presented the results for glioma 

and chronic myeloid leukaemia because (1) these pathways are relevant for the 

(neuro)immunopathologic aspect of MS disease and (2) most of the miRNAs were 

extensively investigated in cancer research, which naturally biases most analyses 

toward cancer-related pathways. Besides cancer-related signalling pathways, the 

score comparison of the different subgroups of patients (relapsing, remitting MS 

and SC vs each other) and the Cytoscape miRNA-messenger RNA (mRNA) network 

representation obtained from CSF showed pathways consistent with MS 

pathogenesis such as cell cycle or apoptosis, immunoregulation, neuroprotective, 

and neurodegenerative processes.  

MiRNA molecular function prediction by gene ontology provided the highest score 

to several negative regulators of transcriptional activity through targeting of 

CCND1, STAT3, the E2F family, MYC, SP1, ZBTB18, and PLAGL2 among others 

(findings obtained by miRNet; data not shown). This result confirms previous 

studies on the impact of miRNAs on the transcriptional network in MS pathogenesis 
915,919–922. Our research demonstrates for the first time that the CSF profile of 

remitting MS (Rem) is more closely related to the profile of controls than relapsing 

MS (Rel) because (1) the signalling pathways target analysis scores were the lowest 

(if not absent) for the miRNAs differentially expressed between Rem vs SC 

(Rem/SC), whereas the scores were the highest for the ones between Rel/Rem and 

(2) that no common signalling pathways specifically stood out for the dysregulated 

miRNAs in Rel and Rem compared with controls. At the mRNA level, it is worth 

noting that, unlike most of the genes regulated by miRNAs from all groups, PLAGL2 

and LMNB2 were specifically clustered to the Rel/Rem and Rem/SC subgroups. Of 

interest, LMNB2 was related to 2 miRNAs not previously associated with MS, 

namely miR-149-3p and miR-33a-3p. PLAGL2 is a transcription factor regulating 

Wnt signalling, and thus leading to the inhibition of neural stem cell 
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differentiation923. It could therefore be relevant for reparative processes during 

remission. LMNB2 codes for a member of the lamin family and was found 5-fold 

downregulated in CD4+ T cells of patients with remitting MS compared with HCs 
924. Altogether, the pathway enrichment analysis with the miRNA sets identified in 

this study remarkably pinpoints to important pathways and miRNA-gene 

interactions pertinent to MS pathogenesis, as evidenced in earlier studies. The 

differentially expressed miRNAs have relevant mRNA interactions, especially in 

regard to the modulation of the immune response. For instance, miR-155-5p 

promotes Th17 and regulatory T-cell (Treg) differentiation, Th17 function, and 

microglia-mediated immune responses, through expression of interleukin (IL) 6, 

tumour necrosis factor alpha, and iNOS, by targeting SOCS1 842,857. MiR-155-5p also 

alters blood-brain barrier permeability and enhances leukocyte adhesion to 

endothelial cells, whereas miR-126-3p and miR-146a-5p counteract this by 

modulating the expression of brain endothelial ICAM1, VCAM1 827,856,925. Moreover, 

miR-146a-5p exerts its immunoregulatory effect by blocking Th17 differentiation 

through repression of TRAF6 and IRAK1, which are transducers of nuclear factor 

kappa-light-chain-enhancer of activated B cells and thus reduces IL-6 and IL-21 

expression 821. MiR-27b-3p inhibits Treg differentiation but not their function, by 

downregulating SMAD4 and TGFBR1 802. MiR-21-5p represses lymphocyte 

migration through STAT3 regulation 926. The deletion of miR-150-5p in experimental 

autoimmune encephalomyelitis (EAE) mice affects CD3+, CD4+, and CD8+ cells and 

mRNA expression of proinflammatory cytokines compared with wild-type EAE, 

likely by regulating CMYB 839. 

 

v. Cellular source and carriers of CSF miRNAs 

Although our study did not investigate the cellular source of the CSF-associated 

miRNAs, according to the cell-specific miRNA catalogue, nearly all immune cell 

subpopulations express the miRNAs found in our study 927. Yet, some miRNA species 

might be more specific of certain cell types, as extracellular vesicles (EVs) of Treg 

cells were specifically enriched with miR-21-5p, -146a-5p, and -150-5p, whereas 

those of Th1 and Th17 cells preferentially expressed miR-155-5p 928.  

Whether miRNAs are carried exclusively by EVs such as exosomes in the CSF is still 

an open question. However, miRNAs were enriched in exosomal fractions of CSF929. 
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The number of CSF EVs increases during MS relapses and GELs on brain or spinal 

cord MRIs were associated with an increase in CSF EVs expressing markers of CD8+ 

memory T cells, Th2 and Th1 cells 930. The cellular source of miRNAs from the CSF 

and their carriers should be further investigated in the setting of MS.  

 

vi. Study limitations 

The strength of this study resides in the comprehensive stepwise strategy used, the 

large CSF sample size, the use of a confirmatory cohort for the CSF, the comparison 

between compartments, and finally the comparison with miRNA expression in 

other disease categories. Moreover, patients were systematically sex- and age-

matched to controls. However, there is inevitable heterogeneity between reports 

on miRNA expression analysis in MS due to discrepancies in sample numbers, 

collection and storage procedures, patient characteristics, study design, molecular 

biology techniques (microarray or qPCR, with or without preamplification, TaqMan 

vs SYBR Green), data analysis (quantification method, choice of reference gene), 

and finally the type of statistical tests. These factors, altogether or separately, 

possibly affect results. In this study, qPCRs from CSF and serum were normalised 

with an external reference, as an internal reference could not be identified. Future 

studies could possibly combine a panel of non-significantly altered miRNAs as 

normalizers. Some selected miRNAs were below the PCR detection level, 

preventing further analysis. The targeted selection of miRNAs based on the 

literature and immune-related miRNA PCR arrays does not exclude that other 

miRNA species are also dysregulated in MS. Finally, the patient cohort from a single 

academic centre may not be representative of a more global MS cohort. An 

international and multicentric study that includes miRNA sequencing could provide 

novel miRNA targets that would refine our current results. 

 

In conclusion, we have demonstrated that 21 miRNAs were differentially expressed 

in RRMS, mostly in the CSF, which is at the core of the inflammation, 7 of which 

were never associated with MS so far. The miRNA expression profile varied 

according to disease activity. It was associated with the extent of intrathecal 

inflammation, notably CSF pleocytosis, not only in MS but also in neuroinfectious 

and other neuroinflammatory diseases. Considering this, a single miRNA is unlikely 
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to be considered as a MS biomarker, but a set of miRNAs could rather be 

investigated for that purpose. The strength of this work resides in (1) the study of 

different disease categories, (2) the comprehensive miRNA analysis performed on 

3 biological compartments in patients with MS, and (3) the validation of CSF results 

by our second cohort and some miRNAs already described in other studies. Our 

work emphasises the potential of a miRNA set to reflect intrathecal inflammation 

and MS disease activity. The miRNA expression profile was in concordance with 

their known effects on immune and neuroinflammatory processes at play in MS. In 

silico analysis provided a view on affected signalling pathways, warranting further 

studies into their function, cellular source, and carriers, especially for the newly 

found miRNAs associated with MS. Ultimately, the present report will help 

fundamental research on MS by paving the way for the functional characterisation 

of miRNAs and unravelling novel pathways for possible therapeutic intervention. 

 

 

VI. Supplementary material 

Supplementary figure 1.1: Heatmap representation of the multi-compartment miRNA 
screening performed in relapsing MS versus controls 

Differences in miRNA expression in CSF, serum and PBMCs on a pool of ten relapsing MS 

patients versus ten controls were measured by two 84-plex PCR arrays for inflammatory 

response and autoimmunity (left) or T- and B-cell activation (right). miRNA species indicated 

in bold were subsequently measured by RT-qPCR in individual samples. Ct corresponds to 

the difference in Ct (inversely related to the amount of target miRNA in the sample) between 

relapsing MS versus controls. They are indicated by a colour graduation for absolute values 

≥ 1.59, corresponding to a 3-fold change in expression (calculated as 2-Ct). Significantly 

different Ct values are indicated in numeric values in the graph. Underscored values 

correspond to miRNAs of low abundance with Cts > 30. Ct = cycle threshold; hsa = Homo 

sapiens; PBMC = peripheral blood mononuclear cells; Rel = relapsing MS. 
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Supplementary figure 1.2: MiRNA expression levels in CSF, serum and PBMCs of 
relapsing/remitting MS and controls  

Box plots of relative expression for indicated miRNA are presented by Tukey’s method. p-

value (* ≤ 0.05; ** ≤ 0.01; *** ≤ 0.001) are calculated by Benjamini-Hochberg’s correction. 

HC = healthy controls; PBMCs = peripheral blood mononuclear cells; Rel = relapsing MS; Rem 

= remitting MS; SC = symptomatic controls. 
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Supplementary table 1.1: Baseline characteristics of patients and controls included in the 
several cohorts 

Number of patients for which data is available is indicated by “n”. aBarkhof criteria907 was 

assessed to reflect the lesion load. bIgG and IgM intrathecal fractions were calculated using 

Reiber’s formulas906 (normal value is 0%). All CSF RRMS patients were disease modifying 

treatment (DMT)-naïve. Only 7 out of 38 relapsing and 6 out of 35 remitting MS patients 

had stopped DMT three months to 13 years prior to serum or PBMCs sampling, with the 

remainder being treatment naïve. Furthermore, none of the patients had received high dose 

intravenous methylprednisolone. According to the consensus definition905, inflammatory 

neurological disease controls include all inflammatory neurological diseases that have 

abnormal CSF findings (pleocytosis and/or elevated QAlb) except if other findings support 

the inflammatory nature. Symptomatic controls (SCs) are patients with neurological 

symptoms, but without any objective clinical or paraclinical findings to support the diagnosis 

of a specific neurological disease, whereas healthy controls are subjects without any medical 

complaint or condition. EDSS = expanded disability status score; FKLC = free kappa light 

chains; GEL = gadolinium-enhancing lesions; HC = healthy controls; Infect-ND = infectious 

neurological disorders; Inflam-ND = inflammatory neurological disorders; n = number; NA = 

not applicable; OCB = oligoclonal bands; PBMCs = peripheral blood mononuclear cells; Rel 

MS = relapsing MS; Rem MS = remitting MS; RRMS = relapsing-remitting MS; SC = 

symptomatic controls; SD = standard deviation, % ♀ = percentage of female. 
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Supplementary table 1.1A: CSF, serum and PBMCs cohorts of miRNA arrays of relapsing MS vs SC/HC 

 CSF Serum/PBMCs 

 MS vs SC array MS vs SC array 

n (% ♀) 20 (90.0) 20 (90.0) 

Mean age (±SD) 31.1 (±8.8) 
33.3 (±8.9) (PBMCs) 

33.5 (± 9.6) (serum) 

 Rel MS SC Rel MS HC (serum) HC (PBMCs) 

n (% ♀) 10 (100) 10 (80.0) 10 (90.0) 10 (90.0) 10 (90.0) 

Mean age (±SD) 31.9 (±10.9) 30.2 (±4.2) 33.1 (±9.8) 33.8 (± 9.9) 33.4 (±8.3) 

Disease duration in months: mean (±SD) 5 (±11) NA 14 (±31) NA NA 

Relapse phenotype (%) 

     1: Spinal 

 

20.0 

NA 

 

30.0 

NA NA 
     2: Brainstem/cerebellum 10.0 0.0 

     3: Optic neuritis 40.0 40.0 

     4: Supratentorial 10.0 10.0 

     5: Multifocal 20.0 20.0 

EDSS: median [range] 2.25 [2-3.5] NA 2 [2-3.5] NA NA 

Number of relapses since disease onset: 

median [range] 
1 [1-2] NA 1 [1-2] NA NA 

Proportion of patients with a 1st clinical 

event (%) 
70.0 NA 70.0 NA NA 

Barkhof criteriaa score 3 and 4 (%) 90.0 NA 90.0 NA NA 

GELs on brain MRI: mean (±SD) 
2.6 (±1.7) 

n = 9 
NA 2.6 (±2.5) NA NA 

Proportion of patients with spinal cord 

lesions on MRI (%) 
80.0 NA 80.0 NA NA 

GELs on spinal cord MRI: mean (±SD) 
0.3 (±0.5) 

n = 4 
NA 

0 

n = 3 
NA NA 

Proportion of patients with at least one GEL 

on brain or spinal cord MRI (%) 
100 NA 100 NA NA 

Number of CSF cells/mm³: mean (±SD) 

[range] 

4.4 (±4.4) 0.8 (±1.4) 9.6 (±10.6) 
NA NA 

[0-14] [0-4] [0-34] 

Proportion of patients with CSF-specific IgG 

OCBs or CSF FKLCs (%) 
100 10 100 NA NA 

Proportion of patients with IgG intrathecal 

synthesis (%) 
90.0 0 90.0 NA NA 

% IgG intrathecal synthesisb: mean (±SD) 34.7 (±19.1) 0 33.4 (±21.5) NA NA 

Proportion of patients with IgM intrathecal 

synthesis (%) 
30.0 0 50.0 NA NA 

% IgM intrathecal synthesisb: mean (±SD) 16.6 (±27.6) 0 25.4 (±30.9) NA NA 
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Supplementary table 1.1B: CSF cohort of Infect-/Inflam-ND and RRMS vs SC 

 CSF 

Infect- & Inflam-ND vs MS vs SC 

n (% ♀) 75 (57.3) 

Mean age (±SD) 39.7 (±14.9) 

 Infect-ND Inflam-ND Rel MS Rem MS SC 

n (% ♀) 14 (57.1) 12 (33.3) 15 (73.3) 9 (44.4) 25 (64.0) 

Mean age (±SD) 41.2 (±15.0) 32.8 (±20.2) 32.5 (±10.6) 40.1 (±10.8) 46.3 (±13.1) 

Disease duration in months: mean (±SD) 0.7 (±0.5) 7.7 (±13.4) 33 (±65) 38 (±60) NA 

Relapse phenotype (%) 

     1: Spinal 

     2: Brainstem/cerebellum 

     3: Optic neuritis 

     4: Supratentorial 

     5: Multifocal 

NA NA 

 

53.3 

NA NA 
20.0 

6.7 

16.3 

6.7 

EDSS: median [range] NA NA 2 [0-3] 2 [1-3] NA 

Number of relapses since disease onset: 

median [range] 
NA NA 1 [1-6] 2 [0-3] NA 

Proportion of patients with a 1st clinical 

event (%) 
NA NA 53.3 33.3 NA 

Barkhof criteriaa score 3 and 4 (%) NA NA 93.3 44.4 NA 

GELs on brain MRI: mean (±SD) NA NA 
5.4 (±8.9) 

n = 13 

0 

n = 6 
NA 

Proportion of patients with spinal cord 

lesions on MRI (%) 
NA NA 

85.7 

n = 14 

75.0 

n = 8 
NA 

GELs on spinal cord MRI: mean (±SD) NA NA 
0.5 (±0.5) 

n = 10 

0 

n = 3 
NA 

Proportion of patients with at least one 

GEL on brain or spinal cord MRI (%) 
NA NA 

100 

n=14 

0 

n=8 
NA 

Number of CSF cells/mm³: mean (±SD) 

[range] 

80.9 (±133.5) 23.8 (±30.5) 6.8 (±6.4) 4.4 (±3.7) 1.2 (±1.8) 

[0-470] [2-102] [0-18] [0-11] [0-6] 

Proportion of patients with CSF-specific 

IgG OCBs or CSF FKLCs (%) 

46.2 

n = 13 
50 93.3 100 

0 

n = 24 

Proportion of patients with IgG 

intrathecal synthesis (%) 

30.8 

n = 13 
25.0 80.0 66.7 

4.2 

n = 24 

% IgG intrathecal synthesisb: mean (±SD) 
13.3 (±23.4) 

n = 13 
3.7 (±7.0) 32.0 (±26.8) 17.4 (±21.1) 

0.3 (±1.4) 

n = 24 

Proportion of patients with IgM 

intrathecal synthesis (%) 

53.8 

n = 13 
25.0 33.3 22.2 

0 

n = 24 

% IgM intrathecal synthesisb: mean (±SD) 24.8 (±29.8) 4.5 (±11.2) 14.7 (±23.2) 7.6 (±15.5) 0; n = 24 
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Supplementary table 1.1C: Serum and PBMCs cohorts of RRMS vs HC 

  
Serum PBMCs 

MS vs HC MS vs HC 

n (% ♀) 59 (76.3) 48 (83.3) 

Mean age (±SD) 40.8 (±11.2) 41.5 (±13.3) 

  Rel MS Rem MS HC Rel MS Rem MS HC 

n (% ♀) 20 (80.0) 19 (79.0) 20 (70.0) 18 (77.8) 16 (93.8) 14 (78.6) 

Mean age (±SD) 32.8 (±7.8) 47.3 (±8.9) 
42.7 

(±11.6) 

31.8 

(±10.4) 

50.9 

(±10.5) 

43.3 

(±11.4) 

Disease duration in months: mean (±SD) 51 (±60) 173 (±115) NA 52 (±77) 133 (±97) NA 

Relapse phenotype (%) 

   1: Spinal 

   2: Brainstem/cerebellum 

   3: Optic neuritis 

   4: Supratentorial 

   5: Multifocal 

 

45.0 

NA NA 

 

27.8 

NA NA 
15.0 16.7 

15.0 22.2 

15.0 33.3 

10.0 0 

EDSS: median [range] 2.5 [0-3.5] 2 [0-3.5] NA 2.75 [0-3.5] 2 [0-3.5] NA 

Number of relapses since disease onset: 

median [range] 
2 [1-11] 

2 [1-9] 

n = 18 
NA 2 [1-9] 1 [0-4] NA 

Proportion of patients with a 1st clinical 

event (%) 
35.0 36.8 NA 35.0 62.5 NA 

Barkhof criteriaa score 3 and 4 (%) 84.2, n = 19 84.2 NA 82.4, n = 17 93.8 NA 

GELs on brain MRI: mean (±SD) 
2.5 (±2.3) 

n = 17 

0 

n = 11 
NA 

3.6 (±4.5) 

n = 14 
NA NA 

Proportion of patients with spinal cord 

lesions on MRI (%) 

88.2 

n = 17 

84.6 

n = 13 
NA 

87.5 

n = 16 

78.6 

n = 14 
NA 

GELs on spinal cord MRI: mean (±SD) 0, n = 4 NA   NA 
0.4 (±0.5) n = 

5 
      NA NA 

Proportion of patients with at least one 

GEL on brain or spinal cord MRI (%) 

93.8 

n = 16 
NA NA 

92.9 

n = 14 
NA NA 

Number of CSF cells/mm³: mean (±SD) 

[range] 

11.3 (±9.3) 

NA NA 

5.64 (±7.1) 

NA NA [0-34] n = 

13 

[0-22] n = 

11 

Proportion of patients with CSF-specific 

IgG OCBs or CSF FKLCs (%) 

100 

n=18 

94.4 

n=18 
NA 100 93.8 NA 

Proportion of patients with IgG 

intrathecal synthesis (%) 

100 

n = 11 
NA NA 

77.8 

n = 9 
NA NA 

% IgG intrathecal synthesisb: mean (±SD) 

34.9 

(±20.0) 

n = 11 

NA NA 

27.1 

(±20.1) 

n = 9 

NA NA 

Proportion of patients with IgM 

intrathecal synthesis (%) 

45.5 

n = 11 
NA NA 

33.3 

n = 9 
NA NA 

% IgM intrathecal synthesisb: mean (±SD) 

15.4 (± 

22.6) 

n = 11 

NA NA 

16.0 

(±27.1) 

n = 9 

NA NA 
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Supplementary table 1.2: Diagnoses of infectious and inflammatory neurological disorders 

 Diagnosis n 

Infect-ND 

Bacterial meningitis (unidentified pathogen) 2 

Pneumococcal meningitis with subdural empyema 1 

Presumptive tuberculous meningitis 1 

Focal meningitis consecutive to otitis media (by H. influenzae and 

S. pneumoniae) 
1 

Unspecified meningitis 2 

HSV meningo-encephalitis 2 

HIV meningitis 1 

Progressive Multifocal Leukoencephalopathy 1 

Viral meningitis and cerebellitis 1 

Meningo-encephalitis of unknown origin 1 

Lepto-meningitis of unknown origin 1 

Inflam-ND 

Neuro-Behçet's disease 3 

Neurosarcoidosis 2 

Hashimoto’s encephalopathy 1 

Susac syndrome 1 

Idiopathic CNS vasculitis 1 

Primary granulomatous CNS vasculitis 1 

Post-infectious meningo-encephalitis 1 

Isolated optical neuritis 1 

HaNDL syndrome 1 

 

HaNDL = headache and neurologic deficits with CSF lymphocytosis; HSV = Herpes Simplex 

Virus; Infect-ND = infectious neurological disorders, Inflam-ND = inflammatory neurological 

disorders. 
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Supplementary table 1.3: List of miRNAs selected for individual amplification by quantitative 
PCR in the different cohorts 

CSF of MS vs SC CSF of Infect- & Inflam-ND vs MS vs SC 
Serum & PBMCs of 

MS vs HC 

64 targets 57 targets 24 targets 

Immunological (n=34) Immunological (n=35) Immunological (n=18) 

let-7a-5p miR-133b let-7a-5p miR-145-5p let-7e-5p 
let-7b-5p miR-145-5p let-7b-5p miR-146a-5p let-7d-5p 
let-7d-5p miR-146a-5p let-7e-5p miR-150-5p miR-15a-3p 
let-7e-5p miR-150-5p let-7f-5p miR-155-5p miR-16-5p 
let-7f-5p miR-155-5p miR-15a-3p miR-181a-5p miR-17-5p 

miR-15a-3p miR-181b-5p miR-15b-5p miR-181b-5p miR-20a-5p 
miR-15b-5p miR-206 miR-16-5p miR-210-3p miR-24-3p 
miR-16-5p miR-210-3p miR-17-5p miR-222-3p miR-29b-3p 
miR-17-5p miR-223-3p miR-20a-5p miR-223-3p miR-34c-5p° 

miR-18b-5p° miR-326 miR-22-3p miR-326 miR-124-3p 
miR-20a-5p miR-342-3p miR-24-3p miR-342-3p miR-126-3p 
miR-24-3p miR-423-5p mir-25-3p miR-423-5p miR-145-5p 
mir-25-3p miR-96-5p° miR-29b-3p let-7d-5p° miR-146a-5p 

miR-29b-3p miR-181c-5p° miR-34c-5p let-7i-5p° miR-150-5p 
miR-34c-5p miR-493-3p° miR-92a-3p miR-15a-5p° miR-155-5p 
miR-92a-3p miR-599° miR-124-3p miR-18b-5p° miR-181c-5p 
miR-124-3p°  miR-126-3p miR-96-5p° miR-210-3p 
miR-126-3p  miR-133b  miR-223-3p 

Immunological & 
lipidic (n=11) 

Lipidic (n=15) 
Immunological & 

lipidic (n=8) 
Lipidic (n=10) 

Immunological & 
lipidic (n=3) 

miR-19b-3p miR-33a-3p miR-21-5p miR-122-5p miR-34a-5p 
miR-21-5p miR-122-5p miR-27a-3p miR-192-5p miR-142-3p 

miR-27a-3p mir-124-5p miR-27b-3p miR-297 miR-214-3p 
miR-27b-3p miR-125a-3p° miR-34a-5p miR-338-3p  

miR-34a-5p miR-147b° miR-101-3p miR-378a-5p Lipidic (n=1) 

miR-101-3p miR-149-3p miR-125b-5p miR-422b  miR-297 
miR-125a-5p miR-192-5p miR-142-3p (= miR-378a-3p)  

miR-125b-5p miR-297 miR-214-3p miR-32-5p°  

miR-142-3p miR-338-3p  miR-33a-5p°  

miR-146b-5p miR-378a-5p  miR-138-5p°  

miR-214-3p miR-422b   miR-219a-5p°  

 (= miR-378a-3p)    
 miR-32-5p°    
 miR-33a-5p°    
 miR-138-5p°    
 miR-219a-5p°    

Immunological & 
neuro-degenerative 

(n=3) 

Neuro-degenerative 
(n=1) 

Immunological & 
neuro- degenerative 

(n=3) 

Neuro-degenerative 
(n=1) 

Immunological & 
neuro-degenerative 

(n=2) 

miR-29a-3p miR-107 miR-29a-3p miR-107 miR-29c-3p 
miR-29c-3p  miR-29c-3p  miR-191-5p 
miR-191-5p  miR-191-5p   
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The miRNAs were selected based on the results of the screening arrays or identified from 

bibliographic search. They are grouped according to their involvement in 

immunity/inflammation, lipid metabolism or neurodegeneration. MiRNAs that could not be 

analysed for technical reasons (qPCR melt curve with several peaks, heterogeneous melt 

curves, low miRNA levels resulting in a flat amplification curve) are indicated by °. HC = 

healthy controls; Infect-ND = infectious neurological disorders; Inflam-ND = inflammatory 

neurological disorders; PBMCs = peripheral blood mononuclear cells; SC = symptomatic 

controls. 

 

 

 

 

 

 

 

 

 

Supplementary table 1.4: Differentially expressed miRNAs in MS and other 
inflammatory/infectious neurological disorders 

Median fold change and statistical significance are listed for miRNAs amplified from CSF, 

serum and PBMCs of relapsing or remitting MS vs. SC/HC (A) and in the CSF of inflammatory 

and infectious neurological diseases and relapsing or remitting MS vs. SC (B). Values 

significant according to Dunn’s post-test with (bold) or without (italic) confirmation by 

Benjamini-Hochberg’s correction are shown. qPCR inclusion criteria described in the 

material and methods section allowed the inclusion of over 90% of CSF samples, over 96% 

of serum samples and 100% of PBMCs samples in the analysis, except for (A) 188.2% and 
286.4% and for (B) 374.7% and 481.3%. ND = neurological disorders; PBMCs = peripheral 

blood mononuclear cells; SC = symptomatic controls  
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Supplementary table 1.4A: Differentially expressed miRNAs in MS 

A  Relapsing vs Remitting Relapsing vs Controls Remitting vs Controls 

ID miRNA 
ANOVA  

p-value 

Fold 

change 

Dunn's  

p-value 

Adjusted 

p-value 

Fold 

change 

Dunn's  

p-value 

Adjusted 

p-value 

Fold 

change 

Dunn's  

p-value 

Adjusted 

p-value 

CSF 

miR-15a-3p 0,0215 1,25 0,9779 0,9779 -2,38 0,0071 0,0212 -2,94 0,0330 0,0494 

miR-20a-5p 0,0077 4,03 0,0045 0,0076 -1,01 0,6242 0,6242 -4,17 0,0051 0,0076 

miR-21-5p 0,0231 1,29 0,4872 0,4872 1,76 0,0061 0,0182 1,37 0,1080 0,1619 

miR-24-3p 0,0484 1,90 0,0158 0,0474 1,04 0,2764 0,2764 -1,82 0,2446 0,2764 

miR-27a-3p 0,0323 1,69 0,0092 0,0276 1,09 0,6875 0,6875 -1,56 0,0610 0,0915 

miR-27b-3p 0,0125 1,72 0,0032 0,0095 1,15 0,3247 0,3247 -1,49 0,0892 0,1337 

miR-29c-3p 0,0359 2,29 0,0102 0,0305 1,13 0,6645 0,6645 -2,04 0,0650 0,0975 

miR-33a-3p 0,0311 2,26 0,1047 0,1047 -1,78 0,1006 0,1047 -4,00 0,0087 0,0260 

miR-34c-5p 0,0269 1,13 0,9096 0,9096 -3,44 0,0108 0,0324 -3,85 0,0305 0,0457 

mir-124-5p 0,016 -1,28 0,3427 0,3427 -2,17 0,0041 0,0124 -1,23 0,1513 0,2270 

miR-125b-5p 0,0198 1,83 0,0067 0,0202 1,49 0,1656 0,2402 -1,23 0,2402 0,2402 

miR-145-5p 0,0257 2,28 0,0070 0,0209 1,07 0,6187 0,6187 -2,13 0,0608 0,0911 

miR-146a-5p1 0,0018 1,75 0,0854 0,1281 2,04 0,0005 0,0016 1,17 0,1519 0,1717 

miR-149-3p 0,0115 -2,00 0,0092 0,0138 1,06 0,4114 0,4114 2,12 0,0057 0,0138 

miR-150-5p <0,0001 1,79 0,2007 0,2007 5,41 0,0000 0,0000 3,03 0,0116 0,0173 

miR-155-5p 0,001 -1,47 0,0659 0,0659 1,94 0,0081 0,0122 2,87 0,0002 0,0007 

miR-214-3p 0,0035 1,69 0,0175 0,0340 -1,47 0,0951 0,1225 -2,50 0,0008 0,0063 

miR-297 0,0073 1,62 0,0930 0,0930 -1,96 0,0307 0,0460 -3,22 0,0020 0,0060 

SERUM 

miR-15a-3p 0,0175 -1,11 0,9922 0,9922 -1,69 0,0140 0,0209 -1,54 0,0136 0,0209 

miR-24-3p 0,0099 1,14 0,4974 0,4974 -1,75 0,0250 0,0374 -2,00 0,0038 0,0115 

miR-126-3p 0,0069 1,14 0,8050 0,8050 -1,47 0,0043 0,0128 -1,69 0,0100 0,0150 

miR-146a-5p 0,0010 -1,10 0,7851 0,7851 -2,27 0,0007 0,0022 -2,04 0,0021 0,0032 

miR-181c-5p2 0,0192 -1,16 0,5588 0,5588 -3,23 0,0074 0,0223 -2,78 0,0326 0,0488 

miR-214-3p 0,0318 -1,46 0,1093 0,1640 -1,64 0,0093 0,0279 -1,11 0,3339 0,3339 

PBMCs 

miR-34a-5p 0,0013 -1,89 0,0003 0,0008 -1,41 0,0621 0,0931 1,32 0,1086 0,1086 
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Supplementary table 1.4B: Differentially expressed miRNAs in MS and other inflammatory/infectious neurological disorders 

B.1  Infectious ND vs 
Inflammatory ND 

Infectious ND vs 
Relapsing MS 

Infectious ND vs 
Remitting MS 

Infectious ND vs SC 
Inflammatory ND vs 

Relapsing MS 

ID miRNA 
ANOVA 
p-value 

Fold 
change 

Dunn's 
p-value 

Adjusted 
p-value 

Fold 
change 

Dunn's 
p-value 

Adjusted 
p-value 

Fold 
change 

Dunn's 
p-value 

Adjusted 
p-value 

Fold 
change 

Dunn's 
p-value 

Adjusted 
p-value 

Fold 
change 

Dunn's 
p-value 

Adjusted 
p-value 

let-7a-5p 0,0019 1,72 0,0869 0,1538 1,51 0,1077 0,1538 2,47 0,0023 0,01132 2,16 0,0002 0,00186 -1,14 0,8450 0,8836 

let-7b-5p 0,0045 2,14 0,1699 0,2831 2,41 0,0539 0,1348 2,29 0,0207 0,10374 2,96 0,0002 0,00189 1,13 0,6490 0,6490 

let-7e-5p 0,0066 1,24 0,4876 0,6095 1,24 0,3227 0,4610 2,10 0,0176 0,07410 2,27 0,0013 0,01301 1,00 0,7980 0,8867 

let-7f-5p 0,006 1,16 0,8269 0,8269 1,32 0,3740 0,5342 2,56 0,0610 0,1525 2,76 0,0016 0,01569 1,13 0,5281 0,5868 

miR-15b-5p <0,0001 2,45 0,2053 0,2933 2,96 0,0307 0,06144 3,80 0,0185 0,04635 8,31 0,0000 0,00002 1,21 0,4315 0,4795 

miR-16-5p 0,0008 2,22 0,1193 0,2241 1,92 0,1344 0,2241 3,57 0,0157 0,05217 5,76 0,0000 0,00038 -1,15 0,8839 0,8839 

miR-17-5p 0,0147 1,59 0,4741 0,5926 3,29 0,0092 0,04596 2,04 0,0951 0,1902 3,12 0,0024 0,02395 2,07 0,0764 0,1902 

miR-20a-5p3 0,0067 4,84 0,0605 0,1513 2,09 0,1611 0,3223 14,43 0,0119 0,05937 14,42 0,0004 0,00384 -2,31 0,5717 0,6352 

miR-21-5p <0,0001 3,20 0,2286 0,3266 5,62 0,0010 0,00330 7,07 0,0003 0,00142 6,28 0,0000 0,00005 1,76 0,0527 0,0879 

miR-22-3p 0,0163 8,67 0,0229 0,11468 3,62 0,0808 0,1347 14,38 0,0009 0,00906 4,93 0,0587 0,1347 -2,39 0,4437 0,4930 

miR-24-3p 0,0008 4,50 0,0472 0,09158 4,64 0,0168 0,05612 14,88 0,0001 0,00076 6,15 0,0005 0,00269 1,03 0,7553 0,7553 

miR-25-3p 0,001 2,41 0,0798 0,1585 2,92 0,0393 0,13096 5,68 0,0011 0,00561 6,57 0,0001 0,00088 1,21 0,8427 0,8427 

miR-27a-3p 0,0063 2,13 0,2912 0,4160 4,90 0,0026 0,01412 4,73 0,0042 0,01412 3,69 0,0042 0,01412 2,30 0,0689 0,1379 
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miR-27b-3p 0,0417 -1,06 0,8956 0,8956 6,11 0,0303 0,10348 2,99 0,0233 0,10348 2,19 0,0493 0,10348 6,50 0,0517 0,1035 

miR-29b-3p <0,0001 2,26 0,8830 0,8830 3,36 0,0782 0,1304 5,58 0,0258 0,06442 16,21 0,0000 0,00007 1,48 0,1235 0,1765 

miR-29c-3p 0,0001 2,79 0,1858 0,2654 1,84 0,0619 0,1237 3,72 0,0048 0,01745 7,31 0,0000 0,00011 -1,52 0,6301 0,6301 

miR-92a-3p 0,0241 1,61 0,2168 0,4335 1,89 0,0358 0,17913 1,87 0,0750 0,2201 2,24 0,0012 0,01153 1,17 0,4477 0,5596 

miR-125b-5p 0,0106 1,73 0,5982 0,6320 3,84 0,0319 0,06750 3,01 0,0074 0,03721 3,19 0,0041 0,03721 2,22 0,1277 0,2128 

miR-142-3p <0,0001 -1,27 0,5725 0,6361 1,95 0,0272 0,07703 5,39 0,0308 0,07703 11,47 0,0000 0,00014 2,47 0,1148 0,1640 

miR-146a-5p4 0,0001 3,16 0,0740 0,1234 4,47 0,0206 0,05324 3,69 0,0182 0,05324 10,34 0,0000 0,00002 1,41 0,6988 0,7764 

miR-150-5p <0,0001 8,10 0,1990 0,2842 14,03 0,0380 0,06333 28,64 0,0184 0,03689 86,82 0,0000 0,00000 1,73 0,4824 0,5360 

miR-181b-5p 0,0115 2,44 0,2004 0,2552 2,44 0,1185 0,2370 3,73 0,0090 0,04515 3,80 0,0011 0,01057 1,00 0,8435 0,9372 

miR-191-5p 0,0275 1,02 0,8328 0,9099 1,37 0,1054 0,2109 1,91 0,0424 0,14121 2,32 0,0067 0,06718 1,35 0,1806 0,3009 

miR-223-3p 0,0001 1,83 0,5104 0,5672 3,94 0,0379 0,07588 5,81 0,0046 0,01545 6,86 0,0000 0,00025 2,15 0,1859 0,2655 

miR-297 0,033 -1,20 0,7353 0,7910 2,28 0,0326 0,08500 2,53 0,1783 0,2972 1,84 0,0340 0,08500 2,73 0,0167 0,08334 

miR-342-3p 0,0002 3,24 0,1737 0,2481 5,24 0,0126 0,03146 6,82 0,0072 0,02394 8,69 0,0000 0,00007 1,62 0,3005 0,3406 

miR-423-5p 0,0003 1,72 0,0942 0,1569 2,13 0,0133 0,04430 2,15 0,0055 0,02749 3,91 0,0000 0,00010 1,24 0,4994 0,5280 
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B.2  Inflammatory ND vs 

Remitting MS 
Inflammatory ND vs SC 

Relapsing MS vs 

Remitting MS 
Relapsing MS vs SC Remitting MS vs SC 

ID miRNA 
ANOVA 

p-value 

Fold 

change 

Dunn's 

p-value 

Adjusted 

p-value 

Fold 

change 

Dunn's 

p-value 

Adjusted 

p-value 

Fold 

change 

Dunn's 

p-value 

Adjusted 

p-value 

Fold 

change 

Dunn's 

p-value 

Adjusted 

p-value 

Fold 

change 

Dunn's 

p-value 

Adjusted 

p-value 

let-7a-5p 0,0019 1,44 0,1525 0,1906 1,26 0,1021 0,1538 1,64 0,0937 0,1538 1,43 0,0467 0,15381 -1,14 0,8836 0,8836 

let-7b-5p 0,0045 1,07 0,3096 0,4423 1,39 0,0443 0,13480 -1,05 0,5192 0,5769 1,23 0,1045 0,2091 1,29 0,5062 0,5769 

let-7e-5p 0,0066 1,69 0,0877 0,1753 1,83 0,0222 0,07410 1,69 0,1256 0,2094 1,83 0,0353 0,08837 1,08 0,9436 0,9436 

let-7f-5p 0,006 2,20 0,1052 0,2104 2,37 0,0058 0,02888 1,95 0,2649 0,4415 2,10 0,0264 0,08809 1,08 0,5120 0,5868 

miR-15b-5p <0,0001 1,55 0,2496 0,3120 3,40 0,0020 0,00996 1,28 0,6300 0,6300 2,81 0,0166 0,04635 2,19 0,1343 0,2239 

miR-16-5p 0,0008 1,61 0,3411 0,4068 2,60 0,0288 0,07192 1,85 0,2585 0,3693 2,99 0,0117 0,05217 1,62 0,3661 0,4068 

miR-17-5p 0,0147 1,28 0,3278 0,5464 1,96 0,0371 0,12379 -1,61 0,5454 0,6060 -1,06 0,8890 0,8890 1,53 0,4395 0,5926 

miR-20a-5p3 0,0067 2,98 0,5347 0,6352 2,98 0,2264 0,3235 6,90 0,2225 0,3235 6,89 0,0448 0,14943 1,00 0,6437 0,6437 

miR-21-5p <0,0001 2,21 0,0146 0,02917 1,97 0,0029 0,00732 1,26 0,4383 0,4870 1,12 0,3671 0,4588 -1,13 0,9339 0,9339 

miR-22-3p 0,0163 1,66 0,3442 0,4917 -1,76 0,4108 0,4930 3,97 0,0682 0,1347 1,36 0,9941 0,9941 -2,92 0,0512 0,1347 

miR-24-3p 0,0008 3,31 0,0330 0,08247 1,37 0,2704 0,3380 3,21 0,0549 0,0916 1,33 0,4259 0,4732 -2,42 0,1571 0,2245 

miR-25-3p 0,001 2,35 0,1109 0,1585 2,72 0,0774 0,1585 1,95 0,1376 0,1720 2,25 0,0962 0,1585 1,16 0,8313 0,8427 

miR-27a-3p 0,0063 2,22 0,0664 0,1379 1,73 0,1245 0,2075 -1,04 0,8033 0,8033 -1,33 0,6136 0,6818 -1,28 0,4874 0,6093 

miR-27b-3p 0,0417 3,18 0,0374 0,10348 2,33 0,0843 0,1406 -2,04 0,6965 0,7739 -2,79 0,6759 0,7739 -1,37 0,4406 0,6295 
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miR-29b-3p <0,0001 2,46 0,0425 0,08491 7,16 0,0000 0,00021 1,66 0,4794 0,5326 4,82 0,0098 0,03264 2,91 0,1606 0,2008 

miR-29c-3p 0,0001 1,33 0,1055 0,1758 2,62 0,0052 0,01745 2,02 0,2151 0,2689 3,97 0,0177 0,04422 1,97 0,5430 0,6034 

miR-92a-3p 0,0241 1,16 0,5333 0,5926 1,39 0,0880 0,2201 -1,01 0,9633 0,9634 1,19 0,3504 0,5596 1,20 0,4040 0,5596 

miR-125b-5p 0,0106 1,74 0,0337 0,06750 1,84 0,0327 0,06750 -1,27 0,4116 0,5880 -1,21 0,6242 0,6320 1,06 0,6320 0,6320 

miR-142-3p <0,0001 6,84 0,1071 0,1640 14,57 0,0003 0,00164 2,77 0,8130 0,8130 5,90 0,0462 0,09243 2,13 0,1561 0,1951 

miR-146a-5p4 0,0001 1,17 0,5549 0,6936 3,27 0,0213 0,05324 -1,21 0,8079 0,8079 2,31 0,0455 0,09093 2,80 0,1260 0,1800 

miR-150-5p <0,0001 3,54 0,2496 0,3120 10,72 0,0000 0,00014 2,04 0,5763 0,5763 6,19 0,0002 0,00082 3,03 0,0133 0,03327 

miR-181b-5p 0,0115 1,53 0,1653 0,2552 1,56 0,0932 0,2370 1,53 0,2042 0,2552 1,56 0,1162 0,2370 1,02 0,9542 0,9542 

miR-191-5p 0,0275 1,88 0,0753 0,1883 2,28 0,0191 0,09558 1,39 0,5287 0,6609 1,69 0,3465 0,4949 1,21 0,9099 0,9099 

miR-223-3p 0,0001 3,17 0,0311 0,07588 3,75 0,0011 0,00545 1,47 0,2984 0,3730 1,74 0,0520 0,0866 1,18 0,6136 0,6136 

miR-297 0,033 3,03 0,1083 0,2167 2,20 0,0167 0,08334 1,11 0,6031 0,7910 -1,24 0,7910 0,7910 -1,38 0,7329 0,7910 

miR-342-3p 0,0002 2,11 0,1589 0,2481 2,69 0,0043 0,02130 1,30 0,6015 0,6015 1,66 0,0620 0,1241 1,27 0,3065 0,3406 

miR-423-5p 0,0003 1,25 0,2314 0,3306 2,27 0,0190 0,04749 1,01 0,5280 0,5280 1,83 0,0846 0,1569 1,82 0,4403 0,5280 
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Supplementary table 1.5: Strength of individual variables in representing population 
variability in the principal component analysis 

 

(A) PCA was applied between MS and controls, using the significantly upregulated CSF 

miRNAs in MS subjects and other quantitative CSF parameters (IgG or IgM IF, CSF 

pleocytosis). (B) PCA was also applied using differentially expressed miRNAs between 

relapsing and remitting MS patients. Cos2 values, representing the strength of the individual 

variables in indicating population variability according to each dimension, are shown (see 

figure 1.4). Significant cos2 values (>0.5) are indicated in bold. IF = intrathecal fractions; PCA 

= principal component analysis. 

 

Supplementary table 1.6: Pathway enrichment analysis for differentially expressed miRNAs 

in all biological compartments associated to MS 

This table shows the most commonly targeted KEGG pathways and genes by the miRNAs 

reaching statistical significance among the different groups and biological compartments. 

Up- and down-regulated miRNAs were grouped as sets according to the biological 

compartment and the disease category. These miRNA sets were then introduced into two 

databases, namely miRNet and mirPath. Only KEGG pathways significant in both databases 

for at least two miRNA sets have been selected (top part of the table). MiRNAs identified by 

both databases are shown in the middle part of the table, miRNAs common in at least two 

miRNA sets are indicated by ‘X’, those appearing in only one miRNA set by ‘o’. Genes from 

top enriched canonical pathways identified by both databases and targeted at least (i) by 

two miRNAs, (ii) in one database and (iii) in two miRNA sets are shown in the lower part of 

the table. Genes have been ranked from top to bottom based on the number of miRNAs 

targeting them in both databases. Genes indicated in bold are common to four or five 

pathways. KEGG = Kyoto Encyclopaedia of Genes and Genomes, MS = multiple sclerosis, 

PBMCs = peripheral blood mononuclear cells, Rel = relapsing MS, Rem = remitting MS.  

A Cos2 B Cos2 

 Dimension 1 Dimension 2  Dimension 1 Dimension 2 

Cells/mm3 0.088 0.113 miR-20a-5p 0.546 0.006 

IgG IF 0.133 0.507 miR-24-3p 0.896 0.006 

IgM IF 0.020 0.742 miR-145-5p 0.821 0.001 

miR-146a-5p 0.862 0.008 miR-29c-3p 0.031 0.719 

miR-150-5p 0.755 0.050 miR-214-3p 0.036 0.712 

miR-155-5p 0.569 0.000 miR-27a-3p 0.884 0.006 

miR-149-3p 0.242 0.033 miR-27b-3p 0.752 0.011 

miR-21-5p 0.566 0.021    
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KEGG pathways 
Cell 

cycle 

ErbB 

signalling 

mTOR 

signalling 

Insulin 

signalling 

p53 

signalling 

TGFβ 

signalling 

Adherens 

junction 
Endocytosis 

Neurotrophin 

signalling 

Chronic 

Myeloid 

Leukaemia 

Glioma 
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We then aimed to verify in PBMCs of a different MS patient cohort, whether disease 

activity based on brain MRI and/or treatment status (untreated/interferon 

beta/glatiramer acetate) could affect the expression of promising microRNAs 

identified in the first screening as compared to healthy controls. Hereafter, we first 

focused on the inflammatory aspect by exploring the correlation of the expression 

of microRNAs and of T cell mediator mRNAs and by confronting their prediction as 

a microRNA target to their expression and correlation profiles. 

 

Figure 2.1: Graphical abstract 

 

We aimed to investigate the expression of microRNAs and mRNAs of T cell mediators in 

PBMCs of MS patients and controls and whether they were differentially expressed 

depending on disease activity status, determined on brain MRI, or treatment status (none, 

IFNb, GA). We further showed a positive or negative correlation between several microRNAs 

and IL21 and/or FOXP3. In silico analysis consistently predicted the interaction of miR-34c-

5p and FOXP3, but most of the other (mainly positive) correlations rather suggest an indirect 

targeting of a T cell mediator by a microRNA. Finally, neurofilament light chain (sNfL) levels 

were upregulated in the serum of active MS patients, but did not correlate with any 
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microRNA or T cell mediator. AMS = active multiple sclerosis, GA = glatiramer acetate, HC = 

healthy controls, IFNb = interferon beta therapy, IMS = inactive multiple sclerosis, miR = 

microRNA, MS = multiple sclerosis, PBMCs = peripheral blood mononuclear cells, sNfL = 

serum neurofilament light chain, ↗ = upregulation/increased levels, ↘ = downregulation. 

Created in BioRender.com 

 

I. Abstract 

T cell mediators and microRNAs are involved in the pathogenesis of multiple 

sclerosis (MS), but their interaction largely remains undetermined. We investigated 

by RT-qPCR the dysregulation of microRNAs in peripheral blood mononuclear cells 

of MS patients versus healthy controls, according to radiological disease activity or 

treatment. Several microRNAs correlated positively/negatively with IL21/FOXP3 

mRNA expression, but not with serum neurofilament light chain levels. Cytokine 

expression is conceivably balanced by several regulators, whereas microRNAs 

possibly target upstream transcription factors rather than directly cytokine mRNAs. 

Functional studies are needed to investigate their interaction, notably for the 

predicted targeting of FOXP3 by miR-34c-5p. 

 

 

II. Introduction 

Multiple sclerosis (MS), a chronic inflammatory disorder of the central nervous 

system (CNS), is characterised by acute demyelination, and concomitant 

neurodegeneration. Although the role of the immune system in its pathophysiology 

is indisputable, the elementary mechanisms and triggers underlying it are only 

partially elucidated 21.  

Both pro-inflammatory T helper (Th) 1 cells induced by interleukin (IL)12, a 

heterodimer of IL12p35 and IL12p40, and Th17 cells, induced by IL23, a 

heterodimer of IL23p19 and IL12p40, play an important role in acute MS-related 

inflammatory disease activity 931. On the other hand, forkhead box (FOX) P3-

expressing regulatory T cells (Treg) are functionally impaired in MS 932, leading to 

an imbalance of the immune system favouring pro-inflammatory processes. 
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MicroRNAs are small non-coding RNAs of 18 to 22 nucleotides. They are recognised 

players in immune cell fating by directly or indirectly inhibiting the expression of 

transcription factors or cytokines, or by being themselves directed by these 

proteins 933. Several microRNAs are dysregulated in MS, whether it be in brain 

lesions, cerebrospinal fluid (CSF), serum or plasma, peripheral blood mononuclear 

cells (PBMCs), or in specific cell subtypes. Some microRNAs are proposed as 

biomarkers predicting or confirming the response to a disease modifying 

treatment, as for interferon beta (IFNb) or glatiramer acetate (GA) 751,753. The role 

of microRNAs on the expression of cytokines, that are important in the acute 

neuroinflammatory events occurring in MS, is, however, largely unknown. We 

aimed to analyse the expression of microRNAs, of cytokines and transcription 

factors participating in Th and Treg cell activation and differentiation and of the 

markers of IFNb response in PBMCs of MS patients either treated (IFNb or GA) or 

untreated and according to disease activity on brain magnetic resonance imaging 

(MRI), compared to healthy controls (HC). In parallel, serum neurofilament light 

chain (sNfL) levels were measured. We then investigated the possible correlation 

between the expression of microRNAs and T cell mediators as well as sNfL levels in 

MS patients and HC. 

 

 

III. Methods 

i. Patients 

Blood and serum samples of MS patients and HC were collected at the Cliniques 

universitaires Saint-Luc (Brussels, Belgium). PBMCs were isolated by Ficoll-Paque 

PLUS (GE Healthcare) density gradient centrifugation within one hour and stored in 

Qiazol at −80°C until RNA/microRNA extraction. MS diagnosis was revised with the 

2017 McDonald criteria 29.  

Patients were enrolled during a regular outpatient visit at the neurology 

department, after signing informed consent (ethical approval 2007/31AOUT/222). 

They were classified according to disease activity based on the presence of 

gadolinium-enhancing lesions on brain MRI 24, performed concomitantly to blood 

sampling. None of the patients were clinically in relapse. Patients were either 
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untreated or treated with IFNb or GA, and had no concomitant infection. The 

subjects’ characteristics are summarised in figure 2.2. 

 

Figure 2.2: Study population characteristics 

 

This chart shows the subjects’ characteristics (age and sex distribution) as well as the 

subdivision of MS patients according to disease activity (based on the presence of 

gadolinium-enhancing lesions on brain MRI), and treatment. HC = healthy controls, MS = 

multiple sclerosis, SD = standard deviation 
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ii. mRNA and microRNA extraction, reverse transcription, preamplification, 

and real time quantitative polymerase chain reaction (RT-qPCR) 

Messenger RNAs (mRNAs) and microRNAs were isolated separately from 11-13.106 

PBMCs using the miRNeasy Mini Kit, following the manufacturer’s protocol 

(Qiagen). Extracted mRNAs and microRNAs were stored at -80°C until reverse 

transcription (RT). Total mRNA was quantified with Qubit and reverse transcribed 

using SuperScriptTM III Reverse Transcriptase (Invitrogen). ABsolute qPCR SYBR 

Green Mix (ThermoScientific) was used for RT-qPCR. Primers are listed in 

supplementary table 2.1 (IL12p35, IL12p40, IL17A, IL21, IL22, IL23p19, FOXP3, 

TGFB1, IL10, IL27p28, MXA, JAK2).  

MicroRNAs were reverse transcribed using the miScript II RT Kit (Qiagen). For the 

complementary DNA preamplification and the RT-qPCRs we used the miScript 

PreAmp PCR Kit and the miScript SYBR® Green PCR Kit (Qiagen) respectively with 

the miScript Primer Assays (Qiagen, see supplementary table 1: miR-15a-3p, miR-

20a-5p, miR-21-5p, miR-24-3p, miR-27a-3p, miR-27b-3p, miR-29c-3p, miR-33a-3p, 

miR-34a-5p, miR-34c-5p, miR-124-5p, miR-125b-5p, miR-126-3p, miR-145-5p, miR-

146a-5p, miR-149-3p, miR-150-5p, miR-155-5p, miR-181c-5p, miR-214-3p, miR-

297) following the manufacturer’s recommendations. The microRNAs were 

selected based on their differential expression within the CSF, serum or PBMCs of 

relapsing-remitting MS patients in our previous study 892. All PCRs were performed 

on Rotor-Gene Q (Qiagen).  

 

iii. RT-qPCR analysis 

All samples were run in duplicates and the specificity was verified with the melt 

curves. The mRNA transcripts were normalised to Abelson gene (ABL) and their 

relative expression was determined by the 2−ΔΔCt method (with ΔΔCt = ΔCt [target 

mRNA-ABL]sample − mean ΔCt [target mRNA-ABL]HC) 909. Cycle thresholds (Cts) of ABL 

were within a close range for all samples. The microRNA transcripts were 

normalised by the global mean method (ΔCt = Ct [target microRNA]sample – mean Cts 

[all target microRNAs]sample) 934. The fold change was calculated as 2-Δ(Δ)Ct
target,sample / 

median of 2-Δ(Δ)Ct
target,HC. 
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iv. In silico analysis 

We searched in six databases whether the investigated microRNAs were predicted 

to target the T cell mediator mRNAs of this study: 

miRNet (https://www.mirnet.ca/),  

miRDB (http://www.mirdb.org/index.html),  

RNA22 (https://cm.jefferson.edu/rna22/Precomputed),  

DIANA-microT-CDS (http://www.microrna.gr/microT-CDS),  

miRWalk 3 (http://mirwalk.umm.uni-heidelberg.de/), and  

miRMAP (https://mirmap.ezlab.org/app/) 935–940. 

 

v. Serum neurofilament light chain 

sNfL levels were measured in duplicate using the highly sensitive immunoassay 

Single Molecule Array technology (NF-LIGHTTM (SR-X version), SIMOA®, Quanterix) 

following the manufacturer’s protocol. 

 

vi. Statistical analysis 

We used GraphPad Prism 5.0 for all statistical analyses on the relative mRNA (2−ΔΔCt) 

and microRNA (ΔCt) expression levels: a nonparametric one-way analysis of 

variance (ANOVA) Kruskal-Wallis test, followed by a Dunn’s multiple comparison 

post-test, across subgroups; a Mann-Whitney t-test (MW t-test) between MS and 

HC, as well as a nonparametric Spearman’s correlation test. P values were corrected 

by the Benjamini-Hochberg false discovery rate (FDR) method 

(https://tools.carbocation.com/FDR) and considered significant if the adjusted p-

value (adj.p) was ≤ 0.05 following correction. Principal component analysis (PCA) 

on the relative expression levels (-ΔCt) of microRNAs of MS patients and HC as 

continuous variables was performed in R using the FactoMineR package. Results 

were plotted using the factoextra package. Heatmaps, correlogram and linear 

regression were also built in R using the packages pheatmap, corrplot, Hmisc and 

ggplot2 (https://cran.r-project.org/). 
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IV. Results 

i. FOXP3 and JAK2 mRNA are differentially expressed in PBMCs of MS 

patients 

Figure 2.3: Relative mRNA expression of T cell mediators and IFNb markers in PBMCs of MS 
patients and HC (activity) 

 

The box plots, following the Tukey method, show the fold change (2-ΔΔCt
target,sample / median 

of 2-ΔΔCt
target,HC) between the relative expression of the significantly dysregulated mRNAs of 

interest of this study and their median relative expression in HC for (A) MS patients vs HC 

and (B) IMS and AMS patients vs HC. The y-axis is log2-scaled. Statistical significance was 

determined by (A) a Mann-Whitney t-test and (B) a one-way ANOVA Kruskal-Wallis test 

followed by a Dunn’s post-test in between the subgroups. The p-values of the t-test and the 

one-way ANOVA have been corrected by the Benjamini-Hochberg method. p≤0.05: *; 

p≤0.01: **; p≤0.001: ***. AMS = active multiple sclerosis, HC = healthy controls, IMS = 

inactive multiple sclerosis, MS = multiple sclerosis. 

 

We first aimed to explore the differential mRNA expression of markers of T cell 

activity (cytokines and transcription factors) and of IFNb response in PBMCs of MS 

patients and HC. FOXP3 was significantly upregulated in PBMCs of MS patients 

compared to HC, in particular in inactive MS (IMS) (figure 2.3, supplementary table 

2.2), but independently of treatment status (data not shown). Janus kinase (JAK2) 
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was significantly upregulated in MS patients, to the same extent in both active 

(AMS) and IMS.  

 

Figure 2.4: Relative mRNA expression of T cell mediators and IFNb markers in PBMCs of MS 
patients and HC (treatment) 
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The box plots, following the Tukey method, show the fold change (2-ΔΔCt
target,sample / median 

of 2-ΔΔCt
target,HC) between the relative expression of the significantly dysregulated mRNAs of 

interest of this study and their median relative expression in HC for (A) untreated and treated 

MS patients vs HC and (B) untreated, IFNb- and GA-treated MS patients vs HC. The y-axis is 

log2-scaled. Statistical significance was determined by a one-way ANOVA Kruskal-Wallis 

test followed by a Dunn’s post-test in between the subgroups. The p-values of the one-way 

ANOVA have been corrected by the Benjamini-Hochberg method. p≤0.05: *; p≤0.01: **; 

p≤0.001: ***., GA = glatiramer acetate, HC = healthy controls, IFNb = interferon beta.  

 

The mRNAs of the interferon-induced antiviral protein, human myxovirus 

resistance protein 1 (MXA), as well as of IL10 and IL27p28 were significantly 

upregulated in IFNb-treated patients compared to untreated patients and/or HC 

(figure 2.4B, supplementary table 2.2). JAK2 was the only marker increased in both 

IFNb- and GA-treated patients as compared to HC. Conversely IL12p40 was 

significantly upregulated in untreated patients versus (vs) HC (figure 2.4A). These 

markers were, however, not affected by disease activity (data not shown). 

 

ii. MicroRNAs are differentially expressed in PBMCs of MS patients 

We quantified 21 microRNAs, previously found dysregulated in the CSF, serum or 

PBMCs of relapsing and/or remitting MS patients 892. Of these, miR-15a-3p/20a-

5p/27a-3p/34c-5p/125b-5p/181c-5p/297 were significantly downregulated in MS 

vs HC, and miR-21-5p/29c-3p/34a-5p/146a-5p/150-5p/155-5p were upregulated 

(figure 2.5A). This differential expression was independent of disease activity for 

miR-21-5p/34c-5p/155-5p/181c-5p, while it was more strongly directed by IMS 

than AMS for the other microRNAs, except for miR-27a-3p (figure 2.5B, 

supplementary table 2.3). Interestingly, up- and downregulated microRNAs 

consistently correlated with each other (figure 2.5C). 
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Figure 2.5: Relative microRNA expression in PBMCs of MS patients and HC (activity) 

 



CHAPTER 2 

127 

 

The box plots, following the Tukey method, show the fold change (2-ΔCt
target,sample / median of 

2-ΔCt
target,HC) between the relative expression of the significantly dysregulated microRNAs of 

interest of this study and their median relative expression in HC for (A) MS patients vs HC 

and (B) IMS and AMS patients vs HC. The y-axis is log2-scaled. Statistical significance was 

determined by (A) a Mann-Whitney t-test and (B) a one-way ANOVA Kruskal-Wallis test 

followed by a Dunn’s post-test in between the subgroups. The p-values of the t-test and the 

one-way ANOVA have been corrected by the Benjamini-Hochberg method. p≤0.05: *; 

p≤0.01: **; p≤0.001: ***. (C) The table shows the nonparametric correlation analysis 

between the relative expression (-ΔCt) of microRNAs, grouped as significantly down- and 

upregulated, with the colour-scaled Spearman r coefficient in the upper right (dark blue for 

the lowest value to dark yellow for the highest value) and the respective unadjusted p-value 

in the lower left of the table. AMS = active multiple sclerosis, HC = healthy controls, IMS = 

inactive multiple sclerosis, MS = multiple sclerosis. 

 

Treatment status did not affect microRNA expression, except for miR-29c-3p that 

was upregulated in untreated MS patients compared to treated MS patients and 

HC (figure 2.6A). Interestingly, when analysing the data according to treatment, 

miR-27a-3p was significantly downregulated for GA-treated patients vs HC, miR-

34a-5p was significantly upregulated for IFNb-treated vs GA-treated patients and 

HC. Moreover, miR-150-5p and miR-297 were respectively up- and downregulated 

in untreated MS patients vs HC and tended to be similarly dysregulated in GA- and 

IFNb-treated patients respectively (figure 2.6B, supplementary table 2.3).  
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Figure 2.6: Relative microRNA expression in PBMCs of MS patients and HC (treatment) 

 

The box plots, following the Tukey method, show the fold change (2-ΔCt
target,sample / median of 

2-ΔCt
target,HC) between the relative expression of the significantly dysregulated microRNAs of 
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interest of this study and their median relative expression in HC for (A) untreated and treated 

MS patients vs HC and (B) untreated, IFNb- and GA-treated MS patients vs HC. The y-axis is 

log2-scaled. Statistical significance was determined by a one-way ANOVA Kruskal-Wallis 

test followed by a Dunn’s post-test in between the subgroups. The p-values of the one-way 

ANOVA have been corrected by the Benjamini-Hochberg method. p≤0.05: *; p≤0.01: **; 

p≤0.001: ***. GA = glatiramer acetate, HC = healthy control, IFNb = interferon beta.  

 

In PCA on all significantly dysregulated microRNAs, the first two principal 

components explained 57.40 % of the sample population’s variance, while 

separately, on the significantly up- and downregulated microRNAs, they 

represented 68.61% and 62.17% respectively (data not shown). Interestingly, for 

miR-21-5p, miR-155-5p and miR-181c-5p, the three most significantly dysregulated 

microRNAs, they accounted for 93.26% of the population’s variance (figure 2.7A). 

However, they segregated only partially MS patients from HC (figure 2.7B).  

 

Figure 2.7: Principal component analysis of the relative expression of microRNAs 

 

The relative expression (-ΔCt) of the three most significantly dysregulated microRNAs (miR-

21-5p/155-5p/181c-5p) are reduced to the first two principal components of the PCA to 

explain the population’s variance (%) in these two dimensions (Dim1/Dim2). The loadings 

plot (A) represents the correlation of each variable (-ΔCt of the microRNA) to each 

component and is colour-scaled according to its cos2 value. The score plot (B) helps to cluster 

both populations, HC (yellow) and MS (blue), as illustrated by the ellipses. HC = healthy 

controls, MS = multiple sclerosis. 
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iii. MicroRNAs mainly correlated with IL21 and FOXP3 

 

Figure 2.8: Nonparametric correlation analysis between the relative expression of the 
mRNAs (2-ΔΔCt) and the microRNAs (-ΔCt) 

 

(A) This heatmap with unsupervised hierarchical clustering, horizontally among the mRNAs, 

vertically among the microRNAs, displays the significant correlations between both, 

represented by the Spearman r coefficient in a blue-to-yellow colour scale, blue 

corresponding to a negative correlation, yellow to a positive. The horizontal colour bar on 

top of the heatmap indicates the dysregulation of each microRNA (not 



CHAPTER 2 

131 

significant/downregulated/upregulated) and the vertical colour bar on the left side of the 

heatmap informs about the nature of each T cell mediator (not applicable/pro-

inflammatory/anti-inflammatory) correspondingly to the colours in the plot legend. (B) miR-

21-5p/155-5p and miR-20a-5p/34c-5p/297 correlate, respectively, positively and negatively 

with IL21 (left) and FOXP3 (right) as further highlighted by this linear regression (line) with 

confidence interval of 95% (shaded area), wherein each colour corresponds to one of these 

microRNAs as specified in the plot legend. Moreover, the shape of the dots allows to visualise 

the distribution of samples of healthy controls (HC, ▲) and multiple sclerosis patients (MS, 

●). 

 

In a nonparametric correlation analysis between the mRNA (2−ΔΔCt) and microRNA 

(-ΔCt) levels of expression in this study, significantly down- and upregulated 

microRNAs correlated, respectively, negatively and positively with the T cell 

mediators, independently of their pro- or anti-inflammatory character, while the 

opposite was noticed with JAK2 (with regard to the significant correlations only) 

(figure 2.8A, figure 2.9A). Furthermore, microRNAs with similar dysregulation and 

T cell mediators of similar nature were not strictly grouped together by the 

unsupervised hierarchical cluster analysis (figure 2.8A).  

We identified most correlations with IL21 and FOXP3 (figures 2.8A-B, figure 2.9A-B-

D). miR-21-5p and miR-155-5p corelated positively with both IL21 and FOXP3; miR-

146a-5p and miR-150-5p with IL21 and miR-29c-3p and miR-34a-5p with FOXP3. On 

the contrary, miR-20a-3p, miR-34c-5p and miR-297 correlated negatively with IL21 

and FOXP3, and miR-24-3p and miR-181c-5p with FOXP3 only. Interestingly, miR-

150-5p/29c-3p and miR-20a-5p/24-3p were also negatively and positively 

correlated with JAK2 respectively. Furthermore, miR-125b-5p correlated negatively 

with IL10 and IL27p28. Of note, miR-27b-3p/33a-3p/126-3p/145-5p and miR-149-

3p/297 were respectively positively and negatively correlated with transforming 

growth factor beta 1 (TGFB1), but these microRNAs, except miR-297, were not 

significantly dysregulated in our MS population (figure 2.8A, figure 2.9A-B-D).  
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Figure 2.9: Nonparametric correlation analysis and in silico analysis between the 
investigated mRNAs and microRNAs 

 



CHAPTER 2 

133 

(A) The correlogram displays the significant Spearman r coefficients by a blue-to-yellow 

colour scale of the correlation analysis of the microRNAs and mRNAs with a magnification 

on the significant correlations between the microRNAs (columns) and mRNAs (rows), 

wherein blue corresponds to a negative correlation, yellow to a positive. The size of the dots 

increases with the strength of the p-value. (B) This heatmap shows all the correlations, both 

significant and not significant for which can be referred to (A), between the microRNAs 

(columns) and mRNAs (rows) based on the Spearman r coefficient in a blue-to-yellow colour 

scale, blue negative, yellow positive. (C) This heatmap shows the number of databases 

predicting the mRNAs (rows) to be targeted by the investigated microRNAs (columns), in a 

white-to-blue scale from 0 to maximum 5 databases out of the 6 interrogated. In (A), (B), (C) 

the horizontal colour bar at the bottom of the magnified correlogram or on top of the 

heatmaps indicates the dysregulation of each microRNA (not significant/downregulated/ 

upregulated) and the vertical colour bar on the left side of the plots informs about the nature 

of each T cell mediator (not applicable/pro-inflammatory/anti-inflammatory) 

correspondingly to the colours in the plot legend in (A). Moreover, the microRNAs and 

mRNAs have been plotted in the same order on all plots to allow an easier comparison 

between the correlation analysis and the in silico analysis, of all correlations (B) or in light of 

the significant correlations (A). Finally, (D) this heatmap shows the Spearman r coefficient 

and corresponding unadjusted p-value (in between [ ]) of the significant correlations 

between microRNAs (columns) and mRNAs (rows) with a blue-to-yellow colour scale based 

on the Spearman r coefficient, blue negative, yellow positive. 

 

All investigated microRNAs were predicted to target several T cell mediators of this 

study, although these predictions were mostly limited to one or two out of the six 

explored databases, except for miR-21-5p/IL12p35, miR-27a-3p/IL12p40, miR-27a-

3p/IL10, miR-34a/c-5p/FOXP3 (figure 2.9C), However, this in silico analysis was 

overall variably consistent with the mRNA expression profile and the correlation 

analysis, except for miR-34c-5p/FOXP3. Moreover, it did not identify any pattern 

between the up- and downregulated microRNAs and the pro- and anti-

inflammatory T cell mediators (figure 2.9A-B-C).  
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iv. Serum neurofilament light chain levels increase with radiological disease 

activity 

AMS patients had significantly higher sNfL levels than MS patients with inactive 

disease or HC, independently of treatment status (figure 2.10). sNfL levels did not, 

however, correlate with any of the microRNAs and mRNAs of interest of this study. 

 

Figure 2.10: Serum neurofilament light chain levels of MS and HC 

 

The box plot, following the Tukey method, shows the concentration (pg/mL) of 

neurofilament light chain in the serum (sNfL) of IMS, AMS patients and HC, measured by 

single molecule immunoassay (SIMOA, Quanterix). The one-way ANOVA Kruskal-Wallis test 

results in an unadjusted p-value of 0.0017, the Dunn’s post-test shows a significant 

difference between the subgroups, p≤0.01: **. AMS = active multiple sclerosis, HC = healthy 

controls, IMS = inactive multiple sclerosis.  

 

 

V. Discussion 

We investigated the expression of microRNAs and of markers of T cell activation 

(cytokines and transcription factors), and of IFNb response in PBMCs of treated 

(IFNb or GA) and untreated MS patients, according to their disease activity, based 
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on the presence/absence of gadolinium-enhancing lesions on brain MRI, compared 

to HC.  

We confirmed the upregulation of interferon-induced proteins MXA and JAK2 in MS 

patients treated with IFNb independently of disease activity 941,942, while only JAK2 

was upregulated with GA. MXA strongly monitors IFNb response, but its potential 

as a biomarker of relapse risk is disputed 943–947. We did not detect differences in 

MXA expression levels between AMS and IMS, but only 25% of IFNb-treated 

patients had AMS vs 67% of GA-treated patients. Moreover, anti-IFNb neutralising 

antibodies, which can affect levels of MXA expression, were not measured in IFNb-

treated patients 948. Cytokine expression and cytokine-induced signalling occur 

through the Janus kinase/signal transducer and activator of transcription 

(JAK/STAT) signalling pathway, and JAK2/STAT3 signalling is especially involved in 

Th17 differentiation 949. Interestingly, JAK2 stabilises IFNg receptor 2 on Th17 cells 

and IFNb therapy induces an antiproliferative response through IFNg signalling 950. 

The effect of GA on JAK2 is unknown, however GA was proven to inhibit JAK2 and 

STAT3 phosphorylation in experimental autoimmune encephalomyelitis, possibly 

by means of suppressor of cytokine signalling (SOCS) 7 as it was found upregulated 

in PBMCs of GA-treated MS patients 951,952. Nevertheless, we did not measure the 

level of phosphorylated JAK2 in this study.  

We further highlighted that IL27p28 (a subunit of IL27) was upregulated in PBMCs 

of treated MS patients, in particular with IFNb. Its expression was found to be 

induced by both GA and IFNb 953,954. IFNb inhibits the proliferation and 

differentiation of Th17 cells, directly, or indirectly through its effect on dendritic 

cells, and in correlation with IL27p28 overexpression 954.  

In our cohort FOXP3 was overexpressed in MS vs HC, independently of treatment 

status as seen by others 955,956. FOXP3 was previously found upregulated in relapsing 

vs remitting MS 957. Conversely, unstimulated PBMCs of newly diagnosed MS 

patients expressed in vitro lower levels of FOXP3 compared to HC 958. 

Regarding the microRNAs, we highlight the dysregulation of several microRNA 

species in PBMCs of MS patients, independently of radiological disease activity for 

miR-21-5p/34c-5p/155-5p/181c-5p and more pronounced in AMS for miR-27a-3p 

only. Moreover, the three most significantly dysregulated microRNAs, miR-21-

5p/155-5p/181c-5p, described 93.26% of the population’s variance as shown by 
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PCA. miR-21-5p/146a-5p/155-5p were previously found upregulated in PBMCs of 

RRMS, while miR-34a was found downregulated in CD4+ T cells and miR-297a in B 

cells of RRMS patients, and miR-150/181c in PBMCs of MS (Huang et al., 2016; Ma 

et al., 2014; Martin and Illes, 2014) (table 1). Conversely, miR-27a-3p was previously 

found upregulated in CD4+ T cells of relapsing MS patients and was thus postulated 

to target negative Th17 regulators 803. Yet on the contrary miR-27a-3p modulates 

dendritic cell maturation resulting in its mediated accumulation of Tregs instead of 

the mediated Th1/Th17 differentiation 804,959. These apparently contradictory pro- 

and anti-inflammatory effects of miR-27a-3p were further observed in our in silico 

analysis. Herein, miR-27a-3p was predicted to target both IL12p40 and IL10. Hence, 

the discrepancy between total PBMCs and CD4+ T cell microRNA expression for 

miR-34a-5p and miR-27a-3p highlights the difficulty in interpreting the 

pathophysiological significance of these changes, and should therefore be further 

functionally explored. 

In our study treatment status did not significantly affect microRNA dysregulation, 

except for miR-29c-3p that was upregulated in untreated MS patients. Similarly, 

miR-29c-3p expression decreased after one month of IFNb therapy as compared to 

baseline 960. Furthermore, in GA-treated patients, miR-27a-3p was significantly 

downregulated and miR-150-5p tended to be upregulated, while in IFNb-treated 

patients, miR-34a-5p was significantly upregulated and miR-297 tended to be 

downregulated. Conversely, others highlighted the upregulation of miR-146a-5p 

and the downregulation of miR-20a-5p in untreated RRMS patients, but their 

expression level was comparable to HC in GA- and in IFNb-treated patients 

respectively 760,961. 

Several microRNAs of this study correlated with the mRNA levels of IL21 and/or 

FOXP3 or with TGFB1. We could however not identify a general and consistent 

pattern between the microRNAs and mRNAs of this study by in silico analysis, 

except for miR-34c-5p/FOXP3. The direct interaction of miR-34c-5p and FOXP3 

remains so far unexplored but has been evidenced for miR-34a-5p, although our 

correlation analysis was contrary to this 962. An integrated view on cytokine 

regulation by microRNAs is missing as many studies have been investigating their 

interaction in a single setting. Cytokine expression conceivably results from a 

balanced effect of several microRNAs and other regulators. Moreover, chemokines 

and cytokines are rarely predicted as targets, but might be indirectly, positively or 
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negatively, affected by microRNA regulation dependent whether the upstream 

target is a promoter or a repressor 963,964, which supports the positive and negative 

correlations found in our study as well as the difficulties identifying a causal 

interaction. The expression level of upregulated microRNAs of this study correlated 

only positively with the T cell mediators, independently of their pro-/anti-

inflammatory nature. Given the mainly inhibitory effect of a microRNA on its direct 

target, we could hypothesise that these microRNAs rather target an upstream 

negative regulator. On the contrary, the expression level of downregulated 

microRNAs of this study correlated negatively with the T cell mediators and they 

might thus rather target them directly or an upstream positive regulator. 

Consistently with our correlation results, miR-125b-5p inhibition in macrophages 

increases the expression of IL10, and miR-24 and miR-149-3p target FOXP3 811,965,966. 

The latter could support our negative correlation between TGFB1 and miR-149-3p. 

miR-27b-3p and miR-126-3p were both positively correlated with TGFB1. 

Accordingly miR-126-3p preferentially induced Treg differentiation over Th17 in a 

sepsis model 967. In contrast, miR-27b inhibited inducible Treg development in vitro 

by targeting TGFb receptor 1 and SMAD4 802. In accordance with the positive 

correlations we observed with IL17A, IL21 and FOXP3, miR-155-5p promotes Th17 

(IL6/STAT3/IL21/IL17) and Treg differentiation (IL2/STAT5/FOXP3), mainly through 

the JAK/STAT signalling pathway 968, as reported as well for miR-21-5p although 

with some discrepancies probably due to the experimental setting 786,969,970. Our in 

silico analysis further predicted miR-21-5p to target IL12p35, of which the 

interaction has already been proven by luciferase assay, but it was not significant 

in our correlation analysis 971,972. On the contrary, miR-146a-5p induces Treg 

differentiation at the expense of Th17 cells, which was also not reflected by our 

correlation analysis 973.  

We acknowledge the limitations of this study in investigating the dysregulation of 

microRNAs in PBMCs of MS patients as well as their interplay with pathogenic 

cytokines and their related transcription factors. Firstly, the microRNA 

dysregulation was overall independent of radiological disease activity and 

treatment status, with a few exceptions. Although the size of our entire MS cohort 

was reasonable, the numbers of patients per subgroup when considering both 

parameters together were rather small, limiting the power of further statistical 

analyses. Furthermore we chose a relatively small amount of microRNAs (21) based 

on the results of our previous study, that however investigated 64 microRNAs, 
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selected from PCR array data on 127 microRNAs 892. Many other microRNAs have 

been linked to MS before, and are still being identified by indiscriminate techniques 

with a higher discovery power such as small RNA sequencing 751,753,763. Therefore, 

this study offers a partial vision on the mutual involvement of microRNAs and T cell 

mediators in MS. We are aware that other unexplored microRNAs could be 

uncovered as stronger functional players in the regulation of T cell 

mediator/cytokine expression. 

It is also challenging to draw an overall conclusion on T cell mediators’ expression 

or a peculiar profile of microRNA dysregulation in MS due to differences between 

studies regarding the population’s characteristics and size, the type of sample 

analysed (serum, plasma, PBMCs, T cell subtypes) and the methodologies used 

(microarray, sequencing or RT-qPCR for microRNA and mRNA levels, ELISA or flow 

cytometry for protein levels). Moreover, PBMCs might not be the best surrogate 

for disease activity markers, since the CNS is the site of active inflammation. 

Interestingly, as compared to our previous study on microRNA expression in CSF of 

relapsing-remitting MS patients (table 2.1), miR-15a-3p/20a-5p/21-5p/29c-3p/34c-

5p/146a-5p/150-5p/155-5p/297 were similarly dysregulated, while miR-27a-3p 

and miR-125b-5p were dysregulated in the opposite direction 892. CSF-dysregulated 

miR-24-3p/27b-3p/33a-3p/124-5p/145-5p/149-3p/214-3p were not confirmed in 

PBMCs of this MS population. 
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Table 2.1: Comparison of microRNA dysregulation in MS of this current study on PBMCs with 
our previous study and with the literature 

microRNA ID PBMCs study CSF study 892 Literature 
  CSF serum PBMCs  

miR-15a-3p down in MS 
down in 
RRMS 

down in 
RRMS 

ns NA 

miR-20a-5p down in MS 
down in 
RemMS 

ns ns 

down in whole blood of MS (RR/PP/SP) 
914 

down in grey matter lesions of 
PP/SPMS897 

miR-21-5p up in MS up in RelMS ND ND 
up in active lesions of MS (RR/PP/SP) 758 

ns/up in PBMCs of RelMS757,766 

miR-24-3p ns up in RelMS 
down in 
RRMS 

ns up in serum of RR/PPMS974,975 

miR-27a-3p down in (A)MS up in RelMS ND ND up in active lesions of MS (RR/PP/SP)758 

miR-27b-3p ns up in RelMS ND ND up in naive CD4+ of RemMS801 

miR-29c-3p up in MS up in RelMS ns ns 
down in grey matter lesions of 

PP/SPMS897 

miR-33a-3p ns 
down in 
RemMS 

ND ND NA 

miR-34a-5p up in (I)MS Ns ns 
down in 
RelMS 

up in active lesions of MS (RR/PP/SP) 758 
down in CD4+ of RRMS918 

miR-34c-5p down in MS 
down in 
RRMS 

ns ns NA 

miR-124-5p ns 
down in 
RelMS 

ND ND NA 

miR-125b-5p down in (I)MS up in RelMS ND ND down in PBMCs of RRMS976 

miR-126-3p ns Ns 
down in 
RRMS 

ns 
up in inactive lesions of MS 

(RR/PP/SP)758 
up in CD4+ of RRMS918 

miR-145-5p ns up in RelMS ns ns up in PBMCs/serum of RemMS977 

miR-146a-5p up in (I)MS up in RelMS 
down in 
RRMS 

ns 
up in active lesions of MS (RR/PP/SP) 758 

up in PBMCs of RRMS760 

miR-149-3p ns up in RemMS ND ND up in grey matter lesions of PP/SPMS897 

miR-150-5p up in MS up in RRMS ns ns 
down in PBMCs of MS (RR/PP/SP) 978 

ns in PBMCs of RelMS757 
up in CSF of RRMS768 

miR-155-5p up in MS up in RRMS ns ns 
up in active lesions of MS (RR/PP/SP) 758 

ns/up in PBMCs of RRMS757,760 

miR-181c-5p down in MS Ns 
down in 
RRMS 

ns 

down in active lesions of MS (RR/PP/SP) 
758 

down in PBMCs of MS (RR/PP/SP) 978 

up in CSF of RRMS901 

miR-214-3p ns 
down in 
RemMS 

down in 
RRMS 

ns 
up in active/inactive lesions of MS 

(RR/PP/SP) 758 

miR-297 down in (I)MS 
down in 
RRMS 

ns ns down in B cells of RRMS762 
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The significantly dysregulated microRNAs of this study are in bold. Matching dysregulations 

are highlighted in blue. CSF = cerebrospinal fluid, ns = non-significant, NA = not applicable, 

ND = not done, PBMCs = peripheral blood mononuclear cells, MS = multiple sclerosis, AMS = 

active MS, IMS = inactive MS, RelMS = relapsing MS, RemMS = remitting MS, RRMS = 

relapsing-remitting MS, PPMS = primary progressive MS, SPMS = secondary progressive MS.  

 

To conclude, in PBMCs of MS patients on platform injectable therapies or 

untreated, with radiologically active or inactive disease, T cell mediators were not 

dysregulated at the mRNA level, except for FOXP3 and JAK2. We investigated 

microRNAs previously linked to MS and confirmed for several their dysregulation in 

PBMCs, although they could only partially segregate MS patients from HC. 

Interestingly, the expression level of some of them correlated positively or 

negatively with IL21 and/or FOXP3 mRNA expression. In particular, the predicted 

direct interaction of miR-34c-5p and FOXP3, supported by our findings on their 

opposite dysregulation and negative correlation, should be further explored. 

Cytokine expression conceivably results from the balanced effect of several 

regulators, of which microRNAs possibly do not target directly the mRNAs of 

cytokines but rather of their transcription factors. Their dysregulation in MS 

patients versus HC might not only reflect disease status but possibly contribute 

substantially to understanding MS pathogenicity, advocating further functional 

studies.  
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VI. Supplementary material 

Supplementary table 2.1: mRNA and microRNA primers 

mRNA 
target 

Primers 
Sequence 5’ - 3’ 

microRNA target miScript Primer Assay (Qiagen) 
name - MIMAT code - sequence 5’ - 3’ 

ABL Forward: 5’ - AAA ACC TTC TCG CTG GAC CC - 3’ 
Reverse: 5’ - TTT GGG CTT CAC ACC ATT CC - 3’ 

hsa-miR-15a-3p Hs_miR-15a*_1          MIMAT0004488 
5’ - CAGGCCAUAUUGUGCUGCCUCA - 3’ 

FOXP3 Forward: 5’ - CAA CAT GGA CTA CTT CAA GTT C - 3’ 
Reverse: 5’ - ACT TGT GCA GAC TCA GGT TGT - 3’ 

hsa-miR-20a-5p Hs_miR-20a_1          MIMAT0000075 
5’ - UAAAGUGCUUAUAGUGCAGGUAG - 3’ 

IL10 Forward: 5’ - CCC CAA GCT GAG AAC CAA GAC - 3’ 
Reverse: 5’ - CGG CCT TGC TCT TGT TTT CAC - 3’ 

hsa-miR-21-5p Hs_miR-21_2          MIMAT0000076 
5’ - UAGCUUAUCAGACUGAUGUUGA - 3’ 

IL12p35 Forward: 5’ - GAA TGT TCC CAT GCC TTC AC  - 3’ 
Reverse: 5’ - GAG  TTT GTC TGG CCT TCT GG - 3’ 

Hsa-miR-24-3p Hs_miR-24_1          MIMAT0000080 
5’ - UGGCUCAGUUCAGCAGGAACAG - 3’ 

IL12p40 Forward: 5’ - CAC CTG CTG GTG GCT GAC GAC - 3’ 
Reverse: 5’ - CCA CTG AGT ACT CAT ACT CC - 3’ 

hsa-miR-27a-3p Hs_miR-27a_1          MIMAT0000084 
5’ - UUCACAGUGGCUAAGUUCCGC - 3’ 

IL17A Forward: 5’ - AAC AAC GAT GAC TCC TGG GAA - 3’ 
Reverse: 5’ -GTT ATG GAT GTT CAG GTT GAC - 3’ 

hsa-miR-27b-3p Hs_miR-27b_2          MIMAT0000419 
5’ - UUCACAGUGGCUAAGUUCUGC - 3’ 

IL21 Forward: 5’ - GCT GAA GAG GAA ACC ACC TTC - 3’ 
Reverse: 5’ - GAA TCA CAT GAA GGG CAT GTT - 3’ 

hsa-miR-29c-3p Hs_miR-29c_1          MIMAT0000681 
5’ - UAGCACCAUUUGAAAUCGGUUA - 3’ 

IL22 Forward: 5’ - AGG CTC AGC AAC AGG CTA AG - 3’ 
Reverse: 5’ - TTT GCT CTG GTC AAA TGC AG - 3’ 

hsa-miR-33a-3p Hs_miR-33a*_1          MIMAT0004506 
5’ - CAAUGUUUCCACAGUGCAUCAC - 3’ 

IL23p19 Forward: 5’ - GGA TCC ACC AGG GTC TGA TTT - 3’ 
Reverse: 5’ - GCT TGG AAT CTG CTG AGT CTC - 3’ 

hsa-miR-34a-5p Hs_miR-34a_1          MIMAT0000255 
5’ - UGGCAGUGUCUUAGCUGGUUGU - 3’ 

IL27p28 Forward: 5’ - TGA TGT TTC CCT GAC CTT CC - 3’ 
Reverse: 5’ - AGC TGC ATC CTC TCC AGT TT - 3’ 

hsa-miR-34c-5p Hs_miR-34c_1          MIMAT0000686 
5’ - AGGCAGUGUAGUUAGCUGAUUGC - 3’ 

JAK2 Forward: 5’ -CAG GCA ACA GGA ACA AGA TG - 3’ 
Reverse: 5’ - CCA TTC CCA TGC AGA GTC TT - 3’ 

hsa-miR-124-5p Hs_miR-124*_1          MIMAT0004591 
5’ - CGUGUUCACAGCGGACCUUGAU - 3’ 

MXA Forward: 5’ - ACC TGA TGG CCT ATC ACC AG - 3’ 
Reverse: 5’ - GCC AGC TGT AGG  TGT CCT TG - 3’ 

hsa-miR-125b-5p Hs_miR-125b_1                    MIMAT0000423 
5’ - UCCCUGAGACCCUAACUUGUGA - 3’ 

TGFB1 Forward: 5’ - CCA GAG TGG TTA TCT TTT GAT G - 3’ 
Reverse: 5’ - GGC CAT GAG AAG CAG GAA AG - 3’ 

hsa-miR-126-3p Hs_miR-126_1          MIMAT0000445 
5’ - UCGUACCGUGAGUAAUAAUGCG - 3’ 

  hsa-miR-145-5p Hs_miR-145_1          MIMAT0000437 
5’ - GUCCAGUUUUCCCAGGAAUCCCU - 3’ 

  hsa-miR-146a-5p Hs_miR-146a_1                  MIMAT0000449 
5’ - UGAGAACUGAAUUCCAUGGGUU - 3’ 

  hsa-miR-149-3p Hs_miR-149*_3          MIMAT0004609 
5’ - AGGGAGGGACGGGGGCUGUGC - 3’ 

  hsa-miR-150-5p Hs_miR-150_1          MIMAT0000451 
5’ - UCUCCCAACCCUUGUACCAGUG - 3’ 

  hsa-miR-155-5p Hs_miR-155_2          MIMAT0000646 
5’ - UUAAUGCUAAUCGUGAUAGGGGU - 3’ 

  hsa-miR-181c-5p Hs_miR-181c_2                   MIMAT0000258 
5’ - AACAUUCAACCUGUCGGUGAGU - 3’ 

  hsa-miR-214-3p Hs_miR-214_2                     MIMAT0000271 
5’ - ACAGCAGGCACAGACAGGCAGU - 3’ 

  hsa-miR-297 Hs_miR-297_2          MIMAT0004450 
5’ - AUGUAUGUGUGCAUGUGCAUG - 3’ 
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Supplementary table 2.2: Median fold change and adjusted p-value of the relative expression of mRNAs 

 

Median fold change and adjusted p-value of the relative expression of mRNAs, determined by a Mann-Whitney t-test or a one-way ANOVA Kruskal-Wallis 

test followed by Dunn’s multiple comparison post-test. The p-values of the Mann-Whitney t-test and the one-way ANOVA have been corrected by the 

Benjamini-Hochberg method. p≤0.05: *; p≤0.01: **; p≤0.001: ***. Data of non-significant mRNAs are greyed, data of mRNAs that are significant for all 

analyses are in bold. Adj.p = adjusted p-value, AMS = active multiple sclerosis, FC = fold change, GA = glatiramer acetate, HC = healthy controls, IFNb = 

interferon beta therapy, IMS = inactive multiple sclerosis, MS = multiple sclerosis, vs = versus 

 MS vs HC Activity Inactive vs HC Active vs HC Treatment 
Untreated vs 

Treated 
Untreated vs HC Treated vs HC 

Treatment 

(IFNb/GA) 

Untreated vs 

IFNb 
Untreated vs HC INFb vs HC GA vs HC 

mRNA 

target 

Median 

FC 

t-test 

(adj.p) 

ANOVA 

(adj.p) 

Median 

FC 
Dunn's 

Median 

FC 
Dunn's 

ANOVA 

(adj.p) 

Median 

FC 
Dunn's 

Median 

FC 
Dunn's 

Median 

FC 
Dunn's 

ANOVA 

(adj.p) 

Median 

FC 
Dunn's 

Median 

FC 
Dunn's 

Median 

FC 
Dunn's 

Median 

FC 
Dunn's 

IL12p35 1,46 0,0804 0,0945 1,40  1,61 * 0,0677 1,12  1,51 * 1,35  0,1284 1,17  1,51  1,29  1,35  

IL12p40 1,32 0,1653 0,1357 1,21  1,40  0,0456 1,29  1,47 * 1,14  0,0878 1,38  1,47  1,07  1,16  

IL17A 1,62 0,5234 0,8634 1,62  1,63  0,4606 1,49  2,18  1,47  0,5764 1,37  2,18  1,59  1,28  

IL21 1,34 0,1058 0,1560 1,43  1,19  0,2253 0,96  1,31  1,37  0,3020 1,08  1,31  1,22  1,37  

IL22 2,60 0,2198 0,0984 3,45  1,71  0,3306 0,83  2,18  2,61  0,2181 0,64  2,18  3,38  1,96  

IL23p19 1,05 0,6453 0,9153 1,01  1,08  0,4396 1,18  1,13  0,96  0,1692 0,99  1,13  1,14  0,78  

FoxP3 1,93 0,0078 0,0060 2,03 *** 1,67  0,0159 0,94  1,88 ** 1,99 * 0,0262 0,89  1,88 * 2,10 * 1,82  

TGFB1 1,06 0,3651 0,3991 0,93  1,14  0,2267 1,32  1,21  0,92  0,3108 1,25  1,21  0,97  0,91  

IL10 1,43 0,8006 0,9471 1,42  1,43  0,0608 0,74 * 1,13  1,54  0,0297 0,62 ** 1,13  1,84  1,39  

IL27p28 1,98 0,0828 0,1207 1,59  2,34 * 0,0016 0,49 ** 1,20  2,45 ** 0,0032 0,48 ** 1,20  2,51 ** 2,45  

MXA 1,62 0,0981 0,1479 1,42  1,65  0,0012 0,38 ** 1,02  2,67 ** 0,0006 0,19 *** 1,02  5,31 *** 1,62  

JAK2 1,37 0,0132 0,0210 1,36 * 1,38 ** 0,0006 0,81 ** 1,20  1,48 *** 0,0012 0,81  1,20  1,48 ** 1,53 ** 
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Supplementary table 2.3: Median fold change and adjusted p-value of the relative expression of microRNAs  

 MS vs HC Activity Inactive vs HC Active vs HC 
Treat-
ment 

Untreated vs 
Treated 

Untreated vs 
HC 

Treated vs HC 
Treatment 
(IFNb/GA) 

Untreated vs 
HC 

IFNb vs GA INFb vs HC GA vs HC 

microRNA ID 
Median 

FC 
t-test 
(adj.p) 

ANOVA 
(adj.p) 

Median 
FC 

Dunn 
Median 

FC 
Dunn 

ANOVA 
(adj.p) 

Median 
FC 

Dunn 
Median 

FC 
Dunn 

Median 
FC 

Dunn 
ANOVA 
(adj.p) 

Median 
FC 

Dunn 
Median 

FC 
Dunn 

Median 
FC 

Dunn 
Median 

FC 
Dun

n 

miR-15a-3p 0,56 0,0126 0,0336 0,54 * 0,61  0,0342 0,95  0,55 * 0,58 * 0,0725 0,55  0,88  0,58  0,67  

miR-20a-5p 0,64 0,0053 0,0109 0,59 ** 0,73  0,0084 0,81  0,55 ** 0,68 * 0,0189 0,55 ** 0,92  0,68  0,74  

miR-21-5p 3,52 0,0011 0,0011 4,01 *** 3,06 ** 0,0011 0,90  3,52 *** 3,98 *** 0,0063 3,52 ** 1,04  4,06 ** 3,91 ** 

miR-24-3p 0,95 0,8402 0,9780 0,96  0,90  0,3242 0,85  0,84  0,99  0,4651 0,84  0,96  0,97  1,02  

miR-27a-3p 0,65 0,0128 0,0359 0,71  0,58 * 0,0343 1,17  0,68  0,58 * 0,0369 0,68  1,77  0,82  0,47 * 

miR-27b-3p 0,96 0,7757 0,7862 0,97  0,94  0,3964 1,21  1,05  0,87  0,3375 1,05  1,29  1,06  0,82  

miR-29c-3p 1,37 0,0250 0,0817 1,41  1,33  0,0100 1,47 * 1,61 ** 1,10  0,0168 1,61 ** 1,02  1,12  1,10  

miR-33a-3p 1,21 0,3788 0,5480 1,25  1,16  0,1860 1,23  1,36  1,10  0,3405 1,36  1,06  1,10  1,05  

miR-34a-5p 1,74 0,0098 0,0108 1,93 ** 1,33  0,0297 1,00  1,74 * 1,74 * 0,0047 1,74  3,27 * 3,31 ** 1,02  

miR-34c-5p 0,61 0,0093 0,0318 0,62 * 0,58 * 0,0264 1,10  0,63  0,57 * 0,0569 0,63  1,05  0,61  0,57  

miR-124-5p 0,78 0,3871 0,6269 0,80  0,69  0,4936 0,90  0,72  0,81  0,4691 0,72  0,71  0,78  1,11  

miR-125b-5p 0,62 0,0160 0,0092 0,48 ** 0,80  0,0489 0,94  0,62  0,66  0,0529 0,62  0,65  0,52 * 0,80  

miR-126-3p 0,61 0,1257 0,3030 0,58  0,62  0,2502 1,41  0,69  0,49  0,3240 0,69  1,80  0,74  0,41  

miR-145-5p 1,00 0,4740 0,1784 0,97  1,18  0,4759 0,88  0,98  1,12  0,3302 0,98  0,75  0,94  1,24  

miR-146a-5p 1,64 0,0201 0,0340 1,86 * 1,41  0,0269 1,26  1,80 ** 1,43  0,0582 1,80 * 0,93  1,40  1,50  

miR-149-3p 0,81 0,3050 0,4228 0,81  0,84  0,4148 0,92  0,76  0,81  0,5358 0,76  0,77  0,81  1,11  

miR-150-5p 1,87 0,0128 0,0389 1,90 * 1,86  0,0105 1,13  1,99 ** 1,77  0,0147 1,99 ** 0,54  1,03  1,89  

miR-155-5p 8,69 0,0004 0,0005 9,99 *** 4,84 * 0,0005 0,99  8,69 *** 8,83 *** 0,0021 8,69 ** 1,90  11,35 ** 6,02 * 

miR-181c-5p 0,47 0,0005 0,0021 0,47 ** 0,47 *** 0,0014 1,06  0,49 * 0,46 *** 0,0031 0,49 * 0,81  0,40 *** 0,50 * 

miR-214-3p 0,81 0,2150 0,4340 0,83  0,74  0,3792 0,96  0,81  0,84  0,5009 0,81  1,21  0,93  0,77  

miR-297 0,59 0,0055 0,0074 0,46 *** 0,71  0,0084 0,70  0,47 ** 0,67  0,0143 0,47 ** 0,69  0,50  0,73  
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Supplementary table 2.3 

Median fold change and adjusted p-value of the relative expression of microRNAs, 

determined by a Mann-Whitney t-test or a one-way ANOVA Kruskal-Wallis test followed by 

Dunn’s multiple comparison post-test. The p-values of the Mann-Whitney t-test and the one-

way ANOVA have been corrected by the Benjamini-Hochberg method. p≤0.05: *; p≤0.01: **; 

p≤0.001: ***. Data of non-significant microRNAs are greyed, data of microRNAs that are 

significant for all analyses are in bold. Adj.p = adjusted p-value, AMS = active multiple 

sclerosis, FC = fold change, GA = glatiramer acetate, HC = healthy controls, IFNb = interferon 

beta therapy, IMS = inactive multiple sclerosis, MS = multiple sclerosis, vs = versus



 

 

 

 

 

 

 

 

 

 

 

CHAPTER 3: MICRORNAS DYSREGULATED IN MULTIPLE 

SCLEROSIS AFFECT THE DIFFERENTIATION OF CG-4 CELLS, 

AN OLIGODENDROCYTE PROGENITOR CELL LINE 
 

 

 

 

 

 

 

 

Océane Perdaens, Pauline Bottemanne, Vincent van Pesch 

  



 

 

 



CHAPTER 3 

147 

We finally aimed to investigate whether several microRNAs dysregulated in 

relapsing-remitting MS patients in our initial screening affect the differentiation of 

CG-4 oligodendrocyte progenitor cells. We then focused on 5 microRNAs of which 

miR-33-3p, miR-34c-5p, miR-124-5p, and miR-145-5p impede and miR-214-3p 

promotes their differentiation into mature oligodendrocytes, in order to detail the 

differential expression of OPC/OL stage markers and Gene Ontology enrichment 

analysis by RT-qPCR and RNA sequencing. We finally sought potential mRNA targets 

and molecular mechanisms to support the change in cell fate they induce. 

 

Figure 3.1: Graphical abstract 

 

We investigated the effect of microRNAs previously found dysregulated in the cerebrospinal 
fluid (CSF) of patients with relapsing and/or remitting multiple sclerosis (RRMS) by 
transfecting their microRNA mimic (with or without the inhibitor) in CG-4 cells, an 
oligodendrocyte progenitor cell line. By exploring by RT-qPCR and RNA sequencing (RNAseq) 
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the expression of several markers of oligodendrocyte progenitor cells (OPC) and 
oligodendrocytes (OL) as well as the enrichment of Gene Ontology (GO) terms, we evidenced 
that miR-33-3p, miR-34c-5p and miR-124-5p arrested their differentiation at a late 
progenitor stage and miR-145-5p at an early premyelinating oligodendrocyte stage, while 
miR-214-3p promoted oligodendrocyte maturation. We further sought potential mRNA 
targets to propose mechanistical hypotheses supporting the changes in cell fate. Created in 
BioRender.com 

 

I. Abstract 

Remyelination in multiple sclerosis (MS) is from the start of the disease imperfect, 

and strongly decreases with its progression, mainly due to the harm on 

oligodendrocyte progenitor cells (OPCs), causing neurodegeneration and resulting 

in irreversible neurological deficits. Therapeutic strategies promoting 

remyelination are still very preliminary and lack within the current treatment panel 

of MS. In a previous study we have identified 21 microRNAs dysregulated mostly in 

the CSF of relapsing and/or remitting MS patients. Here, we observed that among 

these, the majority of 13 transfected microRNA mimics decreased the 

differentiation of an OPC cell line called CG-4. Herein we support by RNA 

sequencing and independent RT-qPCR analyses that miR-33-3p, miR-34c-5p, miR-

124-5p, and miR-145-5p impede OPC differentiation as evidenced by the 

downregulation of premyelinating oligodendrocyte (OL) (Tcf7l2, Cnp [except for 

miR-145-5p]) and mature OL (Plp1, Mbp, Mobp) markers, whereas only miR-214-

3p promotes OPC differentiation. We further propose a comprehensive exploration 

of their change in cell fate through Gene Ontology enrichment analysis. We finally 

confirm by RT-qPCR analysis the downregulation of several predicted mRNA targets 

for each microRNA that possibly support their effect on OPC differentiation by very 

distinctive mechanisms, of which some are still unexplored in OPC/OL physiology. 

We hereby open new perspectives in the research on OPC differentiation and the 

pathophysiology of demyelination/remyelination, and possibly even in the research 

on new remyelinating therapeutic strategies in the scope of MS. 
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II. Introduction  

Multiple sclerosis (MS) is a chronic inflammatory demyelinating disorder of the 

central nervous system. Although remyelination occurs, mainly during the early 

phase of the disease, it remains incomplete and even declines with disease duration 

and ageing, underpinning neurodegeneration 400,411.  

The myelin sheath is a lipid membrane formed by mature oligodendrocytes (OLs) 

that spirally wraps around axons, in order to facilitate neuronal conduction and 

protect axonal integrity 620. OLs originate from oligodendrocyte progenitor cells 

(OPCs). The adult brain has a pool of OPCs in the subventricular zone as well as in 

the surrounding intact grey and white matter that can migrate to the site of myelin 

turnover and differentiate into mature OLs 392,394,396,399,528. However, in MS, over 

time OPCs are depleted and fail to migrate and/or differentiate properly as 

demonstrated by the presence of fewer and often undifferentiating OPCs alongside 

the loss of mature OLs and the apparent unreceptiveness of axons to remyelination 

within chronic MS lesions 419,422,437,439,979. Moreover, the myelin sheath formed by 

remyelination is thinner and extends over a shorter internode distance 230. 

Demyelination or unproper remyelination results in neuro-axonal degeneration, in 

turn leading to brain and spinal cord atrophy 980. Additionally, ongoing 

demyelination within chronic active (slowly expanding) lesions, characteristic of 

smouldering MS, is clinically associated with relapse-free disability worsening and 

disease progression, a process referred to as progression independent of relapse 

activity (PIRA) 40,45,981. While the number of disease-modifying therapies (DMTs) has 

gradually increased over the last two decades, all of them target the immune 

system and clinical research on remyelination-enhancing agents is still very 

preliminary 161. So far there is no DMT directly sustaining remyelination, while this 

can contribute to slow down neurodegeneration and disease progression 982.  

MicroRNAs are small non-coding RNAs that regulate gene expression post-

transcriptionally by binding to a complementary seed of their target messenger 

RNA (mRNA), mostly located in its 3’ untranslated region (3’UTR) 720. MicroRNAs 

play a largely acknowledged role in physiological as well as pathophysiological 

processes 983, as evidenced as well in central nervous system myelination. Dynamic 

changes in the microRNA expression profile presumably finely tunes OPC/OL 

development 884,885,984. miR-219, miR-338 and miR-138 promote early OPC 

differentiation into OLs by targeting OPC proliferation genes. Yet, while miR-219 
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plays a supporting role up to the late stage of differentiation, miR-138 delays it 
782,783. Transgenic mice with OPC/OL-specific Dicer1 ablation, an indispensable 

endonuclease in microRNA biogenesis, develop tremor and ataxia due to 

myelination defects 720,782,783. miR-219, the strongest induced microRNA in 

differentiating OLs, can partially rescue Dicer1 ablation and improve both 

lysolecithin-induced demyelination and experimental autoimmune 

encephalomyelitis 782,985. Furthermore, miR-219 and miR-338 have been found 

upregulated in normal appearing white matter but downregulated in inactive white 

matter lesions of MS patients and miR-219 is more often undetectable in the 

cerebrospinal fluid (CSF) of MS patients than controls 986,987. Finally, microRNA 

dysregulation has been linked to MS 753. We have previously found 18 microRNAs 

dysregulated in the CSF of relapsing and/or remitting MS patients, of which 5 have 

still not been described in MS so far (miR-15a-3p, miR-33-3p, miR-34c-5p, miR-124-

5p, miR-297) 892.  

Therefore, we hypothesise that these MS-related microRNAs possibly affect OPC 

differentiation. We thus aimed to screen the effect of a series of these microRNAs 

on the differentiation of CG-4 cells, a bipotential OPC cell line. We then selected 

the microRNAs exhibiting the most effect - miR-33-3p, miR-34c-5p, miR-124-5p, 

miR-145-5p, miR-214-3p - to further characterise their action on CG-4 

differentiation both at the mRNA and protein level. We finally aimed to identify 

potential microRNA targets by crossing the data of in silico analysis and RNA 

sequencing, which we confirmed by independent RT-qPCR analyses. 

 

 

III. Methods 

i. Cell culture 

We kindly received the Central Glia-4 (CG-4) cells, a permanent cell line derived 

from rat bipotential oligodendrocyte-type 2-astrocyte (O-2A) progenitor cells 988, 

and the B104 neuroblastoma cells from Dr. M. Grãos (University of Coimbra, 

Portugal). For CG-4 cell culture, T175 culture flasks or 6-well plates were coated 

with poly-L-lysine (P2636, Sigma-Aldrich) at 0.04 mg/mL for 30 minutes at 37°C and 

washed twice with autoclaved deionized water and once with sterile Dulbecco’s 
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phosphate buffered saline (DPBS, L0615-500, BioWest). Cells were first plated for 

30-60 minutes in Dulbecco’s Modified Eagle Medium (DMEM, L0101-500, BioWest) 

containing 100 UI/mL penicillin, 100 µg/mL streptomycin (15140-122, Gibco) and 

2.5 µg/mL amphotericin B (15290-018, Gibco) (PSA-DMEM) supplemented with 5% 

foetal bovine serum (FBS, S15898S181H, Gibco), 5 µg/mL human insulin (I9278, 

Sigma-Aldrich), 2 mM sodium pyruvate (11360-039, Gibco) and 10 mM Hepes 

(15630-056, Gibco), called recovery medium. Hereafter, CG-4 cells were cultured in 

a proliferation medium, consisting of PSA-DMEM supplemented with 30% B104 

conditioned medium containing the essential mitogens, 50 µg/mL human apo-

transferrin (T2036, Sigma-Aldrich), 9.8 ng/mL biotin (B4639, Sigma-Aldrich), 40 

ng/mL sodium selenite (S5261, Sigma-Aldrich), 5 µg/mL human insulin and 10 mM 

Hepes in order to allow OPC proliferation 989. To promote their differentiation into 

OLs, they were cultured in DMEM containing penicillin-streptomycin, and 1% 

GlutaMAXTM supplement (35050-061, Gibco), and supplemented with 5 µg/mL 

bovine insulin (I6634, Sigma-Aldrich), 50 µg/mL human holo-transferrin (T0665, 

Sigma-Aldrich), 2% B-27TM supplement (080085-SA, Gibco), 0.5% FBS, 0.05 µg/mL 

recombinant rat ciliary neurotrophic factor (CNTF, 450-50, PeproTech), 1% OL-

supplement and 10 mM Hepes, called differentiation medium 990. 

B104 conditioned medium was recovered from the culture medium of B104 cells 

cultured in uncoated T175 flasks at a cell density of 15,000 cells/cm² for 24 hours 

in PSA-DMEM-F12 medium (L0090-500, BioWest) supplemented with 10% FBS and 

for 72 hours in PSA-DMEM-F12 medium supplemented with 10 µg/mL human holo-

transferrin, 5 ng/mL sodium selenite, 16 µg/mL putrescine dihydrochloride (P5780, 

Sigma-Aldrich) and 6.3 ng/mL progesterone (P8783, Sigma-Aldrich). The latter 

medium was recovered and centrifuged at 1000 x g for 10 minutes. The supernatant 

was filtered (0.22 µm) with 1 µg/mL phenylmethylsulfonyl fluoride (a protease 

inhibitor, 36978, Thermo Fisher Scientific) and stored add -20°C upon use 989. 

 

ii. MicroRNA mimic and inhibitor transfection 

Double transfection of microRNA mimics 

CG-4 cells were plated (day -1) overnight in the proliferation medium at a cell 

density of 250,000 cells per well in a pre-coated 6-well plate and were separately 

transfected on day 0 for 6h and on day 4 for 48h following the manufacturer’s 
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recommendations. In brief, the miRCURY LNA microRNA mimic or negative control 

(miR-NC) (Qiagen, supplementary table 1) was diluted in 50 µl Opti-MEMTM reduced 

serum medium (51985026, Thermo Fisher Scientific) for a final concentration of 40 

nM (in culture well) and added on top of 50 µl Opti-MEMTM containing 3µl 

LipofectamineTM 2000 Transfection Reagent (Thermo Fisher Scientific), mixed 

gently by reverse pipetting (15x) and incubated at room temperature for 5-10 

minutes. This 100 µl transfection mix was then added dropwise to 900 µl of 

proliferation medium for 6h. After 6h, the medium was replaced by 1.5 ml of 

proliferation medium. On day 1, the proliferation medium was replaced by 1.5 ml 

of differentiation medium, of which two third was refreshed on day 4 before the 

second transfection, that was processed likewise in 1000 µl total volume, but after 

6h of transfection, 500µl of fresh differentiation medium was added for an 

additional 48h, leaving the transfection mix in the culture wells. Cells were collected 

on day 6 for RNA extraction. 

 

Single transfection of microRNA mimics 

On day -1, CG-4 cells were plated at a cell density of 75,000 cells on a pre-coated 

glass coverslip placed in a 24-well plate (for immunocytochemistry analysis) or at a 

cell density of 250,000 cells per well in a pre-coated 6-well plate (for RT-qPCR 

analysis) for one hour in the recovery medium and for approximately 20 hours in 

the proliferation medium. On day 0, the cells were transfected with 40 nM 

miRCURY LNA microRNA mimic or miR-NC (final concentration in culture well) for 

6h (Qiagen) using LipofectamineTM 2000 according to the manufacturer’s protocol 

(40 nM mimic/1.2 µl Lipofectamine in 40 µl Opti-MEMTM added to 360 µl of 

proliferation medium in 24-well plate and 40 nM mimic/3 µl Lipofectamine in 100 

µl Opti-MEMTM added to 900 µl of proliferation medium in 6-well plate). After 6 

hours, the medium was replaced by the differentiation medium (respectively 500 

µl and 1.5 ml) and cells were kept in culture for 48 hours.  

 

Sequential transfection of microRNA mimics and inhibitors 

Cells were plated likewise in pre-coated 6-well plates (day-1) and transfected on 

day 0 with 40 nM LNA miRCURY microRNA mimic for 4h followed by a second 
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transfection without (mock transfection with LipofectamineTM 2000 only) or with 

40 nM of the corresponding miRCURY LNA microRNA inhibitor (Qiagen) for 4h 

(without refreshing the medium) using LipofectamineTM 2000 (40 nM mimic or 

inhibitor/2 µl Lipofectamine in 50 µl Opti-MEMTM added to 900 µl of proliferation 

medium in 6-well plate). The medium was hereafter replaced by 1.5 ml of 

differentiation medium to culture the cells for an additional 48h. 

In all transfection protocols, the proliferation and differentiation vehicle control 

conditions were processed likewise but transfected with LipofectamineTM 2000 

alone, without microRNA mimic/inhibitor. The proliferation vehicle control was 

cultured similarly in proliferation medium only. For each transfection method, 3 

independent experiments were performed with each condition in triplicate. 

 

For endogenous microRNA analysis, cells were plated at a cell density of 100,000 

cells per well in a pre-coated 6-well plate. The cells were cultured for 3 days in total 

in proliferation with/without differentiation medium following the same timing as 

in section 2.2.2. and did not undergo any other treatment. Four independent 

experiments were performed with each condition in triplicate. 

 

iii. RNA and microRNA extraction and PCR 

The culture medium was removed from the 6-well plates and the wells were 

washed with 1 ml DPBS. For RNA extraction, TriPureTM Isolation Reagent (Roche) 

was added to the wells and the plates were stored for minimum 30 minutes at -

80°C to help with the cell lysis. RNA was hereafter extracted following the 

manufacturer’s protocol except for the precipitation step, samples were stored for 

2h in isopropanol at -20°C to help with RNA precipitation before being centrifuged. 

RNA concentration and purity were verified by spectrophotometry (Shimadzu 

BioSpec-nano Spectrophotometer) and 500 ng RNA were reverse transcribed using 

iScript™ cDNA Synthesis Kit (Bio-Rad). MicroRNAs were extracted with QIAzol lysis 

reagent (Qiagen) following the miRNeasy Mini Kit protocol with RPE and RWT 

buffer (Qiagen), but we used Enzymax RNA Mini spin columns (EZCR101, Enzymax) 

instead. RNA concentration and purity was verified by spectrophotometry and set 

at an equal concentration of 50 ng/µL for all samples. MicroRNAs were reverse 
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transcribed using miRCURY LNA RT (Qiagen). We performed the real time 

quantitative polymerase chain reactions (RT-qPCR) using Takyon™ No ROX Probe 

2X MasterMix Blue dTTP (Eurogentec) for mRNAs and miRCURY LNA SYBR Green 

PCR kit (Qiagen) for microRNAs on a RotorGene (Qiagen). Primers are listed in 

supplementary table 1A-B. The specificity was verified with the melt curves. The 

relative expression was determined by the 2−ΔΔCt method (with ΔΔCt = ΔCt [target 

m(i)RNA-reference]sample − mean ΔCt [target m(i)RNA-reference]differentiation (vehicle) 

control) 909. We used hypoxanthine phosphoribosyltransferase 1 (Hprt1) as reference 

gene for the mRNAs and miR-103a-3p for the microRNAs. 

 

iv. RNA sequencing 

RNA sequencing (by synthesis) and the primary bio-informatic analyses were 

performed by Novogene UK. All samples of a single experiment with each condition 

in triplicate (proliferation and differentiation vehicle control, miR-33-3p, miR-34c-

5p, miR-124-5p, miR-145-5p, miR-214-3p and miR-NC cultured in the 

differentiation medium) passed the pre-sequencing sample quality control with an 

RNA integrity number between 9 and 9.4 (Agilent 5400), as well as the post-

sequencing data quality control with an average of 98.67% clean reads [98.15-

98.93% (min-max)], 97.43% Q20 [96.28-97.97%] and 93.04% Q30 [91.23-94.30%]. 

However, one miR-NC replicate was finally excluded from the analysis as it 

appeared as an outlier. This sample had the lowest Q20 and Q30 percentage.  

For library preparation, mRNA was purified from total RNA using poly-T oligo-

attached magnetic beads. After fragmentation, the first cDNA strand was 

synthesised using random hexamer primers, the second using either dUTP for 

directional library or dTTP for non-directional library, followed by end repair, A-

tailing, adapter ligation, size selection, USER enzyme digestion (for the directional 

library only), amplification, and purification. The libraries, quantified with Qubit and 

real-time PCR and verified by bioanalyzer for size distribution, were pooled and 

sequenced on Illumina NovaSeq 6000 to generate 150 bp paired-end reads. Twelve 

gigabytes of raw data (fastq format) were yielded per sample and processed 

through fastp software. Clean reads were obtained by removing low quality reads 

and reads containing adapter or ploy-N. Paired-end clean reads were aligned to the 

improved rat reference genome (mRatBN7.2) using HISAT2 v2.0.5. The mapped 
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reads of each sample were assembled by StringTie (v1.3.3b) and the reads numbers 

mapped to each gene were counted with featureCounts v1.5.0-p3. Fragments per 

kilobase million (FPKM) of each gene was calculated based on the length of the 

gene and reads count mapped to this gene.  

Differential expression analysis between two conditions was performed using the 

DESeq2 R package (1.20.0). Gene Ontology enrichment analysis of differentially 

expressed genes was implemented with the cluster Profiler R package, with 

correction of gene length bias. The p-values were corrected for the false discovery 

rate by the Benjamini and Hochberg’s approach. Differentially expressed genes 

(DEG) and enriched GO terms were significant if the adjusted p-value was ≤ 0.05. 

 

v. Immunocytochemistry 

Cells were fixed a first time with 4% homemade paraformaldehyde (PFA; 

1.04005.1000, Merck) while still in the culture medium (1:2 volumes) for 10 

minutes. The medium was discarded, and cells were fixed a second time in plain 4% 

PFA at room temperature for 10 minutes. There were two staining conditions: (1) 

surface staining of O4 (hybridoma supernatant, AK3203/01, In Vivo BioTech) or 

A2B5 (hybridoma supernatant, CRL-1520, ATCC), (2) intracellular staining of Gfap 

(ab16997, Abcam) and Mbp (ab7349, Abcam). For the surface staining of O4 

(dilution 1/15) and A2B5 (dilution 1/25), cells were first blocked for 1 hour with 5% 

bovine serum albumin (BSA; A7906, Sigma-Aldrich), then incubated for 1 hour with 

the primary antibody and for 2 hours with the secondary antibody (dilution 1/1000; 

goat anti-mouse IgM Alexa Fluor (AF) 488 [A21042, Thermo Fisher Scientific] and 

AF647 [A21238, Thermo Fisher Scientific] respectively) in 1% BSA. Hereafter, cells 

were fixed again. For the intracellular staining of Gfap (dilution 1/500) and Mbp 

(dilution 1/500), cells were blocked and permeabilised with 0.3% Triton X-100 

(T8787, Sigma-Aldrich) and 5% BSA for 1 hour. Cells were hereafter incubated 

overnight at 4°C with the primary antibodies and 2 hours with the secondary 

antibody (dilution 1/1000; AF488 goat anti-rabbit IgG (A11008, Thermo Fisher 

Scientific) and AF555 goat anti-Rat IgG (A21434, Thermo Fisher Scientific) 

respectively) in 0.3% Triton X-100 and 1% BSA. Hereafter, the coverslips were 

mounted on VWR® Superfrost® Plus Micro Slide using ProLong™ Gold Antifade 

Mountant with DAPI (Thermo Fisher Scientific). All buffers were prepared with 
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DPBS containing calcium and magnesium (14080-055, Gibco). All steps were 

performed at room temperature, except the overnight incubation, and cells were 

washed 3 times in between steps, but not after blocking. The mounted coverslips 

were scanned by the Zeiss Axio Scan.z1 and the QuPath open source software 

(version 0.4.0.) was trained to count distinctively the marked cells, except for Gfap 
991. Gfap expression was estimated to the total number of cells by visualising grid-

wise each coverslip, and scored as 0 = no Gfap-positive (Gfap+) cells, 1 = a few Gfap+ 

cells scattered over the whole coverslip, 2 = a few Gfap+ cells congregated in a few 

grids of the coverslip, 3 = a few Gfap+ cells in several grids of the coverslip, 4 = many 

Gfap+ cells in several grids of the coverslip, 5 = many Gfap+ cells over the whole 

coverslip. The evaluator was blinded to the experimental conditions.  

Each staining was performed on a single replicate per condition within each 

experiment, repeated 3-5 times. The specificity of the primary antibodies was 

verified by staining a differentiation vehicle control condition with the secondary 

antibody/antibodies only, correspondingly to each staining condition within each 

experiment. 

 

vi. In silico analysis 

We interrogated 4 databases for the predicted mRNA targets of each investigated 

microRNA separately: miRDB (http://www.mirdb.org/index.html), 

TargetScanHuman 8.0 (https://www.targetscan.org/), DIANA-microT-CDS 

(http://www.microrna.gr/microT-CDS), and miRWalk 3 (http://mirwalk.umm.uni-

heidelberg.de/) 936,938,939,992. We preselected targets predicted by at least 3 

databases for both Rattus norvegicus and Homo sapiens, and also found 

downregulated by the RNA sequencing analysis as compared to the differentiation 

vehicle control and miR-NC conditions. We checked by a PubMed search (“mRNA 

name + oligodendrocyte”) if these were involved accordingly in OPC differentiation, 

i.e. if their downregulation could explain the effect of the microRNA, or checked if 

they were listed in the gene annotations of downregulated Gene 

Ontology/Biological Process terms of interest. 
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vii. Statistical Analysis 

We used Graphpad Prism 8.0.2 for all statistical analyses. Outliers identified by 

Grubb’s test were excluded (max 1/condition). Normality was verified by the 

D’Agostino & Pearson test, and a parametric (ordinary or Brown-Forsythe in case 

of significantly different standard deviations) or a non-parametric (Kruskal-Wallis) 

one-way ANOVA was performed accordingly. Dunnett’s (parametric analysis) and 

Dunn’s (non-parametric analysis) multiple comparison post-tests were used to 

compare all conditions to the differentiation vehicle control or the differentiation 

miR-NC, Sidak’s, Tamhane's T2 or Dunn’s multiple comparisons post-test was used 

as recommended to compare the mimic condition to its inhibitor. A non-parametric 

Mann-Whitney U-test, was performed for the statistical analysis of the relative 

expression of endogenous microRNAs between the proliferation and 

differentiation control conditions. For plots built in R, we used the packages 

“cowplot”, “gplots”, “ggplot2”, “grid”, “gridExtra”, “patchwork”, and “stringr”. 

 

 

IV. Results 

i. microRNA mimics affect the differentiation of CG-4 cells 

We have previously identified 21 microRNAs dysregulated in the cerebrospinal 

fluid, serum and/or peripheral blood mononuclear cells of relapsing and/or 

remitting MS patients as compared to symptomatic/healthy controls 892. Therefore, 

we aimed to investigate whether these microRNAs could affect the differentiation 

of OPCs, using the CG-4 cell line. The microRNAs were chosen based on the strength 

of their dysregulation or their uniqueness in the setting of MS. As a preliminary 

screening, CG-4 cells were transfected on day 0 and day 4 separately with one of 

the 13 microRNA mimics (miR-15a-3p, miR-20a-5p, miR-29c-3p, miR-33-3p, miR-

34a-5p, miR-34c-5p, miR-124-5p, miR-145-5p, miR-146a-5p, miR-155-5p, miR-

181c-5p, miR-214-3p, miR-297) and cultured in the differentiation medium from 

day 1 until day 6. We used miR-219a-5p as a positive control of differentiation, as 

well as the negative control microRNA mimic (miR-NC). Most of these microRNAs 

significantly reduced the expression of the differentiation markers myelin basic 

protein (Mbp) and proteolipid protein 1 (Plp1) at the mRNA level. miR-214-3p was 
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the only microRNA that increased their expression but to a lower extent than miR-

219a-5p (figure 3.2, supplementary figure 3.1).  

 

Figure 3.2: The effect of 13 microRNA mimics on the differentiation of CG-4 cells in RT-qPCR 
(screening) 

 

This dot plot shows the fold change (FC) of the relative expression of the differentiation 

markers Mbp and Plp1 to the differentiation vehicle control (DIFF VehCo) and the microRNA 

mimic negative control (miR-NC) resulting from the double transfection of each microRNA 

mimic, as labelled on the x-axis, in CG-4 cells in differentiation culture conditions. The colour 

of each dot represents the fold change (expressed in logarithm base 2 [Log2(FC)]) of the 

relative expression, scaled by the rainbow colour gradient from -2 to 1, and its size 

represents the adjusted p-value (padj) (expressed as minus logarithm base 10 [-

Log10(padj)]) as indicated in the plot legend. The adjusted p-value was calculated by Tukey’s 

multiple comparison test, as recommended following a parametric one-way ANOVA on each 

microRNA separately with both controls. Only the significant data is depicted. -Log10(padj) 

≥ 1.3 corresponds to the significance level of p ≤ 0.05, -Log10(padj.) of 2.0 corresponds to p 

= 0.01, -Log10(padj.) of 3.0 to p = 0.001, -Log10(padj.) of 4.0 to p = 0.0001. Data of 3 

experiments for each microRNA with each condition in triplicate. 

 

From here on, we decided to focus on the microRNA species reducing the 

expression of the differentiation markers by at least a factor 2 as compared to the 

differentiation vehicle control, i.e. miR-33-3p, miR-34c-5p, miR-124-5p, and miR-

145-5p. miR-214-3p was also selected as it was the only microRNA significantly 
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increasing the expression of Plp1 and Mbp, although by less than a factor 2. We 

used a simplified protocol with a single transfection followed by 48h culture in the 

differentiation medium. We further aimed to stage each of the transfected cells by 

measuring the relative expression of several OPC/OL markers (figure 3.3, 

supplementary figure 3.2) 489. miR-33-3p, miR-34c-5p, miR-124-5p and miR-145-5p 

significantly downregulated the expression of mature OL markers - myelin 

regulatory factor (Myrf), Plp1, Mbp, and myelin associated oligodendrocyte basic 

protein (Mobp) - as compared to the differentiation vehicle control and miR-NC, 

except for Mbp with miR-34c-5p and miR-145-5p when compared to miR-NC. miR-

33-3p was the strongest inhibitor for all markers, except Myrf. On the contrary, 

miR-214-3p promoted CG-4 differentiation, remarkably to an even greater extent 

than miR-219a-5p, as seen by the significant upregulation of these markers (figure 

3.3, supplementary figure 3.2).  

Interestingly, these microRNAs affected the differentiation already at an early 

premyelinating stage, as seen by the significant downregulation of transcription 

factor 7 like 2 (Tcf7l2) and 2',3'-cyclic nucleotide 3'phosphodiesterase (Cnp) by miR-

33-3p and miR-124-5p, and their upregulation by miR-214-3p vs. both controls, 

while miR-34c-5p significantly downregulated Tcf7l2 only. The OPC marker, 

inhibitor of DNA binding 4 (Id4) was significantly upregulated by miR-33-3p, miR-

34c-5p, miR-124-5p and miR-NC as well vs. the differentiation vehicle control and 

significantly downregulated by miR-214-3p and miR-219a-5p vs. miR-NC. 

Moreover, miR-214-3p significantly increased the expression of oligodendrocyte 

transcription factor 2 (Olig2), that is involved in oligodendroglial specification, 

highly expressed in myelinating OLs and sufficient to promote OPC differentiation 

by inducing SRY-box transcription factor 10 (Sox10) and other differentiation genes 

through chromatin remodelers (figure 3.3, supplementary figure 3.2) 540,993,994. 

Given the bipotentiality of CG-4 progenitor cells that can differentiate into type-2 

astrocytes or mature OLs, depending on the culture medium, we explored this axis 

as well and found that miR-124-5p increased and miR-219a-5p decreased the 

expression of glial fibrillary acidic protein (Gfap), while cultured in the OL-

differentiation medium (figure 3.3, supplementary figure 3.2). 
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Figure 3.3: The effect of 5 microRNA mimics on the differentiation of CG-4 cells in RT-qPCR 
(confirmation) 

This dot plot shows the fold change (FC) of the relative expression of several OPC, pre-OL, OL 

and astrocyte markers as labelled on the y-axis, to the differentiation vehicle control (DIFF 

VehCo) and the microRNA mimic negative control (miR-NC), resulting from the single 

transfection of each microRNA mimic, as labelled on the x-axis, in CG-4 cells in differentiation 

culture conditions, as well as the proliferation vehicle control (PROL VehCo). The colour of 

each dot represents the fold change (expressed in logarithm base 2 [Log2(FC)]) of the 

relative expression, scaled by the rainbow colour gradient from -6 to 1, and its size 

represents the adjusted p-value (padj) (expressed as minus logarithm base 10 [-

Log10(padj)]) as indicated in the plot legend. The adjusted p-value was calculated by Dunn’s 

or Dunnett’s multiple comparison test to each control separately, i.e. the differentiation 

vehicle control and miR-NC, as recommended following a parametric/nonparametric one-

way ANOVA on all conditions. Only the significant data is depicted. -Log10(padj) ≥ 1.3 

corresponds to the significance level of p ≤ 0.05, -Log10(padj.) of 2.0 corresponds to p = 0.01, 

-Log10(padj.) of 3.0 to p = 0.001, -Log10(padj.) of 4.0 to p = 0.0001. Data of 3 experiments 

with each condition in triplicate. OPC = oligodendrocyte progenitor cells, pre-OL = 

premyelinating oligodendrocytes, OL = oligodendrocytes. 
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Hereafter, we phenotypically characterised the transfected CG-4 cells at the protein 

level by immunocytochemistry. Cells transfected with miR-33-3p, miR-34c-5p and 

miR-124-5p tended to show a higher proportion of A2B5+ cells, a progenitor cell 

marker, as compared to the differentiation vehicle control. A trend towards a 

higher proportion of O4+ cells, an early differentiation marker, was observed in miR-

214-3p-transfected cells (figure 3.4A-B) 995. miR-33-3p, miR-34c-5p, miR-124-5p and 

miR-145-5p did not affect O4-positivity as compared to the differentiation vehicle 

control but tended to decrease the proportion of Mbp-expressing cells, while miR-

214-3p tended to increase it (figure 3.4B-C). None of these differences reached the 

statistical significance level. Finally, miR-124-5p transfected cells expressed 

significantly more Gfap, based on a visual score (figure 3.4D). 

 

Figure 3.4: The effect of 5 microRNA mimics on the differentiation of CG-4 cells in 
immunocytochemistry 

 



CHAPTER 3 

162 

The plots show the percentage of cells expressing (A) the OPC marker A2B5, (B) the early 

differentiation marker O4 and (C) the late differentiation marker Mbp, as well as (D) the 

score of Gfap expression (mean with SD), calculated (A-B-C)/estimated (D) to the total 

number of cells (based on the detections of the nucleus), resulting from the single 

transfection of each microRNA mimic (as labelled on the x-axis) in CG-4 cells in 

differentiation culture conditions, as well as the proliferation vehicle control (PROL VehCo). 

The score for Gfap expression ranges from 0 = none to 5 = abundant (namely 0 = no Gfap-

positive (Gfap+) cells, 1 = a few Gfap+ cells on the whole coverslip, 2 = a few Gfap+ cells in a 

few grids of the coverslip, 3 = a few Gfap+ cells in several grids of the coverslip, 4 = many 

Gfap+ cells in several grids of the coverslip, 5 = many Gfap+ cells on the whole coverslip). The 

dotted line represents the mean value of the differentiation vehicle control. One-way ANOVA 

on all conditions was not significant, except for Gfap: adjusted p-value = 0.0148 (*) for miR-

124-5p vs. the differentiation vehicle control, and adjusted p-value = 0.0261 (#) for PROL 

VehCo vs miR-NC on Dunn’s multiple comparison test. Data of 3-5 experiments, in single 

replicate for each experimental and staining condition within each experiment. OPC = 

oligodendrocyte progenitor cells, SD = standard deviation. 

 

From these results at mRNA and protein level, we can thus conclude that miR-33-

3p, miR-34c-5p, miR-124-5p and miR-145-5p impeded to a certain extent the 

differentiation of CG-4 cells into more mature OLs by retaining the cells within a 

late progenitor (miR-33-3p, miR-34c-5p, miR-124-5p) - early premyelinating (miR-

145-5p) stage, while miR-214-3p induced their differentiation to a further stage. 

 

ii. microRNA inhibitors antagonise their corresponding exogenous 

microRNA in differentiating CG-4 cells 

In order to verify the specificity of the microRNA mimics, we sought to counter their 

effect by transfecting the cells first with the microRNA mimic, followed by a second 

transfection with the respective microRNA inhibitor. This was compared to the 

transfection of the mimic followed by a mock transfection (without its inhibitor), 

which yielded, similarly to the single transfection, the expected dysregulation of 

Id4, Myrf, Plp1, Mbp and Mobp for all microRNAs when compared to the 

differentiation vehicle control, reaching the significance level for all except for miR-

34c-5p on Myrf. On the other hand, the microRNA inhibitors significantly 

antagonised the effect of their corresponding exogenous microRNA on the 
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expression of 3 to 4 of these markers, depending on the microRNA species (figure 

3.5, supplementary figure 3.3). 

 

Figure 3.5: The effect of 5 microRNA mimics and their inhibitors on the differentiation of CG-
4 cells in RT-qPCR 

 

This dot plot shows the fold change (FC) of the relative expression of the OPC marker (Id4) 

and OL markers (Myrf, Plp1, Mbp, and Mobp) as labelled on the y-axis, resulting from the 

sequential transfection of each microRNA mimic followed or not by its inhibitor in CG-4 cells 

in differentiation culture conditions. For each microRNA mimic the fold change was 

calculated to the differentiation vehicle control (DIFF VehCo), while for each microRNA 

inhibitor it was calculated to its corresponding microRNA mimic, as labelled on the x-axis. 

The colour of each dot represents the fold change (expressed in logarithm base 2 [Log2(FC)]) 

of the relative expression, scaled by the rainbow colour gradient from -1.6 to 1, and its size 

represents the adjusted p-value (padj) (expressed as minus logarithm base 10 [-

Log10(padj)]) as indicated in the plot legend. The adjusted p-value was calculated by Dunn’s 

or Dunnett’s multiple comparison test of each condition to the differentiation vehicle control 

and by Sidak’s, Tamhane’s T2 or Dunn’s multiple comparison test between the mimic and its 

inhibitor, as recommended following a parametric/nonparametric one-way ANOVA on all 

conditions, including the proliferation vehicle control (not shown). Only the significant data 
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is depicted. -Log10(padj) ≥ 1.3 corresponds to the significance level of p ≤ 0.05, -Log10(padj.) 

of 2.0 corresponds to p = 0.01, -Log10(padj.) of 3.0 to p = 0.001, -Log10(padj.) of 4.0 to p = 

0.0001. Data of 3 experiments for each microRNA with each condition in triplicate. OPC = 

oligodendrocyte progenitor cells, OL = oligodendrocytes. 

 

iii. The endogenous microRNA expression is partially consistent with 

their effect on CG-4 cell differentiation 

We verified the endogenous microRNA expression in CG-4 cells cultured for 24h in 

the proliferation medium followed by an additional 48h in either proliferation or 

differentiation medium. While miR-33-3p was not significantly dysregulated, miR-

34c-5p and miR-124-5p were significantly downregulated in differentiating CG-4 

cells. miR-145-5p was upregulated under differentiation culture conditions, which 

is inconsistent with the observed effect of the microRNA mimic, and miR-214-3p 

was undetectable in both conditions (figure 3.6A). miR-124-5p and miR-145-5p 

were moreover the least abundant, as evidenced by their higher ΔCt, with miR-

103a-3p as reference (figure 3.6B). 

 

Figure 3.6: Endogenous microRNAs in proliferating and differentiating CG-4 cells 

The plots show (A) the relative expression in RT-qPCR (mean with SD of 2-ΔΔCt) of each 

endogenous microRNA in CG-4 cells cultured in the proliferation or differentiation medium, 

as well as (B) the ΔCt of each microRNA with miR-103a-3p as reference (ΔCt = Ct(target 

microRNA)sample – Ct(reference miR-103a-3p)sample), which is representative of the relative 

abundance of each microRNA. Each colour in (B) corresponds to a microRNA species as 

indicated in the plot legend. The p-value (p) was calculated by a Mann-Whitney U-test, ns 
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for not significant. Data of 4 experiments with each condition in triplicate. PROL Co = 

proliferation control, DIFF Co = differentiation control, SD = standard deviation. 

 

iv. RNA sequencing reveals the changes of cell fate directed by each 

microRNA 

RNA sequencing was performed on all conditions in triplicates. One miR-NC 

replicate was excluded from the final analysis as it appeared to be an outlier 

masking the effects of the other conditions (see Methods). Principal component 

analysis (PCA), performed on the gene expression value (Fragments Per Kilobase 

Million [FPFM]) of all samples, segregated well the different conditions, especially 

miR-33-3p, miR-124-5p, and miR-214-3p from the differentiation vehicle control 

and miR-NC conditions, and the proliferation vehicle control was distinctly 

segregated from all other conditions (figure 3.7A). The first and second principal 

components covered respectively only 38.06 % and 10.95% of the conditions’ 

variance. The gene expression, illustrated by the heatmap, was partially different 

between the microRNAs and the controls (figure 3.7B). In accordance with the PCA 

analysis, miR-145-5p clustered the closest to the differentiation vehicle control and 

miR-33-3p the furthest.  

The significant dysregulation, vs. the differentiation vehicle control and miR-NC, 

induced by each microRNA on genes involved in the different stages of OPC-to-OL 

differentiation is illustrated in figure 3.8 489. These differentially expressed genes 

(DEG) evidenced the upregulation of OPC markers nestin (Nes) and/or Id4 and the 

downregulation of premyelinating OL (pre-OL) markers NK2 homeobox 2 (Nkx2-2), 

Tcf7l2, Cnp and G protein-coupled receptor 17 (Gpr17) and of mature OL markers 

(Plp1, Myrf, Mbp, Mobp, myelin associated glycoprotein [Mag], myelin 

oligodendrocyte glycoprotein [Mog]) by miR-33-3p, miR-34c-5p miR-124-5p and 

miR-145-5p, although the downregulation of the pre-OL markers by miR-145-5p 

was less pronounced, especially vs. miR-NC (figure 3.8). The opposite dysregulation 

of these markers was driven by miR-214-3p. 
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Figure 3.7: The effect of 5 microRNA mimics on the differentiation of CG-4 cells in RNA sequencing (clustering) 

 

A B 
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(A) Principal component analysis was performed on the gene expression value (Fragments 

Per Kilobase Million [FPKM]) of all samples. In this plot, each sample is dispersed to the first 

and second principal component (PC1/2). The colour of the dots corresponds to the 

microRNA species and controls as indicated in the plot legend. (B) The heatmap shows the 

cluster analysis horizontally on the row-wise homogenised gene expression value (z-score of 

FPKM, represented by the blue-to-yellow colour gradient from -2 to 2) and vertically on the 

different experimental conditions as labelled at the bottom of the heatmap. Data of 1 

experiment with each condition in triplicate, except microRNA negative control (miR-NC) in 

duplicate. PROL VehCo = proliferation vehicle control, DIFF VehCo = differentiation vehicle 

control. 

 

Interestingly, miR-33-3p and miR-124-5p induced the expression of several 

astrocyte markers, as aldolase fructose-bisphosphate C (Aldoc), glutamic-pyruvic 

transaminase 2 (Gpt2) and nebulette (Nebl). Immature astrocyte markers, vimentin 

(Vim) and Gfap, were upregulated by miR-124-5p but downregulated by miR-33-3p 
364,996. All, except Gpt2, were downregulated by miR-214-3p as well (figure 3.8). 

Finally, proliferating cell nuclear antigen (Pcna), an auxiliary protein regulating DNA 

replication/repair, cell cycle control etc and hence a marker of the early G1 and S 

phase of the cell cycle, was downregulated by miR-33-3p and miR-124-5p in RNA 

sequencing but upregulated by miR-34c-5p, as compared to the differentiation 

vehicle control (figure 3.8) 997. 

 

Figure 3.8: The effect of 5 microRNA mimics on the differentiation of CG-4 cells in RNA 
sequencing (staging) 

This dot plot shows the fold change (FC) of the gene expression value of several proliferation, 

OPC, pre-OL, OL and astrocyte markers, as labelled on the y-axis, to the differentiation 

vehicle control (DIFF VehCo) and the microRNA mimic negative control (miR-NC), resulting 

from the single transfection of each microRNA mimic, as labelled on the x-axis, in CG-4 cells 

in differentiation culture conditions. The colour of each dot represents the fold change 

(expressed in logarithm base 2 [Log2(FC)]) of the relative expression, scaled by the rainbow 

colour gradient from -1.7 to 1.3, and its size represents the adjusted p-value (padj) 

(expressed as minus logarithm base 10 [-Log10(padj)]) as indicated in the plot legend. Only 

the significant data is depicted. -Log10(padj) ≥ 1.3 corresponds to the significance level of p 

≤ 0.05. The adjusted p-value ranges up to approximately 10-220 for certain targets. Data of 

1 experiment with each condition in triplicate, except miR-NC in duplicate. 
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PROL = proliferation, OPC = oligodendrocyte progenitor cells, pre-OL = premyelinating 

oligodendrocytes, OL = oligodendrocytes. 

 

We comprehensively compared the gene enrichment analysis of each microRNA vs. 

both the differentiation vehicle control and miR-NC conditions within Gene 

Ontology (GO)/Biological Process (figure 3.9). OPC differentiation and myelination 

were supported by miR-214-3p, but countered by miR-33-3p, miR-34c-5p, miR-124-

5p and miR-145-5p. The GO term “oligodendrocyte differentiation” was however 

upregulated by miR-33-3p vs. the differentiation vehicle control, although genes 

annotated to this GO term support OPC rather than OL physiology, such as Notch1, 

Hes family BHLH transcription factor (Hes) 1, Hes5, Id2, Id4, and Leucine rich repeat 

and immunoglobulin domain containing 1 (Lingo1). Note that the GO term 

“myelination” was not significantly dysregulated by miR-214-3p vs. the 

differentiation vehicle control, neither by miR-34c-5p vs. miR-NC. Additionally, 
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astrocyte differentiation and glial cell differentiation with annotated genes rather 

linked to astrocytic physiology were upregulated by miR-33-3p and/or miR-124-5p, 

but downregulated by miR-34c-5p and miR-214-3p. miR-33-3p upregulated 

signalling pathways involved in OPC/OL physiology, either in its proliferation (i.e. 

Wnt, Notch signalling pathway) or in both its proliferation and differentiation (i.e. 

mitogen-activated protein kinase (MAPK) and p38MAPK cascade 645); as well as the 

platelet derived growth factor (Pdgfr) (proliferation) and extracellular signal-

regulated kinase (ERK) and phosphoinositide-3-kinase (PI3K) 

(proliferation/differentiation 509,998) signalling pathways, but also the negative 

regulation of these signalling pathways, when compared to the differentiation 

vehicle control only. The other microRNAs affected fewer signalling pathways. miR-

34c-5p downregulated the Wnt signalling pathway, while miR-124-5p induced the 

Notch signalling pathway and ERK cascade. miR-145-5p downregulated Ras protein 

signal transduction, and miR-214-3p downregulated the “negative regulation of 

ERBB signalling pathway” (epidermal growth factor receptor (Egfr) tyrosine kinase 

family), both involved in differentiation. 

Lipid metabolism was barely affected vs. miR-NC, except for miR-214-3p that 

downregulated phospholipid/glycerolipid metabolism vs. both controls. 

Conversely, as compared to the differentiation vehicle control only, lipid 

metabolism was curtailed by miR-33-3p at the level of fatty acid, phospholipid and 

cholesterol biosynthesis, by miR-34c-5p at the level of triglyceride/glycerolipid 

biosynthesis and phospholipid/cholesterol metabolism, and by miR-214-3p at the 

level of lipid/fatty acid catabolism and lipid/cholesterol storage, while miR-124-5p 

supported lipid/sterol transport.  

Energy metabolism was affected by miR-33-3p and miR-214-3p vs. the 

differentiation vehicle control, but supported by miR-34c-5p, miR-124-5p and miR-

145-5p vs miR-NC, as seen by the dysregulation of oxidative phosphorylation, 

aerobic respiration, ATP biosynthesis and the generation of precursor metabolites. 

The energy homeostasis appeared however still safeguarded with miR-33-3p. miR-

214-3p reduced autophagy and cell death in response to oxidative stress as well, 

while GO terms within autophagy and apoptosis were less consistent vs. both 

controls for the other microRNAs. 

Cell cycle processes (cell division and cell cycle transition) were upregulated by all 

microRNAs vs. miR-NC, but only by miR-34c-5p vs. the differentiation vehicle 
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control and downregulated by miR-124-5p. Remarkably, the cyclin-dependent 

protein kinase activity was upregulated by miR-34c-5p vs. both controls. miR-33-3p 

impeded DNA biosynthesis, replication and repair as well as telomere maintenance 

and supported the cell cycle transition only until G1/S phase vs. the differentiation 

vehicle control. Regarding gene expression, miR-145-5p and miR-214-3p supported 

(m)RNA processing and splicing vs. both controls while miR-124-5p downregulated 

these vs. the differentiation vehicle control only. Furthermore, miR-145-5p 

supported the negative regulation of (m)RNA processing and splicing and miR-214-

3p negatively regulated translation and increased gene silencing vs. the 

differentiation vehicle control. 

 

Figure 3.9: The effect of 5 microRNA mimics on the differentiation of CG-4 cells in RNA 
sequencing (Gene Ontology enrichment) 

This dot plot shows the significant down- and upregulated Gene Ontology (GO) terms within 

Biological Process for each microRNA to the differentiation vehicle control (DIFF VehCo) and 

the microRNA mimic negative control (miR-NC). The GO terms have been grouped by classes 

of biological processes as labelled on the right side of the plot. The gene ratio, which is the 

number of genes annotated to the GO term divided by the total number of down-

/upregulated genes in the condition, is depicted on the x-axis, positively for upregulated GO 

terms, negatively for downregulated GO terms, separated by the vertical dotted line. The 

colour of the dots corresponds to the microRNA species, the transparency to the absolute 

gene count and the size to the adjusted p-value (expressed as minus logarithm base 10 [-

Log10(padj)]) as indicated in the plot legend. Data of 1 experiment with each condition in 

triplicate, except miR-NC in duplicate. 
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In conclusion, the RNA sequencing data supported our results obtained by RT-qPCR 

on independent experiments, phenotyping miR-33-3p, miR-34c-5p and miR-124-5p 

transfected cells as late OPCs while miR-33-3p and miR-124-5p induced to a certain 

extent some astrocytic features as well. miR-145-5p transfected cells shifted closer 

to a pre-OL stage. All of these inhibited OPC differentiation and myelination, which 

was also supported by the decrease of the metabolism of different lipid species by 

both miR-33-3p and miR-34c-5p. miR-33-3p restrained DNA biosynthesis and 

energy metabolism, and miR-34c-5p sustained cell division while miR-124-5p 

prevented cell cycle and gene expression as compared to the differentiation vehicle 

control. GO enrichment analysis was overall poorer for miR-145-5p, but it 

downregulated Ras protein signal transduction. On the contrary, miR-214-3p 

promoted OPC differentiation into a mature OL phenotype, although it affected 

energy and lipid metabolism, but it orchestrated Erbb signalling.  

 

v. Several predicted mRNA targets possibly support the effect of each 

microRNA on OPC differentiation 

In order to identify potential targets of each microRNA, we crossed the data of the 

in silico analysis and RNA sequencing and verified their corresponding involvement 

in OPC differentiation by a PubMed search. For each microRNA, we identified 2 to 

7 potential targets that were also significantly downregulated in the RNA 

sequencing (vs. differentiation vehicle control and miR-NC) (supplementary table 

3.2A). Their dysregulation by the other microRNAs was variable (data not shown). 

Interestingly, among these, Bcl2 interacting protein 3 like (Bnip3l), neurotrophic 

receptor tyrosine kinase 2 (Ntrk2) and Rab10, a member of the Ras oncogene 

family, for miR-33-3p, heterogeneous nuclear ribonucleoprotein F (Hnrnpf) for miR-

124-5p, Myrf for miR-145-5p and Erbb receptor feedback inhibitor 1 (Errfi1) for 

miR-214-3p were also genes annotated to downregulated GO terms of interest 

(supplementary table 3.2B). This latter strategy offered more potential targets 

verified in silico, of which engulfment and cell motility 1 (Elmo1) for miR-145-5p, A-

kinase anchoring protein 13 (Akap13), cytoplasmic polyadenylation element 

binding protein 1 (Cpeb1) and protein tyrosine phosphatase receptor type J (Ptprj) 

for miR-214-3p (supplementary table 2B). Regarding miR-34c-5p, Notch receptor 1 

(Notch1) and platelet derived growth factor receptor A (Pdgfra) were predicted by 

both strategies. However, this was not in favour of the phenotype observed in miR-



CHAPTER 3 

173 

34c-5p-transfected CG-4 cells, as both Notch1 and Pdgfra support OPC proliferation 

and are expected to decrease during differentiation. Their downregulation by miR-

34c-5p was verified by RNA sequencing and RT-qPCR analysis on 3 independent 

experiments (figure 3.8, supplementary figure 3.4A). 

Hereafter, we confirmed the downregulation of several targets by RT-qPCR on 3 

independent experiments: Bnip3l, eukaryotic translation initiation factor 4E (Eif4e), 

Rab10 (miR-33-3p), vesicle associated membrane protein 2 (Vamp2) (miR-34c-5), 

Ras related 2 (Rras2) (miR-34c-5p, miR-124-5p), Hnrnpf (miR-124-5p) Myrf and 

Elmo1 (miR-145-5p) were significantly downregulated vs. both controls (figure 

3.10A, supplementary figure 3.4A). Note that Vamp2 and Rras2 were predicted in 

silico by 3 databases in rats, but by only 2 or less in humans. For miR-34c-5p Rras2 

was not significantly downregulated vs. miR-NC in RNA sequencing, but it was on 

independent RT-qPCR analysis. Furthermore, on independent RT-qPCR analysis, 

Ntrk2 (miR-33-3p), Akap13, Cpeb1, and Errfi (miR-214-3p) were significantly 

downregulated vs. miR-NC only, but their expression was also significantly 

upregulated by miR-NC vs. the differentiation vehicle control, except for Ntrk2. 

Notably, Akap13 showed a tendency toward downregulation vs. the differentiation 

vehicle control (figure 3.10A, supplementary figure 3.4A). Finally, Ptprj (miR-214-

3p) was not significantly downregulated vs. neither of the controls in RT-qPCR 

although it was in RNA sequencing (supplementary figure 3.4A) 

The downregulation of these predicted targets was also corroborated by the 

sequential transfection of the microRNA mimic followed by a mock transfection, 

except for the miR-145-5p target Elmo1 (supplementary figure 3.4B). However, only 

the expression of Eif4e and Rab10 was significantly antagonised by the microRNA 

inhibitor as compared to the miR-33-3p mimic (figure 3.10B). For all the other 

investigated predicted targets, the microRNA inhibitor slightly, but non-

significantly, tended to reverse or did not change the target’s expression level vs. 

its corresponding mimic (supplementary figure 3.4B).  

 

  



CHAPTER 3 

174 

Figure 3.10: Potential mRNA targets of each microRNA verified in RT-qPCR 

 

 (A) This dot plot shows the fold change (FC) of the relative expression of potential mRNA 

targets of each microRNA as labelled on the y-axis, to the differentiation vehicle control (DIFF 

VehCo) and the microRNA mimic negative control (miR-NC), resulting from the single 

transfection of each microRNA mimic in CG-4 cells in differentiation culture conditions, as 

well as the proliferation vehicle control (PROL VehCo). The colour of each dot represents the 

fold change (expressed in logarithm base 2 [Log2(FC)]) of the relative expression, scaled by 

the rainbow colour gradient from -1.5 to 0.5, and its size represents the adjusted p-value 

(padj) (expressed as minus logarithm base 10 [-Log10(padj)]) as indicated in the plot legend. 

The adjusted p-value was calculated by Dunn’s or Dunnett’s multiple comparison test to 

each control separately, i.e. the differentiation vehicle control and miR-NC, as recommended 

A 

B 
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following a parametric/nonparametric one-way ANOVA on all conditions. Only the 

significant data is depicted. -Log10(padj) ≥ 1.3 corresponds to the significance level of p ≤ 

0.05, -Log10(padj.) of 2.0 corresponds to p = 0.01, -Log10(padj.) of 3.0 to p = 0.001, -

Log10(padj.) of 4.0 to p = 0.0001. Data of 3 experiments with each condition in triplicate. (B) 

The plots show the relative expression (mean with SD of 2-ΔΔCt) of Eif4e and Rab10 to the 

differentiation vehicle control (DIFF VehCo, grey bar), resulting from the sequential 

transfection of miR-33-3p mimic followed (black bar) or not (white bar) by its inhibitor (as 

labelled on the x-axis) in CG-4 cells in differentiation culture conditions, as well as the 

proliferation vehicle control (PROL VehCo, grey bar). The dotted line represents the mean 

relative expression of the differentiation vehicle control to which the relative expression (2-

ΔΔCt) of each sample was calculated. The adjusted p-value was calculated by Dunnett’s 

multiple comparison test to the differentiation vehicle control (*) and by Sidak’s multiple 

comparison test between the microRNA mimic and its inhibitor (#), as recommended 

following a parametric one-way ANOVA on all conditions: */# for p ≤ 0.05, ** for p ≤ 0.01, 

*** for p ≤ 0.001, **** for p ≤ 0.0001. Data of 3 experiments with each condition in 

triplicate. L2K = LipofectamineTM 2000, SD = standard deviation. 

 

 

V. Discussion 

We have investigated the effect of 13 microRNAs previously identified as 

dysregulated in relapsing and/or remitting MS 892 on the differentiation of an OPC 

cell line, called CG-4. Most of the screened microRNAs decreased OPC 

differentiation, while Dicer ablation in mice, which impedes microRNA maturation, 

markedly affects myelination, thereby suggesting that microRNAs would rather 

promote differentiation by inhibiting OPC proliferation 782,783,999. We then focused 

on 5 microRNAs - miR-33-3p, miR-34c-5p, miR-124-5p, miR-145-5p, and miR-214-

3p – that exhibited the strongest dysregulation of the differentiation markers. 

Interestingly, miR-33-3p, miR-34c-5p and miR-124-5p have not been investigated 

functionally in the scope of multiple sclerosis so far. Only miR-214-3p promoted 

OPC differentiation into more mature OLs, while the other 4 microRNAs arrested it, 

each to a different extent, at a late OPC (miR-33-3p, miR-34c-5p, miR-124-5p) - pre-

OL (miR-145-5p) stage. We have further explored the phenotype of these CG-4 cells 

transfected with different microRNAs through the significant DEG and GO terms in 

RNA sequencing. We have identified several potential targets by in silico analysis, 
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that were also downregulated in RNA sequencing (DEG and/or GO terms) and 

confirmed some by RT-qPCR analyses on independent experiments. Their 

involvement in OPC differentiation is not known for all of them. Based on our data, 

we finally sought to propose mechanistical hypotheses for the observed effects 

(figure 3.11).  

 

Figure 3.11: Hypotheses on the mechanistical/functional involvement of each microRNA 
and its potential mRNA targets on OPC differentiation 

We have evidenced that miR-33-3p, miR-34c-5p, miR-124-5p and miR-145-5p impede OPC 

differentiation, while miR-214-3p promotes it in CG-4 cells, an OPC cell line. Herein, we 

hypothesise that miR-33-3p (yellow) targets: (1) Eif4e, a translation initiation factor, part of 

the Eif4f complex, that once phosphorylated recognizes the mRNA 5’-terminal 7-

methylguanosine (m7G) cap on OPC differentiation and myelin genes downstream 

PI3K/mTOR and ERK/MAPK signalling; (2) Rab10, a small GTPase involved in intracellular 

vesicle trafficking allowing plasma membrane elongation important for myelin 

ensheathment; (3) Bnip3l regulating mitochondrial function by mitophagy and (4) more 

hypothetically Ntrk2 upstream of the Ras/ERK/MAPK cascade 702,1000–1004. miR-34c-5p 

possibly targets Vamp2 (pink), involved in intracellular vesicle targeting to the membrane, 

leading to its expansion, and potentially Rras2 (purple), a small GTPase involved in OPC 

differentiation by inducing ERK/MAPK and PI3K/Akt/mTOR signalling pathways. Rras2 is 

also a predicted target of miR-124-5p 998,1005–1007. miR-124-5p is further predicted to target 

Hnrnpf (blue), a ribonucleoprotein that upon phosphorylation by Fyn tyrosine kinase within 

Mbp transport granules, releases Mbp mRNA, allowing its translation within the cellular 

processes and its local interaction with the cytoplasmic membrane leaflets inducing myelin 

compaction.585,595 miR-145-5p (green) has already been proven to target Myrf, a key 

transcription factor of myelin genes, and possibly targets Elmo1 as well, an activator of Rac1, 

a small GTPase (which is itself induced by Fyn tyrosine kinase by integrin engagement) 

inducing morphological OPC differentiation by acting on actin organisation, or possibly via 

p21 activated kinase 1 (Pak1) 515,559,561,817,1008. Finally, miR-214-3p (brown), the only 

microRNA of our study inducing OPC differentiation, hypothetically targets (1) Akap13, a 

scaffolder of protein kinase A (Pka) that inhibits mTORC1 and an inducer of RhoA (which is 

itself inhibited by Fyn but induced by Lingo1) that was found to inhibit OPC differentiation 

by favouring stress fibre formation and actin depolymerization, or potentially by inducing 

Pten, an inhibitor of PI3K/Akt/mTOR signalling; (2) Cpeb1, acting as a translational repressor 

until it is phosphorylated or degraded, with its consensus binding sequence on several 

OPC/OL-related genes; (3) Errfi1, an Erbb receptor feedback inhibitor, and (4) Ptprj, a protein 

tyrosine phosphatase, both inhibiting Erbb signalling that can be involved in OPC  
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differentiation. Ptprj can dephosphorylate ERK/MAPK, PI3K and Fyn tyrosine kinase as well 
515,517,555,1009–1018. Notably, Erbb receptor tyrosine kinase family, existing of 4 isoforms, is 

important in OPC/OL physiology 685.Upon dimerization of two receptors within the Erbb 

family, which will determine the downstream signalling of the receptor tyrosine kinase, the 

signal will mainly be transduced intracellularly to the PI3K/Akt/mTOR signalling pathway, 

inducing OPC differentiation and myelination, or to the ERK/MAPK cascade, enhancing 

myelin thickness, although both have also been described as playing a role in OPC 

proliferation upon Pdgf induction through cyclin D1 (Ccnd1) 509,645,998,1019. OPC = 

oligodendrocyte progenitor cells, OL = oligodendrocytes. Created in BioRender.com 

 

i. miR-33-3p strongly inhibits OPC differentiation, possibly by altering 

PI3K/mTOR signalling, membrane trafficking and/or mitochondrial 

function 

miR-33-3p unveiled the strongest inhibitory effect on OPC differentiation as seen 

by the downregulation of Mbp and Plp1, although “oligodendrocyte 

differentiation” was upregulated vs. the differentiation vehicle control in GO 

enrichment analysis but downregulated vs. miR-NC, whereas its negative regulation 

was commonly upregulated. In fact, OPC-related genes as Notch1, Hes1, Hes5, Id4, 

Lingo1 etc. were annotated to these GO terms 489. Furthermore, myelination was 

downregulated in GO vs. both controls. Herein, miR-33-3p potentially targets 

Rab10 and Eif4e, as supported by in silico analysis and by their significant 

downregulation in RNA sequencing and independent RT-qPCR analyses. Moreover, 

they were the only predicted targets significantly antagonized by the microRNA 

inhibitors. They could thus directly affect OPC differentiation and/or myelination. 

Rab10, a small GTPase of the Rab family, is involved in the addition of proteins and 

lipids to the plasma membrane by regulating intracellular vesicle trafficking 

necessary for OPC maturation and myelin sheath formation 1002,1004. Its inactivation 

has been involved in neurodegeneration due to lysosomal dysfunction in 

Parkinson’s disease 1020. On the contrary, in the context of Alzheimer’s disease, the 

knockdown of RAB10 is protective by decreasing amyloid beta 42 levels 1021. 

Translation initiation factor Eif4e is released downstream of PI3K/mammalian 

target of rapamycin (mTOR) signalling by phosphorylation of its repressor binding 

protein Eif4ebp1, conceivably increasing the translation of myelin proteins 702,1000. 

Furthermore, Ntrk2 signalling promotes via the Ras/ERK cascade OPC 
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differentiation and remyelination in the demyelinating cuprizone mice model 
665,1001,1022. Ntrk2 downregulation was however only confirmed vs. miR-NC by 

independent RT-qPCR analysis. In GO enrichment analysis, “neurotrophin TRK 

receptor signalling pathway” was upregulated vs. differentiation vehicle control, 

although it did not annotate Ntrk2.  

Wnt and Notch signalling, supporting OPCs, were the only pathways upregulated 

vs. both differentiation vehicle control and miR-NC 523,629. Of note, the ERK/MAPK 

cascade and PI3K signalling pathway, that have been linked to both OPC 

proliferation (downstream Pdgfra) and differentiation, as well as their negative 

regulation, were upregulated vs. the differentiation vehicle control only 509,998. 

Accordingly, a higher proportion of miR-33-3p-transfected cells seemed A2B5+, 

although this was not statistically significant. Cell division was downregulated in 

GO, mainly due to reduced DNA biosynthesis/repair and telomere maintenance. 

miR-33-3p has not been studied in OPC differentiation so far and the literature on 

miR-33-3p is sparse, possibly because it is the minor product of the mir-33 

precursor. Conversely, it arrests the proliferation of rat pheochromocytoma PC12 

cells in favour of their differentiation toward choline acetyltransferase-positive 

neuron-like cells 1023.  

Myelin has a high content of cholesterol and very long-chain fatty acid, and fatty 

acids are structural elements of all other myelin lipid species 552. GO indicated that 

very long-chain fatty acid, acyl-coA, phospholipid and cholesterol biosynthesis were 

downregulated in miR-33-3p-transfected cells. Herein, fatty acyl-coA reductase 1 

(Far1), a predicted target of miR-33-3p we did not further investigate, is involved in 

glycerophospholipid (plasmalogen) synthesis 1024. Moreover, the more abundant 

product miR-33-5p reduces cholesterol efflux and fatty acid degradation but 

induces mitochondria-dependent apoptosis 1025,1026. Interestingly, the mir-33 

precursor is located in an intron of the sterol regulatory element-binding protein 2 

(SREBP2) locus, a sterol-sensing transcription factor 1025.  

Energy metabolism is important in the myelination process 1027. Although energy 

homeostasis, especially through glucose homeostasis, appeared safeguarded in 

miR-33-3p-transfected cells, the generation of precursor metabolites was 

downregulated, which paralleled the downregulation of oxidative phosphorylation 

and aerobic respiration vs. the differentiation vehicle control, resulting in ATP 

biosynthesis deficiency. Additionally, we confirmed the downregulation of Bnip3l, 
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another predicted target of miR-33-3p identified by our selection strategy, that is 

upregulated in differentiating OPCs and induces mitophagy to allow proper 

mitochondrial function 1003,1028. Interestingly, Bnip3l was also annotated to 

downregulated GO terms as “organelle disassembly” (vs. both controls) and 

“autophagy” (vs. miR-NC). 

Finally, miR-33-3p-transfected CG-4 cells arrested for OPC differentiation acquired 

astrocytic features as supported by the upregulation of GO term “astrocyte 

differentiation” and of several astrocytic markers (Aldoc, Gpt2, Nebl) in RNA 

sequencing, while immature astrocytic markers Vim and Gfap were downregulated. 

Herein, miR-33-3p is predicted to target nude neurodevelopment protein 1 like 1 

(Ndel1), which is critical for neuronal migration but was also found to inhibit 

astrocyte differentiation, although to a much lesser extent than its ohnologue, 

Nde1 1029. 

 

ii. miR-34c-5p sustains cell division although it targets Pdgfra and Notch1 and 

may affect signal transduction in differentiation pathways as well as 

membrane expansion 

miR-34c-5p downregulated the differentiation markers Mbp and Plp1, although to 

a much lesser extent than miR-33-3p. This was supported by the downregulated 

GO term “oligodendrocyte differentiation”.  

We verified the downregulation of miR-34c-5p target Vamp2 by RNA sequencing 

and by independent RT-qPCR analyses. Vamp2 is a soluble N-ethylmaleimide 

sensitive factor attachment protein receptor (SNARE) protein involved in exocytosis 

by guiding the fusion of the vesicular and target (plasma) membrane. Herein, 

Vamp2/3 was necessary for membrane expansion but not for OPC differentiation, 

although it was experimentally inactivated in premyelinating OLs through Cnp-

dependency 1006. On the contrary, in another study Vamp2/3-cleavage arrested OPC 

at a premyelinating, early stage, which was also seen in our study as Cnp was 

already downregulated in miR-34c-5p-transfected CG-4 cells in RNA sequencing, 

but not on independent RT-qPCR analyses 1005. Hence, its involvement in OPC 

differentiation might warrant further research. The interaction of miR-34c-5p and 

Vamp2 has previously been validated by luciferase assay and Vamp2 was found 

significantly less expressed at the protein level in the brain of Alzheimer patients 
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and in amyloid beta-42-treated rat hippocampal neurons 1030,1031. Overexpression 

of miR-34c-5p impairs dendritic length, branching morphology and synaptic 

function in neurons 1030,1032. On the contrary, it has also been positively linked to 

neurogenesis and it is neuroprotective by reducing mitochondrial dysfunction, 

oxidative stress and neuronal apoptosis 1033–1035.  

GO enrichment analysis was further mainly marked by the upregulation of GO 

terms related to the cell cycle (cell division, cell cycle phase transition, DNA 

replication, chromosome segregation). Accordingly, miR-34c-5p-transfected cells 

tended to be more A2B5+ and, the cell cycle marker Pcna was significantly 

upregulated in RNA sequencing. Herein, the cyclin-dependent protein kinase 

activity (e.g. cyclin D1 (Ccnd1), a cell cycle coordinator) was upregulated vs. both 

differentiation vehicle control and miR-NC 1036. Cyclin D1 is induced by several 

pathways, namely Wnt/beta-catenin, ERK/MAPK/Jun (Jun proto-oncogene, AP-1 

transcription factor subunit), PI3K/Akt/Gsk3b (glycogen synthase kinase 3 beta) and 

PI3K/Akt/mTOR, which can all be induced by Pdgfa in OPCs 509,529,645,1019. Moreover, 

Wnt, Pdgfra and Notch1 signalling support OPC proliferation and their 

downregulation accompanies OPC differentiation 523,629,1037. However, in our study, 

the Wnt signalling pathway was downregulated by miR-34c-5p in GO, and both 

Notch1 and Pdgfra, recognised mRNA targets of miR-34c-5p 1038,1039, were 

significantly downregulated in RNA sequencing and in RT-qPCR analyses on 

independent experiments. Of note, Hes5, the downstream transcription factor of 

Notch1 was not differentially expressed (figure 6C). It is therefore not clear which 

pathway supports their proliferation. This should be further explored as, for 

example, Jun N-terminal kinase (Jnk) interacting protein 1 (also called mitogen-

activated protein kinase 8 interacting protein 1 (Mapk8ip1)) and Jun, elements of 

the Jnk signalling pathway involved in OPC proliferation, were slightly but 

significantly upregulated, as well as Ntrk3, that has been linked to both OPC 

proliferation/survival and differentiation (data not shown) 645,1040,1041. miR-34c-5p 

was also identified as anti-proliferative in glioblastoma and osteosarcoma cells 
1042,1043. However, Nkx2-2 that induces early differentiation by directly repressing 

Pdgfra 534, was downregulated as well in our experimental condition.  

Hence, to potentially explain that miR-34c-5p-transfected cells do not engage in 

differentiation, we demonstrated the downregulation of Rras2 mRNA, a small 

GTPase of the Ras-related subfamily, that supports OPC differentiation through the 
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PI3K/Akt/mTOR and ERK1/2-MAPK signalling pathways, of which both GO terms 

were downregulated as compared to miR-NC. Rras2 knockout results in an increase 

of immature OLs 1007,1044.  

Finally, the metabolism of specific lipid species, i.e. phospholipids, glycerolipids and 

cholesterol, was downregulated as well, compared to the differentiation vehicle 

control only. 

 

iii. miR-124-5p possibly impedes signal transduction in differentiation 

pathways as well as Mbp mRNA granule transport 

miR-124-5p caused the second strongest downregulation of differentiation 

markers Mbp and Plp1, supported by the downregulated GO term 

“oligodendrocyte differentiation”. In miR-124-5p-transfected cells, insulin receptor 

signalling pathway was downregulated vs. both differentiation vehicle control and 

miR-NC, while Notch and Ntrk signalling were upregulated as compared to the 

former only. Insulin like growth factor 1 is seemingly involved at all stages of OPC 

development, proliferation, survival and differentiation 694. All cell cycle processes 

were also reduced as compared to the differentiation vehicle control. Lipid 

biosynthesis was not affected, and energy metabolism was overall positively 

balanced.  

Little is known about miR-124-5p, while increased neuronal levels of miR-124-3p, 

the major product of mir-124 precursor, accompanied hippocampal demyelination 

in MS brains 1045. miR-124-3p also promotes neurogenesis 1046,1047. Contrarily, the 

downregulation of miR-124-5p has been linked to angiogenesis and endothelial cell 

migration/invasion 1048,1049. In rats failing on stress coping, its downregulation in the 

amygdala was negatively, and indirectly, correlated with the expression of genes 

involved in nucleosome assembly and chromatin remodelling 1050. These genes 

were however not oppositely dysregulated in our study. 

We confirmed by RNA sequencing and RT-qPCR analysis on independent 

experiments, the downregulation of Hnrnpf, a predicted target of miR-124-5p. 

Hnrnpf, alongside Hnrnpa2, binds Mbp mRNA in RNA transport granules and 

silences its translation along transport to the cell periphery, where the 

phosphorylation of Hnrnpf by Fyn proto-oncogene 1 Src family tyrosine kinase (Fyn) 
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releases Mbp mRNA allowing its on-site translation in the cellular processes 

whereafter it can easily interact with the apposing cytoplasmic leaflets for myelin 

compaction 585,595. Hnrnpab is similarly involved in the RNA transport of Mbp and 

Mbp mRNA was localised in the cell body instead of cellular processes by its 

silencing 1051. Interestingly, RNA sequencing in our study showed a bigger negative 

fold change for Hnrnpab, however, while it met our selection criteria as a predicted 

target of miR-124-5p in rats, it was only predicted by 2 databases in humans. 

Similarly to miR-34c-5p, Rras2 is a predicted target of miR-124-5p but in rats only. 

We evidenced its downregulation by RNA sequencing and by independent RT-qPCR 

analyses.  

Finally, we evidenced the overexpression of Gfap by miR-124-5p at the mRNA level 

by independent RT-qPCR analyses and at the protein level by 

immunocytochemistry, which was further supported by the upregulation of both 

immature (synemin (Synm), Vim, Gfap) and general/mature (Aldoc, Gpt2, Nebl) 

astrocytic markers in RNA sequencing. miR-124-5p is predicted to target Lysine 

acetyltransferase 5 (Kat5) in rats and Kat5-defiency induces a neurogenesis-to-

gliogenesis switch in vivo and an increase of Gfap+ astrocytes in vitro 1052.  

 

iv. miR-145-5p targets a key transcription factor for OPC differentiation but 

might also indirectly affect signal transduction by a small GTPase 

miR-145-5p inhibited the differentiation of CG-4 cells as well, as evidenced by the 

downregulation of Mbp and Plp1 and of the GO terms “oligodendrocyte 

differentiation” and “myelination”. Hereby we confirmed by other techniques and 

in another cell model what was previously demonstrated 817. They validated Myrf 

as a direct target of miR-145-5p on primary OPCs using its microRNA inhibitor. We 

showed its downregulation in RNA sequencing and independent RT-qPCR analyses, 

although it was downregulated by the other differentiation-impeding microRNAs 

as well. Myrf is indispensable for OL development and myelin maintenance. Along 

with its inducer Sox10, it separately or cooperatively activates OL genes and blocks 

the expression of Sox10-dependent OPC genes 538,539,1053.  

Unexpectedly, miR-145-5p-transfected cells were clustered the closest to the 

controls, the differentiation vehicle control and miR-NC, as seen by the PCA and the 
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heatmap of the RNA sequencing. GO dysregulation was also limited. Ras and Rho 

protein signal transduction was downregulated versus both controls. Herein, we 

demonstrated the downregulation of Elmo1, a predicted target of miR-145-5p and 

an activator of Rac family small GTPase 1 (Rac1) 1008. Rac1 supports morphological 

OPC differentiation and is also involved in the organization of actin within the 

cytoskeleton 515. 

Overall, lipid metabolism was not affected. Energy metabolism and cell cycle 

processes were upregulated vs. miR-NC only, while mRNA processing was 

upregulated vs. both controls. Conversely, the downregulation of miR-145-5p in 

glioblastomas supports tumour growth and tumour cell invasion 1054,1055. 

 

v. miR-214-3p unexpectedly promotes the differentiation of CG-4 cells, a 

matter of timing ? 

In our study we repeatedly (by single, double, and sequential transfection) 

demonstrated that miR-214-3p induced CG-4 cell differentiation, as seen by the 

upregulation of Plp1, Mbp and Mobp. miR-214-3p has however long been 

postulated to hinder OPC differentiation as it is predicted to target Mobp, an 

important protein for myelin compaction and structure, although this has never 

been investigated functionally 885,1056. Interestingly, miR-214-3p promoted the 

migration and myelination of Schwann Cell-like cells, derived from human amniotic 

mesenchymal stem cells, by targeting Jun and could improve peripheral nerve 

regeneration 1057. Furthermore, miR-214-3p promotes the differentiation of neural 

progenitor cells, while the opposite has been described as well. It is 

neuroprotective and reduces both neuronal apoptosis and autophagy via several 

mRNA targets 1058–1062. Notably, its effect on neural progenitor cell proliferation and 

neuronal apoptosis was found to be mediated by targeting Pten, an inhibitor of 

PI3K/Akt signalling and thus inducing this pathway, which is involved in both OPC 

proliferation and differentiation 509,998,1058,1060,1063. Pten was however not 

downregulated by miR-214-3p in CG-4 cells, according to our RNA sequencing data. 

It has also been characterized as tumour suppressor in gliomas 1064,1065.  

GO enrichment analysis was further challenging to understand the changes in cell 

fate induced by miR-214-3p. The “negative regulation of Erbb signalling” was 

downregulated vs. both controls, with Errfi1 and Ptprj as genes annotated to this 
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GO term. Erbb receptors are involved in OPC proliferation and differentiation, 

depending on their dimerization partner 685. Other pathways as Pdgfr signalling, Ras 

signal transduction and ERK1/2 cascade, were downregulated vs. miR-NC only. 

Phospholipid and glycerolipid metabolism as well as autophagy were 

downregulated, but cell division was upregulated vs. both controls, while energy 

metabolism was largely and negatively affected as compared to the differentiation 

vehicle control only.  

We hypothesized that miR-214-3p targets Errfi1 and growth factor receptor bound 

protein 2 (Grb2), as predicted by in silico analysis and as seen by their 

downregulation in RNA sequencing. Errfi1 inhibits Egfr signalling while Grb2 binds 

to Egfr and induces Erk/Jun signalling. A similar microRNA-mRNA target mechanism 

has been described for miR-200a, resulting in a shift of Egfr/Erk/Jun signalling 

towards Egfr/PI3K/Akt/mTOR signalling and enhanced OPC differentiation 1014. 

Additionally, Ptprj dephosphorylates and inactivates receptor tyrosine kinases as 

Egfr and possibly other Erbb receptors, ERK1/2, PI3K and Fyn tyrosine kinase as well 
1013,1015,1016,1066,1067. Therefore, the downregulation of Ptprj may maintain the activity 

of these tyrosine kinases and thus subsequently promote OPC differentiation 

through ERK/MAPK and/or PI3K/Akt/mTOR signalling and by facilitating Mbp 

translation in RNA transport granules 595,685,998. 

Alternately, Cpeb1 binds to a consensus sequence, called cytoplasmic 

polyadenylation element (CPE), within the 3’UTR of a mRNA and represses the 

translation of this mRNA until it is itself phosphorylated or degraded 1011. Cpeb1 

contributes to dendritic branching and synaptic plasticity in neurons and induces 

the differentiation of glioma stem cells by binding to Hes1 1068,1069. We have 

however identified the CPE consensus sequence (5'-UUUUUAU-3') within the 3’UTR 

of several mRNAs related to OPC proliferation (Notch1, Hes1, Id2, Id4) and 

differentiation (Olig1, Tcf7l2, Yy1 transcription factor, Mbp), all of which were 

confirmed by the bioinformatic resource (https://genome.crg.eu/CPE) in human 

and/or mice (no data available for rats), except for Yy1. Therefore, if miR-214-3p 

targets Cpeb1, it would increase their translation. Finally, Akap13 inhibits mTORC1 

by scaffolding protein kinase A, and induces Ras homolog family member A (RhoA) 

activity, both of which impede OPC differentiation 515,998,1009,1010,1012,1018. 

Interestingly, RhoA activation favours the formation and contraction of stress fibres 

and the depolymerization of actin, via downstream Rho associated coiled-coil 
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containing protein kinase (Rock), thereby inhibiting process expansion and 

differentiation in OPCs 555. RhoA/Rock can also possibly inhibit PI3K/Akt through 

induction of Pten, although this hasn’t yet been evidenced in OPCs 1017,1070,1071. 

Remarkably, the role of Akap13 as well as Ptprj and Cpeb1, in OPCs/OLs remains 

unexplored. 

Akap13, Cpeb1, Errfi1, Grb2 and Ptprj are therefore strong candidates to 

mechanistically support OPC differentiation induced by miR-214-3p. Although their 

downregulation was evidenced by RNA sequencing, we could not confirm it by RT-

qPCR analyses on independent experiments, except vs. miR-NC for Akap13, Cpeb1 

and Errfi1 (data not shown for Grb2). Nonetheless, it is still possible that the 

expression of a direct target remains unaffected at the mRNA level as the microRNA 

might not degrade its target mRNA 725. Notably, only the expression of Akap13 

tended to be slightly decreased as compared to the differentiation vehicle control. 

In fact, as it was not downregulated in only one of the 3 independent experiments, 

in which Plp1 and Mbp were also slightly less, but still significantly, upregulated, 

possibly due to a later passage of the cells, we verified and confirmed by RT-qPCR 

its downregulation in the experiment sent for RNA sequencing (data not shown). 

Therefore, it might still be interesting to explore the expression of these candidates 

and the pathways they are involved in at a protein level or test whether miR-214-

3p indeed interacts with the 3’UTR of Akap13 by a dual luciferase assay.  

The induction of OPC differentiation might, however, be a matter of timing. The 

differentiation markers were more potently induced by miR-214-3p than miR-219a-

5p in the short, single transfection protocol (1+2 days), while their upregulation by 

miR-214-3p was lower than by miR-219a-5p in the long, double transfection 

protocol (1.5+6 days). Therefore, miR-214-3p could induce initial OPC 

differentiation, whereas it might not be able to maintain it on long terms as its 

effect seemed to slow down. Similarly, miR-138-5p was found to induce early 

phases of OPC differentiation but it inhibited it at later stages 782. This remains 

largely hypothetic as both protocols are very different and should be further 

investigated by precise kinetics. 
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vi. Does endogenous microRNA expression mirror the effect of the 

transfected microRNAs? 

miR-33-3p was endogenously not differentially expressed both in basal 

proliferating and differentiating CG-4 cells (without any other treatment than the 

medium change), which may not directly imply its endogenous involvement in OPC 

differentiation. 

Endogenous miR-34c-5p and miR-124-5p were downregulated in differentiating 

CG-4 cells which is consistent with their inhibitory effect on OPC differentiation 

identified in our study. On the contrary, endogenous miR-145-5p was upregulated 

in differentiating CG-4 cells, while we showed that its transfection interfered with 

OPC differentiation. Finally, miR-214-3p was not detectable in proliferating nor in 

differentiating CG-4 cells.  

The expression of miR-33-3p and miR-124-5p has not been described in OPC 

differentiation/development so far, possibly because they are the minor product of 

their corresponding precursor microRNA. miR-219-5p, miR-145-5p and miR-214-3p 

were found upregulated and miR-34c-5p slightly downregulated during OL 

maturation from primary rat A2B5+ OPCs to premyelinating Galc+  OLs 884. Contrarily, 

miR-145-5p decreased gradually within a few hours of differentiation induction in 

rat OPCs and remained low up to 5 days of differentiation 817. Similarly, during the 

maturation of human embryonic stem cells, miR-145-5p and miR-214-3p, even 

more strongly, increased at early O4+ OPC stage, but already decreased from the 

mid Galc+ OPC stage and slightly increased again in mature OLs 885.  

Thus, the endogenous downregulation of miR-34c-5p and miR-124-5p possibly 

mirrors their inhibition of OPC differentiation, while the endogenous expression of 

miR-145-5p could be variable according to time and cell-stage. However, these 

microRNAs might also be expressed differently by OPCs/OLs or by other cell types 

in physiological and/or pathophysiological conditions of the central nervous 

system. Determining their cellular source could therefore further inform on their 

physiological and pathophysiological role. 
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vii. Does MS-related microRNA dysregulation mirror the effect of the 

transfected microRNAs? 

In our previous study on microRNA dysregulation in the CSF, miR-33-3p and miR-

214-3p were downregulated in remitting MS patients, and miR-34c-5p and miR-

124-5p in relapsing MS patients, while miR-145-5p was upregulated in relapsing 

patients 892. As miR-33-3p and miR-145-5p both inhibited OPC differentiation, their 

respective downregulation during remission and upregulation during relapse 

possibly supports the pathogenesis of MS within the CSF, while this is less equivocal 

considering the dysregulation of miR-34c-5p and miR-124-5p. On the contrary, the 

downregulation of miR-214-3p, a promoter of OPC differentiation, in the CSF of 

remitting MS patients could underpin remyelination defects. However, it might still 

be a matter of compartment differences, as for miR-214-3p that was also found 

upregulated in active and even more in inactive white matter lesions of MS patients 
758. 

miR-33-3p and miR-124-5p have not been linked to MS so far, except in our 

previous study 892. An extended bioinformatic analysis linked miR-34c-5p, only 

identified by our previous study so far, to many MS-related genes, among which 

MAPK1, therefore characterising it as a risk microRNA in MS 1072, thus possibly 

supporting its inhibitory effect on OPC differentiation, as demonstrated by our 

results. However, in the CSF, miR-34c-5p was downregulated during relapses. miR-

145-5p that was also found upregulated in plasma, serum and peripheral blood 

mononuclear cells of MS patients 977,1073, has been characterized as a pro-

inflammatory (by targeting immune response limiting factors semaphorin 3A and 

cytotoxic T lymphocyte associated protein 4 (CTLA4)) and an anti-OPC 

differentiation (by targeting Myrf) microRNA, and is thus potentially supportive of 

MS pathogenesis 811,817,1074. Oppositely, a bioinformatic-based network established 

the sponging of miR-145-5p by an upregulated long-non-coding RNA, taurine 

upregulated 1 (TUG1), in the periplaque regions in MS brains, leading to the 

upregulation of catenin delta (CTNND1), a potential MBP-interacting protein 
1075,1076.  

Hence data of our study and of the literature suggest a possible link between the 

dysregulation and a pathophysiological role of miR-33-3p and miR-145-5p in MS. 

Furthermore, the opposite dysregulation of miR-214-3p in the CSF (downregulated) 

and the white matter lesions (upregulated) could be related to repair mechanisms 
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potentially supporting initial OPC differentiation (by its upregulation) or oppositely 

to their impairment resulting in remyelination defects (by its downregulation). 

Moreover, since demyelination underpins neurodegeneration, miR-214-3p has 

been described as neuroprotective against cognitive impairment by reducing the 

expression of neurodegenerative proteins involved in apoptosis 1077. Contrarily, 

miR-145-5p might support neurodegeneration as it targets the neuroprotective and 

anti-inflammatory nuclear receptor subfamily 4 group A member 2 (NR4A2) 1078,1079. 

NR4A2 knockout worsens EAE 1080. NR4A2 was however found upregulated in the 

motor cortex on brain autopsies of MS patients, correlating positively with neuronal 

densities 1081.  

 

viii. Limitations of the study 

Although we showed comparable effects of the investigated microRNAs on the 

differentiation of CG-4 cells by three different transfection strategies (with 

microRNA mimics and their inhibitors as well), we are fully aware that (a) microRNA 

mimics were transfected at supraphysiological levels, and that (b) our investigation 

was restricted to an in vitro cell line model and should thus be verified by other 

experimental models. We have therefore comprehensively balanced the 

interpretation versus both the differentiation vehicle control and miR-NC. 

Furthermore, we proposed several mRNA targets based on in silico and RNA 

sequencing data and verified their downregulation by independent RT-qPCR 

analyses, but only for two predicted targets the effect of the microRNA mimic was 

significantly antagonised by its microRNA inhibitor. Hence, the interaction of each 

microRNA with its predicted targets should ideally be validated by a dual luciferase 

assay. Mechanistically, it would be interesting to investigate the key pathways 

involved in OPC and OL physiology (Notch, Wnt, ERK/MAPK, Akt/mTOR signalling 

pathways) to further clarify the effect of each microRNA and its potential mRNA 

target(s) both in vitro and in vivo.  

 

ix. Conclusions 

We have screened the effect of several MS-dysregulated microRNAs on the 

differentiation of CG-4 cells. Herein we support by independent RT-qPCR analyses 
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and RNA sequencing that miR-33-3p, miR-34c-5p, miR-124-5p, and miR-145-5p 

impede OPC differentiation and one microRNA, miR-214-3p, promotes (initial) OPC 

differentiation. In this study we propose a deeply comprehensive investigation of 

their effect on OPC differentiation. Moreover, for each microRNA, we confirmed 

the downregulation of several predicted mRNA targets that supposedly support the 

cell fate changes induced by each microRNA by very distinctive mechanisms, of 

which some are still unexplored in OPC/OL physiology. Many microRNAs are 

intricated in MS pathogenesis, possibly at different intra- and intercellular levels, of 

which we currently master only a very limited part. microRNA-based therapeutic 

strategies could target these different levels at once, but might also cause 

undesired on- and off-target effects as a single microRNA potentially targets 

hundreds of mRNAs and as a single mRNA is finely tuned by several microRNAs. 

However, further elucidating the role of the microRNAs, the proposed mRNA 

targets and their respective pathways could open the way for developing new 

remyelinating treatment strategies, an unmet need to counteract chronic 

neurological disability in MS. 
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VI. Supplementary material 

Supplementary figure 3.1: The effect of 13 microRNA mimics on the differentiation of CG-4 
cells in RT-qPCR (screening) 
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Supplementary figure 3.1: The effect of 13 microRNA mimics on the differentiation of CG-4 
cells in RT-qPCR (screening) 

The plots show the relative expression (mean with SD of 2-ΔΔCt) of the differentiation 

markers Mbp and Plp1 to the differentiation vehicle control (DIFF VehCo) resulting from the 

double transfection of each microRNA mimic (as labelled on the x-axis) in CG-4 cells in 

differentiation culture conditions, as well as the proliferation vehicle control (PROL VehCo). 

The dotted line represents the mean relative expression of the differentiation vehicle 

control to which the relative expression (2-ΔΔCt) of each sample was calculated. The adjusted 

p-value was calculated by Dunnett’s multiple comparison test to each control separately 

(grey bars), i.e. the differentiation vehicle control (*) and the microRNA mimic negative 

control (miR-NC, #), as recommended following a parametric one-way ANOVA on all 

conditions: ns for not significant, */# for p ≤ 0.05, **/## for p ≤ 0.01, ***/### for p ≤ 0.001, 

****/#### for p ≤ 0.0001. Data of 3 experiments for each microRNA with each condition in 

triplicate. SD = standard deviation. 

 

 

Supplementary figure 3.2: The effect of 5 microRNA mimics on the differentiation of CG-4 
cells in RT-qPCR (confirmation) 

The plots show the relative expression (mean with SD of 2-ΔΔCt) of several OPC, pre-OL, OL 

and astrocyte markers to the differentiation vehicle control (DIFF VehCo) resulting from the 

single transfection of each microRNA mimic (as labelled on the x-axis) in CG-4 cells in 

differentiation culture conditions, as well as the proliferation vehicle control (PROL VehCo). 

The dotted line represents the mean relative expression of the differentiation vehicle 

control to which the relative expression (2-ΔΔCt) of each sample was calculated. The adjusted 

p-value was calculated by Dunn’s or Dunnett’s multiple comparison test to each control 

separately (grey bars), i.e. the differentiation vehicle control (*) and the microRNA mimic 

negative control (miR-NC, #), as recommended following a parametric/nonparametric one-

way ANOVA on all conditions: ns for not significant, */# for p ≤ 0.05, **/## for p ≤ 0.01, 

***/### for p ≤ 0.001, ****/#### for p ≤ 0.0001. Data of 3 experiments with each condition 

in triplicate. OPC = oligodendrocyte progenitor cells, OL = oligodendrocytes, SD = standard 

deviation. 
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Supplementary figure 3.2: The effect of 5 microRNA mimics on the differentiation of CG-4 cells in RT-qPCR (confirmation) 
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    Supplementary figure 3.3: The effect of 5 microRNA mimics and their inhibitors on the differentiation of CG-4 cells in RT-qPCR 
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Supplementary figure 3.3: The effect of 5 microRNA mimics and their inhibitors on the 

differentiation of CG-4 cells in RT-qPCR 

The plots show the relative expression (mean with SD of 2-ΔΔCt) of the OPC marker (Id4) and 

OL markers (Myrf, Plp1, Mbp, and Mobp) to the differentiation vehicle control (DIFF VehCo, 

grey bar), resulting from the sequential transfection of each microRNA mimic followed 

(black bar) or not (white bar) by its inhibitor (as labelled on the x-axis) in CG-4 cells in 

differentiation culture conditions, as well as the proliferation vehicle control (PROL VehCo, 

grey bar). The dotted line represents the mean relative expression of the differentiation 

vehicle control to which the relative expression (2-ΔΔCt) of each sample was calculated. The 

adjusted p-value was calculated by Dunn’s or Dunnett’s multiple comparison test to the 

differentiation vehicle control (*) and by Sidak’s, Tamhane’s T2 or Dunn’s multiple 

comparison test between the microRNA mimic and its inhibitor (#), as recommended 

following a parametric/nonparametric one-way ANOVA on all conditions: ns for not 

significant, */# for p ≤ 0.05, **/## for p ≤ 0.01, ***/### for p ≤ 0.001, ****/#### for p ≤ 

0.0001. Data of 3 experiments for each microRNA with each condition in triplicate. L2K = 

LipofectamineTM 2000. SD = standard deviation. 

 

Supplementary figure 3.4: Potential mRNA targets of each microRNA verified in RT-qPCR by 
(A) the microRNA mimic and (B) by the microRNA mimic and its inhibitor 

The plots show the relative expression (mean with SD of 2-ΔΔCt) of the potential mRNA 

targets of each microRNA to the differentiation vehicle control (DIFF VehCo, grey bar), 

resulting (A) from the single transfection of each microRNA mimic, or (B) from the 

sequential transfection of each microRNA mimic followed (black bar) or not (white bar) by 

its inhibitor (as labelled on the x-axis) in CG-4 cells in differentiation culture conditions, as 

well as the proliferation vehicle control (PROL VehCo). The dotted line represents the mean 

relative expression of the differentiation vehicle control to which the relative expression (2-

ΔΔCt) of each sample was calculated. The adjusted p-value was calculated (A) by Dunn’s or 

Dunnett’s multiple comparison test to the differentiation vehicle control (*) and to the 

microRNA negative control mimic (miR-NC, #), and (B) by Dunnett’s multiple comparison 

test to the differentiation vehicle control and by Sidak’s or Tamhane’s T2 multiple 

comparison test between the microRNA mimic and its inhibitor (#), as recommended 

following a parametric/nonparametric one-way ANOVA on all conditions: ns for not 

significant, */# for p ≤ 0.05, **/## for p ≤ 0.01, ***/### for p ≤ 0.001, ****/#### for p ≤ 

0.0001. Data of 3 experiments for each microRNA with each condition in triplicate. L2K = 

LipofectamineTM 2000. SD = standard deviation. 
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Supplementary figure 3.4A: Potential mRNA targets of each microRNA verified in RT-qPCR by the microRNA mimic 
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CHAPTER 3 

199 

Supplementary figure 3.4B: Potential mRNA targets of each microRNA verified in RT-qPCR by 
the microRNA mimic and its inhibitor 
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Supplementary table 3.1: Sequences of mRNA primers, microRNA mimics and microRNA 
primers 

3.1A 

mRNA Forward primer - sequence 5'-3' Reverse primer - sequence 5'-3' 

rno_Akap13 TGCAGAAATGAACCAGCGGA GGGACACCAGCTCATACTTCT 

rno_Bnip3l TGTCTCACTTAGTCGAGCCGC CTCCACCCAGGAACTGTTGA 

rno_Cnp GAGCTTCGACACTTCATTTCTGG TGGCCTTCCCGTAGTCACAG 

rno_Cpeb1 CTCTGGAAGAAGAATCAGGAAGGA CCAGTGAATCATCCAAAATGGCA 

rno_Eif4e AGATGGCGACTGTGGAACCG CCAGAGTGCCCACCTGTTCT 

rno_Elmo1 TGATGAGAGGAGACAGGAGATGG GTGCTCGGATGACATGGGTTA 

rno_Errfi1 GGGGCAGTCGCAATGAGTT AGAAGCACATCCGAGGGTTG 

rno_Gfap GGGATGGCGAGGTCATTAAG TCTGAGGAGGGAGCTTTAGG 

rno_Grb2 TCTCCCTGTCAGTCAAGTTTGG CTTCACCACCCACAGGAAGTAC 

rno_Hnrnpf GCATCTGTGGTGGTTCTTTAAGC ATTGAGCAGGACCAGGGTAG 

rno_Hprt1 GTCATGTCGACCCTCAGTCC GCAAGTCTTTCAGTCCTGTCC 

rno_Id4 CGTTGTGACAAGCGAACTGT AAAAGTTCCCCGCCCTGTTA 

rno_Mbp GTGGGGGTAAGAGAAACGCA CGAACACTCCTGTGGAACGA 

rno_Mobp CAGAGCACTTCAGCATCCACT CTCCTCCTTCTCAATCTGGTCTTC 

rno_Myrf TGCCAACAACATGCGGAAGAAG GGGTTAGAGGCCCGAACAATGA 

rno_Ng2 AGGCCCTCAGGGGAATAGAC CAGGGCTCCTCTGTGTGAGA 

rno_Notch1 TGCGTGGACAAGATCAACGA GGTCCCCGTGTAACCTTCTG 

rno_Ntrk2 CGGGAGCATCTCTCGGTCTA CCTTTCATGCCAAACTTGGAATG 

rno_Olig2 TCAAATCGAATTCACATTCGGAAG CGTGGATGAGGACACGGTTC 

rno_Pdgfra TCTTATGGCGTTCTGCTCTG CCATCCTGTATCCGCTCTTG 

rno_Plp1 GGCGACTACAAGACCACCAT AATGACACACCCGCTCCAAA 

rno_Ptprj CCAAGTTAATCCGAGTGGAGA TCCAATCAGCTTCAGATCCTCA 

rno_Rab10 GAAAGGCAAAGGAGAGCAGATTG TCAGCTAATGTGAGGAACGCC 

rno_Rras2 GACCATCAGAGACAGGTAACGC AACTCGGACAAGTTCGTGGAA 

rno_Sox10 AGGTTGCTGAACGAGAGTGAC CGCCGAGGTTGGTACTTGTAG 

rno_Tcf7l2 ATGGTTAGTACCACAGCAAGGT AGAGTGTGATGGGGAGGGAC 

rno_Vamp2 CCCTGCACCTCCTCCAAATC GATGTCCACCACCTCATCCAC 
 

(A) List of forward and reverse primers of the investigated mRNAs. (B) List of microRNAs 

mimics, inhibitors and PCR Assay primers (miRCURY LNA miRNA, Qiagen) with 

corresponding GeneGlobe ID (Qiagen database), sequence and MIMAT ID (miRbase 

database). Interspecies compatibility was strictly verified. hsa = homo sapiens, mmu = mus 

musculus, rno = rattus norvegicus, NA = not applicable.  
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Supplementary table 3.1B 

miRCURY LNA miRNA 
(Qiagen) 

Mimic 
(Cat No. 339173) 

Inhibitor 
(Cat. No. 339121) 

PCR Assay 
(Cat. No. 339306)  miRBase 

microRNA ID GeneGlobe ID sequence 5'-3' MIMAT ID 

hsa-miR-15a-3p YM00471094 NA NA CAGGCCAUAUUGUGCUGCCUCA MIMAT0004488 

hsa-miR-20a-5p YM00472205 NA NA UAAAGUGCUUAUAGUGCAGGUAG MIMAT0000075 

hsa-miR-29c-3p YM00470481 NA NA UAGCACCAUUUGAAAUCGGUUA MIMAT0000681 

rno-miR-33-3p YM00471597 YI04100217 YP02113481 CAAUGUUUCCACAGUGCAUCA MIMAT0017104 

hsa-miR-34a-5p YM00473212 NA NA UGGCAGUGUCUUAGCUGGUUGU MIMAT0000255 

hsa-miR-34c-5p YM00472810 YI04101981 YP00205659 AGGCAGUGUAGUUAGCUGAUUGC MIMAT0000686 

hsa-miR-103a-3p NA NA YP00204063 AGCAGCAUUGUACAGGGCUAUGA MIMAT0000101 

hsa-miR-124-5p YM00470547 YI04101111   CGUGUUCACAGCGGACCUUGAU MIMAT0004591 

hsa-miR-145-5p YM00470014 YI04102423 YP00204266 GUCCAGUUUUCCCAGGAAUCCCU MIMAT0000437 

hsa-miR-146a-5p YM00472124 NA YP00204483 UGAGAACUGAAUUCCAUGGGUU MIMAT0000449 

mmu-miR-155-5p YM00470919 NA NA UUAAUGCUAAUUGUGAUAGGGGU MIMAT0000165 

hsa-miR-181c-5p YM00471280 NA NA AACAUUCAACCUGUCGGUGAGU MIMAT0000258 

rno-miR-214-3p YM00472862 YI04105003 NA ACAGCAGGCACAGACAGGCAG MIMAT0000885 

hsa-miR-214-3p NA NA YP00205512 ACAGCAGGCACAGACAGGCAGU MIMAT0000271 

hsa-miR-219a-5p  YM00470876 NA NA UGAUUGUCCAAACGCAAUUCU MIMAT0000276 

rno-miR-297 YM00470075 NA NA AUGUAUGUGUGCAUGUAUGCAUG MIMAT0000899 

Negative Control YM00479902 NA NA UCACCGGGUGUAAAUCAGCUUG NA 
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Supplementary table 3.2: Potential mRNA targets of each microRNA 

 3.2A vs. DIFF VehCo vs. miR-NC 

mRNA padj log2(FC) padj log2(FC) 

miR-33-3p targets 

Ntrk2 2.41E-08 -0.18 2.73E-14 -0.34 

Rab10 4.28E-05 -0.15 2.96E-06 -0.19 

Eif4e 5.57E-21 -0.36 6.28E-06 -0.25 

Bnip3l 3.78E-10 -0.22 1.96E-05 -0.18 

Stim2 1.69E-02 -0.14 4.45E-03 -0.20 

Fam168b 5.15E-03 -0.10 2.11E-03 -0.13 

Sec63 1.37E-08 -0.23 1.25E-12 -0.34 

miR-34c-5p targets 

Vamp2* 5.08E-28 -0.43 8.74E-17 -0.38 

Vdr* 1.05E-24 -0.59 6.85E-13 -0.53 

Rras2* 1.23E-03 -0.30     

miR-124-5p targets 

Rras2* 8.31E-16 -0.67 2.93E-02 -0.28 

Cdon* 5.43E-07 -0.55 1.86E-05 -0.60 

Hnrnpab* 1.76E-28 -0.44 2.57E-21 -0.50 

Hnrnpf 1.91E-04 -0.11 2.24E-02 -0.10 

miR-145-5p targets 

Myrf 2.96E-76 -0.77 6.53E-32 -0.56 

Snx27 4.45E-09 -0.22 1.59E-03 -0.18 

miR-214-3p targets 

Id4+ 3.05E-04 -0.28 1.24E-06 -0.50 

Errfi1 2.71E-04 -0.26 1.17E-05 -0.37 

Grb2* 1.19E-04 -0.14 7.59E-06 -0.22 

Fgfr1+ 3.10E-06 -0.15 9.30E-11 -0.28 
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Search strategy in 3.2A 

 

 

 

 

 

 

 

 

 

 

Search strategy in 3.2B  

In silico  “rno” 
(3-4 databases)

In silico 
“hsa” 
(3-4 

databases)

RNA sequencing
downregulated DEG

PubMed 
target+OL

In silico  “rno” 
(3-4 databases)

In silico 
“hsa”
(3-4 

databases)

RNA sequening
downregulated DEG

Gene 
Ontology

Annotated 
genes of

downregu-
lated GO 

terms
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 3.2B vs. DIFF VehCo vs. miR-NC Gene Ontology terms (Biological Process) 

mRNA padj log2(FC) padj log2(FC)   

miR-33-3p targets 

Calm2 4.68E-07 -0.16 1.36E-02 -0.11 cell division 

Etnk1 4.15E-02 -0.08 4.01E-02 -0.11 phospholipid biosynthetic process 

Far1 2.67E-21 -0.40 6.05E-12 -0.40 phospholipid biosynthetic process 

          long-chain fatty-acyl-CoA metabolic process 

Ndel1 2.75E-04 -0.19 4.09E-03 -0.20 chromosome segregation 

Ntrk2 2.41E-08 -0.18 2.73E-14 -0.34 myelination 

          axon ensheathment 

Rab10 4.28E-05 -0.15 2.96E-06 -0.19 cell division 

Slc1a3 1.51E-02 -0.12 3.91E-13 -0.41 generation of precursor metabolites and energy 

Ube2j1 2.79E-02 -0.13 6.40E-05 -0.27 regulation of protein catabolic process 

Ube2n 8.00E-30 -0.46 1.32E-10 -0.35 DNA repair 

miR-34c-5p targets 

Ago4 4.62E-07 -0.46 2.69E-04 -0.44 ribonucleoprotein complex assembly 

Atg4b 3.59E-03 -0.13 2.92E-02 -0.13 regulation of protein catabolic process 

Dixdc1 7.73E-03 -0.14 5.39E-03 -0.17 Wnt signaling pathway 

        stress-activated MAPK cascade 

        axonogenesis 

Dll1 3.24E-04 -0.29 5.77E-10 -0.54 astrocyte differentiation 

          glial cell differentiation 

Erc1 1.09E-21 -0.31 4.33E-02 -0.11 synapse organization 

Erlin1         regulation of lipid biosynthetic process 

          cholesterol metabolic process 

Map1a 6.31E-13 -0.23 6.03E-05 -0.16 regulation of protein catabolic process 

        axonogenesis 

Notch1 1.54E-28 -0.32 6.11E-21 -0.34 Wnt signaling pathway 

        Ras protein signal transduction 

        astrocyte differentiation 

        oligodendrocyte differentiation 

        negative regulation of gliogenesis 

          axonogenesis 

Pdgfra 7.60E-47 -0.34 7.92E-60 -0.50 positive regulation of kinase activity 

        regulation of phospholipid metabolic process 

Pip5k1a 1.16E-09 -0.26 7.49E-08 -0.29 glycerolipid biosynthetic process 

Ppp2r5a 8.38E-06 -0.23 9.80E-05 -0.29 regulation of lipid metabolic process 

Synj1 1.67E-02 -0.14 6.32E-04 -0.22 regulation of gliogenesis 

Vcl 2.86E-06 -0.37 4.27E-07 -0.47 axonogenesis 
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miR-124-5p targets 

Atxn2 1.42E-04 -0.17 5.32E-03 -0.17 ribonucleoprotein complex biogenesis 

Hnrnpf 1.91E-04 -0.11 2.24E-02 -0.10 mRNA processing 

          RNA splicing 

miR-145-5p targets 

Adpgk 1.75E-02 -0.15 2.49E-02 -0.17 pyruvate metabolic process 

Arl6ip5 7.97E-06 -0.19 9.17E-03 -0.15 stress-activated protein kinase signaling cascade 

Elmo1 2.10E-06 -0.29 5.30E-09 -0.40 Ras protein signal transduction 

Map4k4 3.37E-13 -0.20 5.96E-03 -0.13 Ras protein signal transduction 

          stress-activated protein kinase signaling cascade 

Myrf 2.96E-76 -0.77 6.53E-32 -0.56 oligodendrocyte differentiation 

        gliogenesis 

        myelination 

        axon ensheathment 

Rtkn 7.52E-16 -0.35 3.17E-14 -0.42 Ras protein signal transduction 

        Rho protein signal transduction 

          cell division 

miR-214-3p targets 

Akap13 4.54E-26 -0.35 9.44E-30 -0.49 positive regulation of kinase activity 

Atg13 1.97E-03 -0.18 2.81E-02 -0.17 autophagy 

Atp2a2 1.25E-56 -0.41 9.92E-28 -0.38 autophagy 

Cdip1 2.05E-06 -0.23 2.09E-02 -0.16 intrinsic apoptotic signaling pathway 

Cpeb1 3.74E-03 -0.83 6.65E-04 -1.13 cytoplasmic translation 

Csf1 3.21E-03 -0.26 5.09E-06 -0.45 positive regulation of kinase activity 

          gliogenesis 

Errfi1 2.71E-04 -0.26 1.17E-05 -0.37 response to platelet-derived growth factor 

          negative regulation of ERBB signaling pathway 

Gpd1 2.23E-14 -1.10 1.72E-17 -1.35 glycerolipid metabolic process 

          generation of precursor metabolites and energy 

          pyruvate biosynthetic process 

          carbohydrate catabolic process 

          ATP biosynthetic process 

Ifnar1 1.18E-08 -0.23 4.03E-11 -0.32 generation of precursor metabolites and energy 

Mtmr3 6.38E-03 -0.11 2.89E-02 -0.12 phospholipid metabolic process 

          glycerolipid metabolic process 

          autophagy 

Mtmr4 5.09E-03 -0.13 1.23E-02 -0.15 phospholipid metabolic process 

          glycerolipid metabolic process 

          autophagy 
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The potential mRNA targets were predicted by in silico analysis, by their downregulation in 

RNA sequencing and by (A) a Pubmed search of their involvement in OPC/OL physiology or 

(B) the gene annotation to downregulated gene ontology terms of interest as illustrated by 

the Venn diagrams. We selected the targets predicted by 3-4 databases in both rats and 

humans, except for (*) only in rats and (+) only in humans and predicted by 0-2 databases in 

the other species. Each table contains the fold change (FC, expressed as logarithm base 2 

[Log2(FC)] and highlighted by a blue-colour scale [dark blue for a bigger negative fold 

change, to light blue for a smaller negative fold change]) of the expression gene value of the 

potential mRNA targets to the differentiation vehicle control (DIFF VehCo) and to the 

microRNA negative control mimic (miR-NC) as well as the adjusted p-value (padj) in RNA 

sequencing. DEG: differentially expressed genes, GO = Gene Ontology, hsa = homo sapiens, 

OPC = oligodendrocyte progenitor cells, OL = oligodendrocytes, rno = rattus norvegicus. 

Furthermore, we will briefly highlight other targets we did not investigate, but that might 

deserve further attention, namely Fyn related Src family tyrosine kinase (Frk) and vitamin D 

receptor (Vdr) (mir-34c-5p), as well as fibroblast growth factor receptor 1 (Fgfr1, miR-214-

3p). Frk (miR-34c-5p) has not been described in OPCs, but it is related to Fyn tyrosine kinase. 

Fyn tyrosine kinase regulates morphological OPC differentiation by activation of Rac1 and 

inactivation of RhoA, involved in stress fibre formation and actin polymerization, and allows 

Mbp translation in RNA transport granules by phosphorylating Hnrnpa2/Hnrnpf.515,555,595 

Vdr (miR-34c-5p) was only predicted by one database in humans. However, vitamin D 

treatment, both in vitro and in vivo, as well as Vdr signaling induce OPC differentiation 1082–

1085. Herein, vitamin D inhibits OPC proliferation by downregulating Myc proto-oncogene 

BHLH transcription factor, and upregulates Ras protein signal transduction, that has been 

linked to OPC differentiation 1084,1085. Finally, Fgfr1, a target of miR-214-3p predicted in 

humans but not in rats, is involved in OPC specification and proliferation 509,1086. 

  

Plec 1.18E-26 -0.38 8.89E-08 -0.26 glial cell differentiation 

          myelin maintenance 

          generation of precursor metabolites and energy 

Ptprj 3.88E-15 -0.29 2.55E-17 -0.39 insulin receptor signaling pathway 

          negative regulation of ERBB signaling pathway 

          glial cell differentiation 
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I. microRNA dysregulation in MS: a truth or a myth? 

i. MS-related microRNA dysregulation lacks specificity 

We have evidenced the dysregulation of 21 microRNAs in the CSF/serum/PBMCs of 

relapsing and/or remitting MS patients as compared to symptomatic/healthy 

controls, of which 18 were remarkably dysregulated in the CSF, mainly upregulated 

in relapsing MS patients. The CSF has been less thoroughly explored as compared 

to the peripheral compartments, although it directly surrounds the site where the 

pathology occurs. In our study, the microRNAs found in the peripheral 

compartments were all downregulated, namely 6 in the serum of relapsing and/or 

remitting MS vs HC and one in PBMCs of relapsing vs remitting MS. Furthermore, 5 

microRNAs had not been linked to MS before (miR-15a-3p, miR-33a-3p, miR-34c-

5p, miR-124-5p, and miR-297, while miR-29c-3p and miR-149-3p have been linked 

to grey matter atrophy in MS since our publication 897). However, in the second CSF 

cohort of our first study, we could only confirm the upregulation of miR-146a-5p in 

relapsing MS vs SC and of miR-150-5p in relapsing and remitting MS vs SC, while in 

this cohort three other microRNAs (miR-15b-5p, miR-16-5p, and miR-29b-3p) were 

upregulated in relapsing MS vs SC.  

In this second CSF cohort, we also verified the MS-specificity of the dysregulated 

microRNAs by including patients with other neurological disorders (infectious and 

inflammatory CNS disorders, non-inflammatory and peripheral neurological 

disorders). Herein, 23 out of the 25 significantly dysregulated microRNAs were 

upregulated in infectious CNS disorders, 10 in inflammatory CNS disorders and 4 in 

relapsing MS vs SC, whereby miR-15b-5p, miR-29b-3p and miR-29c-3p were in 

common to the 3 groups, and miR-150-5p was in common to these 3 groups and 

remitting MS as well vs SCs, non-inflammatory (mainly dementia) and peripheral 

inflammatory neurological disorders. The microRNA expression profile was thus 

partially similar between the infectious and inflammatory CNS disorders and 

relapsing MS, but with a much greater positive fold change in infectious CNS 

disorders. miR-223-3p, miR-342-3p and miR-423-5p were common to infectious 

and inflammatory CNS disorders vs SCs and were noticeably also upregulated in 

infectious CNS disorders vs non-inflammatory and peripheral neurologic disorders, 

remitting (the 3 microRNAs) and relapsing (except miR-223-3p) MS. However, only 

miR-423-5p does not seem to have been linked to MS elsewhere, as miR-223-3p 

and miR-342-3p have been found upregulated in serum EVs of RRMS patients vs 
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PMS patients 764. Both miR-223-3p and miR-342-3p inhibit pyroptosis (i.e. pro-

inflammatory programmed cell death) by targeting respectively NLR family pyrin 

domain containing 3 (NLRP3) inflammasome and caspase 1 1087,1088. miR-223-3p and 

NLRP3 were found upregulated in activated microglia and macrophages 

surrounding injured myelin 1089. Dexamethasone-induced miR-342-3p also targets 

Rictor (mTORC2 subunit) in Tregs, thereby promoting their immune regulatory 

function 1090. An anti-inflammatory effect has also been alleged to miR-423-5p in 

several disease models, but it was also proven to alter the intestinal barrier by 

targeting claudin, thereby aggravating inflammatory bowel disease in mice 1091–1095. 

Furthermore, 8 upregulated microRNAs were common to the infectious CNS 

disorder group of the second cohort and the relapsing MS group of the first cohort.  

The discrepancies between the two cohorts are probably mostly due to the 

variability in group sizes and the low abundance of microRNAs in the CSF reducing 

the sensitivity of RT-qPCR analysis. In the CSF, a pre-amplification step was needed 

after reverse transcription and before the microRNA-specific PCR assay, in order to 

increase their detection, while this can possibly affect the linearity of the final assay 
1096. Even with this pre-amplification, the Cts of most microRNAs were still high, 

thereby complicating the interpretation of some PCR analyses.  

Pathway enrichment analysis within KEGG (Kyoto Encyclopaedia of Genes and 

Genomes) was the strongest on the sets of CSF-dysregulated microRNAs in 

relapsing MS (vs remitting MS and SC) which were rather upregulated in the CSF, 

although several of them were also linked to remitting MS vs SC which were rather 

downregulated in the CSF (as indicated in supplementary table 1.6). It highlighted 

pathways involved in cell cycle and signalling, immune signalling, cell adhesion, 

axon guidance and neurotrophic support. The most commonly annotated genes 

were linked to cell cycle progression (cyclin D1 (CCND1), cyclin dependent kinase 6 

(CDK6), MYC Proto-Oncogene bHLH Transcription Factor (MYC)) or cell cycle arrest 

(cyclin dependent kinase inhibitor 1A (CDKN1A), TP53) and signal transduction of 

TGFb signalling (SMAD4).  
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ii. MS-related microRNAs and T cell mediators presumably correlate via 

indirect pathways 

Hereafter, we verified the expression of 21 dysregulated microRNAs, identified in 

our first study, in PBMCs of a different MS population, characterised by the absence 

or presence of radiological activity on brain MRI (without a clinical overt relapse) 

and of an ongoing first line DMT (none/IFNb/GA). In this population we evidenced 

the dysregulation of 13 microRNAs in the PBMCs of all MS patients, that was overall 

slightly stronger in inactive MS, except for miR-27a-3p, although with no significant 

differences between active and inactive MS. The treatment status affected a 

minority of the microRNAs, miR-29c-3p was significantly upregulated in untreated 

patients vs treated patients and HC, miR-27a-3p was downregulated in GA-treated 

patients and miR-34a-5p was upregulated in IFNb-treated patients. PCA did not 

segregate well patients from HC.  

We also measured the mRNA expression level of several T cell mediators (mainly 

Th1, Th17 and Treg cytokines and transcription factors). We observed the 

upregulation of FOXP3 (more strongly in inactive MS) and JAK2 (more strongly in 

treated MS) in PBMCs of MS patients vs HC, of MXA and IL27p28 in IFNb-treated, 

and of IL12p40 in untreated patients vs HC.  

The correlation analysis, when considering the significant correlations only, showed 

only positive correlations between the significantly upregulated microRNAs and the 

T cell mediator mRNAs (except with JAK2), indicating that these microRNAs may 

not target them directly but rather an upstream negative regulator. The opposite 

was seen with the significantly downregulated microRNAs, that were negatively 

correlated with T cell mediator mRNAs, and could thus target them directly or 

indirectly via an upstream positive regulator. We further highlighted the positive or 

negative correlation of several significantly dysregulated microRNAs with IL21 

and/or FOXP3, and also of a few non-significantly dysregulated microRNAs with 

TGFB1, except miR-297 that was significantly downregulated and negatively 

correlated with TGFB1. We aimed to verify by in silico analysis whether these T cell 

mediators were predicted targets of one of these microRNAs. The predictions were 

however mostly limited to one or two databases and were not always consistent 

with the microRNA expression profile and the correlation analysis, further 

suggesting that the microRNAs might not target them directly, except for miR-34c-

5p and FOXP3. 
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The in silico analysis in both studies were not conducted with the same purpose 

and are therefore difficult to compare. In the first study, we aimed to identify the 

pathways in which a set of dysregulated microRNAs were involved, while in the 

second we wanted to verify whether a T cell mediator could be specifically targeted 

by the microRNAs of the study. TGFb signalling was identified in the first study and 

TGFB1 was investigated in the second, however, different microRNAs were 

prominently linked to each in each study. 

 

iii. MS-related microRNA dysregulation shows some consistency despite 

technical challenges 

We acknowledge the differences in the microRNA expression in PBMCs between 

these two studies (1 microRNA significantly dysregulated in the first study, 13 in the 

second), although 14 microRNAs were measured in both. The study population was 

very different, but inherent technical issues might also be involved. Although there 

was no reason to doubt on the quality of the PCR runs in neither study (based on 

the melt curves), the Cts were overall smaller in the second study, suggesting that 

the reverse transcription might have worked better on this cohort (more active 

enzyme). Moreover, in the second study, we first aimed to apply the commonly 

used 2-ΔΔCt method (with ΔΔCt = ΔCt [target-reference]sample − ΔCt [target-

reference]mean of controls), which normalises the data first to a reference gene and 

secondly to the mean of the controls909. However, the Cts of RNU6, frequently used 

as internal reference gene, were too variable with significant differences within 

(especially in the HCs) and between the groups. The use of RNUs as reference gene 

has been questioned by others as well. Moreover, RNUs are small non-coding RNAs 

with a distinct biogenesis of that of microRNAs 1097. None of the investigated 

microRNAs, neither another microRNA tested as potential reference, namely miR-

103a-3p, were within a close range for all samples to allow for normalisation. 

Therefore, we decided to use the global mean method (with ΔCt = Ct [target 

microRNA]sample – mean Cts [all target microRNAs]sample), whereby the Ct of the 

investigated microRNA is normalised to the mean expression value of all expressed 

microRNAs within the same sample 1098. This method was initially developed to 

normalise the data of a big set of microRNAs (e.g. in a microarray) but does not 

specify the minimal number of microRNAs needed for normalisation 934. However, 

while in the 2-ΔΔCt method part of the normalisation is across the control samples, 
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in the global mean method the normalisation is within the sample. Therefore, we 

reasonably assumed that the global mean would help balance the variability across 

(control) samples as seen for RNU6. When applying this global mean method on 

the data of the PBMC cohort of our first study, there was still only one significantly 

downregulated microRNA, namely miR-191-5p in relapsing MS vs HC, while with 

the 2-ΔΔCt method vs RNU6 miR-34a-5p was solely downregulated in relapsing vs 

remitting MS, which with the global mean was only significant on a Mann-Whitney 

U-test between the two groups, but not on a one-way ANOVA. While I cannot 

rationally argument in favour or against one or the other method, this, as well as 

the partial lack of concordance between the two CSF cohorts of our first study, 

clearly illustrates how differences in the study design (study population 

characteristics and size, type of samples and method of sampling, quantification 

technology employed, analytical and statistical methods applied etc.) can lead to 

the large variability in the reported dysregulated microRNAs as well as the 

difficulties to harmonise these data.  

However, a comparison between our two studies and the literature (see table 2.1) 

shows some discrepancies, but also several consistencies between the studies, 

supporting the reliability of both studies. Herein, miR-15a-3p/20a-5p/21-5p/29c-

3p/34c-5p/146a-5p/150-5p/155-5p/297 in the CSF and miR-181c-5p in the serum 

of relapsing and/or remitting MS patients were similarly dysregulated in the PBMCs 

of active/inactive treated/untreated MS patients, while miR-27a-3p and miR-125b-

5p were dysregulated in the opposite direction. miR-34a-5p, was upregulated in 

PBMCs of remitting vs relapsing MS in our first study and of inactive MS vs HC in 

our second study. miR-24-3p/27b-3p/33a-3p/124-5p/145-5p/149-3p/214-3p 

dysregulated in the CSF and miR-126-3p dysregulated in the serum of relapsing 

and/or remitting MS in our first study, were however not confirmed in PBMCs of 

the second MS population. 

microRNA dysregulation is undeniably present, but possibly overestimated in MS 

and potentially involved in MS pathogenesis. The interest in the field has led to a 

high number of studies reporting with much disparity over 500 microRNAs as 

dysregulated in MS, of which a few have been functionally characterised, while only 

1917 microRNAs have been assigned to humans. Moreover, with only 9% of 

consistency in at least 3 studies, these reported microRNAs should be considered 

with caution 755. Reviews have so far not been conclusive on a MS-specific 
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microRNA signature due to the many differences in study design. Therefore, a large 

study with a multicentric recruitment of MS patients and controls with detailed 

records, and a centralised analysis by a single technique could help confirm the 

microRNA expression profile characteristic of MS (depending on disease subtype, 

activity, progression, treatment etc.) and could even be more powerful in 

identifying (clinically applicable) biomarkers, as many have been proposed so far, 

but none has been confirmed. 

 

iv. microRNAs are dysregulated in other neurodegenerative diseases 

Many studies have reported dysregulated microRNAs in Alzheimer’s (AD) and 

Parkinson’s disease (PD), that are, as seen for MS, sometimes difficult to reconcile 

between studies or between the peripheral and central compartments 1099–1104. 

Both diseases are characterised by neurodegeneration, alongside neuro-

inflammation in particular by the activation of the inflammasome in microglia 1105. 

Although the microRNAs more strongly linked to both diseases differ from the ones 

we have investigated in the scope of MS, a few, such as miR-27a-3p, miR-29b-3p, 

miR-29c-3p, miR-34a-5p, miR-34c-5p, miR-145-5p and miR-146a-5p are mutual. Of 

note, miR-27a-3p, miR-29b-3p,miR-29c-3p, miR-34a-5p, and miR-145-5p were all 

identified as part of a competing endogenous RNA axis in the periplaque region in 

SPMS spinal cords, whereby they are sponged by an upregulated lncRNA 1075. miR-

27a-3p is seemingly downregulated and miR-27b-3p upregulated in PBMCs of PD 

patients 1106. Both contribute to mitochondrial damage by preventing mitophagy 
1107. In MS, miR-29b-3p may contribute to chronic inflammation as it is upregulated 

in memory CD4+ T cells, and decreases upon their activation while it remains stable 

in control 1108. The latter suggests an impaired feedback loop, as miR-29b-3p 

regulates Th1/Th17 response by repressing TBET and RORgT, is itself induced by 

IFNg and increases the fraction of Tregs 1108,1109. In the second patient cohort of our 

first study, miR-29b-3p was the only microRNA significantly upregulated in the CSF 

of patients with non-inflammatory neurological disorders (dementia) vs SCs (within 

a one-way ANOVA on all groups of that patient cohort), while it was found 

downregulated in the blood of AD patients and in the serum of PD patients with 

mild cognitive impairment and even more in PD patients with dementia 1110,1111. 

Serum levels of miR-29c-3p are decreased in PD patients vs controls 1112,1113. miR-

29c-3p is anti-inflammatory by inhibiting microglial inflammasome NLPR3 
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activation, while its sequestration/decrease contributes to apoptosis and 

autophagy of dopaminergic neurons 1114–1116. miR-29c-3p downregulation in the 

brain of AD patients accompanies the upregulation of beta secretase 1 and the 

accumulation of amyloid beta 1117. In fact, by targeting tumour necrosis factor 

alpha-inducible protein-1 (TNFAIP1) miR-29c-3p decreases NFkB signalling and 

reduces amyloid beta induced neurotoxicity 1118. miR-29c-3p was further found 

downregulated in grey matter lesions of PMS patients’ brain 897. miR-34c-5p was 

downregulated in several brain areas of PD patients which was in vitro associated 

with a reduction in cell viability of a neuroblastoma cell line (SH-SY5Y) alongside 

altered mitochondrial function and oxidative stress 1034,1119. Oppositely, miR-34c-5p 

is upregulated in the hippocampus of AD patients 1120. Its overexpression, mediated 

by oxidative stress through ROS/JNK/p53 pathway, alters the dendritic and synaptic 

integrity (by targeting synaptotagmin 1) and thereby supports cognitive decline 
1032,1121. miR-145-5p was downregulated in the CSF of PD patients vs SCs 1122. miR-

145-5p downregulation resumes the expression of its direct target, nuclear 

receptor subfamily 4 group A member 2 (NR4A2), which mediates the BMP2-

induced differentiation of dopaminergic neurons but also reduces TNFa expression 

in microglia thereby improving neuronal survival after ischaemia/reperfusion 
814,1123. Oppositely, miR-145-5p could mediate anti-inflammatory mechanisms by 

facilitating macrophages/microglia towards a M2 phenotype or by blocking 

astrocyte proliferation, while it is downregulated in extracellular vesicles of LPS-

induced microglia 815,1124. Interestingly, NR4A2 is considered neuroprotective 1125. It 

is important in the differentiation, survival and integrity of dopaminergic neurons 
1126–1128. NR4A2 is downregulated in PBMCs of PD patients, and mutations reducing 

its expression are associated with familial PD 1129,1130. In AD, NR4A2 is highly co-

expressed with amyloid beta early in the disease, but its expression declines with 

disease progression and accumulation of amyloid beta 1131. Finally, in MS patients, 

NR4A2 was found downregulated in PBMCs but upregulated in T cells of MS 1132,1133. 

It is however upregulated in the motor cortex on brain autopsies of MS patients, 

correlating positively with neuronal densities 1081. Its knockout precipitates EAE 

severity, oppositely its activation lowers EAE by repressing NFkB 1080,1134. The role 

of miR-146a-5p in PD and AD seems contradictory to its anti-inflammatory 

properties described in MS/EAE 821,827. miR-146a-5p, downregulated in the serum 

and PBMCs of PD patients, induces ROS production in a PD cell line model 1135–1137. 

miR-146a-5p is upregulated in the hippocampus of AD patients, which was in vitro 
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and in vivo linked to several pathophysiological processes as apoptosis/pyroptosis, 

oxidative stress, amyloid beta deposition, and cytoskeletal instability aggravating 

cognitive impairment 1138–1142. Moreover, EV-mediated transfer of miR-146a-5p 

from microglia to neurons decreases the dendritic spine density in hippocampal 

neurons by targeting presynaptic synaptotagmin and postsynaptic neuroligin 1 1143. 

However, an AD transgenic mice model with microglial miR-146a-5p 

overexpression exhibited the opposite (reduced cognitive deficits, attenuated 

neuroinflammation, reduced Aβ levels, reduced neuronal loss associated with a 

microglial anti-inflammatory phenotypic switch) 1144. miR-155-5p was upregulated 

in PBMCs of PD patients, in hippocampal brain tissue of AD patients as well as in 

the hippocampus/cortex of an AD mice model 1136,1142,1145. miR-155-5p is proactively 

involved in neuroinflammation, microglial activation, oxidative stress and apoptosis 

in both diseases 1145–1149. miR-155-5p enhances amyloid beta deposition, partly by 

inhibiting its microglial catabolism 1150,1151. Finally, miR-214-3p has been described 

as neuroprotective 1077. It is decreased in serum of PD patients vs controls 1113,1152. 

Its downregulation in in vitro and in vivo PD models accompanies microglial 

activation, neuroinflammation, cell apoptosis and oxidative stress 1153,1154. It was 

also decreased in the CSF of AD patients 1062. miR-214-3p overexpression decreases 

autophagy and neuronal apoptosis and improves cognition in a mice model of 

AD1062. 

 

 

II. May MS-related microRNAs condition the differentiation of OPCs? 

We next aimed to study the functional involvement of these microRNAs in OPC 

differentiation. Hereby, we first observed that several MS-related microRNAs 

impeded the differentiation of CG-4 cells, while OPC/OL-directed Dicer knockout 

experiments suggested a supportive role of microRNAs in OPC differentiation 
782,783,999. 

Hereafter we showed, with a great consistency between independent RT-qPCR and 

the RNA sequencing results, the negative impact of miR-33-3p, miR-34c-5p, miR-

124-5p on OPC differentiation, arresting it at a late OPC stage, while miR-145-5p 

halted it rather at a late OPC/early pre-OL stage. miR-214-3p, that has long been 

postulated to inhibit OPC differentiation by targeting Mobp 885 (on the basis of an 
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in silico analysis only), on the contrary promoted OPC differentiation to mature OLs 

in our experimental setting. 

 

i. The predicted mRNA targets remain to be confirmed 

We proposed for each microRNA several potential mRNA targets supporting its 

observed effect on the cell fate, that were significantly downregulated on RT-qPCR 

analysis and RNA sequencing, except for the predicted targets of miR-214-3p. 

However, as a microRNA may not cause the degradation of its targeted mRNA, its 

expression might not change at the mRNA level 725. 

The predicted targets should ideally be verified by electrophoretic mobility shift 

assay (EMSA) or by a reporter gene assay (e.g. dual luciferase assay) and confirmed 

by mutagenesis. EMSA can evidence the interaction between the microRNA of 

interest and the seed region of the predicted mRNA, using radio- or fluorescent-

labelled (fluorescent-based RNA EMSA [FREMSA]) probes of both. The interacting 

microRNA/mRNA couple will move more slowly through the gel during 

electrophoresis, resulting in a shift of the detection band as compared to the probes 

loaded separately or with a probe mutated in the seed region of the mRNA 1155,1156. 

The dual luciferase assay explores the regulatory effect of the microRNA by binding 

to its predicted seed. Hereby, the 3’UTR of the predicted mRNA target, or a part of 

it containing the seed region, is cloned in a plasmid in between the restriction sites 

downstream of the open reading frame of the firefly luciferase. The cloned plasmid 

contains a second luciferase, Renilla luciferase, relying on a strong promoter and 

thus constitutively expressed. Recipient cells, for example HEK293T that are easy 

to transfect, are co-transfected with the uncloned or cloned plasmid and the 

microRNA mimic of interest or the miR-NC. Hereafter, the cells are lysed, the 

reagents of both luciferases are added sequentially, and the luminescence induced 

by each luciferase is measured separately after each step. If the microRNA 

recognises its seed region in the cloned 3’UTR downstream of the firefly luciferase, 

it will repress the translation of the firefly luciferase. This results in a decreased 

activity of the firefly luciferase, evidenced by the decreased relative luminescence, 

normalised to the luminescence induced by the Renilla luciferase, as compared to 

a control condition (miR-NC). By introducing a mutation in the predicted seed 

region (mutagenesis), the effect of the microRNA on the activity of the firefly  
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Figure 4.1: mRNA target prediction of miR-33-3p to Eif4e and miR-214-3p to Akap13 

 

The 3’UTR of Eif4e and of Akap13 is aligned to the sequence of miR-33-3p and miR-214-3p respectively with complementarity to the seed region 
highlighted in blue and to the 3’ supplementary pairing site (microRNA nucleotides 13 to 16), which enhances binding specificity and affinity 725, highlighted 
in bolt. Incompatible nucleotides of the 3’UTR are shifted down a line. The 3’UTR site region is indicated by the nucleotide (nt.) numbering in between the 
brackets. 
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luciferase should be abolished with relative values returning to those of the 

controls 1157,1158. One could further verify if transfecting a small interfering RNA 

(siRNA) of the target mRNA 809 in CG-4 cells, which would inhibit it, could mirror the 

effect of the microRNA mimic, and on the contrary, if co-transfecting a plasmid 

expressing the target alongside its microRNA mimic could rescue the effect of the 

microRNA.  

 

ii. The involvement of these predicted mRNA targets in MS is largely 

unknown  

The majority of the predicted mRNA targets of the 5 investigated microRNAs of this 

study have not been linked to MS so far. It is thus unknown whether or how they 

are involved in MS pathogenesis, while for a minority of these targets this matter is 

still ambiguous. 

Translation initiation factor EIF4E (miR-33-3p), is activated downstream of 

mTORC1. In a genome wide association study meta-analysis, RPS6K was identified 

as a risk factor for MS, but the plasmatic levels of other mTOR-dependent genes 

(EIF4EBP and EIF4F complex subunits EIF4A, EIF4E, and EIF4G) were not significantly 

associated, while mTOR, RPS6KB and EIF4EBP1 were also found upregulated at the 

mRNA level in whole blood samples of newly diagnosed RRMS patients 1159,1160. 

However, MAPK interacting protein kinase/EIF4E pathway is also activated via 

p38MAPK signalling pathway, which is critically involved in Th17 differentiation and 

response in both EAE and MS 1161,1162. NTRK2 (miR-33-3p) is positively linked to 

lncRNA TUG1 in the periplaque region in SPMS spinal cord as part of a competing 

endogenous RNA axis whereby the lncRNA sponges the intermediate microRNA 

(here miR-22-3p) 1075. Remarkably, brain derived neurotrophic factor (Bdnf)-

induced Ntrk2 signalling was protective in a mild form of EAE but not in a more 

severe form 1163. Finally, deletion polymorphisms of VAMP2 (miR-34c-5p) were 

significantly more frequent in MS patients than in controls 1164. No report was found 

linking the other predicted targets to MS.  

Regarding hnRNPF, the cytoplasmic mislocalisation and altered expression of 

hnRNPA1, another RNA-binding protein, in neurons and oligodendrocytes is 

involved in both neurodegeneration and demyelination in MS and EAE by stress 

granule formation, and necroptosis 1165–1168. 
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iii. The underlying signalling pathways could bring further insight 

The gene enrichment analysis allowed to further detail the cell fate directed by each 

microRNA in the transfected CG-4 cells, although the significant differences were 

more noticeable versus the differentiation vehicle control than versus the 

differentiation microRNA negative control. Gene Ontology consistently reflected 

the effect of each microRNA on OPC differentiation and myelination. Furthermore, 

miR-34c-5p supported DNA biosynthesis and cell cycle processes even with 

downregulation of Wnt signalling pathway and Pdgfra and Notch1 mRNAs, both 

targets of miR-34c-5p involved in OPC proliferation, but cyclin-dependent kinase 

activity was upregulated 523,629,1036–1039. It is thus unclear what upstream signalling 

pathway and receptor tyrosine kinase guides this cell fate 1019. Jun N-terminal kinase 

(Jnk) interacting protein 1 (also called mitogen-activated protein kinase 8 

interacting protein 1 (Mapk8ip1)) and Jun, elements of the Jnk signalling pathway 

involved in OPC proliferation, were slightly but significantly upregulated for 

example, as well as Ntrk3, that has been linked to both OPC proliferation/survival 

and differentiation (data not shown) 645,1040,1041. miR-124-5p negatively regulated 

cell cycle processes (vs. the differentiation vehicle control) and RNA processing. 

Remarkably, miR-145-5p had the least affected GO terms, but Ras protein signal 

transduction was downregulated. miR-33-3p both positively and negatively 

affected several signalling pathways involved in OPC and OL physiology. 

Remarkably, both miR-33-3p and miR-214-3p negatively affected the 

biosynthesis/metabolism of fatty acids and/or specific lipid species as well as the 

energy metabolism (vs the differentiation vehicle control). This is strikingly 

opposite to the differentiation promoting effect of miR-214-3p 552,1027. However, 

miR-214-3p also downregulated the negative regulation of Erbb signalling, involved 

in OPC proliferation/differentiation depending on its ligand and its dimerization 

pair 685. 

The gene enrichment analysis thus highlighted the involvement of key signalling 

pathways in OPC/OL physiology, in particular ERK/MAPK and PI3K/Akt/mTOR 

signalling pathways, however with some difficulties in interpretation as for some 

conditions both the positive and negative regulation of a pathway could be 

enriched. Given that these pathways can vary very subtly during their regulation of 

OPC proliferation and differentiation 998, it would be of greatest interest to further 

explore these pathways for a more detailed understanding of the functional impact 
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of these microRNAs. Therefore, one could establish by Western blot or by a 

multiplex immunoassay a phosphorylation map of key members of each pathway, 

since it determines their activation, namely Jnk/c-Jun (JNK signalling pathway), 

Erk1/2 (ERK/MAPK signalling pathway), Akt, mTOR or Rptor, Rps6kb1, Eif4ebp1, 

Gsk3b (PI3K/Akt/mTOR signalling pathway) 998. OPC/OL-specific genes targeted 

downstream of these pathways could be identified by chromatin 

immunoprecipitation or electrophoretic mobility shift assay. Furthermore, by 

pharmacologically inhibiting one of these kinases (Jnk, Map2k1/2 (upstream 

Erk1/2), p38Mapk, PI3K, mTOR), one might also evaluate if this reverses/blocks the 

effect of the microRNA of interest (following transfection of the microRNA mimic, 

or lentiviral transduction/plasmid transfection of the primary microRNA (cf 

Discussion III.i)). 

 

iv. Determining the microRNAs’ cellular source is key to understanding their 

(patho-)physiology 

The endogenous microRNA expression in CG-4 cells, cultured in a proliferation or 

differentiation medium only, was not totally comprehensive of their effect on OPC 

differentiation observed when transfecting the corresponding microRNA mimic. 

Herein, miR-34c-5p and miR-124-5p were downregulated in differentiating CG-4 

cells, consistent with their negative effect on OPC differentiation. Oppositely, miR-

145-5p, that negatively affected OPC differentiation as well, was however 

significantly upregulated in differentiating CG-4 cells. miR-33-3p was not 

differentially expressed between both conditions while miR-214-3p was 

undetectable in neither condition. Therefore, it is difficult to conclusively support 

their physiological involvement in OPC differentiation, although it is the precisely 

regulated expression profile of a series of microRNAs and not of a single one that 

finely tunes cellular physiology 725. Moreover, these microRNAs could be expressed 

differently in OPCs/OLs under pathological conditions or originate from another cell 

type. miR-34c-5p, miR-145-5p, miR-214-3p have for example been linked to 

neurons, microglia, astrocytes and/or brain endothelial cells 816,1035,1059,1124,1154,1169–

1173. It would thus be of great value to determine their cellular origin under 

physiological and pathophysiological conditions to help understand their 

involvement in OPC differentiation and MS pathogenesis. 
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v. microRNA-based therapies could be part of the future 

Research on microRNA-based and other non-coding RNA-based therapies have gain 

a lot of interest over the past years, with potential advantages as microRNAs are 

processed by the intracellular machinery, they target a wide range of transcripts, 

even within one pathway, and can be quite easily and widely engineered, modified, 

and generated. However, they are also challenging regarding stability, tolerability, 

delivery, and specificity 1174,1175. Chemical modifications or carrier systems as ligand-

oligonucleotide conjugates, virus-based approaches or lipid-, polymer- or metal-

based nanoparticles with possibly bio-engineered surface modifications can 

increase their stability and the cell-/organ-specific delivery 1174–1182. Extracellular 

vesicle (EV-)mediated delivery is another interesting option, as it follows the natural 

path of EV-based intercellular communication and can bypass the endocytic 

pathway 1183. The biodistribution of EVs can be determined by the genetic 

modification of membrane proteins, by the route of administration and by the cells 

used for their production (preference for self-tissue delivery), but this cell-based 

production is also the limiting factor for large scale applications of EV-based 

strategies 1174,1184–1186. Tolerability is another concern. A phase I clinical trial using a 

liposomal miR-34 mimic RNA therapeutic on solid tumours was stopped 

prematurely due to severe immune-mediated adverse events suspected to be due 

to the mimic itself rather than its carrier 1187. Hereby, small RNA molecules (single- 

more than double-stranded) can induce a pro-inflammatory immune response 

mediated via endosomal Toll-like receptors inducing the NFkB pathway 

(TLR/MyD88/NFkB) 1188–1190. Moreover, as a microRNA possibly targets over a 

hundred mRNAs, microRNA-based therapeutics could also affect targets outside 

the scope of the therapeutic strategy. Undesired on-target effects, on its defined 

targets but in another cell than the cell of interest, and off-target effects, caused by 

the recognition of a similar target sequence, by the loading of the passenger strand 

or by the induction of non-specific gene expression, are intimately linked to the 

dosing and route of administration of the RNA therapeutics 1174,1187,1191–1195. This can 

be abrogated by chemical modifications of the RNA molecules 1191. Overdosing can 

more largely affect the endogenous microRNA targetome by competing with other 

endogenous microRNA species or by altering their processing by saturation of the 

system 1192,1193. Next to microRNA mimics and inhibitors, which could be used to 

restore the physiological levels of functionally active and dysregulated microRNAs, 

several other therapeutic molecules are currently being developed namely small-
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molecule inhibitors of microRNAs (e.g. small molecules interfering with 

Drosha/Dicer), peptide nucleic acid polymers (targeting a pre-microRNA), 

microRNA sponges that trap and sequester complementary microRNA (e.g. 

endogenous circular RNAs), or microRNA masks that hide the seed region of the 

microRNA within the mRNA 1174,1196–1199. Most of them are still explored 

experimentally, some have been launched in phase I/II trials (e.g. RG-125, a N-

acetylgalactosamine-conjugated antimiR-103/107 for the treatment of diabetes 

and nonalcoholic fatty acid disease; Remlarsen, a cholesterol-conjugated miR-29 

mimic for the treatment of keloid fibrosis; Miravirsen, a β-D-oxy-locked nucleic 

acid-modified phosphorothioate antisense oligonucleotide targeting miR-122 in 

hepatitis C treatment. Other clinical trials have been interrupted due to 

safety/tolerability issues (RG-101, an antimiR-122 in hepatitis C treatment, MRX34, 

a miR-34 mimic tested in several cancers) 1174. 

Furthermore, in the scope of MS, an antisense oligonucleotide targeting human 

CD49d RNA transcript, the alpha subunit of very late antigen 4 (VLA4, i.e. integrin 

alpha 4/beta 1 involved in the crossing of the BBB), could reduce disease activity in 

a phase 2 trial but further clinical trials aren’t planned so far 1200. Similarly to 

microRNAs, small interfering RNAs (siRNAs) inhibit the expression of their target 

mRNA, with greater selectivity than microRNAs as complete complementarity is 

necessary. Several siRNAs, targeting TBX21, NR4A2, CD40, IL23p19, Lingo 1, NogoA 

among others, have been studied in vitro or in vivo in EAE showing promising results 

in reducing neuroinflammation or increasing remyelination and axonal recovery 
1201–1206. Aptamers are small stable RNA or DNA oligonucleotides folding in a three-

dimensional structure fitting with high affinity and specificity to its target molecule, 

in particular a protein. A 40-nucleotide single-stranded DNA aptamer binding 

multiple myelin components could promote remyelination of CNS lesions in mice 

infected by Theiler's virus 1206,1207. No clinical trial with an siRNA or aptamer has 

been conducted so far in MS. 

Research is progressing on microRNA- and non-coding RNA-based therapeutics and 

offers innovating bio-engineering strategies to face the challenges linked to them. 

However, the biggest challenge might be to select the right microRNA candidate, 

especially as several microRNAs can be dysregulated in a disease, without being 

specific to this disease 1175. 
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In our case, we could imagine a therapeutic strategy to promote OPC differentiation 

by an inhibitor (antimiR/antagomiR) of the OL-inhibitory microRNAs (miR-33-3p, 

miR-34c-5p, miR-124-5p and miR-145-5p) that would reverse their effect, or by a 

mimic of miR-214-3p. However, an antimiR/antagomiR can only restrain a 

microRNA that is endogenously expressed. In our first screening of the microRNA 

expression in the CSF, these microRNAs were all downregulated (or tended to be) 

in the CSF of relapsing or remitting MS patients, except miR-145-5p (figure 1.3 and 

supplementary figure 1.2). The downregulation of miR-214-3p in the CSF of 

remitting MS patients may already suggest a deficit of remyelination. Thus, 

inhibiting endogenous miR-145-5p or increasing miR-214-3p could be reasonable 

therapeutic approaches to boost OPC differentiation, although deeper functional 

characterisation of these microRNAs, in OPCs but also in the other cell types 

involved in MS, is first needed. 

Regarding the 3 other OL-inhibitory microRNAs, even if they were downregulated 

in the CSF, an antimiR/antagomiR-based therapeutic approach is not absolutely 

rejected as they might be differently dysregulated in another compartment. This 

was for example evidenced for miR-214-3p that we found downregulated in the CSF 

of remitting MS patients, but others found upregulated in active and inactive MS 

lesions 758. Otherwise, exploring these microRNAs, their potential targets, and the 

signalling pathways they affect, might unravel new mechanisms and lead towards 

other, not necessarily microRNA-based, therapeutic targets. 

 

 

III. Further limitations and perspectives 

We have investigated the effect of several microRNA species in vitro by transfecting 

their mimic, with or without their inhibitor, in CG-4 cells. This experimental model 

has multiple limitations calling for caution in the interpretation of the results and 

calling for confirmation by other experimental models. 
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i. Transfection of a microRNA mimic/inhibitor 

We perceive the artificial character of transfecting a synthetic microRNA mimic in 

a cell line to study its physiological/pathophysiological effect. First of all, 

LipofectamineTM 2000, a cationic lipid transfection reagent, has some toxicity and 

can induce genes involved in cellular stress response, cellular metabolism and cell 

cycle control, thereby impacting the cellular physiology 1208,1209.  

 

Figure 4.2: The effect of the vehicle, LipofectamineTM 2000, on the proliferation and 
differentiation of CG-4 cells in RT-qPCR 
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The plots show the relative expression (mean with SD of 2-ΔΔCt) of the differentiation markers 

Mbp and Plp1 to the proliferation control (PROL Control). CG-4 cells were cultured in 6-well 

plates in proliferation (PROL, white bars) or differentiation medium (DIFF, grey bars) without 

or with addition of the vehicle, LipofectamineTM 2000, as indicated on the x-axis (control vs 

vehicle control respectively), following the timing of the double transfection protocol. The 

dotted line represents the mean relative expression of the proliferation control to which the 

relative expression (2-ΔΔCt) of each sample was calculated. The p-value was calculated by 

Sidak’s multiple comparison test following a two-way ANOVA according to the 

absence/presence of the vehicle (#) and the type of medium (*). # for p ≤ 0.05, ## for p ≤ 

0.01, ****/#### for p ≤ 0.0001. Data of 7 experiments with each condition in triplicate. SD 

= standard deviation. 

 

We have cultured in parallel CG-4 cells in proliferation and differentiation medium 

with or without LipofectamineTM 2000, and noticed indeed that LipofectamineTM 

2000 induced the expression of the differentiation markers, Mbp and Plp1, 

especially in the cells cultured in proliferation medium. However, there was still a 
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significant difference in their expression between the proliferation and 

differentiation condition both without and with the vehicle (figure 4.2). Therefore, 

we have always normalised our results to the differentiation vehicle control.  

Furthermore, the synthetic microRNA mimic is transfected at a supraphysiological 

concentration in order to be able to visualise distinctively its effect under the 

experimental conditions. However, exogenous microRNAs at a supraphysiological 

concentration may alter the processing of endogenous microRNAs and in fine affect 

cellular physiological processes by competing for the use of the intracellular 

resources for gene expression or possibly by saturating the system 1192,1193. 

Moreover, transient expression of a microRNA mimic leads to the accumulation of 

high molecular RNA species generated by the concatemerisation (continuous 

molecules with multiple copies of the microRNA), and by the 5′- and 3′-end tailing 

of the microRNA mimic, and causes non-specific alterations in gene expression as 

well 1210. Although microRNA mimics are largely used, the expression of the 

microRNA of interest can also be induced following lentiviral transduction or 

plasmid transfection, with the sequence of the primary microRNA, whereby it is 

processed by the endogenous machinery and expressed at a more physiological 

level 1210. 

We might harbour some reservations about the negative control microRNA (miR-

NC), which is a mature microRNA of C. elegans (cel-miR-39-3p), said to have no 

mRNA target in mammals. Some of the investigated mRNA markers were 

significantly up- (Id4, Ng2, Pdgfra, Notch1; all markers of OPCs) or downregulated 

(Mbp and Mobp; both markers of mature OLs) by miR-NC as compared to the 

differentiation vehicle control. However, the differentiation vehicle control and 

miR-NC clustered closely on principal component analysis of the RNA sequencing 

and segregated strongly from the proliferation vehicle control, but the Gene 

Ontology enrichment analyses of each microRNA mimic compared to each 

differentiation control (vehicle control and miR-NC) were hard to unify. Herein, cell 

cycle processes in GO were upregulated in all microRNA conditions as compared to 

the miR-NC, while this was only seen for miR-34c-5p vs. the differentiation vehicle 

control. Likewise, the expression of Pcna, a cell cycle marker, tended to be reduced 

in immunocytochemistry by miR-NC vs the proliferation vehicle control only (figure 

4.3). We have however not verified the cell mortality linked to each condition. For 
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all these reasons, I have been very cautious in balancing the interpretation of the 

data towards both the differentiation vehicle control and the miR-NC.  

 

Figure 4.3: Pcna expression in vehicle control and transfected cells (immunocytochemistry) 
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The plot shows the percentage of cells expressing the proliferation marker Pcna (mean with 

SD), calculated to the total number of cells (based on the detections of the nucleus), resulting 

from the single transfection of each microRNA mimic (as labelled on the x-axis) in CG-4 cells 

in differentiation culture conditions, as well as the proliferation vehicle control (PROL 

VehCo). The dotted line represents the mean value of the differentiation vehicle control (DIFF 

VehCo). One-way ANOVA on all conditions was not significant but Dunn’s multiple 

comparison test was significant for PROL VehCo vs miR-NC, adjusted p-value = 0.0318 (#, 

dashed bracket), suggesting the tendency of miR-NC to decrease cell proliferation. Data of 

3 experiments, in single replicate within each experiment. SD = standard deviation 

 

Finally, we acknowledge that our transfection strategy regarding the microRNA 

inhibitors is rather uncommon. We transfected sequentially the microRNA mimic 

and 4 hours later the microRNA inhibitor, while normally the microRNA inhibitor is 

transfected on its own to block the endogenous microRNA 817. However, when we 

transfected the microRNA inhibitor only at two timepoints, following the double 

transfection protocol, the expression levels of Mbp and Plp1 were similar for all 

differentiation conditions (vehicle control and microRNA/miR-NC inhibitors) 

thereby providing no evidence of the effect of the microRNA inhibitor itself (figure 

4.4).  
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Figure 4.4: Mbp and Plp1 expression in cells transfected with the microRNA inhibitor only 
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The plots show the relative expression (mean with SD of 2-ΔΔCt) of the differentiation markers 

Mbp and Plp1 to the differentiation vehicle control (DIFF VehCo) resulting from the double 

transfection of each microRNA inhibitor (as labelled on the x-axis) in CG-4 cells in 

differentiation culture conditions, as well as the proliferation vehicle control (PROL VehCo). 

The dotted line represents the mean relative expression of the differentiation vehicle control 

to which the relative expression (2-ΔΔCt) of each sample was calculated. The relative 

expression was roughly similar in each condition, therefore not allowing to evidence a 

specific effect of each microRNA inhibitor. Data of one experiment for each microRNA 

inhibitor with each condition in triplicate. SD = standard deviation 

 

We did not try to increase the concentration of the microRNA inhibitor. However, 

with the sequential transfections, the microRNA inhibitor was sufficient to 

antagonise its corresponding microRNA mimic transfected at equal concentration. 

Therefore, this brings us back to the questions surrounding the endogenous 

microRNAs. The endogenous microRNAs do not seem to be abundant enough to 

have any effect on their own on the differentiation of OPCs that can be antagonised 

by transfecting the corresponding microRNA inhibitor. However, it does not rule 

out that these microRNAs might be part of a broader network finely tuning OPC/OL 

physiology. 
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ii. Experimental model 

We are aware that results emanating from an in vitro model with a cell line should 

be regarded with caution as it is an isolated system of a (almost) homogenous, 

single cell population, and should be further validated by other models. CG-4 cells 

are a permanent cell line, spontaneously generated from primary cultures of rat 

bipotential oligodendrocyte-type 2-astrocyte (O-2A) progenitor cells by passaging 

them in medium supplemented for 30% with the conditioned medium of B104 

(B104-CM) neuroblastoma cells containing the needed mitogens. These CG-4 cells 

can keep on proliferating in the continuous presence of the B104-CM for several 

weeks. They are morphologically and immunochemically undistinguishable from 

primary O-2A cells, 95% of these cells are A2B5-positive (recognising a cell surface 

tetraganglioside) but galactocerebroside (Galc-) and Gfap-negative. They can 

differentiate into oligodendrocytes (expressing Galc and a fraction also Mbp) when 

cultured in the absence of serum (for 2 days) and B104-CM, or into type-2 

astrocytes (coexpressing A2B5 and Gfap; different from type-1 astrocytes 

expressing Gfap only) in the presence of 20% of serum 988. The advantage of this 

cell line is that it was spontaneously generated from O-2A precursors, it was not 

genetically immortalized neither derived from a tumour (e.g. oligodendroglioma). 

However, contrarily to Louis et al. announcing approximately 100% O1-positive 

cells (binding to a galactocerebroside) and 50% Mbp-positive cells upon removal of 

the mitogens from the medium988, we obtained approximately 50% A2B5-positive 

cells, 30% O4-positive cells (detected prior to O1) and 1.5% Mbp-positive cells after 

2 days of differentiation in the differentiation vehicle control condition (figure 3.4A-

B-C). 

Therefore, confronting our results with the effect of these microRNAs on primary 

OPCs isolated from newborn rat brains would be a first step forward 817. Moreover, 

our experiments were run on single cell cultures of CG-4 cells. Although we could 

investigate the effect of the microRNAs on mature myelinating OLs by measuring 

late myelin genes (Mbp, Mobp, Mag, Mog) by RT-qPCR and/or RNA sequencing, 

one could verify the myelinating capacity of the transfected cells in a cell culture of 

OPCs with axon-like nanofibers or in mixed glial neuronal cultures that produce 

myelinated axons in vitro 883,1211–1215. However, by transfecting a microRNA mimic 

in a mixed glial culture, all cell types are possibly impacted by the microRNA mimic, 

depending on the cell-specific transfection efficiency. Therefore, it is possible to 
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isolate and culture separately OPCs (from newborns rats/mice), and embryonic 

dorsal root ganglia (DRG) neurons. The OPCs could then be transfected separately 

before being co-cultured with the DRG neurons 555,1211,1213,1216,1217. This latter model 

however lacks the interaction with the other glial cells. 

Ex vivo cultures of organotypic brain or spinal cord slices offer a 3-dimensional 

system preserving the CNS architecture and the complex electrical and biochemical 

pathways in and in between the different cell types, but might be less reproducible 

than cell cultures 555,809,1218,1219. Hereby, the transfection mix containing the 

microRNA mimic or inhibitor could be added to the organotypic culture, followed 

by RT-qPCR analysis of the extracted RNA, immunostaining of cell-specific proteins 

of interest on the fixed and embedded tissue or staining of myelin by luxol fast blue 
1218,1220. However, by adding the transfection mix directly to the organotypic culture, 

all cells might be transfected, however not necessarily with the same efficiency. The 

observed effect might not be attributable to OPCs specifically.  

The same experimental designs could be imagined with transfection of a plasmid 

or transduction of a viral vector expressing the primary microRNA instead of the 

microRNA mimic 1210. 

Finally, the effect of the microRNAs could be proven in vivo. There are several 

animal models mirroring, to a certain extent, particular aspects of MS. EAE is 

induced in specific rat or mice strains by active immunisation with a specific myelin 

protein or peptide (Plp, Mbp, Mog) emulsified in complete Freund’s adjuvant or by 

passive transfer of activated myelin-reactive CD4+ T cells. Depending on the animal 

strain, age and sex and the induction method used, different courses of EAE (acute 

non-relapsing, relapsing, chronic) can be induced, that are mainly characterised by 

neuroinflammation with possibly a certain extent of demyelination and axonal loss 
1211. There are however some differences with MS, as EAE is mainly driven by CD4+ 

T cells and poorly reflects the other involved immune cells (especially CD8+ T cells), 

it affects the spinal cord rather than the brain, and it does not allow to study 

remyelination or disease progression 1221. There are also several animal models of 

demyelination, of which cuprizone and lysolecithin induced demyelination are 

more commonly used. Cuprizone (0.2%), a copper chelator is added to the food of 

young adult (8 weeks old) male C57BL/6 mice for 4 to 6 weeks, causing white matter 

demyelination most easily seen in the corpus callosum, which recovers within 4 

weeks when the cuprizone is removed from their diet 1211,1222. Lysolecithin (1%), a 
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detergent-like membrane solubilising agent, is stereotactically injected, e.g. 

unilaterally into the corpus callosum, allowing comparison with the other 

unaffected side. Demyelination occurs within 2-3 days and remyelination is 

completed within a few weeks 1223–1225. In both models, demyelination is 

accompanied by the recruitment of microglia for the phagocytosis of myelin debris 
1222,1225. An innovative animal model allows to investigate the impact of 

neuroinflammation on the remyelination process. Herein, 8-12 weeks old male 

C57BL/6 mice were fed for 4 weeks on a 0.2% cuprizone diet. Hereafter, the 

cuprizone was withdrawn of their diet and mice were treated by adoptive transfer 

of MOG-reactive T cells (or specifically Th17 cells), which decreased the 

spontaneous remyelination seen in the classic cuprizone model up to 3 weeks after 

the transfer 1226. Finally, intracerebral Theiler’s murine encephalomyelitis virus 

(TMEV) infection in susceptible SJL/J mice causes chronic encephalomyelitis 

primarily driven by microglial activation and mimicking progressive forms of MS, as 

it is characterised by astrogliosis, demyelination and axonal degeneration. TMEV 

predominantly infects glial cells (oligodendrocytes, astrocytes, microglia). OL loss is 

due to virus-induced apoptosis, but also due to the inflammatory assault by 

microglia, macrophages and cytotoxic CD8+ T cells. Remyelination is incomplete 

(thinner, as seen in MS) due to decreased cholesterol biosynthesis and astrogliosis 
1227. 

Thus, for in vivo explorations, a microRNA mimic or inhibitor (chemically modified, 

carried by a life transfection reagent, exosomes or nanoparticles, or encoded into 

a viral vector) could be administered by intravenous, intrathecal, 

intracerebroventricular or stereotactic (e.g. in the corpus callosum) injection or by 

intranasal drops, to a cuprizone or lysolecithin induced demyelination mice model, 

to the combined adoptive transfer cuprizone model or a TMEV-induced 

demyelinating disease mice model 831,832,880,882,1182,1228–1232. Otherwise, 

demyelination could be induced, following one of these models, in mice knocked 

out for the microRNA of interest 834,879. In these models, myelin can be assessed in 

the animals by MRI (MRI magnetization transfer ratios (MTRs)) or on CNS tissue 

sections by staining with luxol fast blue, or by electron microscopy 1220,1233,1234. 
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IV. Conclusions 

Non-coding microRNAs regulate gene expression post-transcriptionally. We 

hypothesised that their dysregulation in MS is thereby involved in disease 

pathogenesis both in neuroinflammation, and in demyelination and defective 

remyelination. Thereby we evidenced the dysregulation of 21 microRNAs of which 

18 in the CSF of relapsing and/or remitting MS patients vs controls. These 

dysregulated microRNAs are not specific to (relapsing) MS as several were also 

found commonly upregulated, with an increased fold change, in the CSF of patients 

with inflammatory and infectious neurological disorders. In a second patient 

cohort, we evidenced a limited effect of disease activity status, determined by brain 

MRI, and treatment status on microRNA expression in PBMCs of MS patients. We 

further evidenced positive and negative correlations of these microRNAs with T cell 

mediator mRNAs, especially IL21 and/or FOXP3, that further suggested, especially 

for the positive correlations, that the microRNAs might indirectly affect the T cell 

mediators via an intermediate target. We finally explored the demyelinating aspect 

and hereby evidenced that most screened microRNAs inhibited in vitro the 

differentiation of CG-4 cells. We further confirmed that miR-33-3p, miR-34c-5p and 

miR-124-5p inhibited OPC differentiation at a late OPC stage and miR-145-5p at an 

early premyelinating stage, while miR-214-3p was the only microRNA strongly 

promoting OPC differentiation as evidenced by the expression of stage-specific 

markers on RT-qPCR and RNA sequencing. We further studied their cell fate 

changes via Gene Ontology enrichment analysis and explored potential mRNA 

targets, suggesting, sometimes unexplored, mechanistical pathways in OPC 

differentiation. We acknowledge however an inconsistency between the effect of 

certain microRNAs on OPC differentiation and their endogenous expression in 

differentiating CG-4 cells (miR-33-3p, miR-145-5p, miR-214-3p) and/or their 

dysregulation in the CSF of R/RMS patients (miR-33-3p, miR-34c-5p, miR-124-5p). 

Therefore, identifying their cellular source will help to clarify their involvement in 

OPC/OL physiology and in the pathogenesis of MS. Otherwise, exploring the 

pathways they are potentially involved in OPC differentiation via their predicted 

mRNA target(s) could unravel new pathophysiological mechanisms or even new 

therapeutic targets for the understanding and management of MS and other 

demyelinating diseases. 

 



 

 

 

 

 

 

 

 

 

 

 

Travelers, we're fabric of the road we go. 

We settle, but like feathers on time's flow. 

Cecil Day-Lewis 
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