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Summary

Multiple sclerosis (MS) is an inflammatory, neurodegenerative disease in which infiltration of immune cells in the central nervous system (CNS) leads to myelin destruction. Macrophages, including the CNS-resident microglia, are prevalent in MS lesions. We propose that models of macrophage activation based on MS patient leukocytes can provide information on the intrinsic capacities of macrophages to participate to lesion formation and repair.

The functional and transcriptomic profiles of MS patient and healthy control monocyte-derived macrophages were examined after exposure to activating stimuli. MS macrophages reproduced several aspects of the inflammatory lesion, and displayed a limited amplitude of response to activating stimuli.

We also developed a method to identify key regulators in networks of several altered genes. This was done according to a pre-defined network of gene interactions. Testing a proinflammatory network for the possibility to control genes that are dysregulated in MS, we identified biologically and pathologically relevant genes as key drivers, supporting the framework of the method.

Using a humanized mouse model of remyelination, we also noted that the remyelinationmodulating effects of patient lymphocytes are mediated through the activation of macrophages.

In conclusion, the results of this thesis provide evidence that macrophages contribute to an inflammatory environment, and that patient heterogeneity in both lymphocytes and macrophages impact this contribution. Further research using these and similar models could be useful for both developing new treatments and predicting effects for each patient.

Résumé

La sclérose en plaques (SEP) est une maladie inflammatoire neurodégénérative où l'invasion des cellules immunitaires dans le système nerveux central (SNC) entraîne la destruction de la myéline. Les macrophages, comprenant les cellules microgliales du SNC, sont majoritaires dans les lésions de la SEP. Nous avons modélisé l'activation des macrophages de patients SEP afin de définir quelles propriétés intrinsèques vont diriger leur contribution au développement ou à la réparation de la lésion.

Les profils fonctionnels et transcriptomiques des macrophages de donneurs sains et de patients SEP ont été examinés suite à des stimuli activateurs. Les macrophages de patients SEP reproduisent plusieurs aspects observés dans les lésions inflammatoires et présentent une amplitude de réponse plus restreinte que les macrophages de donneurs sains.

Grâce à une méthode d'identification des gènes régulateurs construit à partir d'un réseau prédéfini d'interactions géniques, nous avons identifié des gènes clés, pertinents d'un point de vue biologique et pathologique, dont la modulation permettrait de modifier une grande partie du réseau dérégulés.

En utilisant un modèle murin humanisé, nous avons également noté que les effets modulateurs des lymphocytes de patient SEP sur la remyélinisation se fait par l'intermédiaire du contrôle de l'activation des macrophages.

Les résultats de cette thèse démontrent que la contribution des macrophages à l'environnement inflammatoire reflète l'hétérogénéité clinique des patients. Des recherches futures utilisant ces modèles pourraient être utiles à la fois pour développer de nouveaux traitements et pour prévoir les effets potentiels pour chaque patient.
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To Martin, without whom this chapter in my life would never have even started. To every person that has shared a part of their life with me and made my life more interesting. (MS International Federation, 2013). The disease typically appears in early adulthood and patients can present a wide range of neurological symptoms, with varied and often severe disability. Some of the most common symptoms relate to vision, fatigue, gait, and spasticity (National Multiple Sclerosis Society).

Approximately 85% of patients will, at the onset of the disease, show a pattern of "relapses" (appearances of neurological symptoms) which are followed by complete or partial remission. This form of the disease is termed relapsing-remitting MS (RRMS). For 80% of these patients, the disease develops into secondary progressive MS (SPMS), in which the symptoms accumulate over time without remission. There are also two forms in which the progressive phase starts at the onset of the disease, called primary progressive MS (PPMS) (10% of patients) or progressive relapsing MS (5%), depending on whether there are noticeable relapses with partial remission (Figure 1) (statistics from MS International Federation 2013). An individual who experiences a single RRMS-like event is considered to have clinically isolated syndrome (CIS) unless or until a second event occurs.

Figure 1: Graphic representations of disease progression in the 4 clinical forms of MS

MS is diagnosed with a combination of observations, including symptom history, magnetic resonance imaging (MRI) showing demyelinated lesions, and oligo-clonal bands in the cerebrospinal fluid (CSF) [START_REF] Thompson | Diagnosis of multiple sclerosis: 2017 revisions of the McDonald criteria[END_REF]. While the use of MRI for diagnosis only requires the identification of myelin lesions (appearing on T2-weighted or fluid-attenuated inversion recovery (FLAIR) scans as bright spots at least 3mm long), it is also used as a measure of disease severity. Both lesion load (total volume of demyelination) and brain atrophy increase during the disease course, and predict future motor and cognitive disability [START_REF] Lazeron | Brain atrophy and lesion load as explaining parameters for cognitive impairment in multiple sclerosis[END_REF]Popescu et al., 2013b). Clinical disability can be described using a number of motor and cognitive assays. The most commonly used index is the Expanded Disability Status Scale (EDSS), which considers multiple groups of symptoms, but is largely based on difficulties with walking (Figure 2) (Kurtzke, 1983). The MS Severity Score (MSSS) is the EDSS corrected for the disease duration, thus giving a score of EDSS progression [START_REF] Roxburgh | Multiple Sclerosis Severity Score: using disability and disease duration to rate disease severity[END_REF]. For the cognitive symptoms, several tests are available, none of which are specific to MS. Multiple aspects of cognitive impairment can be present in MS, the most common being reduced information processing speed and memory (for a review, see [START_REF] Grzegorski | Cognitive impairment in multiple sclerosis -a review of current knowledge and recent research[END_REF]. The Symbol Digit Modalities Test (SDMT), a test of information processing speed, is commonly used in MS and is one of the most efficient tests of cognitive impairment for discriminating between patients and healthy controls [START_REF] Benedict | Validity of the Symbol Digit Modalities Test as a cognition performance outcome measure for multiple sclerosis[END_REF]. [START_REF] Buzzard | What do effective treatments for multiple sclerosis tell us about the molecular mechanisms involved in pathogenesis?[END_REF] 

Pathology

The pathological hallmarks of MS are inflammation, including infiltration by peripheral immune cells into the central nervous system (CNS), and lesions with loss of myelin, neurodegeneration and astrogliosis.

Myelin loss and neurodegeneration

Myelin is a lipid-rich substance surrounding most axons and it is present in both the CNS and the peripheral nervous system (PNS). In the CNS, it is produced by oligodendrocytes.

Oligodendrocytes wrap processes around the axons in individual segments (internodes), with nodes of Ranvier between internodes. In the nodes, a high density of voltage-gated channels allows for salutatory conduction and thus quick propagation of action potentials (Figure 3). Time-consuming action potentials are generated in these nodes and ions are diffused along the axon, their exit being blocked by the myelin. This is both faster and more energy-efficient than signal propagation in unmyelinated axons [START_REF] Morell | The Myelin Sheath[END_REF].

Besides enabling saltatory conduction, oligodendrocytes also provides neuroprotection in a few ways. In normal conditions, oligodendrocytes provide metabolic support to the axon [START_REF] Lee | Oligodendroglia metabolically support axons and contribute to neurodegeneration[END_REF], and secrete neurotrophic factors [START_REF] Dai | The Trophic Role of Oligodendrocytes in the Basal Forebrain[END_REF]. In the case of neuroinflammation, myelin sheaths provide a protective barrier between the axon and immune cells, inhibiting the function of cytotoxic T cells and the influx of nitric oxide in the axon, which can cause conduction block and degeneration [START_REF] Smith | Electrically active axons degenerate when exposed to nitric oxide[END_REF]. In addition, the reorganization of voltage-gated sodium channels and changes in the axon's electrophysiological properties that follow myelin loss lead to dysregulation of ion concentrations and calcium toxicity [START_REF] Waxman | Axonal conduction and injury in multiple sclerosis: the role of sodium channels[END_REF]. In total, myelin loss can lead to not only slowed conduction speed, but conduction block and ultimately axon degeneration.

As would be expected, neurodegeneration is extensive in MS patients. A study found a total axonal loss of 70% in spinal cord lesions of patients with EDSS > 7.5 [START_REF] Bjartmar | Neurological disability correlates with spinal cord axonal loss and reduced N-acetyl aspartate in chronic multiple sclerosis patients[END_REF].

However, the axonal loss is not limited to the lesions. Normal-appearing white matter (NAWM) shows a decreased axonal density in MS patient spinal cords compared to healthy controls [START_REF] Lovas | Axonal changes in chronic demyelinated cervical spinal cord plaques[END_REF]. [START_REF] Purves | Increased Conduction Velocity as a Result of Myelination[END_REF] 

Astrogliosis

In MS lesions, a change can be seen in the astrocyte population. Astrocytes are most known for providing support for neurons, but are more versatile than was once thought. In MS, like in many other types of CNS trauma, astrocytes form glial scars around demyelinated lesions.

Multiple other roles have been discovered, and they may be influencing the disease course through both inflammatory properties and neurotrophic properties [START_REF] Ponath | The Role of Astrocytes in Multiple Sclerosis[END_REF]. The role of astrocytes in MS is beyond the scope of this thesis but it is important to keep in mind that multiple types of cells are at play in this complex disease.

Inflammation

While the CNS is immune-privileged in physiological conditions, infiltration of immune cells is extensive in MS lesions. It primarily consists of lymphocytes and monocytes, and the resident immune cells, the microglia, are activated as well. In active lesion areas, the vast majority of cells are microglia or monocyte-derived macrophages (MDM). Lymphocytes are dominated by cluster of differentiation (CD)8+ T cells but CD4+ T cells and B cells are present in smaller numbers.

As would be expected considering the importance of leukocyte infiltration, MS lesions are often found near blood vessels [START_REF] Lucchinetti | Heterogeneity of multiple sclerosis lesions: Implications for the pathogenesis of demyelination[END_REF][START_REF] Tallantyre | Ultra-high-field imaging distinguishes MS lesions from asymptomatic white matter lesions[END_REF], and lymphocytes are primarily found in the perivascular space, with a smaller number (typically CD8+ T cells) diffusing out into the lesion (Popescu et al., 2013a). The inflammation extends past the lesion, however, and inflammatory microglia are found in MS NAWM as well, particularly in progressive MS [START_REF] Kutzelnigg | Cortical demyelination and diffuse white matter injury in multiple sclerosis[END_REF].

Post-mortem studies revealed that lesions can be categorized based on the presence of macrophages, as originally described by [START_REF] Brück | Oligodendrocytes in the early course of multiple sclerosis: Oligodendrocytes in MS[END_REF] During the process of demyelination, these cells will phagocytose myelin, and the ensuing process can be followed through staining for different products of myelin digestion. In the initial stage of a lesion, activated macrophages are present in higher numbers compared to the NAWM, but do not contain myelin components. In active lesions, macrophages contain early degradation products, while in late active lesions, macrophages contain late degradation products or neutral lipids which can be labeled with Oil red O staining. Inactive lesions are completely demyelinated and still contain some immune cells, although less than active lesions, and the macrophages contain empty vacuoles or neutral lipids. Lesions often contain areas with varied disease activity: Chronic active lesions contain an inactive center but are surrounded by macrophages with early degradation products, whereas slowly expanding lesions are surrounded by macrophages with late degradation products. Slowly expanding lesions are especially common in progressive MS [START_REF] Kutzelnigg | Cortical demyelination and diffuse white matter injury in multiple sclerosis[END_REF]. In these later lesions, inflammation appears to be maintained by a chronic activation of microglia/macrophages, rather than continued infiltration by peripheral cells.

However, even among active lesions there is large heterogeneity between patients. A classification of active lesions from 51 biopsies and 32 autopsies -based on lesion edge, oligodendrocyte density and apoptosis, antibodies and type of myelin loss -found that each patient displayed one of four types of lesions (patterns I-IV, see Table 1) [START_REF] Lucchinetti | Heterogeneity of multiple sclerosis lesions: Implications for the pathogenesis of demyelination[END_REF]. The most common lesion type, pattern II, was found in patients with all forms of MS and was classified based on a sharp lesion edge, presence of antibodies and its position around a small vein or venule. The second most common lesion type, pattern III, was identified based on a more diffuse lesion, a large amount of apoptotic oligodendrocytes, and a preferential loss of myelin-associated glycoprotein. Pattern III lesions were primarily found in samples taken <1 year after diagnosis. In follow-up of biopsy samples, patients with pattern III lesions who developed RR showed MRI signatures equivalent to those with other lesion types, so it is possible that pattern III is a transient lesion type. Although MS is considered an autoimmune disease, no unique antigen has been identified as a common target in MS. Instead, autoantibodies and autoreactive T lymphocytes against several antigens have been found in blood, CSF and/or brain tissue of MS patients. These antigens include myelin oligodendrocyte glycoprotein (MOG) (Kerlero de [START_REF] Kerlero De Rosbo | Predominance of the autoimmune response to myelin oligodendrocyte glycoprotein (MOG) in multiple sclerosis: reactivity to the extracellular domain of MOG is directed against three main regions[END_REF], myelin basic protein (MBP) [START_REF] Krasitskaya | Bioluminescent aptamer-based sandwich-type assay of anti-myelin basic protein autoantibodies associated with multiple sclerosis[END_REF][START_REF] Pette | Myelin autoreactivity in multiple sclerosis: recognition of myelin basic protein in the context of HLA-DR2 products by T lymphocytes of multiple-sclerosis patients and healthy donors[END_REF], inwardly rectifying K + channel (KIR)4.1 [START_REF] Srivastava | Potassium channel KIR4.1 as an immune target in multiple sclerosis[END_REF] and transient axonal glycoprotein 1 (TAG-1) [START_REF] Derfuss | Contactin-2/TAG-1-directed autoimmunity is identified in multiple sclerosis patients and mediates gray matter pathology in animals[END_REF]. For each of these examples, autoantibodies were only found in a subgroup of patients.

It is unknown to which extent these subgroups overlap, and thus how many cases of MS include an attack toward at least one of these antigens. It is also unknown to what extent they are present at disease onset or if subsequent attacks toward multiple antigens are mounted in response to the inflammatory environment.

The blood-brain barrier

The blood-brain barrier (BBB) is instrumental in preventing infiltration of immune cells into the CNS. It tightly regulates which cells and molecules can pass from the blood into the CNS, but it is in turn affected by inflammatory processes. Several molecules secreted by immune cells are capable of inducing changes in the BBB cells or basal lamina, permitting leukocyte transmigration, and many of these effects are mirrored in MS and/or animal models of MS [START_REF] Alvarez | Disruption of central nervous system barriers in multiple sclerosis[END_REF]. As can be seen in gadolinium contrast-enhanced T1-weighted MRI, breakage of the BBB is present in new lesions and is only visible during the early stages of the lesion [START_REF] Miller | SERIAL GADOLINIUM ENHANCED MAGNETIC RESONANCE IMAGING IN MULTIPLE SCLEROSIS[END_REF]. However, smaller BBB abnormalities have been identified at all lesion stages [START_REF] Vos | Blood-brain barrier alterations in both focal and diffuse abnormalities on postmortem MRI in multiple sclerosis[END_REF]. At onset of optic neuritis, a disease commonly associated with MS, permeability of the BBB (as measured by MRI) could contribute to predicting development to MS [START_REF] Cramer | Permeability of the blood-brain barrier predicts conversion from optic neuritis to multiple sclerosis[END_REF]. Thus, the BBB is of interest in both etiological and therapeutic MS research.

Surveying MS lesions

While pathological analysis of autopsies and biopsies are highly useful in MS research, they are clearly not suitable for longitudinal studies nor for clinical use. Therefore, as mentioned previously, non-invasive imaging is often used in research and in clinics.

T2-weighted MRI identifies MS lesions (Figure 4), and can be useful to predict progression to MS from optic neuritis, CIS and radiologically isolated syndrome [START_REF] Louapre | Imaging markers of multiple sclerosis prognosis[END_REF]. T1weighted MRI (not contrast-enhanced) identifies regions of tissue destruction and edema [START_REF] Trip | Imaging in multiple sclerosis[END_REF], and both T1 hypo-intensity and magnetic transfer resonance (MTR) correlate with decreased axonal density [START_REF] Van Waesberghe | Axonal loss in multiple sclerosis lesions: magnetic resonance imaging insights into substrates of disability[END_REF].

Using repeated imaging, it is possible to follow the development of new lesions, many of which are asymptomatic [START_REF] Willoughby | Serial magnetic resonance scanning in multiple sclerosis: A second prospective study in relapsing patients[END_REF]. This method thus provide a more detailed measurement of disease activity than clinical symptoms alone. Therefore, MRI is often used in clinical trials as a biomarker of disease activity. A meta-analysis has shown that this is a valid approach, as treatment effect on MRI correlate with treatment effect on progression [START_REF] Sormani | MRI lesions as a surrogate for relapses in multiple sclerosis: a meta-analysis of randomised trials[END_REF].

New imaging methods are continuously being developed. For example, MRI can be used in combination with positron emission tomography (PET) with a tracer for the transporter protein (TSPO), which is a marker of neuroinflammation [START_REF] Liu | The 18 kDa Translocator Protein, Microglia and Neuroinflammation[END_REF]. Using this method, it has been shown that there is more inflammation in the NAWM of SPMS patients compared to controls [START_REF] Rissanen | In Vivo Detection of Diffuse Inflammation in Secondary Progressive Multiple Sclerosis Using PET Imaging and the Radioligand 11C-PK11195[END_REF], which is consistent with pathological findings. In a study of fingolimod (a treatment used for MS) using the same method, a decrease in activation was found in lesions but not in NAWM [START_REF] Sucksdorff | Evaluation of the Effect of Fingolimod Treatment on Microglial Activation Using Serial PET Imaging in Multiple Sclerosis[END_REF]. From [START_REF] Vellinga | Pluriformity of inflammation in multiple sclerosis shown by ultra-small iron oxide particle enhancement[END_REF] 1

.3 Etiology

The cause of MS is complex and still under investigation. While multiple genetic and environmental factors have been identified, no single factor or combination of factors has been found sufficient to induce MS. Instead, the risk factors that have been identified only contribute with a small increase of susceptibility.

The prevalence of MS varies depending on geographic location, with higher prevalence in developed countries and at higher latitudes [START_REF] Simpson | Latitude is significantly associated with the prevalence of multiple sclerosis: a meta-analysis[END_REF]. This cannot be a purely genetic effect, as moving from a high-prevalence country to a low-prevalence country reduces the risk of MS, particularly if it occurs at a young age [START_REF] Gale | Migrant studies in multiple sclerosis[END_REF]. The high prevalence in northern countries suggests a protective effect of vitamin D and possibly of sunlight specifically. Other known environmental risk factors include smoking and Epstein-Barr virus infection [START_REF] Ascherio | The initiation and prevention of multiple sclerosis[END_REF].

The genetic component of MS is evidenced by the increased prevalence of MS in homozygotic twins of MS patients. A meta-analysis of 8 twin studies estimated the proportions of variance for heritability at 0.5, unshared environment at 0.3 and shared environment at 0.2 [START_REF] Fagnani | Twin studies in multiple sclerosis: A meta-estimation of heritability and environmentality[END_REF]. The first, and still largest, genetic risk factors identified were alleles of the human leukocyte antigen (HLA) complex. The strongest effect comes from haplotype HLA-DRB1*15 (odds ratio 2.9), which also interacts with lack of the strongest protective factor haplotype HLA-A*02 (odds ratio 0.6) for a combined odds ratio of over 20 [START_REF] Brynedal | HLA-A Confers an HLA-DRB1 Independent Influence on the Risk of Multiple Sclerosis[END_REF]. With genome-wide association studies (GWAS) and other single nucleotide polymorphism (SNP)based studies, multiple MS susceptibility factors with small effects have been identified.

Notably, three studies from the International Multiple Sclerosis Genetics Consortium (IMSGC)

(two published and one available as pre-print), have provided large-scale identification of associated SNPs. In the first, 52 non-HLA loci were confirmed or identified by GWAS [START_REF] Sawcer | Genetic risk and a primary role for cell-mediated immune mechanisms in multiple sclerosis[END_REF]. Among these, many were in close proximity to T helper cell-related genes and there was considerable overlap between risk factors of MS and of other autoimmune diseases.

The second study specifically examined SNPs in proximity to immune genes and could identify 48 new loci [START_REF] Beecham | Analysis of immunerelated loci identifies 48 new susceptibility variants for multiple sclerosis[END_REF]. The third, which is available on BioRxiv and which analyzed previous studies and novel data, presented a total of 233 MS susceptibility loci [START_REF] Patsopoulos | The Multiple Sclerosis Genomic Map: Role of peripheral immune cells and resident microglia in susceptibility[END_REF]. Analysis of suspected affected genes proposed a significant role of both adaptive and innate immune cells in susceptibility.

Genetic and environmental risk factors can also interact, as is the case for smoking and HLA alleles in MS. The correlation between smoking and risk of MS is both enhanced in individuals with the risk haplotype HLA-DRB1*15 and reduced in individuals with the protective haplotype HLA-A*02 [START_REF] Hedström | Smoking and two human leukocyte antigen genes interact to increase the risk for multiple sclerosis[END_REF].

As is the case for many autoimmune disorders, MS preferentially affects women, with a global average female:male prevalence ratio of 2:1 (MS International Federation, 2013). The disparity varies between regions and is typically higher in regions with higher prevalence, and incidence increases faster among women than among men. In a Canadian study, the sex ratio among patients born 1931-1935 was 1.9:1, as compared to 3.2:1 in patients born 1976-1980 [START_REF] Orton | Sex ratio of multiple sclerosis in Canada: a longitudinal study[END_REF]. The cause of this difference is still unclear, although several hypotheses have been presented. Several lines of evidence suggest a role of hormones in this disparity, with correlations being identified between disease (prevalence, onset and/or activity) and menarche, pregnancy, contraceptives, assisted reproductive technology and gender dysphoria (which is often treated with hormones) [START_REF] Ysrraelit | Impact of sex hormones on immune function and multiple sclerosis development[END_REF]. This could be due to the multiple pro-and anti-inflammatory effects of different sex hormones. In animals, susceptibility to autoimmune disease is increased by the X chromosome, independently of hormones [START_REF] Smith-Bouvier | A role for sex chromosome complement in the female bias in autoimmune disease[END_REF]. This has been hypothesized to reflect skewed epigenetic imprinting, although which genes would be affected by this has not been found [START_REF] Harbo | Sex and gender issues in multiple sclerosis[END_REF].

Remyelination

After demyelination, but before axonal degeneration, an endogenous process of remyelination can occur. In this process, new oligodendrocytes recreate sheaths of myelin along the nude axons. The newly formed myelin is noticeably thinner than the myelin formed during developmental myelination. As a result, remyelinated areas can be identified by labeling the myelin in tissue from MS patients. Clearly delineated areas with homogeneous weaker labeling, "shadow plaques", are the result of a demyelinated lesions in which the myelin has been recreated (Figure 5).

Biological process

While the ongoing process of remyelination is difficult to study in humans, it has been described in animal models (Figure 6). The following paragraph is therefore a description of the experimental process. For more information on models of de-and remyelination, see the subchapter Animal models of MS below. [START_REF] Adams | A colour atlas of multiple sclerosis & other myelin disorders[END_REF][START_REF] Franklin | Why does remyelination fail in multiple sclerosis?[END_REF] Figure 6: The remyelination process as described in animal models. When myelin is destroyed, OPCs are recruited to the damaged area and proliferate. Provided the right environment (such as lack of myelin debris), OPCs will differentiate into oligodendrocytes that can recreate myelin sheaths around the denuded axons.

Demyelination will initiate a process that in many models -once demyelination is interrupted -will lead to efficient recreation of myelinating oligodendrocytes. A significant contributor to the new oligodendrocyte population is the adult oligodendrocyte precursor cell (OPC) population [START_REF] Zawadzka | CNS-Resident Glial Progenitor/Stem Cells Produce Schwann Cells as well as Oligodendrocytes during Repair of CNS Demyelination[END_REF], which is maintained from embryonic days throughout life and is ubiquitous and abundant in adulthood [START_REF] Dawson | NG2-expressing glial progenitor cells: an abundant and widespread population of cycling cells in the adult rat CNS[END_REF]. The transition from OPC to oligodendrocyte is a multi-step process, with several markers available to follow the process.

In response to demyelination, adult OPCs undergo activation in which their gene expression changes from a profile similar to mature oligodendrocytes toward a profile more similar to developmental OPCs with enhanced mobilization [START_REF] Moyon | Demyelination causes adult CNS progenitors to revert to an immature state and express immune cues that support their migration[END_REF]. In the early stage of remyelination, OPCs proliferate in the lesion and later start expressing later stage myelin products [START_REF] Levine | Activation and Proliferation of Endogenous Oligodendrocyte Precursor Cells during Ethidium Bromide-Induced Demyelination[END_REF]. The steps from OPC to premyelinating oligodendrocyte to myelinating oligodendrocyte are regulated by several other components of the CNS, including immune cells (as will be detailed in a later chapter), neurons and astrocytes [START_REF] Franklin | Regenerating CNS myelin -from mechanisms to experimental medicines[END_REF].

Another possible origin of remyelinating cells would be oligodendrocytes, assuming any damage sustained is not sufficient to kill the cell, and could recreate lost processes to once again myelinate denuded axons. This has been proven feasible in a study of two non-rodent models (cat and rhesus macaque) in which incomplete demyelination was induced [START_REF] Duncan | The adult oligodendrocyte can participate in remyelination[END_REF]. Using electron microscopy, the study found oligodendrocytes that were attached to myelin sheaths of different thickness, which implies that they have been created during both developmental myelination and remyelination.

A recent study on human remyelination has suggested that mature oligodendrocytes may contribute to remyelination in MS more than OPCs do. This is based on carbon-dating of MS white matter, a technique that estimates renewal of cells based on the level of C14 in DNA [START_REF] Spalding | Retrospective Birth Dating of Cells in Humans[END_REF]. Briefly, because of drastic changes in atmospheric C14 (caused by nuclear bomb tests in the 1950s and 60s), postnatal renewal of cells can be measured through increased C14 in individuals born before this peak, and decreased C14 in individuals born later.

In a study of healthy and MS white matter, shadow plaques (which were almost exclusively from patients born before the peak) showed reduced renewal compared to healthy white matter, suggesting that oligodendrocytes were not derived from proliferating OPCs [START_REF] Yeung | Dynamics of oligodendrocyte generation in multiple sclerosis[END_REF]. However, these patients showed renewal in NAWM equivalent to that of controls, whereas renewal in NAWM was increased in patients born later (from whom no shadow plaques were studied). The difference between the two patient groups suggests an unexpected and strong correlation between renewal and a binary categorization of year of birth or age at death, and warrants some reservation toward over-interpretation until the groups have been studied

further.

A second study suggesting a role of mature oligodendrocytes in human remyelination examined single-cell transcriptomic heterogeneity in healthy and MS white matter from four patients, and found two primary differences: a reduced proportion of OPCs, and an increased proportion of a subtype of oligodendrocytes (defined by clustering of the transcriptomic profiles) which overexpressed myelin genes [START_REF] Jäkel | Altered human oligodendrocyte heterogeneity in multiple sclerosis[END_REF]. The authors interpret this as evidence that mature oligodendrocytes start expressing myelin genes to remyelinate demyelinated axons, but give no evidence that the reduction of OPCs is not due to their differentiation into the oligodendrocytes in question.

Remyelination in MS patients

The capacity of remyelination varies greatly between patients. In post-mortem tissue, a higher percentage of remyelinated surface area compared to total demyelinated surface area is correlated with a higher age at death (Patrikios et al., 2006). As examining post-mortem tissue only gives a snapshot of a long process, a more recent study examined dynamic remyelination, identified through MRI and PET with Pittsburgh compound B, in MS patients at multiple time points. Here, the results showed an inverse correlation between dynamic remyelination and EDSS and MSSS (Bodini et al., 2016). Understanding what differs between patients with low and high remyelination capacity could lead to pro-remyelinating therapy with clinical benefits for patients with low endogenous capacity.

In a quantification of oligodendrocytes in 113 MS patients, lesions could be categorized by five patterns based on differences between areas (defined by macrophage activity and thin myelin)

within the same lesion [START_REF] Lucchinetti | A quantitative analysis of oligodendrocytes in multiple sclerosis lesions. A study of 113 cases[END_REF]. In three of the patterns (pattern I A-C), oligodendrocyte quantities recovered in later stages after an initial decrease, with the recovery occurring at different stages in each pattern (Figure 7A-C). In the other two patterns (pattern II A and B), oligodendrocyte numbers decreased more or less drastically and never recovered (Figure 7D,E). In these lesions, no remyelinated areas could be found. In most plaque centers, immature oligodendrocytes, as defined by expression of myelin phospholipid protein (PLP) messenger RNA (mRNA), outnumbered mature oligodendrocytes, defined by MOG protein.

This was more common in plaque centers compared to early active lesion areas, suggesting that precursor cells may have been recruited to these lesions. While heterogeneity between patients was large, lesions in the same patient typically showed the same pattern, and pattern I was more common in RRMS and SPMS while pattern II was more common in PPMS.

Figure 7: Examples of oligodendrocyte quantifications from single lesions of categorized lesion patterns. From Lucchinetti et al., 1999. Density of MOG-labelled (open columns) and PLP mRNA-labelled (cross-hatched columns). NA: not available in these cases; PPWM: periplaque white matter; EA: early active; LA: late active; DM: inactive demyelination; RM: remyelination.

In a study of inactive demyelinated lesions from 10 patients (of which 9 had progressive MS), presence of neuron-glial antigen 2 (NG2)-positive OPCs and premyelinating oligodendrocytes (PLP-positive cells with multiple processes but no myelin sheaths formed around axons) coincided, with most lesions containing either high or low numbers of both cell types (Chang et al., 2002). This suggests that inhibition of remyelination would typically occur either prior to the NG2+ OPC stage or after the premyelinating stage. Lesions with low numbers of both were found more often in patients with longer disease duration, which could imply a limited life span for these cells within MS lesions. However, chronic active lesions, which more often lack OPCs, also show higher expression of Semaphorin-3A, which inhibits OPC recruitment in a mouse model of demyelination (Boyd et al., 2013). This suggests that lack of OPCs in these lesions could be caused by inhibited migration, rather than cell death.

Still, lesions with presence of OPCs and lack of oligodendrocytes were identified both in the above study and in a subsequent study of oligodendrocyte transcription factor (Olig2)-positive

OPCs and NogoA+ oligodendrocytes (Kuhlmann et al., 2008). Thus, remyelination defects appear heterogeneous, and developing therapies to target a specific stage of remyelination may have varied results in different lesions.

Axons also regulate myelination, and have been proposed as a cause of dysfunctional remyelination. For example, axonal expression of polysialic acid-neural cell adhesion molecule (PSA-NCAM) is present in demyelinated lesions, whereas it is absent in remyelinated lesions and healthy white matter [START_REF] Charles | Re-expression of PSA-NCAM by demyelinated axons: an inhibitor of remyelination in multiple sclerosis?[END_REF]. Its capacity to inhibit myelination has been shown in vitro [START_REF] Charles | Negative regulation of central nervous system myelination by polysialylated-neural cell adhesion molecule[END_REF], suggesting a causal effect on remyelination.

In addition, several immune processes can impact remyelination, as will be discussed in a later chapter. In total, considering the heterogeneity among MS patients in nearly all aspects of the disease, it is likely that remyelination is inhibited by different combinations of factors in different patients.

Treatment

There is currently no cure for MS and no treatment that can stop the disease progression.

However, there are treatments that can reduce relapse frequency and slow the accumulation of disease severity. All available treatments target the inflammatory component of the disease.

The first disease-modifying drug to be approved was injected interferon (IFN)β in 1993. It reduces the frequency of clinical relapses and new lesions, and delays progression, as seen by a delayed increase of EDSS [START_REF] Ebers | Randomised double-blind placebo-controlled study of interferon β-1a in relapsing/remitting multiple sclerosis[END_REF][START_REF] Jacobs | Intramuscular interferon beta-1a for disease progression in relapsing multiple sclerosis. The Multiple Sclerosis Collaborative Research Group (MSCRG)[END_REF][START_REF] Paty | Interferon beta-1b is effective in relapsing-remitting multiple sclerosis. II. MRI analysis results of a multicenter, randomized, double-blind, placebo-controlled trial. UBC MS/MRI Study Group and the IFNB Multiple Sclerosis Study Group[END_REF]. Glatiramer acetate is another injectable with comparable effect [START_REF] O'connor | 250 µg or 500 µg interferon beta-1b versus 20 mg glatiramer acetate in relapsingremitting multiple sclerosis: a prospective, randomised, multicentre study[END_REF]. Both of these drugs have a global anti-inflammatory effect.

There are now also multiple oral medications and antibodies with disease-modifying effects in MS. Some of these treatments reduce the lymphocyte pool: teriflunomide inhibits proliferation of blasting B and T lymphocytes; cladribine induces apoptosis in activated lymphocytes; alemtuzumab targets mature lymphocytes and monocytes for destruction; and rituximab and ocrelizumab target the mature B cell marker CD20, thus depleting B cells. Note that while rituximab has not been tested for MS in a phase III trial, it is prescribed off-label and has been

shown effective in a retrospective study [START_REF] Yamout | Safety and Efficacy of Rituximab in Multiple Sclerosis: A Retrospective Observational Study[END_REF]. Other treatments block lymphocytes from entering the CNS, either by sequestering T cells in the lymph organs via sphingosine-1-phosphate (S1P) signaling (fingolimod) or by impeding blood-brain-barrier crossing (natalizumab).

Dimethyl fumarate has effects on multiple immune cells. In patients, changes are seen in T cells, monocytes, dendritic cells, NK cells and B cells. Direct in vitro effects include inhibition of pro-inflammatory activation of MDM [START_REF] Michell-Robinson | Effects of fumarates on circulating and CNS myeloid cells in multiple sclerosis[END_REF]. Although the mechanism of action in MS remains unknown, it has shown glycolysis-inhibiting effects in monocytes and lymphocytes (Kornberg et al., 2018). As will be discussed later, glycolysis is a signature of pro-inflammatory immune cells, suggesting that the treatment could change the inflammatory properties of immune cells through metabolic modulation.

These treatments are all capable of reducing relapse frequency [START_REF] Coles | Alemtuzumab for patients with relapsing multiple sclerosis after diseasemodifying therapy: a randomised controlled phase 3 trial[END_REF][START_REF] Fox | Placebo-controlled phase 3 study of oral BG-12 or glatiramer in multiple sclerosis[END_REF][START_REF] Giovannoni | A placebo-controlled trial of oral cladribine for relapsing multiple sclerosis[END_REF][START_REF] Hauser | Ocrelizumab versus Interferon Beta-1a in Relapsing Multiple Sclerosis[END_REF][START_REF] Kappos | A placebo-controlled trial of oral fingolimod in relapsing multiple sclerosis[END_REF][START_REF] O'connor | Randomized trial of oral teriflunomide for relapsing multiple sclerosis[END_REF][START_REF] Polman | A Randomized, Placebo-Controlled Trial of Natalizumab for Relapsing Multiple Sclerosis[END_REF].

While immunomodulatory treatments come with the risk of severe side effects, such as opportunistic -sometimes fatal -infections, an even larger caveat is the efficacy in the different forms of the disease. The above mentioned drugs were all tested and approved for RRMS, while progressive MS remains difficult to treat. Currently, the only treatment options with proven effect in progressive MS are IFNβ and mitoxantrone (a DNA intercalating cancer drug) in SPMS with evidence of inflammatory activity, and ocrelizumab in PPMS [START_REF] Tintore | Treatment of multiple sclerosis -success from bench to bedside[END_REF].

Another drug with an effect on S1P signaling, siponimod, is currently awaiting approval as treatment of SPMS.

In addition to new pharmaceutic agents, autologous hematopoietic stem cell transplantation (aHSCT) has been performed in several MS patients. In this procedure, the immune system is ablated and then replaced by CD34+ stem cells isolated from the patient previous to the ablation. A retrospective study found a 5-year progression free survival rate of 73% in relapsingremitting patients and 33% in secondary progressive patients [START_REF] Muraro | Long-term Outcomes After Autologous Hematopoietic Stem Cell Transplantation for Multiple Sclerosis[END_REF]. However, without a controlled phase III trial, the true efficacy remains unknown, and results are influenced by selection of patients.

Another treatment strategy would be to improve remyelination in patients, in an attempt to limit neurodegeneration. Many pre-clinical studies have been carried out in order to find proremyelinating molecules, but so far no treatments have been approved for MS. An important limitation is that remyelination is often studied in terms of enhancing natural remyelination, rather than inducing remyelination that has been blocked in one way or another. Considering the role of immune cells in remyelination, it is likely that the inflammatory environment must be taken into account when developing treatments for MS. Still, there are some promising candidates. Clemastine fumarate was identified in an in vitro drug screen [START_REF] Mei | Micropillar arrays as a high-throughput screening platform for therapeutics in multiple sclerosis[END_REF] and has proven effective in reducing visual evoked-response latency in a phase II study [START_REF] Green | Clemastine fumarate as a remyelinating therapy for multiple sclerosis (ReBUILD): a randomised, controlled, double-blind, crossover trial[END_REF]. In addition to a phase III study, direct evidence of remyelination is also needed to be certain of its efficacy as pro-remyelinating therapy. Hopefully, recent developments in noninvasive imaging of remyelination will enable more efficient development of this type of treatment.

Animal models of MS

Experimental autoimmune encephalomyelitis (EAE)

The animal model that most closely resembles MS is experimental autoimmune encephalomyelitis (EAE). It is induced in animals (typically mice, rats or primates) by mounting an autoimmune response to CNS proteins. The induction can be performed in multiple ways, including passive transfer of auto-reactive T cells, injection of myelin protein with Freund's adjuvant or transgenic expression of autoreactive T cell receptors [START_REF] Lassmann | Multiple sclerosis: experimental models and reality[END_REF]. Common to all forms of EAE are inflammation and demyelination, although many forms, particularly in mice, show primary axon loss with secondary demyelination. In addition, the random distribution of lesions in time and space makes it difficult to study the remyelination process in detail [START_REF] Ransohoff | Animal models of multiple sclerosis: the good, the bad and the bottom line[END_REF].

The hypothesis that MS is a primary autoimmune disease has been strengthened by the fact that mounting an autoimmune response against myelin proteins is enough to induce a continuous demyelinating neuroinflammatory debilitating disease. EAE studies have also helped to understand the interaction between CNS and the immune system, and development of some MS treatments were initially found in EAE studies. However, even in the neuroinflammatory aspect, the two diseases differ. For instance, EAE is primarily driven by CD4+ T cells whereas human studies suggest a stronger role for CD8+ T cells [START_REF] Salou | Involvement of CD8+ T Cells in Multiple Sclerosis[END_REF]. Also, as the induction is experimental and several types of EAE are able to mimic aspects of MS, any conclusions drawn from EAE about the cause of MS remain speculative.

As a result of these differences, several drugs with good results in EAE have failed to translate to clinical success [START_REF] Martin | Current multiple sclerosis treatments have improved our understanding of MS autoimmune pathogenesis[END_REF]. Some treatments, such as a tumor necrosis factor (TNF) inhibitors and IFNɣ, showed promising results in EAE but aggravated the disease in patients [START_REF] Panitch | Exacerbations of multiple sclerosis in patients treated with gamma interferon[END_REF] The Lenercept Multiple Sclerosis Study Group and The University of British Columbia MS/MRI Analysis Group, 1999) . Other candidates, such as antibodies against interleukin (IL)-12/23, had no effect in patients [START_REF] Segal | Repeated subcutaneous injections of IL12/23 p40 neutralising antibody, ustekinumab, in patients with relapsing-remitting multiple sclerosis: a phase II, double-blind, placebo-controlled, randomised, dose-ranging study[END_REF]. These treatments all target components of the immune system in EAE.

It is clear that while EAE has provided several key insights about MS pathogenesis, it is not a perfect copy of the disease and the suitability of the model must be evaluated for the specific question asked.

Cuprizone and lysophosphatidyl choline (LPC)

In order to study de-and remyelination, primary demyelination can be induced using chemical methods. Cuprizone, a copper chelator, induces oligodendrocyte apoptosis and demyelinated lesions preferentially in the corpus callosum within 3 weeks of continued administration [START_REF] Matsushima | The Neurotoxicant, Cuprizone, as a Model to Study Demyelination and Remyelination in the Central Nervous System[END_REF]. It is typically administered during a period of weeks, and once administration stops, so does demyelination, and remyelination commences. Lysophosphatidyl choline (LPC) is a detergent which is injected in the CNS to produce focal lesions [START_REF] Denic | The Relevance of Animal Models in Multiple Sclerosis Research[END_REF]. Demyelination occurs within 2 days and remyelination begins within a week after demyelination was induced until completion at 4 weeks post lesion in mice. Thus, the cuprizone and LPC models are useful to understand de-and remyelination at a cellular and molecular level but lack other aspects of MS. While microglia and astrocytes are still activated, there is no chronic inflammation to maintain demyelination after the chemical intervention. Also, as remyelination happens naturally it can only be sped up rather than restored/induced, as would be desired in MS. Without first replicating the block of remyelination seen in many MS patients, any improvement of remyelination in these models risks being of limited value in MS research. 

Chapter conclusion

Macrophages

Macrophages are a central part of the innate immune system. Originating either from yolk sac progenitor cells or from hematopoietic monocytes, they are present in tissues throughout the body. Their roles in the immune response range from defense against pathogens to immune regulation and wound healing.

Macrophage populations

In a highly influential model of macrophage development suggested by [START_REF] Van Furth | The mononuclear phagocyte system: a new classification of macrophages, monocytes, and their precursor cells[END_REF] all macrophages were thought to be derived from peripheral monocytes. However, it is now clear that while peripheral monocytes contribute to maintaining macrophage populations, their importance varies greatly between tissues. Instead, early macrophage populations derive from yolk sac progenitors. Microglia are a specific population in that they are derived directly from a unique line of progenitor cells, the primitive macrophages (Figure 8) [START_REF] Ginhoux | Fate Mapping Analysis Reveals That Adult Microglia Derive from Primitive Macrophages[END_REF].

Other early macrophage populations are generated from later embryonic precursors, and mature macrophage populations can later be supplemented by macrophages derived from peripheral monocytes originating from the bone marrow [START_REF] Hoeffel | Fetal monocytes and the origins of tissue-resident macrophages[END_REF]. One of these populations, in the choroid plexus, is partially maintained by recruitment of monocytes whereas the others are self-sustained, although monocytes can contribute to these populations in inflammatory conditions.

Peripheral monocytes

Peripheral monocytes are derived from hematopoietic stem cells (HSCs) in the bone marrow.

These are present in the blood but can extravasate into tissue and differentiate into macrophages or dendritic cells. Fate-mapping and parabiotic experiments have shown that while some tissues such as gut and skin are continuously repopulated with new MDM, other tissues such as CNS and liver are self-maintained throughout adulthood [START_REF] Ginhoux | Fate Mapping Analysis Reveals That Adult Microglia Derive from Primitive Macrophages[END_REF][START_REF] Yamada | Kupffer Cell Proliferation and Glucan-Induced Granuloma Formation in Mice Depleted of Blood Monocytes by Strontium-89[END_REF]. This is true even when the population is reduced, such as through irradiation, implying the presence of local renewing progenitor cells. However, monocyte infiltration is dynamic, with increased infiltration particularly in inflammatory conditions, and thus it has been questioned whether a model of homeostasis in tightly controlled experimental environments directly translates to the ever-changing human body, and thus monocytes may play a larger role in the tissue-resident populations [START_REF] Hume | The Mononuclear Phagocyte System: The Relationship between Monocytes and Macrophages[END_REF].

Monocyte extravasation is a multi-step process involving several types of inducible molecules and it is strongly influenced by tissue macrophages and dendritic cells [START_REF] Gerhardt | Monocyte trafficking across the vessel wall[END_REF]. For example, pro-inflammatory cytokines produced by these cells can induce expression of cell-adhesion molecules on endothelial cells, to which monocytes adhere. Transmigration is then directed by gradients of chemokines, e.g. C-C motif chemokine ligand (CCL) 2 which is primarily secreted by macrophages and dendritic cells.

CNS macrophages

Because of the unique origin of microglia and the lack of monocyte contribution to the population, there is some disagreement concerning their nomenclature. While some researchers consider microglia the CNS parenchymal macrophage, others make a distinction between microglia and macrophages (in which macrophages refers to other tissue-resident macrophages as well as MDM). Microglia are not identical to other macrophages, but they reproduce the fundamental aspects of macrophages, to the point where it has proved difficult to define specific protein markers for microglia and MDM in the inflamed CNS (Wang et al., 2019). Multiple markers have been suggested, but they are often defined based on homeostatic microglia and many do not reflect the changes that appear in microglia in response to the inflammatory conditions that attract monocytes. Still, microglia do serve CNS-specific functions, although the equivalent can be said to some extent about any tissue-resident macrophage as they will be influenced by their environment.

In fact, microglia can be replaced by other cells of yolk sac or hematopoietic origin in experimental conditions. Colony-stimulating factor (CSF1), also known as macrophage colonystimulating factor (M-CSF), is important for tissue macrophage establishment, and its receptor CSF1R is critical for microglial establishment in development [START_REF] Ginhoux | Fate Mapping Analysis Reveals That Adult Microglia Derive from Primitive Macrophages[END_REF]. In Csf1r - /-mice, which lack microglia, intracranial transplantation of cells from different sources generated cells with morphology and expression of markers typical for microglia (Bennett et al., 2018). This could also be achieved with intraperitoneal injection of bone marrow cells, surprisingly without noticeable disruption of the BBB and with a partial rescue of the Csf1r -/- phenotype. While HSC-derived macrophages were still distinct from microglia in wild-type mice, as illustrated by altered gene expression of more than 300 genes, their ability to express several markers specific for homeostatic microglia shows the importance of the tissue environment in the differentiation of macrophages. Fetal macrophages showed even stronger similarities with homeostatic microglia. When compared to other cell types from previous transcriptomic analyses, all injected myeloid populations were more similar to wild-type microglia than to other myeloid cells.

For these reasons, throughout this thesis I include microglia in the general term "macrophages", distinguishing between specific populations when suitable to do so. It is however important to remember that the tissue has an impact on the functions, and general properties of macrophages will have varying importance depending on location.

Apart from microglia, there are three additional populations of CNS-resident macrophages, located in the perivascular space, meninges and the choroid plexus. The former two are selfsustained, while the latter is of mixed embryonic and hematopoietic origin [START_REF] Goldmann | Origin, fate and dynamics of macrophages at central nervous system interfaces[END_REF] (Figure 8).

Macrophage functions

Macrophages serve multiple functions in both the innate (antigen-nonspecific) and adaptive (antigen-specific) immune system. While the macrophage itself is considered as part of the innate immune system, its interactions with cells of the adaptive immune system evidences its broad-spectrum role. The following sub-chapters briefly describe some of the central aspects of macrophage functionality.

Pathogen detection and elimination

A large amount of pathogens can be detected through their expression of pathogen-associated molecular patterns (PAMPs). PAMPs include bacterial components, such as lipopolysaccharide (LPS) and peptidoglycans, and double-stranded RNA, a format of genetic material specific to multiple viruses. PAMPs are recognized by specific pattern recognition receptors (PRRs) on macrophages, such as toll-like receptor (TLR) 4, which recognizes LPS. Different PRRs have different localizations, with some being present on the plasma membrane and others in intracellular compartments. When activated, many of these receptors will induce an inflammatory program. For example, all TLRs will activate nuclear factor kappa-light-chainenhancer of activated B cells (NF-κB), a transcription factor which in turn induces transcription of several inflammatory cytokines [START_REF] Kawai | The role of pattern-recognition receptors in innate immunity: update on Toll-like receptors[END_REF].

In addition to proficiency at detecting pathogens, macrophages also have potent microbicidal activity. For example, after exposure to inflammatory stimuli, such as PAMPs or cytokines, macrophages increase expression of inducible nitric oxide synthetase (iNOS in human, NOS2

in rodents) which increases production of nitric oxide [START_REF] Xie | Cloning and characterization of inducible nitric oxide synthase from mouse macrophages[END_REF]. Nitric oxide at high concentration is toxic to all cells and thus kills indiscriminately.

Pathogens can also be destroyed through phagocytosis. Phagocytosis serves multiple functions, and is a type of endocytosis forming large enough vesicles to include entire microorganisms.

The process forms phagosomes, which are fused with lysosomes, thus forming phagolysosomes with low pH and multiple enzymes that serve to break down the pathogens. Phagocytosis can be induced through receptors such as Fcɣ receptors, complement receptors, scavenger receptors and mannose receptors [START_REF] Freeman | Phagocytosis: receptors, signal integration, and the cytoskeleton[END_REF]. Ligands for these receptors include antibodies, complement and several pathogen-derived molecules, meaning that phagocytic clearance can be dependent or independent of adaptive immunity.

In addition to reacting to complement, macrophages can produce multiple complement proteins, which target pathogens for destruction in ways dependent or independent of antibodies [START_REF] Lubbers | Production of complement components by cells of the immune system[END_REF]. In summary, macrophages are an efficient defense against many types of pathogens.

Antigen presentation

Macrophages are professional antigen presenting cells (APCs), meaning that they can activate T cells to induce an immune response against a specific presented antigen. APCs are not specific and will thus present many different types of antigens, but only antigens for which there are specific T cells can induce an adaptive immune response. Antigens are retrieved after breakdown in the phagolysosomes, and presented on major histocompatibility complex (MHC)

class II, a complex only present on APCs (Figure 9), as opposed to MHC class I, which is present on all cells and presents internal antigens such as viral antigens to cytotoxic T cells.

T cells with the ability to recognize the presented antigen can then be activated. Activation of naïve T helper cells also requires co-stimulatory molecules which are expressed on the APC surface. This expression is regulated by external factors such as inflammatory cytokines and PRRs, and thus signals a compromised environment. T cell receptor-MHC binding without the presence of co-stimulatory molecules or with the presence of inhibitory molecules can instead induce T cell apoptosis or anergy, promoting tolerance [START_REF] Janeway | The production of armed effector T cells[END_REF]. Several cytokines produced by APCs can also influence the differentiation of T helper cells, thus influencing their inflammatory properties [START_REF] Luckheeram | CD4+T Cells: Differentiation and Functions[END_REF]. 

Propagation of inflammation, resolution and tissue repair

Macrophages are able to both induce and enhance inflammatory environments through cytokine production. Both PRR signaling and exposure to pro-inflammatory cytokines from other cells will induce production of cytokines such as TNF, IL12 and IL6. These cytokines will in turn affect the phenotype of other macrophages, naïve lymphocytes and even astrocytes. The proinflammatory cascade also leads to recruitment of more immune cells through production of chemokines in macrophages.

In the same way, macrophages can also propagate anti-inflammatory/immunomodulatory signaling. Production of IL-10 is a classic characteristic of macrophages after antiinflammatory stimuli, and regulates activity of pro-inflammatory pathways (Martinez and Gordon, 2014). Anti-inflammatory activity in macrophages can be induced either by external stimuli (such as cytokines produced by other cells), but is also enabled through negative feedback loops after pro-inflammatory stimuli [START_REF] Hamidzadeh | Macrophages and the Recovery from Acute and Chronic Inflammation[END_REF]. This serves to inhibit chronic inflammation, although it must be well-balanced to still allow for pathogen and cancer cell elimination.

Resolution of inflammation is a critical step in re-establishing homeostasis after injury.

Production of anti-inflammatory cytokines reduces production of damaging effector molecules in other cells, thus inhibiting further damage. However, the role of macrophages in tissue repair extends further than production of cytokines.

The area must also be cleaned of remaining debris, such as dead pathogens and apoptotic and necrotic host cells. Macrophages are uniquely efficient at phagocytosing and digesting this debris. Apoptotic cells are also efficient at attracting macrophages: they can release different signals such as chemokine (C-X3-C motif) ligand 1 (CX3CL1) and nucleotides to create a chemotactic gradient which attracts macrophages to the cell (Hochreiter-Hufford and Ravichandran, 2013). There are also several membrane signals that are then recognized by receptors on the macrophage, such as altered sugars recognized by leptins, triggering phagocytosis. This process is important in both tissue repair and homeostasis.

Macrophages are also important orchestrators of proliferation and differentiation of other cells in tissue repair. They produce several growth factors such as insulin-like growth factor 1 (IGF-1) and platelet-derived growth factor (PDGF) [START_REF] Wynn | Macrophages in tissue repair, regeneration, and fibrosis[END_REF]. Of note, microglia in the CNS are an important source of brain-derived neurotrophic factor (BDNF) [START_REF] Dougherty | Brain-Derived Neurotrophic Factor in Astrocytes, Oligodendrocytes, and Microglia/Macrophages after Spinal Cord Injury[END_REF]. In the later "tissue reorganization" stage of repair, macrophages produce several matrix metalloproteinases which contribute to remodeling of the extracellular matrix [START_REF] Minutti | Tissue-specific contribution of macrophages to wound healing[END_REF].

CNS development and homeostasis

Microglia also have an essential role in CNS development and maturation of the neuronal network. In their interactions with neurons, microglia have important roles in synapse modulation in development [START_REF] Paolicelli | Synaptic Pruning by Microglia Is Necessary for Normal Brain Development[END_REF] and learning [START_REF] Parkhurst | Microglia promote learning-dependent synapse formation through brain-derived neurotrophic factor[END_REF], phagocytosis of apoptotic neurons [START_REF] Sierra | Microglia Shape Adult Hippocampal Neurogenesis through Apoptosis-Coupled Phagocytosis[END_REF], organization of neurons [START_REF] Squarzoni | Microglia Modulate Wiring of the Embryonic Forebrain[END_REF], and neuronal survival [START_REF] Ueno | Layer V cortical neurons require microglial support for survival during postnatal development[END_REF].

Microglia are also important for efficient myelination, as has been shown through post-natal depletion of chemokine (C-X3-C motif) receptor 1 (CX3CR1)-expressing cells (homeostatic microglia). In these mice, OPCs were significantly reduced in corpus callosum at post-natal day 8, as were oligodendrocytes at post-natal day 20 [START_REF] Hagemeyer | Microglia contribute to normal myelinogenesis and to oligodendrocyte progenitor maintenance during adulthood[END_REF]. While axon density and myelin thickness remained the same, the number of myelinated axons was reduced.

Furthermore, when depletion was performed on adult mice, there was a significant reduction of OPCs without affecting mature oligodendrocytes. The mechanism through which microglia exert this protective effect was not shown, but a few molecules known to impact maturation and myelination were expressed by microglia in control animals. However, the presence of other types of macrophages was not examined in the depleted mice and thus a deleterious role by other macrophages, replacing the depleted microglia, cannot be excluded at present.

Activation potential of macrophages

Macrophage activation states

As has been alluded to above, macrophages are responsive and versatile cells, and their function is highly dependent on their environment. An "activation" of mouse macrophages was first described in the context of repeated infections, where mice became resistant to infection of bacteria within a short time after an infection of another species of bacteria [START_REF] Mackaness | THE IMMUNOLOGICAL BASIS OF ACQUIRED CELLULAR RESISTANCE[END_REF].

After 4 weeks, this increased resistance only reappeared if the first species, to which the mouse was immune, was injected with the second. This suggests that the global resistance was not a true immunity but a result of a transiently altered immune response. The resistance could also be transferred through injection of lymphoid cells collected 7 days after initial infection, but only if the recipient mouse was also exposed to the first pathogen, activating the antigenspecific lymphocytes [START_REF] Mackaness | The Influence of Immunologically Committed Lymphoid Cells on Macrophage Activity in Vivo[END_REF]. The non-specific immunity resulted from the lymphocytes globally increasing microbicidal activity in macrophages. The increased activity and concomitant changes in morphology was generally referred to as "activation". This activation was later discovered to be caused by IFNɣ, produced by T helper 1 (Th1) cells [START_REF] Nathan | Identification of interferon-gamma as the lymphokine that activates human macrophage oxidative metabolism and antimicrobial activity[END_REF]. Macrophages activated by IFNɣ are characterized by an increased expression of several pro-inflammatory cytokines and of iNOS with increased nitric oxide levels as a result.

Another type of activation by IL-4 was later discovered [START_REF] Crawford | B cell stimulatory factor-1 (interleukin 4) activates macrophages for increased tumoricidal activity and expression of Ia antigens[END_REF]. As this activation was studied further, several differences were noted which led to redefining this as "alternative activation", as opposed to "classical activation" by IFNɣ. Of note, this alternative activation does not induce expression of pro-inflammatory cytokines, and increases expression of mannose receptor, a non-opsonic phagocytic receptor [START_REF] Stein | Interleukin 4 potently enhances murine macrophage mannose receptor activity: a marker of alternative immunologic macrophage activation[END_REF]. While both stimuli increase expression of MHC class II molecules, there is a difference in the subtypes expressed [START_REF] Gerrard | IL-4 and granulocyte-macrophage colony-stimulating factor selectively increase HLA-DR and HLA-DP antigens but not HLA-DQ antigens on human monocytes[END_REF]. To mirror the cells producing IFNɣ (Th1) and IL-4 (T helper 2, Th2), classically activated cells were later named M1 and alternatively activated cells M2.

As more stimuli were studied, multiple types of alternative activation were identified. The M2 classification was subtyped as M2a (IL-4/IL-13), M2b (immune complexes and Fc receptors)

and M2c (IL-10 and glucocorticoids) (Mantovani et al., 2004). These three phenotypes share an increased expression of IL-10 and decrease in nitric oxide production, but also display specific functional capacities (Figure 10). Whereas M2a is considered an effector cell of Th2 responses in allergy and defense against parasites, M2b and M2c are involved in immunoregulation. M2b also activates Th2 while M2c also contributes to matrix deposition and tissue remodeling.

In addition to the different cytokines influencing the functions of other immune cells, different activating stimuli induce different chemokine profiles, and the different activation states thus recruit different types of immune cells. M1 macrophages produce chemokines that attract Th1 and natural killer (NK) cells. M2 cells collectively attract basinophils, eosinophils, Th2 cells, regulatory T (Treg) cells, naïve T cells and follicular T helper cells (Mantovani et al., 2004). In addition, the different profiles attract different types of CD8+ T cells: Whereas M1 attracts cytotoxic and IFNɣ-producing type 1 CD8+ cells (Tc1), M2a and M2b attract IL-4-producing type 2 CD8+ cells (Tc2). 

Metabolism and macrophage activation

IFNɣ/LPS and IL-4/IL-13 lead to different metabolic states in macrophages (Figure 11).

Overall, M1 macrophages utilize glycolysis as a means to produce energy to a much larger extent than M2 macrophages, which rely more on fatty acid oxidation and oxidative phosphorylation [START_REF] Galván-Peña | Metabolic Reprograming in Macrophage Polarization[END_REF]. There are several identified mediators of this switch (Kelly and O'Neill, 2015).

Both IFNɣ and LPS induce increased expression of hypoxia-induced factor 1α (HIF1α) [START_REF] Takeda | Differential activation and antagonistic function of HIF-α isoforms in macrophages are essential for NO homeostasis[END_REF], a transcription factor which increases glycolysis and is typically highly expressed in hypoxic conditions [START_REF] Jiang | Hypoxia-inducible factor 1 levels vary exponentially over a physiologically relevant range of O2 tension[END_REF]. Its recognized pattern can be found in the promoter of glucose transporter 1 (GLUT1) [START_REF] Ebert | Hypoxia and mitochondrial inhibitors regulate expression of glucose transporter-1 via distinct Cis-acting sequences[END_REF] and glycolytic enzymes [START_REF] Semenza | Transcriptional regulation of genes encoding glycolytic enzymes by hypoxia-inducible factor 1[END_REF] which are all upregulated in hypoxia. On the other hand, IL-4 stimulation of macrophages induces tuberous sclerosis 1 (TSC1) expression [START_REF] Zhu | TSC1 controls macrophage polarization to prevent inflammatory disease[END_REF] which inhibits the mammalian target of rapamycin (mTOR), an inducer of HIF1α expression.

In addition to increasing glycolysis, M1 stimulation decreases oxidative phosphorylation. Nitric oxide, of which production is increased in M1 macrophages, nitrosylates components of the respiratory chain, thus inactivating them [START_REF] Clementi | Persistent inhibition of cell respiration by nitric oxide: Crucial role of S-nitrosylation of mitochondrial complex I and protective action of glutathione[END_REF]. M1 stimulation also decreases activation of 5' adenosine monophosphate-activated protein kinase (AMPK) [START_REF] Sag | Adenosine 5'-monophosphate-activated protein kinase promotes macrophage polarization to an anti-inflammatory functional phenotype[END_REF], which normally induces production of respiratory chain proteins and promotes β-oxidation.

AMPK activity is instead high in IL-10-stimulated macrophages with resulting increased oxidative metabolism. IL-4 also increases both fatty acid uptake and fatty acid oxidation, and knockdown of mediators such as PPARɣ-coactivator-1β (PGC-1β) reduces both oxidative consumption and expression of M2 markers [START_REF] Vats | Oxidative metabolism and PGC-1β attenuate macrophage-mediated inflammation[END_REF]. 

Studying macrophage activation

The in-depth characterization of macrophage activation described above has primarily been performed through mouse experiments. Although many similarities exist between human and mouse macrophages in this aspect, there are still considerable differences (Martinez and Gordon, 2014).

While the described stimuli will generate a homogenous macrophage response in vitro, macrophages will encounter many different stimuli in vivo and therefore achieve a less clearcut activation profile. The hallmarks of M1 and M2 activation states are seen to varying degrees in individual cells, with many cells displaying signatures of two activation states simultaneously. Therefore, the activation of macrophages has been described as a continuum of activation between two extremes, but even that is an over-simplification. Transcriptomic cluster analysis of human macrophages exposed to 29 stimuli in vitro (consisting of 1-3 molecules)

showed that even in an artificial setting, macrophages could achieve 9 different general transcriptomic signatures [START_REF] Xue | Transcriptome-Based Network Analysis Reveals a Spectrum Model of Human Macrophage Activation[END_REF]. These signatures were not just intermediates between two end-points, but included their own over-expressed genes not seen after either classical M1 or M2 stimuli.

Despite the discrepancy between the experimental and physiological phenotypes, examining macrophages with these extreme characteristics has provided an understanding of the wide spectrum of functions that macrophages can perform. It has also opened up the possibility for therapies steering the macrophage population into the optimal phenotype in a disease context.

Role in MS

In the healthy CNS, the macrophage population consists nearly exclusively of microglia.

However, CNS infiltration of monocytes in MS causes the CNS macrophage population to comprise both microglia and MDM. As mentioned above, it is difficult to distinguish between the two in functional studies. As a result, the two populations are often studied as a whole, and many authors will simply refer to the whole population as "microglia" or "macrophages". For this reason, in the following description of macrophages in MS, I will refer to "macrophages" in general unless the origin has been identified.

Antigen presentation

The HLA complex is the human MHC. As mentioned in the previous chapter, the strongest genetic factor found in MS is haplotype HLA-DR15*01, which is part of the HLA class II genes and thus only expressed by APCs. As a result, APCs have long been suspected to contribute to the disease. Polymorphisms in HLA class II genes can affect the interaction between APCs and T helper cells, resulting in altered sensitivity to different antigens.

In the CNS, both perivascular macrophages and microglia show constituent expression of HLA class II, with increased expression in MS patients [START_REF] Hendrickx | Staining of HLA-DR, Iba1 and CD68 in human microglia reveals partially overlapping expression depending on cellular morphology and pathology[END_REF][START_REF] Jack | Microglia and multiple sclerosis[END_REF]. In addition, high expression of co-stimulatory molecules CD80 and CD86 has been identified in MS patients, with the former being primarily present in perivascular spaces and the latter in lesions [START_REF] Windhagen | Expression of costimulatory molecules B7-1 (CD80), B7-2 (CD86), and interleukin 12 cytokine in multiple sclerosis lesions[END_REF]. While in the case of CD86, this may simply be a result of increased number of macrophages, the increase of CD80 was not matched in inflammatory infarct regions in the same patients, suggesting that this is an effect of the lesion rather than inflammation in general. The expression of these molecules suggests that macrophages in the CNS are capable of presenting antigen to autoreactive cells.

Maintenance of inflammatory environment

MS lesions are characterized by inflammation, and macrophages are believed to play a role in enhancing this pro-inflammatory environment. This is partly due to their overwhelming presence in lesions, and to some identified pro-inflammatory effects.

For instance, several chemokines are highly expressed in active MS lesions, including CCL2 , a potent leukocyte chemoattractant, which is primarily expressed by macrophages and astrocytes [START_REF] Simpson | Expression of monocyte chemoattractant protein-1 and other β-chemokines by resident glia and inflammatory cells in multiple sclerosis lesions[END_REF]. This indicates a role of macrophages in recruiting more leukocytes to the lesions. This role is further suggested by the fact that the three principal entry routes suggested in MS -choroid plexus, leptomeninges, and perivascular cuffs [START_REF] Lindner | Mechanisms underlying lesion development and lesion distribution in CNS autoimmunity[END_REF] -are all inhabited by one of the three non-parenchymal CNS-resident macrophage populations.

Monocytes from MS patient blood display greater production of prostaglandin E, IL-1α, and TNF compared to healthy controls when stimulated with LPS or phorbolmyristate acetate (PMA) [START_REF] Merrill | In vitro study of mediators of inflammation in multiple sclerosis[END_REF], suggesting a phenotype which is easily triggered to release proinflammatory stimuli.

Tissue destruction

Besides their capacity to influence other immune cells, macrophages are also implicated in tissue destruction on their own. This destruction is still under investigation, but multiple aspects have been proposed.

Firstly, in MS lesions, macrophages contain products of myelin degeneration following phagocytosis. However, it is unclear whether this is a result of phagocytosis of functional myelin, or if it purely reflects the clearance of myelin debris resulting from damage caused by other sources. In a study of macrophages in EAE, it was shown that macrophages can ingest myelin while it is still attached to the axon, suggesting an active destructive role [START_REF] Yamasaki | Differential roles of microglia and monocytes in the inflamed central nervous system[END_REF].

In post-mortem MS lesions, active lesions show a high expression of TNF, especially in microglia and macrophages [START_REF] Bitsch | Tumour necrosis factor alpha mRNA expression in early multiple sclerosis lesions: Correlation with demyelinating activity and oligodendrocyte pathology[END_REF]. This expression correlates with the number of apoptotic cells, and TNF expression in the periplaque white matter inversely correlates with oligodendrocyte density. Macrophages also produce nitric oxide (which is neurotoxic at high concentrations) through expression of iNOS, which is seen in active MS lesions [START_REF] De Groot | Immunocytochemical characterization of the expression of inducible and constitutive isoforms of nitric oxide synthase in demyelinating multiple sclerosis lesions[END_REF][START_REF] Hooper | Prevention of experimental allergic encephalomyelitis by targeting nitric oxide and peroxynitrite: Implications for the treatment of multiple sclerosis[END_REF][START_REF] Oleszak | Inducible Nitric Oxide Synthase and Nitrotyrosine Are Found in Monocytes/Macrophages and/or Astrocytes in Acute, but Not in Chronic, Multiple Sclerosis[END_REF].

Macrophage dysregulation seems to extend to homeostatic functions as well. For example, MS macrophages likely participate in excessive synaptic pruning, which is initiated by complement [START_REF] Michailidou | Complement C1q-C3-associated synaptic changes in multiple sclerosis hippocampus[END_REF]. This is matched by an increase of complement component 1q (C1q), which is at least in part produced by the neurons.

In the study showing myelin phagocytosis of myelin in contact with axons [START_REF] Yamasaki | Differential roles of microglia and monocytes in the inflamed central nervous system[END_REF], the individual contributions of MDM and microglia to myelin destruction were examined. The study utilized a double transgenic mouse line, CC chemokine receptor (Ccr)2 rfp/+ ::Cx3cr1 gfp/+ , in which Ccr2/RFP was used as a marker of MDM and Cx3cr1/GFP of microglia [START_REF] Yamasaki | Differential roles of microglia and monocytes in the inflamed central nervous system[END_REF]. Ccr2-expressing cells were more often in contact with axoglial units, and more often contained myelin when in contact with either myelinated or demyelinated neurons compared to Cx3cr1-expressing cells (Figure 12). This led the authors to conclude that MDM are more destructive, while microglia are more reparative. However, no evidence was provided to show that microglia do not change their expression profile in this context when activated. In fact, GFP+ cells were consistently highly ramified, a feature that is typically lost in activated microglia [START_REF] Thomas | Brain macrophages: evaluation of microglia and their functions[END_REF]. Without further investigation, it is difficult to say whether the observed difference could instead be a difference between activated and homeostatic macrophages. 

Remyelination

Macrophages have been implicated in several aspects of promoting remyelination (Figure 13).

When myelin is destroyed, debris remains in the lesion, and like other cellular debris, macrophages are capable of clearing it. This is of importance in remyelination, as myelin debris reduces differentiation of OPCs into oligodendrocytes and thus remyelination (Kotter et al., 2006), implicating an important role of macrophages in the process.

Other effects of macrophages on remyelination have also been described. In studies of primary microglia and neural precursor cells (NPCs) co-cultured in vitro, prior exposure of microglia to activating stimuli drastically altered the differentiation of NPCs. Both IL-4 and -to a smaller extent -IFNɣ at low concentration induced a microglial phenotype which promoted NPC differentiation into NG2+ OPCs, while LPS and IFNɣ at high concentration had the opposite effect, albeit not at statistical significance (Butovsky et al., 2006b(Butovsky et al., , 2006a)). Of note, the differentiation-promoting effects of IL4-stimulated microglia were largely dependent on IGF-1, and were inhibited with anti-IGF-1 antibodies. In the latter study, activated microglia were also injected into EAE rats before disease onset. Microglia activated with IL-4 reduced disability compared to non-activated microglia or microglia activated with IFNɣ at high concentration. While oligodendrogenesis was increased after injection of IL-4-stimulated microglia compared to injection of saline, no comparison was made with other injected microglia, and thus it remained uncertain whether the link between activation and disease could lie in oligodendrogenesis.

The importance of macrophages in the remyelination process was further strengthened by a study using parabiosis, where mice were surgically connected in order to create a shared blood circulation. Remyelination is more efficient in young than old mice, and after induction of demyelination in an old mouse, remyelination was greatly improved in mice parabiotically joined with a young mouse compared to with another old mouse [START_REF] Ruckh | Rejuvenation of Regeneration in the Aging Central Nervous System[END_REF]. When the cells within the lesions were studied, the vast majority of the cells originating from the young mouse were macrophages. This suggests that a large part of the defective remyelination in older animals is due to impaired capacity in macrophages to induce repair.

The role of macrophage activation in remyelination was later evidenced in LPC-injected mice (Miron et al., 2013). First, a transition between activation states was identified in the macrophage population using markers of M1 and M2 activation. At 3 days post-lesion (dpl), when OPCs are recruited, most macrophages (CD68+ cells) expressed M1 markers (iNOS, TNF and CD16/32). At 10 dpl, when OPCs differentiate, the majority of macrophages expressed M2 markers (Arg1, MR and IGF-1). At 21 dpl, when remyelination has completed, the amount of M2 cells significantly decreased. While Ccr2 -/-mice lacking infiltrating monocytes showed a slight reduction of activated cells, MDMs contributed to both M1 and M2 activation. When M1 cells were depleted using gadolinium(III) chloride at 3dpl (confirmed by immunostaining in mice sacrificed on day of injection), the number of proliferating OPCs was reduced compared to control, although this was not matched by an increased number of OPCs at this time point.

When M2 cells were depleted using mannosylated clodronate liposomes at 8dpl (confirmed with immunostaining at 10dpl), the total expression of myelin-associated glycoprotein (MAG)

and MBP 10 dpl and the number of nodes of Ranvier at 21 dpl were reduced compared to controls, indicating delayed remyelination. In vivo and in vitro data suggested that this mediating effect could be in large part due to microglia producing activin-A which enhances OPC differentiation.

Another molecule believed to play a role in macrophage mediation of remyelination is IL-4I1, which is induced after IL-4 activation. In mice deficient in IL-4I1, pro-inflammatory macrophages are present in high numbers throughout the normal period of remyelination after LPC demyelination [START_REF] Psachoulia | IL4I1 augments CNS remyelination and axonal protection by modulating T cell driven inflammation[END_REF]. Oligodendrocyte differentiation is also less efficient, and the opposite effect is seen in wild-type mice treated with recombinant IL-4I1.

This suggests an important role of anti-inflammatory macrophages in modulating proinflammatory macrophages to improve remyelination.

Rather than individual macrophages transitioning from one state to the other, the shift in macrophage populations during remyelination seems to depend on a replacement of proinflammatory cells by pro-regenerative cells [START_REF] Lloyd | Central nervous system regeneration is driven by microglia necroptosis and repopulation[END_REF]. After demyelination, macrophages express markers of necroptosis (a programmed form of necrosis) at 3dpl (when macrophages are primarily pro-inflammatory), and cell death is substantial at 7dpl, prior to the high numbers of anti-inflammatory cells at 10dpl. When necroptosis was inhibited in demyelinated explants, M1 macrophages were maintained and remyelination was reduced. 

Activation states in MS lesions

In 2006, Boven and colleagues suggested that foamy macrophages in MS active lesions are globally anti-inflammatory, although the exact phenotype varies between different regions of the lesion [START_REF] Boven | Myelin-laden macrophages are anti-inflammatory, consistent with foam cells in multiple sclerosis[END_REF]. The anti-inflammatory phenotype was characterized by high expression of prostaglandins, tumor growth factor (TGF)β, IL-1ra, IL-10, IL-4 and CCL18, and low expression of IL-12p40, TNF and IL-1β. In the same study, in vitro data from MDM of healthy donors showed that incubation with myelin induces expression of anti-inflammatory cytokines and inhibits normal response to LPS, with less pro-inflammatory cytokines being induced, suggesting that myelin itself induces an anti-inflammatory phenotype. However, in a study comparing in vitro stimulation, using IFNɣ+LPS or IL-4, with labeling of post-mortem MS tissue, M1 markers CD40 (co-stimulatory molecule) and CD64 (Fcγ RI) were highly expressed in MS lesions and were also expressed by macrophages in vitro after M1 stimulation (Vogel et al., 2013). While 70% of HLA-DR positive cells in active MS lesions were also positive for M2 marker mannose receptor, virtually all HLA-DR positive cells were CD40

positive. Thus, macrophages in active MS lesions appear to achieve an intermediate state which is neither fully classically M1 nor M2. In chronic active lesions, however, foamy macrophages are rare and the present activated macrophages express M1 markers.

The intermediate state was again identified in a study of microglial homeostatic markers in MS (Zrzavy et al., 2017). Multiple markers of homeostatic microglia showed decreased expression in NAWM and inactive and active lesions compared to white matter of healthy controls.

However, upregulation was seen in genes from many categories, including M1 and M2 markers, and genes involved in phagocytosis, antigen presentation, oxidative stress, and iron metabolism. In the same study, transmembrane protein (TMEM) 119 was used to identify microglial contribution to macrophage populations in different lesions. TMEM119 does not seem to label macrophages from blood [START_REF] Bennett | New tools for studying microglia in the mouse and human CNS[END_REF][START_REF] Satoh | TMEM119 marks a subset of microglia in the human brain[END_REF], although whether TMEM119 labels all microglia is unclear [START_REF] Satoh | TMEM119 marks a subset of microglia in the human brain[END_REF]. TMEM119+ positive cells were found in NAWM and in active lesions, but not in inactive centers.

Chapter conclusion

It is clear that macrophage populations have diverse roles in health and in disease, and that they have many different functions that, if dysregulated, could play a large role in MS onset and progression. In order to induce a pro-regenerative environment, macrophages would need to receive the correct signals and respond correctly to these signals. Still, little is known about intrinsic activation capacity of MS macrophages compared to healthy ones.

Examining the profiles of MS patient macrophages activated outside of the lesion could give an indication of their contribution to the disease.

High-dimensional data analysis in complex diseases

It is becoming clear that for MS, there are no obvious solutions to be found. Unless a major discovery is eluding us, the disease is not caused by one gene or a single triggering event, it is not caused by a single dysfunctional cell type, and there is no possible treatment that could eliminate the disease from all patients. It is therefore important to see MS patients for the heterogeneous group they are, and account for this variation in study designs.

Personalized medicine (also known as individualized or precision medicine) is the concept of using the profile of an individual patient to optimize the prevention, prognosis and treatment of disease. The term is used broadly and the distinction between classical and personalized medicine varies. For instance, stratified medicine, where patients are divided by subtype of disease, is often considered personalized medicine. A classic example of this is when breast carcinomas are tested for human epidermal growth factor receptor (HER) 2, as tumors with gene amplification or over-expression of HER2 can be treated with trastuzumab, while other tumors are unaffected [START_REF] Hudis | Trastuzumab -Mechanism of Action and Use in Clinical Practice[END_REF]. By first performing the analysis, the probability of selecting a successful treatment strategy increases drastically. However, one could argue that personalized medicine is just more refined stratification: We have gone from separating breast cancer patients from controls, to separating tumors that could and cannot respond to trastuzumab. As more studies are performed, perhaps it will be possible to say which ones definitely will and will not respond to treatment. While the utopic vision of personalized medicine is often presented as an exact calculated prediction based on a complete profile of a patient, before we reach this stage (if indeed it could be reached), it would likely need to be preceded by continued stepwise increase of precision in stratification. As such, research toward personalized medicine often involves a smaller population of extensively described patients, in which biomarkers can be identified to extrapolate their profiles to the entire patient population.

In MS, personalized medicine has much potential in terms of optimizing diagnosis, prognosis, treatment and monitoring of the disease [START_REF] Gafson | Personalised medicine for multiple sclerosis care[END_REF]. Currently, clinically relevant stratification is not particularly refined. A diagnosis of SPMS will exclude treatment options, but in RRMS, treatment is typically based on trial and error according to a standard hierarchy of treatments, sorted by risk and benefit. The risk of complications in treatment with natalizumab can be estimated with anti-John Cunningham virus antibody assays, prior use of immuno-suppressants and treatment duration, but it does not concern efficacy [START_REF] Bloomgren | Risk of Natalizumab-Associated Progressive Multifocal Leukoencephalopathy[END_REF]. New biomarkers of different disease aspects are continuously being explored [START_REF] Paul | Biomarkers in Multiple Sclerosis[END_REF], and robust biomarkers have the potential to significantly improve both treatment and research. However, discovery requires extensive exploratory methods and wellcharacterized patients.

Omics

The field of "omics" was born following the development of genomic studies, in which the whole genome (or a proxy) is studied. Omics include high-dimensional studies of several biological aspects, such as transcriptomics, epigenomics, proteomics and metabolomics. In each case, the relevant compartment is studied as a whole, which has two major advantages.

First, its hypothesis-free nature enables novel discoveries. This includes disease risk susceptibility in genes that a priori appear unrelated to the disease, or correlation in expression between genes elucidating a common regulator of transcription. Secondly, omics allow study of the whole system at once, meaning that even small effect sizes can be identified if there is an additive effect between them. For example, small differences in expression of several genes within the same pathway can significantly alter the function of the system, and this can be identified by utilizing previous biological knowledge.

The field took off when the first draft sequence of a full human genome was achieved. A public collaboration, the Human Genome Project (HGP), and a private company, Celera Genomics, both published their sequences in 2001 [START_REF] Lander | Initial sequencing and analysis of the human genome[END_REF][START_REF] Venter | The sequence of the human genome[END_REF]. The HGP was launched in 1990 and their results were made publically available as they progressed. The aim was not only to sequence the genome but also to identify all the protein-coding genes in the genome. Subsequently, the haplotype map (HapMap) project was launched to extensively catalog the variance observed between individuals. As such, they created a database of SNPs including information about shared heritability, enabling efficient reduction of the number of nucleotides that must be sequenced in order to predict an entire genome with decent accuracy (International HapMap Consortium, 2005).

What followed was an avalanche of GWAS, in which a relatively small number of tagging SNPs are examined for association with common diseases, using large cohorts of patients and controls. Interesting SNPs are then studied further to find the causal SNP among correlated SNPs, and gene effects are typically predicted based on proximity to the causal SNP. As cohort sizes grow, so does the number of identified associations [START_REF] Mills | A scientometric review of genome-wide association studies[END_REF]. However, the average effect size of novel associations shrinks as study power increases [START_REF] Baranzini | The genetics of multiple sclerosis: From 0 to 200 in 50 years[END_REF]. As mentioned in a previous chapter, in the case of MS susceptibility, 233 independent susceptibility SNPs have been identified [START_REF] Beecham | Analysis of immunerelated loci identifies 48 new susceptibility variants for multiple sclerosis[END_REF][START_REF] Patsopoulos | The Multiple Sclerosis Genomic Map: Role of peripheral immune cells and resident microglia in susceptibility[END_REF][START_REF] Sawcer | Genetic risk and a primary role for cell-mediated immune mechanisms in multiple sclerosis[END_REF]. Collectively, these describe 39% of heritability, and the value of further studies has been questioned as future individual associations from GWAS cannot be expected to contribute substantially to this number [START_REF] Vandenbroeck | The era of GWAS is over -Yes[END_REF]. Still, further SNPs may highlight interactions and permit a clinically useful prediction of risk, at least in some cases [START_REF] Jager | The era of GWAS is over -No[END_REF]. In addition, genome sequencing could identify rare variants with larger effect size.

While GWAS is frequently used to explore disease susceptibility, less success has been achieved comparing genotypes with other aspects of a disease, such as severity and progression rate. Diagnosis of MS is standardized, permitting multi-center collection of large cohorts of patients that can be compared against healthy controls or even the general population (as MS is rare enough to not significantly influence the control cohort). On the other hand, measures of disability accrual are plentiful and each one only represents a certain aspect of the disease.

Large-scale comparative studies of this kind would thus require both a standardized comprehensive panel of severity score (or a composite score) as well as the resources to measure these in subjects.

On the other hand, there can be overlap between susceptibility SNPs and SNPs relevant to other aspects of the disease. In a study of 17 SNPs which had been identified in GWAS as associated with susceptibility, 4 were identified as indicative of response to glatiramer acetate treatment in MS patients [START_REF] Kulakova | Pharmacogenetics of glatiramer acetate therapy for multiple sclerosis: the impact of genome-wide association studies identified disease risk loci[END_REF]. Because of the limited number of tested SNPs and the relatively high effect size, this was possible using a population of only 263 patients. Thus, GWAS results have the potential of contributing to answer more questions than the one asked at the time of the study.

Genomics are suitable for large-scale studies for several reasons. For example, a single genome is representative of the entire individual, and does not depend on the tissue or fluid from which is sampled. The genome also does not change significantly as a result of disease, meaning that patient genomes are representative both of patients and of thus far healthy controls who will one day develop the disease. Additionally, the complexity of the data is reduced by the relatively few possible values for each studied position of the genome. However, these advantages for scaling are disadvantages in another sense -the unchanging genome does not represent the complexity of the organism. A genetic predisposition could for example be neutralized by epigenetic silencing in the correct cell type. This is of special importance in complex diseases like MS, where we know that environmental and genetic factors interact.

While other types of omics are harder to perform at as large-scale levels as genomics, their advantage is their relative proximity to functional changes. If epigenetics and genetics interact to reduce expression of a protein, this will be directly identifiable in transcriptomics and proteomics. As such, the effect sizes should be larger than the genetic equivalents, reducing the sample size needed. Still, the study must be more carefully designed in order to examine the right cell type or tissue in the right conditions for the question at hand. One way to identify cells of interest utilizes GWAS results: By examining combinations of SNPs and their expected effects on gene expression, a method has been proposed to identify cell types and functions of particular interest in the disease [START_REF] Baranzini | The genetics of multiple sclerosis: From 0 to 200 in 50 years[END_REF].

Basics of transcriptomics

Transcriptomics is the study of the global profile of a cell or collection of cells in terms of their total RNA content. As the central dogma of molecular biology describes, mRNA is the intermediate step between genes and protein, and mRNA levels of a gene are loosely proportional to the levels of the corresponding protein. In addition, there are many non-coding regulatory RNA species. As a result, the transcriptomic profile of a cell gives a snapshot of the ongoing processes within and function of the cell at any given time.

There are two commonly used methods for high-throughput transcriptomic analysis:

hybridization-based assays and sequencing-based assays. Hybridization-based assays use a library of known sequences for fluorescent probes used to identify levels of the corresponding RNA in the sample. As such, even though the number of studied transcripts is substantial, the possibility of novel discoveries is still limited by the a priori selection of targets of interest. It is also limited in the dynamic range which can be identified, as low expressed transcripts are not detected and saturation effects cause underestimation of expression for highly expressed transcripts.

RNA sequencing (RNASeq), on the other hand, uses next generation sequencing (NGS) to sequence a complementary DNA (cDNA) library produced from samples of RNA ( Figure 14). This library can be constructed using the total RNA population or specific subpopulations (such as poly-adenylated mRNA), and is fragmented either at the RNA or cDNA level. A pre-defined number of nucleotides will then be sequenced on each fragment.

Once sequencing is complete, sequences are aligned to a reference genome (if available). The number of copies of each sequence, or "reads", represent the amount of RNA with this sequence. The number of reads per gene (corrected by the length of the gene) represents the total amount of RNA transcribed from this gene still present at the time of sampling. Thus, this value is the combination of transcriptional activity, post-transcriptomic editing and RNA degradation, and -in the case of mRNA -a proxy of the translational activity and thus protein expression. By normalizing the read counts according to the total amount of RNA, comparisons can then be made directly between different samples to estimate the differences in function.

As RNASeq values are determined by counts and not by fluorescence, the dynamic range is much wider than that of microarrays. In addition, the high resolution of RNASeq allows for measurements of splice variants, and the extent of the sequencing avoids a priori selection of genes of interest. 

Current analytical methods for transcriptomic data

In most biomedical research, the question asked in a single experiment is fairly straightforward: Is one variable correlated with a second variable (such as disease with genotype; clinical score with treatment; or a specific function of a cell with the expression of a specific gene)? For these questions, several statistical tests are available to determine whether an identified correlation can be considered to be statistically significant, i.e. not likely to be just a matter of chance. A good threshold for statistical significance balances the risk of false positives against the risk of false negatives. However, as the statistical significance is a value of probability, performing multiple tests will increase the probability of finding at least one combination of "significantly" correlated variables, even if they are not truly correlated. It is therefore important to correct the p-values obtained from statistical tests. This means that the more tests that are performed, the larger or more consistent a difference must be in order to be considered significant after correction, and thus the risk of false negatives is increased.

When the expression of thousands of genes is tested for a correlation with one or multiple other variables, the classical correction methods quickly reduce the power to a point where only correlations with very large effect sizes or very low intra-group variance can be considered significant. While larger sample sizes increase power, they are limited in biology by time-and resource-heavy experiments and access to samples. For this reason, methods have been developed to increase power by considering the entire dataset while still enabling identification of individual important variables.

Note that these methods still have their limits and it is typically a good idea to reduce the number of variables before analysis, such as by excluding genes that are not expressed in most samples or for which the standard deviation across all samples is very low. These genes are unlikely to contribute with valuable information and may instead contribute with noise.

Observation-based dimensionality reduction

There are several ways in which high-dimensional data can be reduced to fewer dimensions while retaining the maximal amount of information about the relationship between observations (samples). A classic way to do so is through principal component analysis (PCA). PCA is a standard statistical tool originally described by Pearson in 1901 and is used in many domains of science, not just biology. It is commonly used to get an initial overview of a study population.

The method attempts to illustrate as much of the inter-observation variance in as few variables as possible. In order to do so, the algorithm creates dummy variables, i.e. linear weighted combinations of the original variables, named principal components (PCs). These are constructed in an ordered way in which the first PC explains the most variance, and following PCs explain the most variance while orthogonal to the previous PCs (thus eliminating redundancy between PCs). In this way, the most significant contributions to the total variance can easily be visualized in a 2-or 3-dimensional space ( Figure 15). Separation of groups (such as patients and controls) in the first PCs indicate an important influence from the groups on the total variance. Looking at which genes contribute strongly to the first components also gives an idea of which genes are responsible for any separation. However, no definite distinction can be made as to whether a gene contributes significantly to a PC or not.

Another method commonly used for visualizing similarities between samples is t-distributed stochastic neighbor embedding (t-SNE) [START_REF] Maaten | Visualizing Data using t-SNE[END_REF]. Rather than maximizing variance, t-SNE translates dissimilarity in the samples to distance on a 2-dimenstional plane. This is especially useful for visualizing clusters of samples. However, unlike with PCA, it is not possible to directly identify the contribution of genes to separation in the t-SNE. 

Gene-by-gene analysis

Despite the multiple testing problem, there are ways to compare genes one by one. A commonly used way to increase power is to estimate the variance of each gene using not only the expression of the gene itself but also that of other genes. In this way the variance is estimated with higher precision than what is permitted by the studied gene alone, through a method with biological support. There are several approaches to doing so, such as those used in the differential expression (DE) analysis methods DESeq [START_REF] Anders | Differential expression analysis for sequence count data[END_REF] and edgeR [START_REF] Robinson | edgeR: a Bioconductor package for differential expression analysis of digital gene expression data[END_REF].

In standard DE analyses, the tests are performed between two groups of samples. For each gene, two values are generated: the fold-change between the averages of the two groups, and the pvalue which has been adjusted to account for the multiple tests. Thresholds are typically set for both the p-value and the fold-change when determining whether a gene shows significant DE.

The end result is thus a list of DE genes between two groups. When the list is short or contains a few top genes of high importance, these genes can easily be studied individually to understand the biological significance. When the list becomes too long, indicating a broader disturbance of cellular systems, other tools such as pathway analysis (described below) can be used.

As DE compares groups of samples, it is not useful for correlating gene expression with other continuous variables. Due to the lack of methods for comparing pairs of groups (such as response to treatment in two populations), DE analyses are often used by analyzing the pairs separately and then comparing the DE lists to identify gene differences specific to one group.

However, due to the arbitrary thresholds, the validity of this method is questionable. Not only does it overestimate the difference in response concerning genes for which the difference is just above the threshold in one group and just below in the other, but also underestimates the difference in response concerning genes for which it is just above the threshold in one group and much higher in the other.

Co-expression analysis

Another way to utilize biological knowledge to increase statistical power is to examine groups of co-expressed genes. As molecular pathways often contain co-expressed genes, small differences in such genes can have a large additive effect on the pathway. By defining groups of genes and a combined expression value of those genes, we can test a variable against this score and thus reduce the number of tests required, increasing the power. [START_REF] Horvath | Correlation and Gene Co-Expression Networks[END_REF] Weighted gene co-expression network analysis (WGCNA) (Langfelder and Horvath, 2008) identifies "modules" of co-expressed genes by calculating the correlation between pairs of genes and clustering genes based on the correlation matrix (Figure 16). Each module as a whole can be visualized with a value named the "eigengene" of the module, which is the first principal component of the module's expression matrix. The absolute correlation and regression-based p-value between the eigengene and a biological trait indicates whether the module as a whole could be related to the biological trait. Because the significance is based on correlation, this method can also be used to explore continuous variables describing inter-patient differences, such as disease severity.

Co-expression between genes is important as it can imply co-regulation and functionally similar roles between genes. However, to validate that the modules have biological relevance, the list of genes in the module can be further analyzed as described below.

This method was used in a study of atherosclerosis [START_REF] Liu | Blood monocyte transcriptome and epigenome analyses reveal loci associated with human atherosclerosis[END_REF], in which monocytes also infiltrate plaques and consume lipids, but in the blood vessels. The transcriptomes and epigenomes of monocytes were studied among individuals with varying levels of carotid plaque score. Only 2 genes were significantly correlated with carotid plaque score (identified through corrected linear regression and therefore likely underpowered), whereas in WGCNA one module of 12 genes was significantly correlated with the score. These genes relate to cholesterol metabolism, a function known to be implicated in atherosclerosis, showing the ability of the method to highlight functionally relevant groups of genes.

In MS, WGCNA has been used to compare microglia in grey and white matter of MS patients and healthy controls (van der [START_REF] Van Der Poel | Transcriptional profiling of human microglia reveals grey-white matter heterogeneity and multiple sclerosis-associated changes[END_REF]. The modules with the strongest correlation with each group were studied further. The signature module of MS white matter contained several genes involved in MS as well as foam cell differentiation, despite the sample originating from MS NAWM. This implies a disease-associated macrophage phenotype prior to lesion formation, even though homeostatic markers were still expressed.

A transposed version of co-expression analysis can also be used to cluster samples with high correlation across all studied genes. This was used to cluster macrophages activated by 28 different stimuli into 9 phenotypes of activation [START_REF] Xue | Transcriptome-Based Network Analysis Reveals a Spectrum Model of Human Macrophage Activation[END_REF]. Just like co-expression analysis between genes identifies genes of functional coherence, correlation analysis of samples can identify functionally similar groups of samples. 

Pathway analysis

When presented with a long list of genes with varying difference between two groups, it is hard to estimate what the collective functional changes of all these gene effects will be. Because genes are part of a functional system, categorizing the genes based on their expected functions can be helpful to see the global effect. For this, one can use any of several databases with functional information.

One such database is Gene Ontology (GO) (Ashburner et al., 2000). It consists of 3 separate categories: biological process, molecular function and cellular component. Each category contains a hierarchical library of GO terms, which in turn contain genes. The links between the terms are also categorized, so for instance the term leukocyte activation is a child of both cell activation and immune system process, with the label for both relations being "is a": leukocyte activation is a(n) immune system process (Figure 18). Leukocyte activation has several children, including myeloid leukocyte activation (relation "is a") and regulation of leukocyte activation (relation "regulates"), which is also a child of regulation of immune system (relation "is a").

Due to the "is a" parent-child structure, genes are part of several GO terms with increasing specificity. However, while relationships are described between terms, relationships between genes within GO terms are not described. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways [START_REF] Kanehisa | KEGG: kyoto encyclopedia of genes and genomes[END_REF], on the other hand, are structured networks of biological pathways, although the level of detail varies between pathways. While this could be used to estimate the combined effect of several expression differences, KEGG pathways are often treated as simple lists of equally important genes when comparing the impact of changes on different pathways.

While both of these databases can be filtered by species, neither can be filtered by cell type, despite the fact that genes can have very different roles in different cells. Blood Transcriptome Modules (BTM) were established to identify pathways specifically in blood cells [START_REF] Li | Molecular signatures of antibody responses derived from a systems biological study of 5 human vaccines[END_REF]. However, this was done in the opposite order: Rather than identifying the role of a gene and grouping it with genes of similar functions, modules were defined by positive co-expression and then annotated based on the present genes. Thus, while a more accurate representation of co-expression in blood cells, the function of each module is less clear.

Using any of these categorization of genes, an easy way to determine whether any are significantly altered in an analysis is by over-representation analysis (ORA). The method is based on a simple distribution test. For each analysis, the list of genes of interest (e.g. DE genes or genes in a WGCNA module) and the background list (normally the input genes of the analysis) are compared against a list of genes such as a GO term. If the proportion of term genes within the genes of interest is significantly higher than that of the term genes within the background list, then the term is over-represented in the genes of interest. The assumption is then that the function represented by the term is significantly altered by the cumulative difference in gene expression, particularly if the direction of regulation is consistent. Several online tools are available for functional annotation through ORA, such as DAVID (Huang et al., 2009) and Enrichr [START_REF] Kuleshov | Enrichr: a comprehensive gene set enrichment analysis web server 2016 update[END_REF], as well as R packages such as clusterProfiler (Yu et al., 2012).

An important caveat of this method is that it does not consider the extent of the regulation, and is dependent on arbitrary thresholds in defining significant genes. Using this method with the results of a DE analysis with a threshold of fold-change >2, two genes with fold-changes of 2.1 and 100 are considered equally important, just as two genes with fold-changes of 1.9 and 0.01 are equally unimportant.

In order to avoid the thresholding bias, functional class scoring (FCS) can be used instead. A score is given to each gene depending on how it varies between two groups, and a compounded score is calculated for all the analyzed genes in a pathway. The significance of this score can then be calculated in different ways. However, this approach still considers all genes in a pathway as equal, and does not consider interactions between them. A few methods have been developed to utilize the topology of a network, although they vary greatly in sensitivity, specificity, and the actual effect of including topology [START_REF] Ihnatova | A critical comparison of topology-based pathway analysis methods[END_REF].

Single-cell RNASeq

A revolutionary milestone in RNASeq came with the development of single-cell RNASeq (scRNASeq), enabling studies of cell populations at single cell resolution. This provides an unprecedented level of detail, where overall changes in expression can be pinpointed to larger changes in a specific sub-population. Most commonly, cells are categorized according to hypothesis-free clustering, and the clusters are then annotated based on highly expressed genes to identify which types of cells they contain. This is the method that was used to identify differences in oligodendrocyte populations in MS patient brain tissue compared to controls [START_REF] Jäkel | Altered human oligodendrocyte heterogeneity in multiple sclerosis[END_REF]. This allowed comparison of distribution of cell populations, and, as could be expected, patient samples contained a larger proportion of infiltrating immune cells. More strikingly, the study identified several clusters within the oligodendrocyte population and a significant difference in distribution among the sub-populations between patients and controls.

scRNASeq also illustrates the transcriptomic differences between different macrophage populations. For instance, in a study of monocyte infiltration in retinal degeneration, 4 large clusters of samples could be identified among CD11+CD45+ cells isolated from mice before or after degeneration [START_REF] Ronning | Molecular profiling of resident and infiltrating mononuclear phagocytes during rapid adult retinal degeneration using single-cell RNA sequencing[END_REF]. Using multiple previously described cell type markers (at least 15 per group), the clusters were identified as resting microglia, activated microglia, monocytes and macrophages. There was a substantial increase in all populations after neurodegeneration, except for resting microglia which was nearly nonexistent, evidencing substantial infiltration of monocytes concurrent with microglial activation (Figure 19). scRNASeq has also been used to study heterogeneity in MS immune cells in the CNS [START_REF] Masuda | Spatial and temporal heterogeneity of mouse and human microglia at single-cell resolution[END_REF]. Collecting CD45+ cells from MS lesions and healthy controls, ten clusters were identified: three contained lymphocytes and monocytes, and were excluded; three consisted of only healthy control cells and showed high expression of homeostatic genes; one with both healthy and MS macrophages and which was considered pre-activated macrophages; and three which comprised MS macrophages with over-expression of apolipoprotein E (APOE) and transcription factor MafB and under-expression of homeostatic genes. One of these clusters showed increased expression of several HLA molecules. Thus, scRNASeq could help distinguish different macrophage populations in MS with varying roles in the disease.

However, for obvious reasons, scRNASeq cannot be performed with the same number of samples at the same cost as standard RNASeq. For example, in the above study of MS oligodendrocytes, nearly 18000 cells were studied, but they were isolated from 20 samples of only 5 controls and 4 patients (multiple lesion types were collected from each patient). While this may not matter in studies of inbred mouse lines, detecting inter-patient differences in a meaningful way becomes difficult. For each specific research question, one must therefore weigh the value of a detailed sample description against that of a comprehensive representation of the studied population.

Future directions for transcriptomic analysis

Combining transcriptomic and other types of data

While transcriptomics are considered to be a better estimate of function than genomics, the effect of transcriptomics on a complex disease are far from direct. It can therefore be more useful to study the system as a hierarchical structure, such as RNA ® immune cell function ® immune system function ® CNS function ® MS clinical profile. By studying macrophage function together with macrophage transcriptomics, it could be possible to explain effect on MS of transcriptomics via function, or increase power of transcriptomics by focusing on genes directly related to the pathological functions. Examining functional differences among patients could also facilitate identification of different transcriptomic profiles which all lead to increased severity but in different ways. However, it is challenging to integrate data in an efficient way that does not just add complexity to the data. There are several ideas for how such integration can be performed, but, again, this must be adapted to the question at hand [START_REF] Ritchie | Methods of integrating data to uncover genotype-phenotype interactions[END_REF].

Finding targets in dysregulated pathways

While identifying coordinated differences in functionally cohesive genes can explain the underlying processes that drive disease, it can be difficult to translate this into treatment. In

Chapter conclusion

High-dimensional analyses permit novel discoveries in diseases where a large part of the pathogenesis is still unexplained, as is the case in MS. This includes discovery of novel components (such as genes or proteins) as well as of novel interactions between these components. While genomics permit high-powered analyses through large sample sizes, the effect sizes in complex diseases are limited as genomics represent only part of the initial condition and not current function directly. Transcriptomics provide a more representative view of current function, but therefore also increase complexity. Retaining power even in small studies requires sophisticated analytical methods, as does interpretation of results.

Choosing between available methods (both experimental and analytical) requires careful consideration of the question at hand and of the limitations of each method. New methods that consider individual differences, interactions between genes and controllability of the differential expression have the potential of elucidating pathophysiology in higher detail and enabling new therapeutic strategies.

cases where a strongly disruptive protein is identified, this protein can often be targeted with inhibitors or antibodies. However, simultaneously targeting tens of weakly altered proteins directly is not a feasible solution. For this reason, describing the dysfunctional genes within the context of a disease network, with the connections within the network describing the interactions between genes, may permit identification of central genes which control the sought targets and can therefore be more potent targets for treatment (Gao et al., 2014;[START_REF] Loscalzo | Systems biology and the future of medicine[END_REF].

Aims of the project

With this thesis, I aim to describe how macrophage defects contribute to MS pathology. Their abundance in MS lesions and their functions relating to inflammation and repair suggest that macrophage defects could have detrimental consequences, yet their role has primarily been described in terms of animal models and estimations based on post-mortem tissue. By studying macrophages derived from patient monocytes, I strive to elucidate how their innate properties and response to activating stimuli relate to the disease, both on a group level and individual patient level. For this, I use a well-defined patient cohort and transcriptomic data of the macrophages, as described in Results Part I.

However, transcriptomic data is complex, and determining potential therapeutic targets is difficult without an understanding of how altered genes interact. Therefore, I aim to understand how we can exploit network theory to estimate the effect of altering a gene, and present such a method in Results Part II.

Finally, in order to understand how macrophages contribute to individual variation imposed by other immune cells, I present a model of remyelination in Results Part III [START_REF] El Behi | Adaptive human immunity drives remyelination in a mouse model of demyelination[END_REF] in which remyelination is impeded by patient lymphocytes. The role of macrophages is examined through their mediation of lymphocyte effects on oligodendrocyte behavior in vitro.

In conclusion, I aim to establish a theoretical basis and experimental framework for both studying and modifying macrophage activation with regards to their disease-modifying activity in MS. We identified differences between macrophages from MS patients and healthy controls that indicated a pro-inflammatory predisposition with a notable increase in chemokine expression, suggesting increased recruitment capacity. This was notably correlated with a dysregulation of metabolic and ion homeostasis genes. Higher proportions of CD16+ sub-populations also indicated a macrophage population similar to that seen in MS lesions. In addition, functional and transcriptomic responses to activating stimuli were reduced in MS macrophages. Interpatient differences suggested a correlation between macrophage phenotypes and clinical data.

Results

Part

Interestingly, the MS-specific phenotype was also exaggerated in untreated patients compared to treated patients.

Our results highlight a contribution of macrophage defects to the inflammatory lesions seen in MS, in a way that reflects patient heterogeneity. Future investigation of individual differences may lead to identification of novel pathogenic contributions and biomarkers.

Introduction

Multiple sclerosis (MS) is an inflammatory disease in which peripheral immune cells infiltrate the central nervous system (CNS) and destroy myelin. This leads to impaired neuronal function and finally neurodegeneration. However, an endogenous repair process termed remyelination can occur, during which thinner myelin sheaths are reformed around the demyelinated axons.

The remyelination capacity varies greatly between patients, with extensive remyelination correlating with higher age at death (Patrikios et al., 2006) and lower disease severity (Bodini et al., 2016).

The complexity of MS, including strong heterogeneity in several key aspects from symptoms to risk factors to progression rate, motivates a patient-specific approach to both research and treatment. By identifying differences both between healthy controls (HC) and patients as well as between different patients, a better understanding of the disease and repair process can emerge.

In MS, the infiltration of immune cells leads to the presence of lymphocytes and monocytes among the microglia, the tissue-resident macrophage of the CNS. Infiltrating monocytes differentiate into macrophages, and the total macrophage population is believed to play an important role in the disease (Wang et al., 2019). Macrophages likely contribute to myelin destruction through perpetuation of the inflammatory environment, recruitment of leukocytes, antigen presentation and damage to neural cells through toxic effector mechanisms [START_REF] Anthony | Matrix metalloproteinase expression in an experimentally-induced DTH model of multiple sclerosis in the rat CNS[END_REF][START_REF] Smith | The role of nitric oxide in multiple sclerosis[END_REF]. However, immune cells are instrumental for efficient remyelination in animal models. Depletion of macrophages leads to reduced proliferation and differentiation of oligodendrocyte precursor cells (OPCs) (Kotter et al., 2005;Miron et al., 2013). This effect is linked to factors secreted by macrophages and the differentiation-inhibiting properties of myelin debris (Kotter et al., 2006), which is cleared through phagocytosis by macrophages in demyelinated lesions.

In this process, the activation status of macrophages appears critical. Macrophages respond to cues in the environment, such as pathogen-derived molecules and cytokines from other immune cells, and respond accordingly to achieve different "activation states" [START_REF] Mosser | Exploring the full spectrum of macrophage activation[END_REF]. The activation states are typically described with terms such as "pro-inflammatory"

(typically induced with interferon (IFN)ɣ and lipopolysaccharide (LPS) in vitro) and "antiinflammatory" (typically induced with interleukin (IL)-4 in vitro). While macrophages in an organism often display features of different activation states at once, in vitro activation of macrophages with specific pro-or anti-inflammatory stimuli has provided great insight into the extensive macrophage response to inflammatory molecules (Martinez and Gordon, 2014).

Pro-inflammatory macrophages produce more pro-inflammatory cytokines and toxic molecules, suggesting a destructive role in MS. In the case of effects on remyelination, in vivo and in vitro results show that pro-inflammatory macrophages promote OPC proliferation while anti-inflammatory macrophages promote OPC differentiation. In vivo data show a switch from a majority of pro-inflammatory cells to a population composed of pro-regenerative macrophage during the early stages of remyelination (Miron et al., 2013).

In MS CNS, macrophage activation is extensive, and loss of homeostatic marker purinergic

Receptor P2Y12 (P2RY12), associated with no particular inflammatory profile, is seen both in lesions and in normal-appearing white matter (Zrzavy et al., 2017). However, it is not known whether this perturbed state is purely a response to the other pathological processes or if intrinsic features of macrophages contribute to the disease. Intrinsic differences could manifest as an altered homeostatic state and/or an improper response to activating stimuli.

The reduction of classical (CD14++ CD16-) monocytes and the increase of intermediate (CD14++CD16+) and non-classical (CD14+CD16+) sub-populations in blood [START_REF] Gjelstrup | Subsets of activated monocytes and markers of inflammation in incipient and progressed multiple sclerosis[END_REF] and cerebrospinal fluid [START_REF] Waschbisch | Pivotal Role for CD16+ Monocytes in Immune Surveillance of the Central Nervous System[END_REF] provide evidence of differential activation of peripheral monocytes in MS patients. However, the differences in macrophage capacity for homeostasis and activation have not been studied. If such a difference is found between patients and HC, correcting the defects could reduce damage and/or promote regeneration.

In this study, we examine whether MS patient macrophages show intrinsic differences compared to HC, and whether these are dependent on activating stimuli. We also examine differences between individual patients. By using monocytes isolated from blood samples and differentiating them in vitro, we emulate infiltrating macrophages and provide an easily accessible approximate model of microglial activation capacity. While monocyte-derived macrophages and microglia are not identical, their similarities are extensive, to the point where the parenchyma of microglia-deficient mice can be repopulated by monocytes that acquire a microglia-like phenotype (Bennett et al., 2018).

Our original approach explores how disease affects key component of macrophage activation at the functional and molecular levels and how these dysfunctionalities are correlated with patient clinical profile. We provide evidence that MS patient macrophage amplitude of response is more restricted than in HC, and that perturbed genetic networks in MS macrophages, involved in oxidative phosphorylation and ion homeostasis, correlate with a more pro-inflammatory profile. Our comprehensive approach also enabled us to evaluate effect of treatments on MS patient macrophage functionalities and decipher its mode of action.

Methods

Participants 35 MS patients (of which 32 were pairs of siblings) and 11 HC were included in this study. The study was approved by the French Ethics committee and the French ministry of research (DC-2012-1535and AC-2012-1536). Written informed consent was obtained from all study participants. All patients fulfilled diagnostic criteria for MS, and individuals (MS patients and healthy donors) with any other inflammatory or neurological disorders were excluded from the study. For patients, clinical evaluation, magnetic resonance imaging (MRI) and blood sampling were performed on the same day. The clinical evaluation included standard testing of Expanded Disability Status Scale (EDSS) (Kurtzke, 1983) and Symbol Digit Modalities Test (SDMT) [START_REF] Deloire | How to detect cognitive dysfunction at early stages of multiple sclerosis?[END_REF] as well as treatment history. The MRI was performed by Centre de Neuroimagerie de Recherche (CENIR) using a 3T Siemens PRISMA. Lesion load was calculated using D reconstruction of T2-weighted and FLAIR sequences.

Macrophage culture and activation

Blood was sampled from all participants in acid citrate dextrose (ACD) tubes. From blood samples, peripheral blood mononuclear cells (PBMCs) were isolated using Ficoll Paque Plus (GE Healthcare Life Sciences) and centrifugation (2200 rpm, 20 min). Cells were washed in PBS (2x10 min at 1500 rpm) and RPMI 1640 + 10% fetal bovine serum (FBS) (5 min at 1500 rpm) (all products from ThermoFisher). Monocytes were isolated with anti-CD14 microbeads (Miltenyi) and plated in 12-well plates (500 000 cells/well) or in 24-well plates (200 000 cells/well) in RPMI 1640 + 10% FBS and granulocyte macrophage colony-stimulating factor (GM-CSF) (500 U/ml, ImmunoTools). After 72h, media was replaced with fresh media and one of the following: GM-CSF (500 U/ml); IFNβ (100 U/ml, ImmunoTools); IL-4 (1000 U/ml, ImmunoTools); or combined IFNγ (200 U/ml, ImmunoTools) and ultra-pure LPS (10 ng/ml, InvivoGen). Purity after isolation was evaluated by FACS analysis in a subset of samples and consistently confirmed at >80% CD14+Cd16-cells in all evaluated samples (data not shown).

Human myelin extraction

Human myelin was extracted from normal-appearing white matter in post mortem MS patient brain tissue. Tissue was homogenized in 0.32M sucrose (prepared in 20mM Tris-HCl).

Homogenate was layered on 0.85M sucrose (prepared in 20mM Tris-HCl) and sample was centrifuged at 75,000 g for 30 min. The layer between the two sucrose layers was collected and washed with water 3 times, first at 75,000 g and then at 12,000 g twice. Pellet was resuspended in 0.85M sucrose and 0.32M was layered on the solution. Sample was centrifuged at 75,000 g for 30 min. Pellet was resuspended in water and centrifuged at 75,000 g for 15 min. Total myelin protein was quantified with Micro BCA™ Protein Assay Kit (ThermoFisher Scientific). Myelin was labeled using Amersham CyDye Cy5 Mono-Reactive Dye (GE Healthcare Life Sciences), using half of the recommended dose (1 vial per 2mg myelin). Labeled myelin was resuspended in PBS at 1µg/µl.

Phagocytosis assay and flow cytometry

Macrophage phagocytic capacity was evaluated through flow cytometry. 24h post-activation, media was replaced for macrophages in 24-well plates with RPMI + 10% FBS containing labeled human myelin (25 µg/ml). For each condition, 1 well was used for myelin incubation and one well was used for negative control. Cells were incubated at 37C for 1 hour. Cells were washed with PBS and detached from wells using Trypsin-EDTA (0.25%) (ThermoFisher).

Cells were flushed with RPMI 1640 + 10% FBS until all cells had detached, at which point cells were washed through centrifugation with PBS. For a subset of participants, the negative controls were divided in two equal parts of which one was labeled in the same way as the myelin-exposed cells. Labeling was done with anti-HLA-DR-PB and anti-CD16-FITC (Beckman-Coulter) and anti-CD14-770 (Miltenyi) at room temperature in darkness for 30 min.

Cells were washed with PBS and analyzed with MACSQuant (Miltenyi). Results were analyzed with Flowlogic software (Inivai Technologies). Cells were gated for size and granulosity (FSC/SCC) and singlets (FSC-A/FSC-H). After exclusion of samples with low cell counts, all samples were used for phagocytosis analysis, while for the cell surface markers, 8 controls and 23 patients were used for analysis of cells without myelin exposure, and 8-10 controls and 20-24 patients (depending on the activation state) for the analysis of cells that had ingested myelin.

RNA Sequencing

Cell lysis and RNA extraction were performed 24h post-activation using Nucleospin RNA extraction kit (Macherey-Nagel). Quality of RNA was confirmed on Agilent TapeStation (RINe>8). Transcriptome sequencing cDNA libraries were prepared using a stranded mRNA polyA selection (Truseq stranded mRNA kit, Illumina). For each sample, we performed 60 million single-end, 75 base reads on a NextSeq 500 sequencer (Illumina). RNA-Seq data analyses were performed by GenoSplice technology (www.genosplice.com). Sequencing, data quality, reads repartition (e.g., for potential ribosomal contamination), and insert size estimation were performed using FastQC, Picard-Tools, Samtools and rseqc. Reads were mapped using STARv2.4.0 (Dobin et al., 2013) on the hg19 Human genome assembly. Gene expression regulation study was performed as already described (Noli et al., 2015). Briefly, for each gene present in the FAST DB v2018_1 annotations, reads aligning on constitutive regions (that are not prone to alternative splicing) were counted. Based on these read counts, normalization was performed using DESeq2 (Love et al., 2014) on R (v.3.2.5). Genes are considered as expressed if their RPKM value is greater than 97.5% of the background RPKM v+alue based on intergenic regions. The normalized data was used for all subsequent analysis.

Differential expression

Differentially expressed (DE) genes between two groups of samples were identified with using DESeq2. Only genes expressed in at least 50% of samples in either group were included in the analysis. Results were considered statistically significant at adjusted p-value ≤ 0.05 and foldchange ≥ 2. When two analyses were compared, genes were considered specific to analysis 1 and not analysis 2 if they fulfilled two conditions: First, they were significantly DE in analysis 1 and not in analysis 2. Second, the log 2 (fold-change) of the gene in analysis 1 was 0.5 higher (for over-expressed genes) or 0.5 lower (for under-expressed genes) than in analysis 2.

DE genes were evaluated for enriched gene ontology (GO) terms using DAVID functional annotation v6.8 (Huang et al., 2009).

Principal component analysis

Principal component analysis (PCA) was performed in R using the ExPosition R package [START_REF] Beaton | An ExPosition of multivariate analysis with the singular value decomposition in R[END_REF]. All analyses were performed using centered but not scaled log 2transformed RPKM+1 values. Only genes that were expressed in ≥80% of all samples were included. Samples from one individual were either considered individually or combined into one observation by defining each gene in each activation state as a separate variable.

Identification of STRING clusters

For genes differentially regulated between two states specifically in one group, clusters were identified using the STRING database [START_REF] Szklarczyk | STRING v11: protein-protein association networks with increased coverage, supporting functional discovery in genome-wide experimental datasets[END_REF]. The list of genes was used as input and interactions with confidence > 0.4 were included. The largest cluster was imported to Cytoscape v3.7 [START_REF] Shannon | Cytoscape: A Software Environment for Integrated Models of Biomolecular Interaction Networks[END_REF] and the mean expression of each gene was calculated for each included group, and was then divided by the mean of all compared groups, and colored according to this value. Over-represented GO terms in a cluster were identified with ClusterProfiler (Yu et al., 2012) in R, and were considered significant when adjusted p<0.05.

Weighted gene co-expression network analysis

Weighted gene co-expression network analysis (WGCNA) (Langfelder and Horvath, 2008) was performed in two ways. A consensus network was constructed according to the instructions from the WGCNA package creators (Langfelder and Horvath). The expression data was divided into four sets, one per activation state. Genes were filtered to exclude any gene not expressed in ≥80% of samples in at least one dataset. Networks were constructed individually for each dataset (soft power 12, minimum module size 100). Separately, a network was constructed using only M IFNγ+LPS samples (soft power 5, minimum module size 100). Again, only genes with expression in ≥80% of samples were included. Modules were compared to consensus modules using the matchLabels function in the package to match the colors of the modules to those of modules in the consensus network with similar gene lists (Fisher's exact test, p<10 -20 ).

Functional annotation of genes in WGCNA modules was performed using the clusterProfiler R package (Yu et al., 2012) to identify over-represented GO biological process terms (Ashburner et al., 2000). Terms were considered significantly over-represented at FDR-adjusted p<0.01.

Other statistical analyses

Non-transcriptomic continuous variables were compared between two groups using Mann-Whitney U test, with p-values corrected for testing multiple activation states (Benjamini-Hoch correction as in the stats R function p.adjust). Non-transcriptomic correlation calculations were performed with Pearson's correlation coefficients and p-values based on linear regression (H 0 : β=0). All analyses were performed in R v 3.6.

Results

MS patients show large heterogeneity across clinical scores

35 MS patients from 19 families were included in this study. These patients are described in Supplementary Table 1. The severity of disease was measured using four standard scores of MS To test phagocytic capacity, samples were incubated with human myelin for 1h. Myelin phagocytosis, as well as surface markers CD14, CD16 and HLA-DR, were measured by flow cytometry. The average phagocytic capacity was slightly higher in patients than HC in each activation state, however these differences were not significantly different after p-value adjustment (p>0.05 in Mann-Whitney U test with Benjamini-Hoch correction) (Figure 2A).

When each sample was compared to the M GM-CSF sample of the same individual, the decrease in phagocytic capacity seen in M IFNγ+LPS was of significantly smaller amplitude in MS patients compared to HC (adjusted p<0.05, Figure 2B). This suggests that pro-inflammatory stimuli have less of a phagocytosis-inhibiting effect in patients.

By examining the CD14 and CD16 expression in all cells as well as specifically the cells that had phagocytosed myelin, we identified some alterations in the distribution of cells in the CD14-/+/++ and CD16-/+ classification (Figure 2C). These markers enabled us to follow three sub-populations of macrophages known as classical (CD14++CD16-), intermediate (CD14++CD16+) and non-classical (CD14+CD16+) macrophages. We directly compared the percentage of each sub-population between patients and HC using Whitney-Mann U test. Two sub-populations, the non-classical CD14+/CD16+ and the intermediate CD14++/CD16+ cells, were significantly more prevalent in patient macrophages when examining myelin-positive M IFNɣ+LPS and M IL-4 (adjusted p<0.05). Based on the similarity between macrophages before and after myelin exposure, this difference does not seem to be based on a difference in response to myelin (Supplementary Figure 1A).

Correlation between macrophages functional read outs and clinical data.

Within groups, the variation between samples was substantial (Supplementary Figure 1B). This raises the question of whether macrophage phenotypes could be a marker of patient clinical heterogeneity. The sub-population percentages and mean fluorescence intensity (MFI) of CD14, CD16 and HLA-DR of myelin-phagocytosing macrophages, as well as the phagocytic capacity, were therefore compared with clinical scores of each patient (MSSS, EDSS, SDMT and lesion load) using Spearman rank correlation for each pair of variables. Due to the exploratory nature of this analysis, we did not perform p-value correction and significant differences should therefore be seen as points of interest for future investigation rather than direct evidence of correlation.

Confirming the above results, we saw that both the percentage of intermediate (CD14++CD16+) and non-classical (CD14+CD16+) population correlated positively with disease status in M GM-CSF M IFNγ+LPS and M IL-4 . There was also a difference in the CD14-CD16population, which negatively correlated with presence of disease in M IFNγ+LPS and M IL-4 , as this difference was significant before p-value correction in the previous analysis.

While there was no significant correlation between functional and clinical scores in M GM-CSF or M IFNβ , percentage of CD14+/CD16-and MFI of CD14 in M IFNγ+LPS were correlated with higher MSSS and lower lesion load, respectively. In M IL-4 , the percentage of CD14-/CD16+ cells was negatively correlated with both MSSS and EDSS, and MFI of HLA-DR was negatively correlated with lesion load. Thus, expression of CD14, CD16 and HLA-DR in activated myelinphagocytosing cells could be potential markers of disease activity.

In addition, both MSSS and EDSS were negatively correlated with higher increase of phagocytosis compared to M GM-CSF , suggesting that a failure to increase or at least maintain phagocytosis of myelin debris in response to anti-inflammatory stimuli is an indicator of higher disease severity.

Macrophages of MS patients show altered transcriptomic profiles compared to HC macrophages regardless of activating stimuli

Macrophage transcriptomic profiles were analyzed with RNASeq in 16 MS patients and 5 HC.

Analyses were performed both without and with consideration for the four activation stimuli, as follows. Using principal component analysis (PCA) and considering all samples from the same individual as one observation, HC samples clustered closely together on one end of the first principal component (PC1, 28% of variance) while the MS samples ranged from being within the HC cluster to being on the opposite end of PC1 (Figure 3A). The mean value on PC1 was significantly different between MS and HC based on the 95% confidence intervals calculated by bootstrapping, meaning that presence of disease was an important contributor to the transcriptomic differences between samples. Of the patients that were closest to the HC cluster on PC1, most instead separated from HC on PC2 (15% of variance). Considering these two PCs, at least 43% of the total inter-individual variance was linked to the disease, suggesting significant large-scale transcriptomic differences between MS patients and HC.

When using each sample (one activation state) from each individual as an observation, PC1

(33% of variance) primarily showed the effect of the activating stimuli (Figure 3B). M IFNγ+LPS clearly separated from M GM-CSF , while M IFNβ and M IL-4 did not separate entirely but showed a shift, which was increased on PC2 and confirmed previous observations that M IFNγ+LPS and M IL- 4 are at opposite ends of the activation spectrum. In addition, the MS and HC samples showed a similar shift on PC2 in this PCA as in PC1 in Figure 3A. Thus, the inter-sample variation was partially explained by the disease, albeit less so than by activation stimuli. Still, there was a shift on PC1 showing that many MS M GM-CSF , M IFNβ and M IL-4 samples were closer to M IFNγ+LPS than the equivalent HC samples were, suggesting a disease-dependent activation profile.

Differential expression (DE) analyses were performed using DESeq2 comparing MS and HC samples in each activation state independently (fold-change ≥2, adjusted p<0.05). In all 4 states, most DE genes were over-expressed in patients, while a smaller number of genes were underexpressed (Figure 3C). Several gene ontology (GO) terms were over-represented among DE genes. Across all states, inflammatory response was highly over-represented.

Many of the DE inflammatory genes were chemokines, and the GO term chemokine-mediated signaling pathway was over-represented among DE genes in all states (adjusted p<0.05). This prompted us to examine the cytokine-cytokine receptor interaction pathway (hsa06040) as defined by Kyoto Encyclopedia of Genes and Genomes (KEGG). Among the CC and CXC subfamilies in the pathway, 20 chemokine genes were over-expressed in MS patients in at least one activation state. Two receptor genes (atypical chemokine receptor (ACKR)4 and C-C chemokine receptor (CCR)7) were under-expressed in M IFNγ+LPS , and one chemokine gene (C-C motif chemokine ligand (CCL)17) was under-expressed in M GM-CSF (Figure 3F). By examining the receptors of each DE chemokine, we identified 9 different chemokine receptors whose ligands were over-expressed in MS macrophages.

The GO term cellular response to zinc ion was also over-represented in DE genes in all states.

This was almost exclusively due to the high expression of several metallothioneins (MTs) (Figure 3G), suggesting that zinc may be sequestered at a higher degree in MS macrophages than HC macrophages.

MS patient and control macrophages differentially respond to both IFNγ+LPS and IL-4

We estimated response to IFNɣ+LPS, IFNβ and IL-4 by comparing macrophages activated with these stimuli to macrophages incubated with GM-CSF, which was originally used to induce monocyte differentiation. For this reason, DE genes were identified between M GM-CSF and each other activation state sample from the same individual, using paired DESeq2 in HC and MS patients separately. We labeled any genes that were DE between the two states in HC as "transition genes", i.e. changed during "normal" transition between M GM-CSF and M IFNγ+LPS , M IL- 4 or M IFNβ , as opposed to "disease genes" which were DE between MS patients and HC in either of the two compared states.

For M GM-CSF and M IFNγ+LPS as well as for M GM-CSF and M IL-4 , there was a significant overlap between transition genes and disease genes (Fisher's exact test, p<10 -70 and 10 -100 respectively) (Figure 4A). This implies a dysregulation of genes involved in macrophage activation, through one or both of the following: 1) MS macrophages are incorrectly activated after exposure to IFNγ+LPS and IL-4; 2) MS M GM-CSF are more similar or less similar to the typical activated states compared to HC M GM-CSF . This is not the case for M IFNβ , in which most disease genes are not altered between M GM-CSF and M IFNβ in HC.

The possibility of incorrect activation was further explored by calculating the correlation between M GM-CSF and M IFNγ+LPS , M IFNβ or M IL-4 across all expressed genes for each individual, as a measure of the global difference between two states (Figure 4B). The correlation between M GM-CSF and M IFNγ+LPS was significantly higher in patients compared to HC (p<0.05, Mann-Whitney U test). The correlation between M GM-CSF and M IL-4 was not significantly higher in MS patients, although two subgroups are seen in the MS samples -one with an average correlation comparable to that of HC, and one with a higher average correlation than HC. Based on the correlation, the transition between M GM-CSF and M IFNγ+LPS appears to be less distinct in MS compared to HC, while between M GM-CSF and M IL-4 it could be the case for a subset of the patients.

Genes that were significantly differentially regulated (between two states) in MS patients and HC were identified by first selecting the genes that were DE between the two states in only one group (MS or HC). The average fold-change between the two states was calculated in each group for each of these genes, and any gene that showed an average log 2 (fold-change) that was at least 0.5 higher or lower (for up-and down-regulated genes, respectively) in the group for which it was specifically DE was considered as a transition gene specific to the group (MS or HC transition gene). This categorization is represented in Figure 4C-E. There were 112, 12 and 38 MS-specific transition genes and 647, 2 and 298 HC-specific transition genes in M IFNγ+LPS , M IFNβ and M IL-4, respectively, again suggesting a smaller difference between and M GM-CSF and M IFNγ+LPS and between M GM-CSF and M IL-4 in MS patients compared to HC. This also confirms that response to IFNβ is not different in MS compared to HC.

To identify functionally cohesive genes in the altered response, we analyzed HC transition genes in M IFNγ+LPS and M IL-4 using the STRING database to identify the largest clusters of interacting genes for each transition. In the HC up-regulated transition genes (which were thus insufficiently up-regulated between MS M GM-CSF and M IFNγ+LPS ), a cluster of 78 genes was identified (Figure 4F, Supplementary Figure 2A). The overall expression of these genes indicates that they were dysregulated in two ways: MS M GM-CSF over-expressed these genes compared to HC, whereas MS M IFNγ+LPS under-expressed these genes compared to HC. This suggests that even without strongly pro-inflammatory stimuli, MS macrophages show some similarity to pro-inflammatory cells, yet they fail to fully achieve the correct M IFNγ+LPS phenotype after stimulation. This also means that the reduction of up-regulation is not simply a matter of saturation of the inflammatory response, as in that case expression in MS M IFNγ+LPS would be equal or higher compared to HC.

In this cluster of 78 genes, 24 genes were part of the cell adhesion GO term and 15 were part of the chemotaxis GO term, of which 5 genes were common between the two terms. Thus, MS macrophage motility (or induction of motility in other cells) may be increased in M GM-CSF but decreased in M IFNγ+LPS .

In the HC M IL-4 down-regulated transition genes (insufficiently down-regulated between MS M GM-CSF and M IL-4 ), a cluster of 44 genes was identified (Figure 4E, Supplementary Figure 2B).

In this case, the overall expression indicated similar expression in M GM-CSF but a failure to down-regulate the genes in response to IL-4.

Twelve of these 44 genes were part of the carboxylic acid metabolic process, with several genes known to play a role in cholesterol synthesis but also genes related to chondroitin sulfate proteoglycans, which are components of the extracellular matrix (ECM) with described proinflammatory properties promoting migration of immune cells. Twenty three of the 44 genes in the cluster were part of immune response GO term, including matrix metalloproteinase (MMP)9

which is involved in breakdown of the ECM, and has previously been described in MS [START_REF] Kouwenhoven | Multiple sclerosis: elevated expression of matrix metalloproteinases in blood monocytes[END_REF]. Combined, these results suggest that IL-4 fails to inactivate inflammatory genes in MS macrophages, and may continue to enable recruitment of immune cells.

Co-expressed genes involved in migration and metabolism are dysregulated in

MS macrophages

By investigating global transcriptomic differences in a modular way, rather than gene by gene, it is possible to identify groups of co-expressed genes that each show a small intergroup difference but together likely have a larger effect. To this end, we performed a weighted gene co-expression network analysis (WGCNA) using a consensus of the co-expressed genes in each activation state in order to define modules of genes that are co-expressed regardless of activation state (Figure 5A). Each module was assigned a color for identification purposes. For each module produced in the analysis, the eigengene (first principal component) value was calculated for each sample using the PCA for each activation state individually. The correlation between these eigengene values and the disease status (HC or MS) was calculated. All modules with a significant correlation (asymptotic p<0.05) in at least one activation state are represented in Figure 5B. Three modules (red, yellow and turquoise) were significantly different between MS patients and HC in all states, whereas one module (blue) was significantly different in all states but M GM-CSF , although the non-significant correlation was still negative like in the other states. Two modules only showed correlation in one state: Brown was significantly negatively correlated with disease in M GM-CSF , with a similar but weaker correlation in M IFNβ and M IL-4 , but with a weak positive correlation in M IFNγ+LPS . On the other hand, the pink module was significantly positively correlated with disease in M IFNγ+LPS , with a weaker but similar effect in M IL-4 and with no effect in M GM-CSF or M IFNβ . As can be seen in the eigengene plots (Figure 5C), the variance among patients was noticeably larger than in HC and there was always overlap between the two groups, as was the case in the global transcriptomic profile, Figure 2A).

Genes in the modules were compared to the GO database in order to identify over-represented biological processes. While no terms were significantly over-represented in the blue, turquoise or red modules, the brown, pink and yellow modules could be annotated with over-represented GO terms (examples in Figure 5D).

The yellow module (positively correlated with disease) contained several genes from GO terms related to leukocyte migration, chemokine and cytokine production, and response to metal ions, in all of which the majority of genes were positively correlated with the eigengene and thus over-expressed in patients. Two representative genes from the module (CXCL3 and MT1) can be seen in Figure 5E. This is in line with the differences in these pathways identified through DE analysis.

In both the pink and the brown modules, oxidative phosphorylation and other metabolic GO terms were over-represented and most genes were positively correlated with the module eigengenes. MS M GM-CSF showed lower expression of the brown module eigengene, indicating a reduced expression of oxidative phosphorylation genes. In the other hand, MS M IFNγ+LPS showed higher expression of the pink module eigengene, indicating increased expression of oxidative phosphorylation genes. One representative example for each module (NDUFB6 and NDUFA8) is shown in Figure 5E. The difference in expression between HC and MS in these modules is of a smaller magnitude than for the yellow module, but the difference in expression is still consistent across the 26 (brown) and 16 (pink) module genes from the GO term, implying a larger effect on the pathway than a single gene would have. The difference in oxidative phosphorylation is of interest in the activation of macrophages, as pro-and anti-inflammatory macrophages have unique metabolic profiles, with increased anaerobic glycolysis and oxidative metabolism, respectively (Kelly and O'Neill, 2015).

State-specific co-expressed gene modules confirm activation differences in MS macrophages

To further study the difference in response to the different stimuli, we performed independent WGCNA, producing one network for each activation state (Figure 6A). This way, correlations that are specific to one inflammatory stimulus could be identified. Modules that showed a significant overlap (Fisher's exact test, p<10 -20 ) with the modules of the consensus network or of another activation state network were assigned the same color in both networks.

All activation state networks contained the brown, turquoise and yellow modules of the consensus, and the eigengene values were again correlated with disease in the yellow (leukocyte migration) and turquoise (non-annotated) networks (Figure 6B). The M IFNγ+LPS network also included the red (non-annotated) module which was again correlated with disease. Interestingly, the turquoise modules of the M GM-CSF and M IFNβ networks, again over-expressed in MS (Figure 6C), both contained a significant number of genes present in the RNA processing GO term (Figure 5D). Most of these genes were also present in the consensus turquoise module, but were presumably masked by a larger number of other genes. The over-expression of these genes, such as cleavage and polyadenylation specificity factor subunit 4 (CPSF4), was consistent across all states (Figure 6E).

Each network also contained modules that were unique to that network, and some of these were correlated with disease. In the M IFNγ+LPS network, one unique module (darkturquoise) showed negative correlation with disease and contained a significant number of genes from the type I interferon signaling pathway GO term, implying a reduced response to IFNɣ that can only be seen when macrophages are actually exposed to the cytokine. This reduced response could be a reason for the lack of up-regulation of pro-inflammatory genes and the down-regulation of anti-inflammatory metabolic pathways seen in the above analyses.

The violet module, specific to the M IL-4 network and under-expressed in MS M IL-4 , did not contain over-expressed GO terms but did include genes of interest to macrophage activation, such as Macrophage receptor MARCO (MARCO) whose expression was inversely correlated with the violet eigengene (and thus over-expressed in MS). While the difference in this gene was not specific to M IL-4 (in the consensus network, the gene was part of the yellow module), there appears to be a set of genes that were differentially co-expressed in M IL-4 and that correlate with known macrophage markers.

In summary, examining expression of correlated genes identifies both general and state-specific differences in MS macrophages, and consistently highlight dysregulation of pro-inflammatory genes.

Dimethyl fumarate treatment correlates with a macrophage profile closer to HC macrophages

In order to evaluate the inter-patient transcriptomic heterogeneity, we examined correlations between patient information and transcriptomic profiles. When labeling the patient samples in the PCA of Figure 3A according to treatment (Figure 7A), we found a substantial difference between the two biggest treatment groups: the 5 untreated patients were clearly different from HC on PC1 whereas the 5 patients treated with dimethyl fumarate (DMF) were more similar to HC. The remaining 6 patients were all treated with different compounds and these treatments could therefore not be compared. As this analysis is retrospective, we cannot determine whether this difference is a direct effect of the treatment, but the striking correlation warrants further analysis. In addition, no difference could be seen between age, EDSS or MSSS between DMFand untreated patients, and only small, non-significant differences could be seen in SDMT and lesion load (Supplementary Figure 3), indicating that the effect was not confounded by different clinical profiles of the patients.

The difference between untreated and DMF-treated and untreated patients was also evident when the results of the functional analyses (Figure 2D) were evaluated between treatment groups (Figure 7B). Many of the differences seen between MS and HC were stronger between the DMF-treated/untreated groups when comparing correlation (likely due to the smaller intragroup variance) although the significance was sometimes lost (likely due to the smaller sample size). Of note, phagocytic capacity was significantly correlated with treatment when comparing untreated patients to DMF-treated patients in both M GM-CSF and M IL-4 , while it was not significantly different between MS patients and HC. Thus, the small, non-significant differences seen between MS patients and HC appear to reflect larger differences between untreated MS patients and HC, but these differences are masked by including DMF-treated patients in the MS group. The functional analysis results thus mirror the transcriptomic similarities between DMF-treated patients and HC.

The transcriptomic differences were further examined by comparing the disease and treatment effects on the consensus WGCNA modules (Figure 7C). The treatment effect in the red and yellow modules was stronger than the disease effect, again highlighting the contribution of untreated patients to the global disease effect. Intra-group homogeneity and similarity between DMF-treated patients and controls in certain modules can be seen in the eigengene plots (Figure 7D) and in the heat maps for all genes of each module (Supplementary Figure 4). Overrepresented GO terms and representative gene expression are shown in Figure 7E andF.

Interestingly, the two modules with a significant number of oxidative phosphorylation genes (brown and pink) showed a larger difference between untreated and DMF-treated patients than between patients and HC, with reduced expression in untreated patients in all activation states except M IFNγ+LPS . This suggests that DMF treatment reestablishes a normal level of oxidative phosphorylation genes in patient macrophages. This is in line with current knowledge of antiglycolytic properties of DMF.

The green module, which was not significantly different between patients and controls, showed a difference between untreated and DMF-treated patients in all activation states. This module contained several genes from the lipid catabolic process GO term, and showed lower expression in untreated patients.

The turquoise module (which contained several RNA processing genes) was not different between treatment groups and may therefore be representative of differences that are not corrected by treatment.

Clinical and transcriptomic correlations are masked by treatment effect

To further describe transcriptomic differences among patients, we examined the correlation between module eigengenes and the EDSS, MSSS, SDMT and lesion load of each patient (Figure 8A). There was a significant correlation between SDMT and the yellow (leukocyte migration) module in all states, mirroring the disease effect. There were also three state-specific clinical correlations: between SDMT and the turquoise module in M GM-CSF , and between both EDSS and MSSS and the yellow module in M IFNγ+LPS . However, the strong correlation between treatment and transcriptomics compared to the weak correlation between clinical scores and transcriptomics implies that correlations between clinical scores and transcriptomics could be confounded by treatment.

In order to evaluate correlation between clinical scores and transcriptomic profiles despite treatment effects, we compared eigengene values of each module with clinical scores in the untreated and DMF-treated patients separately. In this way, we identified correlations between the red module and SDMT and between MSSS and the yellow module, which were significant in both patient groups for all activation states except M IL-4 (Figure 8B). Although this result should be tested for reproducibility in more patients, it supports the hypothesis that macrophage profiles reflect clinical profiles when adjusted for the appropriate confounders.

Discussion

Using peripheral monocytes from MS patients and HC, we provide evidence that monocytederived macrophages from patients show altered properties compared to HC, even outside the context of a lesion. Transcriptomic data suggest a pro-inflammatory and leukocyte-recruiting profile which is consistently increased in MS macrophages compared to control macrophages exposed to the same activating stimuli. We also identify differences in response to pro-and antiinflammatory stimuli, as well as interpatient differences according to treatment and clinical data.

Interpretation of disease effects

The global differences observed through PCA, the DE genes between MS and HC, and the module-based analysis all indicated a fundamentally altered transcriptomic profile in MS monocyte-derived macrophages.

MS macrophages over-expressed several genes involved in inflammatory processes, including multiple chemokines. Collectively, the DE chemokines could theoretically bind to a wide range of different receptors: CCR1-5&8, CXCR1&2 and ACKR4. Interestingly, the percentage of CD4+CCR2+CCR5+ cells is increased in the CSF compared to peripheral blood in MS during relapse [START_REF] Sato | CCR2+CCR5+ T Cells Produce Matrix Metalloproteinase-9 and Osteopontin in the Pathogenesis of Multiple Sclerosis[END_REF]. These cells produce high levels of pro-inflammatory cytokines IFNɣ and IL-17, and were reactive to myelin basic protein (MBP) in the study. Thus, MS macrophages may be more prone to attract this disease-associated T helper subtype to the CNS.

In addition, CCL2 and CCL5, which were both over-expressed, induce stronger in vitro migratory capacities in monocytes from MS patients than from HC [START_REF] Fischer | Glucocorticoid Therapy of Multiple Sclerosis Patients Induces Anti-inflammatory Polarization and Increased Chemotaxis of Monocytes[END_REF], suggesting an increased recruitment of infiltrating monocytes. ACKR4 is a non-signaling receptor that triggers internalization of cytokines, thus contributing to regulation of cytokine levels [START_REF] Comerford | The chemokine receptor CCX-CKR mediates effective scavenging of CCL19 in vitro[END_REF]. The down-regulation of this gene seen here in MS M IFNγ+LPS proposes yet another way in which MS macrophages could increase leukocyte migration.

Similarly, the only chemokine that was under-expressed in MS macrophages was CCL17, which is normally produced in response to IL-4 (Mantovani et al., 2004) and attracts Th2 and regulatory T cells [START_REF] Yoshie | CCR4 and its ligands: from bench to bedside[END_REF], and the under-expression may reflect a decrease in regulatory/anti-inflammatory recruitment.

Another family of proteins that was over-expressed in MS macrophages of all activation states was MTs, which are cysteine-rich proteins capable of binding metals. They are important for copper and zinc homeostasis, protection against oxidative stress and sequestration of heavy metals. Several roles for MT in immune regulation have been proposed (Subramanian Vignesh and Deepe, 2017). Of note, MT knockout macrophages show reduced pro-inflammatory cytokine production in response to LPS (Kanekiyo et al., 2002). MT over-expression has been described in MS CNS [START_REF] Penkowa | Metallothionein expression in the central nervous system of multiple sclerosis patients[END_REF]. While the expression was higher in inactive than active lesions, the contribution of MT from macrophages was higher in active lesions. However, the known role in oxidative stress and the lack of oxidative stress in MT-expressing cells in the study suggests that MTs also serve a protective role.

Reduced concentration of zinc has been observed in MS (Bredholt and Frederiksen, 2016), and over-expressed MT could be a cause of this reduction through sequestration. Zinc binds to myelin proteins such as MBP and seems important for myelin structure and/or function (Earl et al., 1988;Tsang et al., 1997), suggesting another way in which increased MTs could promote a destructive environment. In addition, we observed differences in several zinc finger proteins, zinc transporters and MMPs (which require ions to remodel the ECM), and the effects of ion sequestration could thus be extensive in MS macrophages. Further studies of how this affects ion and reactive oxygen species abundance inside and outside of the macrophage could clarify how macrophage MTs influence the disease.

Expression of CD14 and CD16 showed significant differences between MS patient and HC primarily in M IFNγ+LPS and M IL-4 , with a larger proportion of CD14++CD16+ and CD14+CD16+ cells. Interestingly, this result reflects the observation that CD16+ monocytes are present in MS active lesion, participating to blood brain barrier breakdown and T cells invasion of the CNS [START_REF] Waschbisch | Pivotal Role for CD16+ Monocytes in Immune Surveillance of the Central Nervous System[END_REF].

The role of activation in disease-specific phenotypes

Beyond the global differences across activation states, we also noted a disease effect on the difference between activation states. Phagocytic differences as well as global (correlation) and specific (DE genes) transcriptomic differences indicate a smaller difference between M GM-CSF and M IFNγ+LPS in MS than in HC, which was at least not entirely explained by a saturated proinflammatory state. Rather, a subset of genes involved in inflammatory responses such as chemotaxis showed lower expression in MS M IFNγ+LPS than HC M IFNγ+LPS . This was also the case for some oxidative phosphorylation genes. This is of interest in the activation of macrophages, as pro-and anti-inflammatory macrophages have unique metabolic profile, with increased anaerobic glycolysis and oxidative metabolism, respectively (Kelly and O'Neill, 2015). The lower expression of interferon response genes seen in MS M IFNγ+LPS is a plausible cause of this reduced response. While IFNg is a type II interferon, type I interferons are secreted after LPS activation [START_REF] Hayes | Regulation of interferon production by human monocytes: requirements for priming for lipopolysaccharide-induced production[END_REF] and seem to participate in the pro-inflammatory polarization in macrophages [START_REF] Xie | Effects of IRF1 and IFN-β interaction on the M1 polarization of macrophages and its antitumor function[END_REF]. LPS tolerance in macrophages restricts interferon response gene expression [START_REF] Mages | A genome-wide analysis of LPS tolerance in macrophages[END_REF], and while LPS exposure is an unlikely cause of MS patient specific phenotypes, a similar dysregulation of the system could possibly be triggered by other causes. In any case, it is important to note that this reduced response does not fully compensate for the pro-inflammatory tendencies in M GM-CSF , as many are also present in M IFNγ+LPS .

In M IL-4 , there was also a weaker response, notably in failure to down-regulate inflammatory genes. There was also a correlation between lower disease severity and increased myelin phagocytosis in M IL-4 compared to M GM-CSF , suggesting that increase of reparative functions in response to IL-4 is important for a milder disease. However, for M IL-4 , we were not able to identify metabolic or signaling pathways to provide a possible underlying response-reducing mechanism. This weaker response to activating stimuli may however be related to the intermediate inflammatory state observed in MS lesions (Vogel et al., 2013).

However, there was no observable difference between MS and HC macrophages in response to

IFNβ. In fact, the overall differences between M GM-CSF and M IFNβ were limited. This suggests that its direct effect on macrophages likely does not greatly contribute to its anti-inflammatory actions in patients.

Causes of inter-patient variation

The results of this study showed a large heterogeneity among patients. A large part of this difference could be explained by treatment, as the patients who were treated with DMF were consistently more similar to HC than untreated patients. Although CD14+CD16-monocytes are only present in circulation for a short period of time -approximately one day [START_REF] Patel | The fate and lifespan of human monocyte subsets in steady state and systemic inflammation[END_REF] -the twice-daily protocol of DMF treatment gives ample time for an effect on monocytes before sampling. In addition, long-term impact on other cell types could affect monocytes indirectly.

The difference between untreated and DMF-treated MS patients was evident in both the proinflammatory properties described above and metabolic pathways, notably oxidative phosphorylation and lipid catabolic process genes. Included in the oxidative metabolism typical for anti-inflammatory macrophages is an increased reliance on β-oxidation, providing further evidence of metabolic modulation leading to less pro-inflammatory characteristics in DMFtreated patient macrophages. While the exact mechanism of DMF in MS is unknown, direct effects on monocyte and macrophage metabolism and inflammatory properties have been defined. This includes a reduction of glycolysis combined with an increase of oxygen consumption and decrease of inflammatory cytokines in activated murine macrophages (Kornberg et al., 2018), matching our results of reduced chemokine production and increased oxidative phosphorylation gene expression in DMF-treated patient macrophages. In addition, differences in lipid metabolites have been identified in plasma before and during DMF treatment, with notable reduction in fatty acids [START_REF] Bhargava | Dimethyl fumarate treatment induces lipid metabolism alterations that are linked to immunological changes[END_REF]. This result supports that the increase in lipid catabolic genes we see in macrophages would be a result of the DMF treatment. The anti-inflammatory effect on monocytes of DMF-treated patients has previously been described [START_REF] Michell-Robinson | Effects of fumarates on circulating and CNS myeloid cells in multiple sclerosis[END_REF]. In the study, in vitro studies of monocytes from healthy controls also showed that DMF reduced the pro-inflammatory effects of LPS, whereas its metabolite monomethyl fumarate (MMF) did not. As DMF is rapidly metabolized to MMF [START_REF] Langfelder | Pharmacokinetics of oral fumarates in healthy subjects[END_REF], this casts doubt on the direct effect of DMF on monocytes. However, testing MMF on patient macrophages may produce other results, especially as our results

indicate a stronger metabolic effect on macrophages with other activation stimuli than IFNɣ+LPS. Whether the effect is specific to patient monocytes or indirect, our results are the first to show a correlation between DMF treatment, metabolic and inflammatory transcriptomic profiles, and cell phenotypes in macrophages of MS patients.

Correlation between clinical scores and functional and transcriptomic results were not as strong as the disease or treatment effect. This is not surprising, as the causes of clinical disability are highly complex and aspects such as neurodegeneration and anatomical location of lesions may well not be reflected in macrophage function or transcriptome. The fact that we still observed such differences indicates that macrophages play a major role in MS pathophysiology and that this should be studied further in high-powered studies without confounding effects such as treatment. This includes studies of untreated patients as well as larger groups for each treatment studied (preferably with samples prior to and during treatment).

Concluding remarks

This study implicates a role of monocyte-derived macrophage function and transcriptome as mediators and/or biomarkers of disease activity. In an artificial environment, we were able to mimic several aspects of MS lesions, supporting the role of innate immune system defects in the inflammatory lesion environment. The extensive data available for each patient, including functional and transcriptomic information about macrophage activation capacity, indicates that MS macrophages can vary from the healthy condition in a wide array of aspects, and that the extent of dysfunction varies among patients. This heterogeneity appears to be reflective of both treatment and clinical severity. Future work would benefit from considering this patient heterogeneity and connecting cellular biology and clinical observations through more extensive phenotyping, in particular keeping in mind the potential functions of the cell in disease. status. Note that only two groups (DMF and UN) were tested for significant differences in each case. E) Over-represented GO terms in brown, pink and yellow modules (same as in Figure 5) In this paper, we present a novel method for analyzing the central actors of a dysregulated network. Capitalizing on bioinformatical data bases for defining networks of interacting genes and network control theory for understanding how these complex networks can be steered, we define a method for evaluating the capacity of each gene to control sought target genes. Using a similar data set to the one used in Results Part I, we identify target genes in a pro-inflammatory pathway and identify driver nodes theoretically capable of steering the activity of several target nodes. Our findings are supported by both biological and pathological relevance. This method could be useful for identifying key drivers of pathological profiles as well as for identifying potential therapeutic targets.

Figures
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The data set used here was produced prior to the start of my PhD studies, but I performed much of the initial analysis. Similar to the data described in Results Part I, we identified as broad disease effect in macrophages, with several differences of small effect size, and this provoked the question of how we can utilize knowledge of gene interactions to identify potential targets for regulation. We therefore collaborated with the Aramis lab who specialize in statistical approaches utilizing medical imaging, clinical and genomic data. I participated in the development of the study, the biological interpretation of the results, and the manuscript production.
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Abstract

Macrophages are cells of the immune system playing an important role in the disease multiple sclerosis (MS). The correct genetic activation of macrophage phenotypes permits a correct remyelinating response. The possibility to steer it towards a "repairing" state while acting on a limited number of genes (drivers) would be greatly advantageous.

We model macrophage activation as a network, where nodes correspond to genes involved in inflammation and directed links to significant influences (inhibition or activation). To retrieve the wiring data, we applied an ontology to macrophages.com activation pathways. We assume a linear time invariant dynamic and model our problem in a target controllability framework.

Each gene is tested as a driver and target nodes are the genes for which the difference in gene expression between the two states of the macrophages is most significant for patients and controls. Since computing the rank of the controllability matrix is inappropriate for a large network, it was not possible to test all target nodes at the same time. We compute the target control centrality as the number of target nodes that can be controlled from a single driver node, when choosing the target nodes in a step-wise fashion that exploits an ordering of the targets.

We identify 12 driver nodes theoretically capable of controlling >25% of our defined target genes. The control capacity of these driver nodes are supported by their biological function.

Our work is a preliminary step towards the identification of the genes influencing the inflammatory process of macrophages, which is a crucial mechanism in MS.

Introduction

Macrophages play an important role in multiple sclerosis (MS). They are known to participate both to the degenerative process, myelin destruction, and to the regenerative one coordinating remyelination. We focus on two activation states of the macrophages: 'alert', which senses the environment, and 'pro-inflammatory', which is responsible for defense against external agents.

The correct genetic activation of macrophage phenotypes permits a correct remyelinating response (Miron et al., 2013), and it would be beneficial to be able to steer this response towards a healthy state while acting on a limited number of genes (drivers). In this context, nodes correspond to genes involved in inflammation and directed links correspond to significant influences (inhibition or activation) as retrieved from macrophages.com [START_REF] Robert | Macrophages.com: An on-line community resource for innate immunity research[END_REF] activation pathways. To enhance interpretation, genes are assigned to four different categories, according to their type of function within the cell. We assume a linear time invariant dynamic and model our problem in a target controllability framework (Gao et al., 2014). Each gene is tested as a driver and target nodes are selected considering differences in gene expression between patients and controls. Since testing for controllability is problematic for a large network, it is not possible for us to test all target nodes at the same time, thus we compute the target control centrality as the number of target nodes that can be controlled from a driver node, when the targets are chosen in an accurate way as explained below.

Theoretical framework

Mathematical control theory is the area of application-oriented mathematics that deals with the basic principles underlying the analysis and design of control systems. To control an object means to influence its behavior so as to achieve a desired goal. The central tool is the use of feedback in order to correct for deviations from the desired behavior [START_REF] Sontag | Mathematical Control Theory: Deterministic Finite Dimensional Systems[END_REF].

In mathematical control theory, a dynamical system is controllable if, with a suitable choice of inputs, it can be driven from any initial state to any desired final state within finite time. This concept is shown in Figure 1.

Figure 1: The intuition behind the controllability property of a system refers to the fact that (a) any initial state can be steered to any final state by choosing the input appropriately and (b) applying an external input on a node (here X1), it is possible to constrain the state of the whole network.

Consider the discrete time linear system

x(t+1) =A(t)x(t) + B(t)u(t)
where x(t)is the N×1 state vector, A(t) is the N × N state matrix which describes the structure of the system, B(t) is the N×M, (M≤N), input matrix which identifies the components controlled by an outside controller, u(t) is the M×1 input (or control) vector.

We will consider the Linear Time Invariant (LTI) dynamics, in which matrices A(t) and B(t) are independent of time (A, B). The previous equation becomes

x(t+1) =Ax(t) + Bu(t) (1)
Despite the fact that in general the same signal u(t) can drive multiple nodes, when the corresponding column in B has more than one non-zero element, we will consider only the case in which each signal controls exactly one node. This hypothesis leads to a B matrix where each column has N-1 zeros and one 1 in correspondence with the chosen driver node.

Refer to [START_REF] Liu | Control principles of complex systems[END_REF] for a review on the network controllability problem.

A necessary and sufficient condition for the controllability of a system is given by the Kalman criterion [START_REF] Antsaklis | A Linear Systems Primer[END_REF][START_REF] Dorf | Modern Control Systems[END_REF]. Consider a LTI system, as in Equation 1, then define the N×NM controllability matrix C as

C = [B AB A 2 B ••• AN-1B] ( 2 
)
The system is controllable if the controllability matrix is full rank: rank(C) = N. If the system is controllable, C will have N columns that are linearly independent, then each of the N states is reachable by giving the system proper inputs through the input variable u(t).

Nodes identified by matrix B when the system is controllable are called driver nodes and are the nodes that will receive the external input u(t). If we wish to control a system, we first need to identify the set of nodes that, when driven by appropriate signals, can offer full control over the network, the driver nodes.

Practical issues

The implementation of the Kalman criterion is a brute-force approach that has exponential complexity if requested to test all possible numbers of driver nodes and binomial complexity for a fixed number of driver nodes. For a fixed number of drivers M, going from 1 to N, there are ( ! " ) different configurations of the matrix B. In fact we choose M ones representing the drivers among the N columns, and the complexity can be computed as

∑ ! # j =1( ! # )=2 N -1.
Along with the exponential complexity in time, the problem of executing an accurate rank test is unsuitable and is very sensitive to round off errors and uncertainties in the matrix elements [START_REF] Liu | Control principles of complex systems[END_REF].

With the tools at our disposal, it was not possible to perform the rank test for graphs with more than 25 nodes, thus we decided to impose two additional constraints in order to reduce the complexity of the problem.

One single driver node

As a technical requirement for potential experiments, the expression of only one node can be modified at a time, thus we decided to impose M=1; the B matrix that becomes a column of zeros, with 1 in the position corresponding to the chosen driver node. This setting allows us to exploit the definition of control centrality as in [START_REF] Liu | Control Centrality and Hierarchical Structure in Complex Networks[END_REF]. Mathematically, control centrality of node i captures the dimension of the controllable subspace or the size of the controllable subsystem when we control node i only. This agrees well with our intuitive notion about the "power" of a node in controlling the whole network.

Target nodes

As discussed until now, the control property of a system refers to the ability to affect the state of the whole network, each single node. In practice, we may be interested in modify the states of a selected subset of nodes; we call those the target nodes. Following the framework of (Gao et al., 2014), and the most recent application in [START_REF] Yan | = Expanded Disability Status Scale; IQR = interquartile range; MSSS (EDSS related to disease duration) = Multiple Sclerosis Severity Score; PPMS = primary progressive multiple sclerosis; RRMS = relapsing-remitting multiple sclerosis; SPMS = secondary progressive multiple sclerosis[END_REF], given S target nodes, we introduce a S×N matrix C whose rows are made of all zeros and one 1 in correspondence with a target node. The Kalman rank criterion can be adapted to a target controllability problem for a system in which all S target nodes can be controlled, Equation 2becomes rank(C×C) = S

Controllability framework

To test which genes most affect the transition from one state to another, we developed a controllability framework. In our application, we deal with a LTI system, Equation 1, where:

• x (t)is the N-vector representing the state of the network, here the expression of the N genes;

• A is the N×N binary adjacency matrix of the network, the system's wiring diagram;

• B is the N-vector that identifies the driver node, on which an external input is applied;

• u(t) is the N-vector representing the input; will not be discussed here, but it represents a change in gene expression, for instance gene knockout.

Taking into account the two additional constraints of testing one driver node at a time and selecting a subset of target nodes, we study a target controllability problem in which each gene is tested as a driver of target genes. We compute the target control centrality as the number of target nodes that can be controlled from a driver node, when the targets have been selected.

Let [n 1 , ..., n S ] be the ordered sequence of target nodes, T is the target set and contains the target nodes we are currently testing, c* is the number of controllable targets among the ones already tested. We then compute the target control centrality in a step-wise process:

• Step 0: the target set contains the first target node, T = {n 1 }, the initial target control centrality is zero, c* = 0.

• Step 1: build the subgraph to apply the Kalman criterion, made of nodes accessible from the driver that can reach the nodes in the target set T.

• Step 2: perform the Kalman criterion to check for target controllability -If the configuration is not controllable, discard the last target added to the target set and test the successive one. At a general step when the last node added to T

was n k , it means T = T \ {n k }and T = T∪{n k +1}.
-Else, include the successive target in the target set and increase by one the target control centrality. At a general step when the last node added to T was n k , it means T = T∪{n k +1} and c* = c* + 1

• Repeat steps 1 and 2 until the last target node is tested.

This process can be visualized as the flowchart in Figure 2.

Figure 2:

Flowchart for the computation of the target control centrality at a general step when the last node added to the target set T was n k . c* is the number of controllable targets among the ones already tested.

Inferred network

The limited number of samples did not allow us to infer the underlying network from our samples, thus we relied on existing open source data. In particular, Graph ML files of macrophage activation pathways from macrophages.com [START_REF] Robert | Macrophages.com: An on-line community resource for innate immunity research[END_REF] were converted into Excel files. Then, using the ontology editor Protégé [START_REF] Musen | The Protégé Project: A Look Back and a Look Forward[END_REF], reactions of the extracted pathways were imported as individuals of systems based ontology. Reactions were typed by their corresponding classes and reactants or products were typed as input or output of these reactions.

Logical rules were designed to infer molecular interactions depending on the process they belong to, e.g. inputs of a binding have reciprocal relations, while a mediator of a process has a directional relationship with the process' inputs. The described logical reasoning resulted in a network with 573 nodes, 8106 reciprocal (symmetric) edges, and 784 directed edges.

We restricted our study to N=101 nodes, representing genes involved in inflammation, and their corresponding 209 directed edges, which are significant influences among genes and have the clear interpretation of either inhibition or activation. The network can be seen in Figure 4.

In order to enhance the interpretation of results, we classify the genes into four functional categories: Sensing genes are in the membrane of the cell and start a signaling pathway inside the cell via signaling genes, which affects the transcription factors inside the nucleus, inducing expression of genes coding for secreted molecules. As the inflammatory gene networks are important for correct macrophage function, being able to control it should be beneficial in inflammatory diseases like MS. We therefore investigate the controllability of this network within the context of MS.

This network is the basis of our adjacency matrix which must be controlled in order to achieve the desired state of the system (Figure 5). [START_REF] Robert | Macrophages.com: An on-line community resource for innate immunity research[END_REF]. Size of a node is proportional to its degree. Genes are classified into four functional categories: Sensing genes are in the membrane of the cell and start a signaling pathway inside the cell, to the transcription factors inside the nucleus, which expel secreted molecules.

Figure 5: Controllability framework for our linear time invariant system. x(t)represents the state of the system, that is the expression of the selected genes; A is the adjacency matrix of the network; B and u(t)represent the input, identifying the driver nodes and a change in gene expression, for instance gene knockout.

Target control centrality

The selected target nodes are those 19 genes for which the difference in gene expression between alert (M0) and pro-inflammatory (M1) states of the macrophages is most significantly different between for patients and controls (p<0.05, Figure 6). Since computing the rank of the controllability matrix is unsuitable for a large network, it is not possible for us to test all target nodes at the same time. 

Identification of driver nodes

Using the 19 target nodes, we apply the method described in Figure 2 to identify the number of target nodes that can be controlled by each gene in the system. As an additional requirement, since the two most significant target genes, ICAM1 and SOD2, have the same p-value, we impose that they must be controlled simultaneously.

Results show that 12 genes have the highest target control centrality, being able to control 5 to 7 target nodes (Figure 7). Note that the dimension of the subgraphs on which we compute the Kalman condition is small enough for an accurate computation of the rank of the controllability matrix. The other genes in the network have target control centrality equal to 2, corresponding to controlling ICAM1 and SOD2 only. The driver capacity of STAT1 can be seen in Figure 8. Its subgraph contains 20 nodes, meaning that among the 61 nodes accessible from STAT1, 20 are on a path from the driver to one of the target nodes. 

Discussion

We propose a novel method for evaluating roles of genes in gene interaction networks. By utilizing previously described interactions, in the form of pathways, we construct a network in which nodes represent genes, and directed edges represent gene inhibition and activation inflicted by another gene. This network is then tested to identify driver nodes of target nodes, such as dysregulated genes in disease. We apply this method to construct a network of 101 genes involved in macrophage inflammatory pathways, and identify driver nodes capable of controlling 5-7 of 19 target genes. The target genes were identified based on a data set of 8 MS patients and 8 healthy controls, from which macrophages had been stimulated with lipopolysaccharide (LPS) and interferon-ɣ (IFNɣ) to induce the inflammatory pathway.

The 12 genes that were found to be driver nodes of the target genes are all central actors of macrophage activation, specifically in the interferon response pathway, which is what should be induced in response to the stimuli that were used. The only secreted molecule to be considered a driver node was IFNG, which is the gene of one of the molecules used to activate the macrophages. As secreted molecules are considered the final level of a signaling cascade within a cell, it makes biological sense that the only secreted molecule driver node is the original initiator of the cascade. In addition, the only sensing driver nodes are the receptors of this molecule. Remaining nodes were signaling and transcription factors, which are known for their broad intracellular effects. Thus, the found results are supported by biological knowledge, confirming the relevance of the approach.

In addition, the driver nodes IRF1, PRKCD and STAT1, which control the highest number of target genes, have already been described in MS [START_REF] Feng | Low expression of interferon-stimulated genes in active multiple sclerosis is linked to subnormal phosphorylation of STAT1[END_REF][START_REF] Mahurkar | Identification of Shared Genes and Pathways: A Comparative Study of Multiple Sclerosis Susceptibility, Severity and Response to Interferon Beta Treatment[END_REF].

Thus, our results, despite being based on a small set of samples, are also supported by results in the broader MS population.

Concerning types of data, in this paper, we identify target genes based on their regulation between two macrophage states in the same individual, comparing this regulation between patients and controls. This follows the hypothesis that MS patient macrophages respond incorrectly to activating stimuli. However, the method could also be applied to direct comparisons of gene expression between patients and controls, such as those identified in classical differential expression analyses.

For future development of this method, we propose two aspects to consider. First, while using published pathways as a basis for networks has the advantage of easy biological interpretation, it assumes that the network is the same in all individuals. It is possible that some of the interactions between genes are altered in disease and that the control over a target is lost. For this reason, it would be advantageous to generate disease-specific networks, especially when studying the difference in response to stimuli. However, this would require significantly larger sample sizes.

Secondly, thus far, we have only sought to identify the genes that can control a maximum number of target nodes. However, in medicine it is important to not only maximize on-target effects but also to minimize off-target effects, i.e. to minimize impact on genes which are not dysregulated in the first place. This will be an important consideration for future development of this model, especially to aid in choosing between multiple driver nodes with high target control centrality.

In conclusion, by evaluating control in gene networks we identify central actors with potential for regulation of altered inflammatory gene expression in MS. The results are supported by the known importance of the genes in the pathway and by their known correlation with disease.

This method is promising for identification of targets for therapy in diseases with complex dysregulated gene expression.

Adaptive human immunity drives remyelination in a mouse model of demyelination In this paper, we studied the role of MS patient lymphocytes in inhibition of remyelination. This was done using a novel humanized mouse model with focal demyelination (LPC) with human lymphocytes grafted directly into the lesion area. In this way, we were able to show that MS lymphocytes, unlike those from healthy controls, inhibit remyelination (measured with markers of oligodendrocyte differentiation in fluorescent microscopy and area of remyelination in electron microscopy). There was large variation between MS patients, which could reflect the heterogeneity seen in MS remyelination.

Using in vitro methods, we could show that this was not a direct effect of lymphocyte-produced molecules on oligodendrocytes, as lymphocyte conditioned media failed to alter oligodendrocyte differentiation. On the other hand, the lymphocyte conditioned media was sufficient to switch primary microglial cultures to an M1 phenotype, of which the conditioned media in turn reduced oligodendrocyte differentiation. Again, this effect was heterogeneous between patients. We were able to confirm the role of one molecule, CCL19, in reducing differentiation through activation of macrophages.

My contribution to the project consisted of performing experiments, in particular those performed for Supplementary Figure 1 and assisting with other in vivo experiments, and input on data analysis and the manuscript.

In the context of my thesis, this project illustrates the utility of studying human cell functions ex vivo to elucidate the role of immune cells in repair in the context of MS. It highlights the importance of examining both patient effects compared to controls and the variation among patients. In addition, it highlights the role of macrophage activation in MS remyelination, supporting our hypothesis that dysregulated macrophage activation could contribute to the disease.

Adaptive human immunity drives remyelination in a mouse model of demyelination These authors contributed equally to this work.

One major challenge in multiple sclerosis is to understand the cellular and molecular mechanisms leading to disease severity progression. The recently demonstrated correlation between disease severity and remyelination emphasizes the importance of identifying factors leading to a favourable outcome. Why remyelination fails or succeeds in multiple sclerosis patients remains largely unknown, mainly because remyelination has never been studied within a humanized pathological context that would recapitulate major events in plaque formation such as infiltration of inflammatory cells. Therefore, we developed a new paradigm by grafting healthy donor or multiple sclerosis patient lymphocytes in the demyelinated lesion of nude mice spinal cord. We show that lymphocytes play a major role in remyelination whose efficacy is significantly decreased in mice grafted with multiple sclerosis lymphocytes compared to those grafted with healthy donors lymphocytes. Mechanistically, we demonstrated in vitro that lymphocyte-derived mediators influenced differentiation of oligodendrocyte precursor cells through a crosstalk with microglial cells. Among mice grafted with lymphocytes from different patients, we observed diverse remyelination patterns reproducing for the first time the heterogeneity observed in multiple sclerosis patients. Comparing lymphocyte secretory profile from patients exhibiting high and low remyelination ability, we identified novel molecules involved in oligodendrocyte precursor cell differentiation and validated CCL19 as a target to improve remyelination. Specifically, exogenous CCL19 abolished oligodendrocyte precursor cell differentiation observed in patients with high remyelination pattern. Multiple sclerosis lymphocytes exhibit intrinsic capacities to coordinate myelin repair and further investigation on patients with high remyelination capacities will provide new pro-regenerative strategies.

Introduction

Multiple sclerosis is an autoimmune disease of the CNS in which the myelin formed by oligodendrocytes is destroyed by successive inflammatory attacks. An endogenous myelin repair occurs in some patients [START_REF] Bramow | Demyelination versus remyelination in progressive multiple sclerosis[END_REF] but remyelination extent and efficacy is highly variable among patients and this variability is not linked to age, disease duration, or clinical forms of the disease [START_REF] Patani | Remyelination can be extensive in multiple sclerosis despite a long disease course[END_REF]. A recent longitudinal follow-up of newly formed demyelinated lesions-using PET and MRI combined with myelin specific markers-documented a large interindividual heterogeneity of remyelination (Bodini et al., 2016). Interestingly, the remyelination index was inversely correlated with clinical disability, a result confirming that myelin repair is essential to slower disease evolution. It is therefore of utmost importance to define the key players of a successful remyelination in multiple sclerosis conditions to slow down disability progression.

Inflammatory events exert a key role in driving remyelination [START_REF] Arnett | Functional genomic analysis of remyelination reveals importance of inflammation in oligodendrocyte regeneration[END_REF][START_REF] Foote | Inflammation stimulates remyelination in areas of chronic demyelination[END_REF][START_REF] Miron | Macrophages and CNS remyelination[END_REF][START_REF] Do ¨ring | Stimulation of monocytes, macrophages, and microglia by amphotericin B and macrophage colony-stimulating factor promotes remyelination[END_REF][START_REF] Moore | Direct and indirect effects of immune and central nervous system-resident cells on human oligodendrocyte progenitor cell differentiation[END_REF]. Indeed, depletion of innate and adaptive immune cells [START_REF] Kotter | Macrophage depletion impairs oligodendrocyte remyelination following lysolecithin-induced demyelination[END_REF][START_REF] Bieber | Efficient central nervous system remyelination requires T cells[END_REF] leads to a decrease of remyelination efficacy in animal models of focal demyelination. More specifically, myelin repair is dependent of the state of activation of the invading macrophages and resident microglial cells (MIGs). At least two main activated states exist: (i) classically activated (or M1) after exposition to the pro-inflammatory cytokines IFN-; and (ii) alternatively activated (or M2) after exposure to IL-4 (Butovsky et al., 2006). M1 cells appear to influence the first steps of remyelination by stimulating proliferation and migration of oligodendrocytes precursors cells (OPCs) towards the lesion site while M2 MIGs foster OPC differentiation into myelinating oligodendrocytes (Butovsky et al., 2006;Miron et al., 2013). These results were further strengthened by the observation that intraventricular [START_REF] Butovsky | Butovsky-Induction and blockage of oligodendrogenesis by differently activated microglia in an animal model of MS.pdf[END_REF] or intranasal [START_REF] Zhang | Adoptive transfer of cytokine-induced immunomodulatory adult microglia attenuates experimental autoimmune encephalomyelitis in DBA/1 mice[END_REF] injection of M2 MIGs led to a decrease of symptom severity in the multiple sclerosis animal model of experimental autoimmune encephalomyelitis (EAE), by modulating inflammation and increasing remyelination. All these data suggest that the control of the local inflammatory environment is a key component of a successful remyelination.

As these studies were performed using animal models, it remains challenging to extrapolate to human pathological conditions the prerequisites for efficient myelin repair. Therefore, in order to examine this regenerative process within multiple sclerosis pathological conditions, we established new in vitro and in vivo experimental paradigms to investigate how human immune cells influence endogenous remyelination. We show, for the first time, that multiple sclerosis patient lymphocytes impede remyelination in vivo when grafted in demyelinated lesions of nude mouse spinal cord. To decipher the underlying mechanism, we used in vitro experiments demonstrating that, upon stimulation, multiple sclerosis lymphocytes directed MIGs more toward a pro-inflammatory phenotype compared to healthy donor lymphocytes, leading to impairment of OPC maturation. Moreover, we found that patient lymphocytes influenced differentially the remyelination process, some lymphocytes showing a beneficial and some a deleterious effect, a pattern mimicking what is observed in multiple sclerosis patients. Finally, by comparing these two subgroups of patients using elaborated biostatistical analysis, we identified five molecular targets and validated in vitro CCL19 as a potential target.

Materials and methods

Study design

The aim of the study was to define the molecular and cellular elements leading to a proper remyelination in a humanized context. The number of individual patients or independent replicate is indicated in all figure legends. Data were analysed in a blinded fashion (third party concealment). All statistics were performed under the supervision of the biostatistics platform. Alpha 5 0.05 was considered as statistically significant.

Recruitment of multiple sclerosis patients and healthy donors

Collection of blood and cells for the study was approved by the French Ethics committee and the French ministry of research (DC-2012-1535and AC-2012-1536). Written informed consent was obtained from all study participants. All patients fulfilled diagnostic criteria for multiple sclerosis, and individuals (multiple sclerosis patients and healthy donors) with any other inflammatory or neurological disorders were excluded from the study.

Mice

Nude (RjOrl:NMRI-Foxn1 nu/ Foxn1 nu) and wild-type (C57BL/ 6JR) mice were purchased from Janvier (France). All animal protocols were performed in accordance with the guidelines published in the National Institute of Health Guide for the Care and Use of Laboratory Animals, EU regulations (agreement n A75-1319) and the local 'Charles Darwin' ethics committee.

Collection and activation of peripheral blood mononuclear cells

Blood (30 ml) was collected from multiple sclerosis patients (from the BRC-REFGENSEP cohort) and healthy donors (from the French Blood Organization EFS) in acid citrate dextrose (ACD) tubes. Peripheral blood mononuclear cells (PBMCs) were purified through centrifugation (2200 rpm, 20 min) on a Ficoll gradient and several washings in 10% foetal calf serum (FCS) RPMI. Cells were resuspended at 2 Â 10 6 cells/ml in RPMI 10% FCS and activated using anti-CD2/anti-CD3/anti-CD28 antibodies conjugated to beads (Miltenyi) at a ratio of one bead per two cells in 24-well plates (TPP). After 72 h, cells were collected for grafting and supernatants were harvested and used for MIG culture experiments and cytokines/chemokines analysis by Luminex Õ .

Flow cytometry

To test human lymphocyte survival after grafting, 50-200 ml of blood were sampled retro-orbitally 8-12 days after surgery. Cells were fixed with 1-step Fix/Lyse solution (Affymetrix) for 15 min, washed, resuspended in FACS buffer and stained with antibodies (Supplementary Table 1). The percentages of hCD4 + and HLA + cells, identified by forward and side scatter, were calculated on total leucocytes. For lymphocyte characterization, PBMCs were activated with 50 ng/ml phorbol 12-myristate 13-acetate (Sigma-Aldrich), 500 ng/ml ionomycin (Sigma-Aldrich), and GolgiPlug TM (1 mg/10 6 cells; BD Biosciences) over 4 h. Cells were then washed in staining buffer [phosphate-buffered saline (PBS) 1% FCS and 0.1% sodium azide] and stained with antibodies (Supplementary Table 1).

Data were acquired on a FACSVerse (BD Biosciences) and analysed using FlowJo software (Tree Star).

Secretion profile measurement

The Luminex Õ -based multiplexed immunoassays with fluorescent microspheres Milliplex Map assays (HCYTMAG-60K-PX41, HCYP3MAG-63K-11 and HCP2MAG-62K-PX23, Merck Millipore) were used to measure 72 cytokines/chemokines (five were not detectable).

Lysophosphatidylcholine injection and peripheral blood mononuclear cell graft

Eight-week-old nude mice were anaesthetized with a solution of ketamine (100 mg/ml) and xylazine (10 mg/ml). Demyelination was performed by stereotaxic injection of 1 ml of lysophosphatidylcholine (1%, Sigma) in the dorsal horn of the spinal cord. After 48 h, lymphocytes from multiple sclerosis patients or healthy controls [10 5 cells in 1 ml of X-VIVO TM 15 medium (Lonza)] were engrafted within the lesion site previously marked by charcoal. Three to five mice were grafted per individual.

Perfusion and tissue processing

Grafted mice were euthanized by over-anaesthesia of ketamine/ xylazine and perfused intracardially with a solution of PBS 4% paraformaldehyde (PFA) for immunohistochemistry and 4% PFA, 5% glutaraldehyde for electron microscopy. Spinal cords were removed and post-fixed for 1 h. For immunohistochemistry, tissues were cryoprotected overnight in a 20% sucrose solution, frozen in cooled isopentane and cryosected longitudinally (12-mm slices). For electron microscopy, spinal cords were cut into 1 mm sections and contrasted first with 2% osmium tetroxide and with 5% uranyle acetate before several steps of dehydration. Spinal cord sections were embedded in Epon TM before being cut into semithin and ultrathin sections for analysis.

Microglial and oligodendrocyte precursor cell culture

MIGs and OPCs were obtained using mixed cultures of glial cells. Hemispheres from C57BL6 P0/P1 newborn mice were isolated, mechanically dissociated and put in culture in polyornithine (Sigma) coated flasks (TPP) in Dulbecco's modified Eagle medium supplemented with 10% horse serum and 10% FSC. After 12-14 days, MIGs were collected in the floating fraction of the culture after 2 h of shaking at 100 rpm. OPCs were collected following a shaking period of 18 h at 250 rpm. OPCs were purified after two differential adhesions on low adhesion petri dishes (TPP).

Microglial cell pretreatment, oligodendrocyte precursor cell proliferation and differentiation test

MIGs were plated on 4-well dishes (Gibco) at 10 5 cells per well or in 96-well plates (TPP) at 4 Â 10 4 cells per well in DMEM/F12 media with N2 (1%), B27 (0.5%), insulin (25 mg/ml), glucose (6 mg/ml), and supplemented with 2.5% FCS (differentiation test) or not (proliferation test). After adhesion, MIGs were pretreated over 24 h with lymphocyte supernatant from multiple sclerosis patients or healthy control subjects. The MIG-conditioned media was harvested and cells fixed using 4% PFA. OPCs were plated in 4-well dishes or 96well plates (10 5 and 4 Â 10 4 cells per well, respectively) coated with polylysine. After adhesion, MIG-conditioned media or lymphocyte supernatant was added to OPC cultures. After 24 h (proliferation test) or 72 h (differentiation test), cells were fixed using 4% PFA. To test the influence of CCL19, recombinant human CCL19 (1 ng/ml, R&D systems) was added to lymphocyte supernatant.

Immunocytochemistry and immunohistochemistry

Cells and tissues were permeabilized, saturated and stained with antibodies described in Supplementary 

Photographic image quantification

In vitro

To assess MIG polarization, the proportion of inducible nitric oxide synthase (iNOS + ) and insulin growth factor 1 (IGF-1 + ) cells on the total number of cells was evaluated using the imageJ software. The same quantification method was used for the evaluation of O4 + , galactocerebroside (GalC + ) and CNPase + (2',3'-cyclic-nucleotide 3'-phosphodiesterase) cells. Proliferative Olig2 + /Ki67 + oligodendroglial cells were quantified automatically using HCS studio.

In vivo

The number of Olig2 + and Olig2 + /CC1 + in immunohistochemistry, the area of remyelination in electron microscopy and the number of HLA + cells in spinal cords were quantified using ImageJ software. The graph represents the mean of three to five mice per individual with a good reproducibility among the mice grafted with the lymphocytes of the same individual. 

Statistical analysis

Multivariated analysis

All the coding for the multivariate analysis has been run with the R software. Barycentric discriminant analysis (BADA) is a robust form of discriminant analysis that creates (linear) combinations of variables-called factors or dimensions-that best discriminate between a priori defined groups of observations [START_REF] Abdi | Analysis of regional cerebral blood flow data to discriminate among Alzheimer's disease, frontotemporal dementia, and elderly controls: multi-block barycentric discriminant (Mubada) methodology[END_REF]. BADA evaluates the quality of the group separations by using a non-parametric Bootstrap resampling scheme to derive confidence intervals that are drawn around the points representing the groups on the factor maps. A ranking procedure was applied on the cytokine data block to avoid any bias introduced by 0 s corresponding to undetectable levels of cytokine secretion.

To assess the contributions of each block of data to the remyelination process, we applied a hierarchical partial least square regression (PLS) (Fig. 6B), to evaluate their relative link to the percentage of CNPase + cells. Network inference was performed by computing partial correlations and assessing their significance with GeneNet [START_REF] Schaefer | A shrinkage approach to large-scale covariance matrix estimation and implications for functional genomics[END_REF], which is particularly adapted to high dimensional data.

Results

In vivo evaluation of human lymphocyte effect on remyelination

In nude mice, spontaneous remyelination occurs after focal demyelination from lysophosphatidylcholine (LPC) injection and is completed within 4 weeks [START_REF] Jeffery | Remyelination of mouse spinal cord axons demyelinated by local injection of lysolecithin[END_REF]. To evaluate how lymphocytes influence remyelination, we combined LPC-induced demyelination in the spinal cord of nude mice and the graft within the lesion 48 h after demyelination of 10 5 activated lymphocytes isolated from blood samples of healthy control subjects and patients with multiple sclerosis (Table 1, Supplementary Table 2 and Fig. 1A).

To follow lymphocyte fate, we detected in mice blood samples of grafted mice the presence, among mice leucocytes, of HLA + (1.13% AE 0.25) and human cluster of differentiation 4 + (hCD4 + ) (0.56% AE 0.06) cells by flow cytometry (Supplementary Fig. 1A-C) and we confirmed the presence of HLA + cells within the lesion by immunohistochemistry 21 days post-grafting (Supplementary Fig. 1D-L). Lymphocytes were preferentially located in the lesion centres and borders, a very low number were found in the intact white matter (Supplementary Fig. 1D-F). The numbers of cells in the lesions were similar when healthy control or multiple sclerosis patient lymphocytes were grafted (Supplementary Fig. 1F). Moreover, lymphocytes were usually associated with blood vessels present in the lesion (Supplementary Fig. 1 G-L).

The effect of lymphocyte grafting on OPC recruitment and differentiation was evaluated using the combination of Olig2 (expressed throughout the oligodendroglial lineage) and adenomatous polyposis coli/clone CC1 (expressed in mature stages of the lineage) immunolabelling (Fig. 1B-E) in the lesion border underlined by a strong staining of astrocytic marker glial fibrillary acidic protein (GFAP) (Fig. 1D-E). While no difference in the total number of Olig2 + cells was observed, the proportion of Olig2 + CC1 + cells, representing OPC engaged in differentiation, was significantly reduced in multiple sclerosis lymphocyte grafted mice compared to healthy donor lymphocyte grafted mice and nongrafted (NG) mice (Fig. 1F). These results demonstrate that multiple sclerosis lymphocytes did not interfere with OPC recruitment, but impeded OPC differentiation.

Our data revealed that some patient lymphocytes have a deleterious effect while lymphocytes from other patients did not disturb OPC differentiation. Therefore, we defined two subgroups of multiple sclerosis patients based on their lymphocyte effect on OPC differentiation (Fig. 1N): multiple sclerosis patients with a high Olig2 + CC1 + (Patients 1-5; Fig. 1N) and low Olig2 + CC1 + profile (Patients 7-9; Fig. 1N). To investigate this heterogeneity, we performed electron microscopy on a second set of mice grafted with lymphocytes of healthy donors (Fig. 1G andJ), of the low subgroup (Fig. 1H andK) and of the high subgroup (Fig. 1I andL). The lesion area was calculated on semithin sections (Fig. 1G-I). Ultrathin sections (Fig. 1J-L) revealed axons remyelinated by oligodendrocytes (green), Schwann cells (blue) or non-remyelinated (yellow). The percentage of remyelinated area revealed a decrease of oligodendrocyte remyelination in mice grafted with low subgroup lymphocytes, which was significantly different both from the mice grafted with lymphocytes from healthy donors or the high subgroup (Fig. 1M).

Overall, multiple sclerosis lymphocyte presence within the lesion is sufficient to disturb oligodendrocyte remyelination and different patterns of remyelination were observed among the mice grafted with multiple sclerosis lymphocytes.

In vitro assessment of lymphocyte effect on microglial cell activation and oligodendrocyte precursor cell proliferation/differentiation

We explored in vitro the underlying cellular mechanisms of the decreased remyelination in vivo. As applying lymphocyte supernatant directly on OPC did not have a significant effect on OPC differentiation (Supplementary Fig. 2), we investigated whether lymphocytes affected OPC behaviour through their influence on MIGs.

Lymphocyte supernatants from multiple sclerosis patients, healthy donors or fresh culture media [control condition (CT)] were added to MIGs (Fig. 2A). After 24 h, cells were fixed and stained for two markers of MIG activation: iNOS, which labels the M1 state (Fig. 2B-D, H-J), and IGF-1, a marker of the M2 state (Fig. 2B-G). We evaluated the ratio of iNOS + cells to IGF-1 + (Fig. 2K) and showed that healthy donor lymphocyte supernatants did not change the M1/M2 ratio compared to control conditions, while multiple sclerosis lymphocyte supernatants induced a significant shift towards an M1 phenotype leading to an increase of the M1/ M2 ratio. These results were further confirmed using arginase-1 (Arg-1), another M2 marker (Supplementary Fig. 3).

The consequences of MIG differential activation on OPC behaviour were next assessed. The conditioned media of MIGs pre-exposed to culture media (CT), healthy donors, or multiple sclerosis lymphocyte supernatants were placed in a primary culture of mouse OPCs (Fig. 3A). After 24 h, OPCs were fixed and labelled for Olig2 combined with Ki67, a marker of proliferation (Fig. 3B-D). The proportion of proliferating Olig2 + Ki67 + cells was evaluated (Fig. 3E). We observed, in multiple sclerosis conditions, an increase of OPC proliferation compared to the control condition. Furthermore, MIG-conditioned media pre-exposed to multiple sclerosis patient lymphocyte supernatants induced a significant increase of OPC proliferation compared to healthy donor conditions. To analyse OPC differentiation, OPCs were fixed 72 h after exposure to the different MIG-conditioned media (Fig. 3A) and stained for three markers expressed at different stages of OPC differentiation: O4 for immature oligodendrocytes (Fig. 3F-H), GalC for pre-oligodendrocytes (Fig. 3J-L), and CNPase for mature oligodendrocytes (Fig. 3N-P). The proportion of positive cells for each marker was evaluated (Fig. 3I, M andQ). MIGs activated by multiple sclerosis patient lymphocyte supernatants appear to disturb OPC differentiation, as demonstrated by a significant reduction in the proportion of O4 + cells (Fig. 3I), GalC + preoligodendrocytes (Fig. 3M) and CNPase + mature oligodendrocytes (Fig. 3Q) in multiple sclerosis conditions compared to control or healthy donor conditions.

Thus, the preferential polarization of MIGs to the proinflammatory M1 phenotype, induced by multiple sclerosis patient lymphocyte supernatants, results in an increase of OPC proliferation and impairment of OPC maturation.

Identification of cellular and molecular cues leading to oligodendrocyte precursor cell differentiation

To assess potential differences between healthy donors and multiple sclerosis patients, we characterized immune cell composition by flow cytometry and evaluated their secretory profiles by a Luminex-based multiplex assay. While no substantial difference in the subtypes of T helper or B cells between multiple sclerosis patients and healthy donors was observed (Supplementary Table 3), we found that, among the 72 molecules analysed (Fig. 4A), three were statistically differentially expressed between multiple sclerosis patients and healthy donors: IL-7 and IL-20 where increased while CCL19 was downregulated in multiple sclerosis patients versus healthy donor conditions (Fig. 4B). Thus, even if lymphocyte subtype proportions do not differ between multiple sclerosis patients and healthy donors, their lymphocytes have a different intrinsic capacity to respond to stimulation.

Our in vivo and in vitro results reveal a heterogeneity among multiple sclerosis patients (Supplementary Fig. 4): some patients exhibit a remyelination pattern close to healthy donors whereas other patients exhibit a low remyelination pattern. To test whether individual features of the patients or healthy donors might reflect this heterogeneity, we evaluated the effect of age (Fig. 5A andB) and sex (Fig. 5C andD), but no correlation was found with MIG activation (Fig. 5A andC) or OPC differentiation (Fig. 5B andD). Patients were next clustered according to their disease form (Fig. 5E andH), disease duration (Fig. 5F andI) and treatment status (Fig. 5G andJ), but none of these clinical E) lymphocytes were grafted at the lesion site or no cells were added (NG). After 21 days, oligodendrocyte differentiation was assessed using the combination Olig2/CC1 to distinguish between mature oligodendrocytes (white arrow heads: Olig2 + CC1 + cells, B-E) and immature cells (white arrows: Olig2 + CC1 -cells, B-E). The number of Olig2 + cells and the percentage Olig2 + CC1 + cells over Olig2 + cells (F) were evaluated in three independent experiments with three non-grafted mice (NG) per experiment, healthy donors (n = 8 individuals) and multiple sclerosis patients (n = 9, 3-5 grafted mice per individual). ÃÃ P 5 0.01, unpaired, two-tailed Student's t-test. A second set of mice was processed for electron microscopy. Beside the mice grafted with the lymphocytes of the healthy donor subgroup (G and J), two subgroups of multiple sclerosis patients were considered (N): multiple sclerosis patients with a low (pink triangle) % of Olig-2 + CC1 + (H and K, Patients 7-9) and patients with a High (purple triangle) % of Olig-2 + CC1 + (I and L, Patients 1-5). Toluidine blue stained semi-thin section of lesion reveals the lesion area, delineated by a pink line (G-I). Ultrastructure analysis (J-L) was used to highlight axons remyelinated by oligodendrocytes (green), by Schwann cells (blue) or non-remyelinated (yellow) in lesions grafted with lymphocytes from the multiple sclerosis Low subgroup (n = 3, K) compared to those grafted with lymphocytes from healthy donors (n = 6, J) or the multiple sclerosis High subgroup (n = 5, L). Three to five mice were grafted for each individual. Remyelination was evaluated by measuring the total area of remyelination conducted by oligodendrocytes (M). features could explain the heterogeneous pattern observed. To further exclude an effect of a disease-modifying treatment on the heterogeneous remyelination pattern observed, we replicated our in vitro results in a second independent treatment-free cohort (Supplementary Table 3 and Supplementary Fig. 5A andB).

To characterize the cellular and molecular players inducing OPC differentiation heterogeneity, multiple sclerosis patients were clustered into two subgroups for further analysis: those inducing a high percentage of CNPase + cells in vitro (HIGH) and those inducing a low percentage of CNPase + cells (LOW). To detect the influence of combinations of variables [START_REF] Schaefer | A shrinkage approach to large-scale covariance matrix estimation and implications for functional genomics[END_REF] on OPC differentiation, we performed a multivariate analysis on our in vitro data using BADA with ranked data on the three subgroups (HIGH, LOW and healthy donors) based on lymphocyte secretion profiles. As expected, the healthy donor profiles best discriminated from the two multiple sclerosis groups as indicated by their respective position on the first dimension (Fig. 6A). The second dimension highlighted the difference between the HIGH and LOW groups. Focusing on the differences among multiple sclerosis patients, we performed a partial least squares regression analysis [START_REF] Vinzi | Handbook of partial least squares: concepts, methods and applications[END_REF] (PLS) to find the best combination of lymphocyte composition, lymphocyte cytokine secretion, and MIG activation that could predict high levels of CNPase (Fig. 6B). We found that both MIG activation (P 5 0.001) and lymphocyte cytokine secretion (P 5 0.05) significantly predicted the percentage of CNPase (Fig. 6C). Bootstrap ratio analysis identified the cytokines/chemokines that strongly correlated with the percentage of CNPase + cells. Leukaemia inhibitory factor (LIF), TNF-related apoptosis-inducing ligand (TRAIL), and IL-15 were positively correlated with the percentage of CNPase, whereas stromal cell derived factor 1 (SDF-1/ CXCL12), epithelial neutrophil-activating protein 78 (ENA-78/CXCL5) and CCL19 were negatively correlated with the percentage of CNPase (Fig. 6D).

To validate molecular candidates, we added CCL19 to lymphocyte supernatants and studied its effect on MIG activation and OPC differentiation. The addition of CCL19 in the lymphocyte supernatant of LOW patients did not have any significant effect on M1/M2 ratio (Fig. 6E, F and I) or OPC differentiation (Fig. 6J, K andN). However, when considering the HIGH group, adding CCL19 was enough to increase the M1/M2 ratio (Fig. 6G-I) and, as a consequence, decrease the percentage of CNPase + (Fig. 6L-N) cells to values close to the LOW group. This deleterious action of CCL19 was replicated in an independent cohort of treatment-free patients (Supplementary Fig. 5C andD).

Discussion

In a comprehensive investigation, we demonstrated for the first time that multiple sclerosis patient lymphocytes control the local inflammatory environment and influence the remyelination process (Fig. 7). Our findings show that multiple sclerosis patient lymphocytes have a specific molecular signature that directs and/or maintains MIGs in a pro-inflammatory state, resulting in a remyelination defect. Capitalizing on both patient clinical information and a novel experimental model, we investigated factors that may account for the differential ability of multiple sclerosis patient lymphocytes to efficiently instruct repair. This new model is clinically relevant for multiple sclerosis as genetic studies of the diseases have shown the importance of genes encoding molecules of the immune system as the primary component in multiple sclerosis pathophysiology (The International Multiple Sclerosis Genetics Consortium et al., 2012). Because remyelination seems to be efficient at early stages of the disease when inflammation manifests by successive acute attacks and remission periods, our model may be useful to understand reasons why remyelination may fail or succeed. As expected from what is known about the natural history of multiple sclerosis, the effects of multiple sclerosis patient lymphocytes were heterogeneous. Based on our original observations, we propose a new concept to account for the differential ability of patients to appropriately remyelinate, revealing the intrinsic capacity of each individual to coordinate the repair process based on their specific lymphocyte secretion profile.

An appropriate immune response controlled in time, space, and intensity is critical for remyelination, but its mechanisms in pathological and humanized context have remained speculative [START_REF] Schwartz | Innate and adaptive immune responses can be beneficial for CNS repair[END_REF]. Both macrophages/MIGs depletion or inhibition [START_REF] Kotter | Macrophage depletion impairs oligodendrocyte remyelination following lysolecithin-induced demyelination[END_REF](Kotter et al., , 2005) ) and lymphocyte depletion [START_REF] Bieber | Efficient central nervous system remyelination requires T cells[END_REF] led to impaired remyelination. The role of MIGs and lymphocytes are likely interlinked, as differential activation states in A heatmap was generated with colour coding representing the lower values in green, the higher values in red, and in grey the values close to the mean for each cytokine in healthy donor and multiple sclerosis conditions (A). Three cytokines were evidenced as differentially expressed between multiple sclerosis patient (n = 27) and healthy donor (n = 8) lymphocytes (B). Ã P 5 0.05, ÃÃ P 5 0.01, Mann Whitney's test. See also Supplementary Table 3.

MIGs can be obtained through exposure to lymphocytederived cytokines. Th1-associated pro-inflammatory cytokine IFN-and Th2-associated cytokine IL-4 elicit activation states at the far ends of the spectrum: MIGs with a rather pro-inflammatory profile (M1) and MIGs endowed with more trophic properties (M2), respectively (Butovsky et al., 2006). The injection of IL-4 treated MIGs in the CSF of EAE animal induced an increase of oligodendrogenesis in the spinal cord [START_REF] Butovsky | Butovsky-Induction and blockage of oligodendrogenesis by differently activated microglia in an animal model of MS.pdf[END_REF]. In contrast, Th1 supernatants inhibit OPC differentiation in vitro [START_REF] Moore | Direct and indirect effects of immune and central nervous system-resident cells on human oligodendrocyte progenitor cell differentiation[END_REF] and transfer of enriched myelin-reactive Th17 cells impedes remyelination in a cuprizone model [START_REF] Baxi | Transfer of myelin-reactive Th17 cells impairs endogenous remyelination in the central nervous system of cuprizone-fed mice[END_REF]. However, because cells were injected in the systemic compartment and not in the CNS parenchyma, the observed effects in the modulation of the remyelination process could be indirect.

To dissect precisely how the inflammatory environment shapes the success or failure of remyelination, we developed a new in vivo model, grafting human lymphocytes in the demyelinated lesion induced in nude mouse spinal cord. As nude mice are athymic, the only lymphocytes present in the lesion are the grafted ones, and because remyelination is spontaneous and is well-characterized in this model [START_REF] Jeffery | Remyelination of mouse spinal cord axons demyelinated by local injection of lysolecithin[END_REF] we could easily assess the remyelination efficacy. Healthy donor lymphocytes did not perturb the remyelination process compared to non-grafted animals but we observed a global deleterious effect on oligodendrocyte differentiation after multiple sclerosis lymphocyte grafting. In the last decade, the cause of the failure of remyelination in some patients has been debated: whether it results from a defect of OPC recruitment [START_REF] Wolswijk | Oligodendrocyte precursor cells in the demyelinated multiple sclerosis spinal cord[END_REF]Boyd et al., 2013), a decrease of OPC differentiation (Chang et al., 2002), or both [START_REF] Sim | The age-related decrease in CNS remyelination efficiency is attributable to an impairment of both oligodendrocyte progenitor recruitment and differentiation[END_REF]. In our model, OPC recruitment was overall not disturbed but OPC differentiation was impeded, arguing in favour of a defect in OPC differentiation at the site of injury.

Figure 5 The capacity of multiple sclerosis patients to induce a proper inflammatory context for remyelination is not dependant on the age, sex, treatment status, disease form or duration. The M1/M2 ratio (A, C and E-G) and the percentage of CNPase + cells (B, D and H-J) were calculated as previously described (Figs 2 and3). Correlations between the age of individuals (patients or healthy donors) and the M1/M2 ratio (A) or the percentage of CNPase (B) that their lymphocyte supernatants were inducing were calculated. Patients (females n = 18, males n = 8) and healthy donors (females n = 6, males n = 5) were also stratified according to their sex (C and D). To analyse the influence of disease characteristics on the M1/M2 ratio or the percentage of CNPase + cells, patients were next stratified according to their disease form (E and H): relapsing-remitting (RR, n = 17), secondary progressive (SP, n = 7), or primary progressive (PP, n = 3); to their disease duration (F and I): under 10 years (n = 9), between 10 and 20 years (n = 10), and 420 years (n = 8); or to their treatment status (G and J): either treated (n = 18), or not (n = 9). In graphs E-J, the mean value in healthy donor conditions is represented by a dashed line. Two-tailed unpaired student's t-test or one-way ANOVA and Tukey's multiple comparison test. A barycentric discriminant analysis (BADA) was performed (A) to define which variables were implementing variability in our dataset. A partial least square regression was performed on the dataset of patients according to a linear model (B) to determine which of the three blocks (lymphocyte composition, cytokine expression level and MIG activation) were correlated and could predict the value of the percentage of CNPase + cells. Correlations between the different blocks and the percentage of CNPase + cells were calculated (C). Boostrap ratios were calculated to evaluate the significance of each variable of each block allowing us to highlight cytokines that were not correlated (grey bars), significantly positively (purple bars) or significantly negatively (pink bars) correlated with the percentage of CNPase + cells (D). The effect of CCL19 on OPC differentiation was evaluated in patients: MIG were exposed to lymphocyte (LT) supernatants (as described in Fig. 2) from LOW (E and F, n = 4) or HIGH (G and H, n = 5) with (F and H) or without (E and G) human recombinant CCL19 at 1 ng/ml. The M1/M2 ratio was calculated (I). Microglia-conditioned media pre-exposed to lymphocyte supernatants from LOW (J and K) or HIGH (L and M) subgroups, which were supplemented (K and M) or not (J and L) with CCL19 at 1 ng/ml were put on OPC (as described in Fig. 3). The proportion of CNPase + cells was evaluated 72 h later (N). Each experiment was performed in quadruplicate. Ã P 5 0.05, ÃÃ P 5 0.01, ÃÃÃ P 5 0.001. Bootstrap ratio (PLS) or paired two-tailed student's t-test.

To characterize the cellular and molecular mechanisms leading to remyelination failure in vivo, we analysed the effects of multiple sclerosis patient lymphocyte supernatants on MIG polarization/activation state. We showed that multiple sclerosis patient lymphocytes directed preferentially MIGs toward a M1 activation compared to healthy donor lymphocytes. This result confirmed post-mortem tissue studies on multiple sclerosis plaques, which reported that a majority of MIGs and macrophages present in chronically activated lesions display a pro-inflammatory phenotype [START_REF] Koning | Downregulation of macrophage inhibitory molecules in multiple sclerosis lesions[END_REF]Vogel et al., 2013). Furthermore, OPC proliferation was increased in vitro and their differentiation impeded in multiple sclerosis patient conditions compared to CT and healthy donor conditions. The observed effect in multiple sclerosis patient conditions is detected early on in oligodendrocyte lineage, with a decrease of early marker of differentiation O4 expression and an even more striking effect with the mature markers GalC and CNPase. These results indicate that in multiple sclerosis conditions, even though normal OPC recruitment occurs, the pro-inflammatory context subsisting in the lesion mediated by M1 MIGs and/or the lack of M2 MIGs secreting trophic factors prevents efficient OPCs differentiation. This concurs with the observations that in demyelinated multiple sclerosis lesions a high number of OPCs are present, a pattern underlining a failure of differentiation rather than recruitment [START_REF] Wolswijk | Chronic stage multiple sclerosis lesions contain a relatively quiescent population of oligodendrocyte precursor cells[END_REF]Kuhlmann et al., 2008).

To understand what drives the dissimilarity between healthy donors and multiple sclerosis patients, we investigated the difference between multiple sclerosis and healthy donor lymphocytes. We found the same proportion of different lymphocyte subtypes, indicating that there is no major over-representation of certain circulating lymphocytes between multiple sclerosis patients and healthy donors. However, we found that the major difference between healthy donors and multiple sclerosis lymphocytes resides in a differential functional response to activation with a specific secretory profile defining the two subgroups. We identified three differentially expressed cytokines/chemokines between healthy donors and multiple sclerosis patients: IL-7, IL-20 and CCL19. Even though the dysregulation of IL-7 and IL-20 have been identified as key players in various autoimmune diseases [START_REF] Lundstro ¨m | IL-7 in human health and disease[END_REF][START_REF] Finch | Effects of CXCL13 inhibition on lymphoid follicles in models of autoimmune disease[END_REF][START_REF] Rutz | The IL-20 subfamily of cytokines-from host defence to tissue homeostasis[END_REF], none of these molecules are known to have a major role either in MIG activation or in remyelination.

In addition, we also observed a strong heterogeneity in the effects of multiple sclerosis patient lymphocytes on MIG activation, in vitro OPC differentiation and in vivo remyelination. While lymphocytes from some of the patients induced a proregenerative MIG activation that led to proper OPC differentiation and successful remyelination in vivo (high group), other patients' lymphocytes induced a hostile environment for remyelination (low group), a pattern suggesting that the intrinsic capacity to induce remyelination is specific to each patient. This theory was previously suggested by the observations in post-mortem tissue that a subset of multiple sclerosis patients exhibited more than 80% of their lesions remyelinated (Patrikios et al., 2006). Recently, the concept of good or bad 'remyelinator' was also supported by the dynamic imaging of remyelination patterns among multiple sclerosis patients (Bodini et al., 2016).

Gathering all our datasets, we performed a multivariate analysis to define which factors drive heterogeneity between HIGH and LOW multiple sclerosis patients and identified LIF, SDF-1 (CXCL12), ENA78 (CXCL5), TRAIL, IL-15 and CCL19 as discriminating factors between HIGH and LOW multiple sclerosis patients. We confirmed the effect of known inhibitors such as SDF-1 (CXCL12) [START_REF] Banisadr | The role of CXCR4 signaling in the migration of transplanted oligodendrocyte progenitors into the cerebral white matter[END_REF][START_REF] Williams | Targeting CXCR7/ ACKR3 as a therapeutic strategy to promote remyelination in the adult central nervous system[END_REF] or positive regulators such as LIF on remyelination [START_REF] Fischer | Astrocyte-specific activation of TNFR2 promotes oligodendrocyte maturation by secretion of leukemia inhibitory factor[END_REF]. We also identified new interesting molecular players such as TRAIL, IL-15, ENA78 (CXCL5) and CCL19. While previous studies suggested an ambivalent role of TRAIL and IL15 in multiple sclerosis and its animal models [START_REF] Diehl | TRAIL-R as a negative regulator of innate immune cell responses[END_REF][START_REF] Hoffmann | Tumour necrosis factor-related apoptosis-inducing ligand (TRAIL) in central nervous system inflammation[END_REF][START_REF] Schneider | B cell-derived IL-15 enhances CD8 T cell cytotoxicity and is increased in multiple sclerosis patients[END_REF][START_REF] Rentzos | The role of IL-15 in central nervous system disorders[END_REF][START_REF] Broux | IL-15 amplifies the pathogenic properties of CD4 + CD28-T cells in multiple sclerosis[END_REF], these two cytokines were highly correlated to both M2 MIG polarization and OPC differentiation and are of great interest for therapeutic applications.

CCL19 is a T cell attractive chemokine and has a major role in balancing immunity and tolerance through its receptor CCR7. Indeed, increased expression of CCR7 is also correlated to MIG M1 phenotype [START_REF] Fo ¨rster | CCR7 and its ligands: balancing immunity and tolerance[END_REF]. We found CCL19 to be negatively correlated with MIG M2 phenotype and OPC maturation when comparing 'LOW' versus 'HIGH' subgroups. Intriguingly, CCL19 is downregulated in multiple sclerosis lymphocytes compared to healthy donor supernatants. The BADA analysis indicated that healthy donor profiles and multiple sclerosis patient 'HIGH' versus 'LOW' profiles do not seem to involve the same molecular players. Thus, while we could have expected CCL19 to have a positive effect when considering its high expression in healthy donor conditions, the addition of CCL19 to the 'HIGH' subgroup lymphocyte supernatant was sufficient to elicit an M1/M2 ratio and CNPase levels close to those observed with the 'LOW' subgroup. This suggests that the molecular players in remyelination are really specific in pathological conditions compared to healthy donor conditions. We are therefore considering using different approaches based on CCL19 antagonism to correct the negative effect observed in the 'LOW' group.

Taking advantage of our innovative in vivo model to study the role of human lymphocytes in remyelination, we demonstrated a strong implication of adaptive immune cells in this repair process. In particular, multiple sclerosis patient lymphocytes induce detrimental environment for the repair process notably by directing MIGs toward a pro-inflammatory M1 phenotype. Strikingly, the molecular cues needed for a successful remyelination were different when considering multiple sclerosis patient and healthy donor lymphocytes and this difference suggests a new concept in myelin repair. Additionally, we reproduce individual intrinsic capacities for remyelination among multiple sclerosis patients. Further investigation of the specific features of multiple sclerosis patients with high repair capacities needs to be conducted but our results pave the way to new strategies to identify molecular targets particular to pathological conditions. 

Patient

Key findings

In MS, it is unlikely that we could develop treatments with true progression-inhibiting and reparative properties unless we achieve a better understanding of how the disease is maintained and repair is inhibited. The strong presence of macrophages in lesions, their known roles in repair, and their responsive characteristics all make them interesting targets for anti-destructive and pro-reparative treatment in MS. However, in order to develop such strategies, we must understand how they contribute to the disease and how patient macrophages respond to their environment. Therefore, in this thesis, I present two studies evaluating the role of macrophages in disease and patient heterogeneity, as well as a method for simplifying the results obtained in transcriptomic studies.

In Results Part I, I present evidence that macrophages derived from MS patients have a more pro-inflammatory transcriptomic profile, with inter-patient differences depending on treatment and to some extent clinical severity.

In Results Part II, I present a method for identifying genes in a network with the highest potential of regulating several identified target genes. The results on a small network of proinflammatory function identified both biologically and pathologically relevant genes.

In Results Part III [START_REF] El Behi | Adaptive human immunity drives remyelination in a mouse model of demyelination[END_REF], I present evidence that MS patient lymphocytes can inhibit the remyelination process, and that this effect is mediating by macrophages. Again, inter-patient variability is high and could represent clinical remyelination capacity.

Below, I discuss the meaning of these results and how they can be used to improve future research.

Examining patient cells outside of the context of MS

The progress in MS research is hindered by the limited possibility of studying the disease course on a cellular level. Animal models can only replicate parts of the disease, and lesion samples are typically only available post-mortem or, occasionally, as biopsies. Following cellular responses is therefore not possible within the lesion. Blood samples, on the other hand, can easily be collected at several time points and cultured. In addition, studying cells outside of a system can give a better idea of their individual contribution than what is achieved by studying them in a non-controllable system. It is clear that infiltrating leukocytes are key drivers of the disease, based on experimental evidence as well as the therapeutic success of therapies targeting the immune system. Thus, if it is possible to model MS leukocyte function in an experimental context, this could provide an unprecedented translational potential.

In this thesis, I present two such strategies, and one method to analyze the complex results that arise. With the two strategies, I present evidence that MS macrophages are prone to a proinflammatory phenotype, and that MS lymphocytes play an important role in the regenerative process through modulation of macrophage activation.

In Results Part I, the transcriptomic profiles of MS macrophages describe a metabolically altered macrophage phenotype with, on the one hand, altered ion homeostasis and metabolic pathways and, on the other hand, enhanced leukocyte recruitment capacities in MS. This is to some extent corrected in patients treated with dimethyl fumarate (DMF), which has a known effect on metabolism. In these macrophages, we noted higher expression of lipid catabolic genes and of oxidative phosphorylation genes, matching the metabolic profile of antiinflammatory macrophages (Kelly and O'Neill, 2015). Our results thus suggest a metabolic alteration in disease, and correction by treatment, with relevant functional consequences.

Metabolic changes have previously been described in MS, although the focus has often been on the role in oligodendrocytes and axons, leading to cell death. A few metabolic treatment strategies have been proposed to reduce degeneration in progressive MS [START_REF] Heidker | Metabolic pathways as possible therapeutic targets for progressive multiple sclerosis[END_REF].

It is however recognized that many metabolic therapeutics could act on macrophages as well (Peruzzotti-Jametti and Pluchino, 2018) and more specifically that a metabolic switch (from anaerobic glycolysis to oxidative phosphorylation) is essential for promotion of a proregenerative states. Whereas therapeutics limiting leukocyte infiltration have largely failed in progressive MS, treatments targeting macrophage inflammatory profile may be more successful considering the persistent activation of macrophages in progressive MS [START_REF] Rissanen | In Vivo Detection of Diffuse Inflammation in Secondary Progressive Multiple Sclerosis Using PET Imaging and the Radioligand 11C-PK11195[END_REF].

Our approach of sampling monocytes could also be performed before and during treatment, in order to evaluate how the treatment response in macrophages reflects treatment effect on patients. This presents an interesting and accessible way of investigating metabolic therapeutic effect on macrophages activation and the importance of this effect. In addition, it would be beneficial to supplement the results with metabolomics, in order to confirm the transcriptomic effects on function.

The transcriptomic profiles identified also included a significant impact on genes related to ion homeostasis, notably an increase of several metallothionein (MT) genes. As MTs sequester zinc, this is in line with the observation that zinc levels are decreased in MS serum/plasma (Bredholt and Frederiksen, 2016). However, as mentioned in the discussion of Results Part I, the role of MTs is not as straight-forward as that of metabolism. While MTs appear important for macrophage pro-inflammatory function (Kanekiyo et al., 2002), and reduced zinc levels could reduce myelin stability (Earl et al., 1988;Tsang et al., 1997), MTs also sequester reactive oxygen species and serve a neuroprotective role [START_REF] Pedersen | Metallothionein-I+II in neuroprotection[END_REF]. If inhibition of MTs could serve to reduce inflammation, care would still need to be taken to ensure that neuroprotection is not lost, possibly through cell-type specific inhibition.

The results also indicated an altered response to pro-and anti-inflammatory stimuli in MS macrophages, which emphasizes the importance of studying patient cells when trying to develop strategies to alter them. While IFNɣ+LPS and IL-4 were chosen for their welldescribed and extensive effects on macrophages, they are not the only molecules for which macrophages could show an altered response. Molecules of particular interest could be other molecules present at high levels in lesions, or anti-inflammatory cytokines produced by macrophages, such as IL-10, to examine whether the macrophages are less inclined to resolve inflammation when instructed to do so by other macrophages. Knowing that myelin phagocytosis normally induces a more anti-inflammatory phenotype in macrophages [START_REF] Boven | Myelin-laden macrophages are anti-inflammatory, consistent with foam cells in multiple sclerosis[END_REF], it could also prove interesting to study the transcriptomic profile of MS macrophages after exposure to myelin.

While Results Part I does not prove that the differences exist in monocytes at disease onset, it

shows that pro-inflammatory tendencies exist well before they enter the highly inflammatory environment of a lesion. This could be caused by a genetic or epigenetic predisposition, or by exposure to disease-related molecules in the blood during the short circulation time of monocytes. For instance, altered serum levels of cytokines have been identified in RRMS patients compared to controls, including increased IFNɣ, IL-6 and IL-4 and decreased TNF, although some of these results may be an effect of treatment [START_REF] Kallaur | Cytokine profile in relapsing remitting multiple sclerosis patients and the association between progression and activity of the disease[END_REF]. In general, it is difficult to prove a role in MS disease onset, due to the difficulty to predict potential risk of MS of an individual. Thus, a prospective study would require large sample sizes just to include a few individuals who later develop MS. However, correlations between macrophage function and genetic risk factors in the general population, or development of MS from CIS, could provide further support of the role.

Regardless of whether the difference in macrophages is truly intrinsic or an effect of the circulation environment, the ability of blood monocytes to exhibit features reminiscent of MS lesion macrophages after in vitro differentiation indicates that macrophage dysfunction in MS can be studied without access to lesions. While macrophages differentiated in vitro are not equivalent to macrophages within the lesion, a molecule with the capacity to reverse the MS phenotype in vitro may fare better in future testing than a molecule which has been identified through its effect on control macrophages. In this way, we can bridge the gap between experimental and clinical research using patient-based models.

In the same way, studying MS lymphocytes in the demyelinated murine spinal cord provides a model more relevant to disease than a model in which remyelination has not been impeded. A molecule that improves OPC differentiation in healthy conditions would have negligible effect if it does not neutralize or overpower the inhibitory effect of the inflammatory environment. By first proving efficacy in the humanized demyelinated mouse spinal cord, we can establish whether a molecule has an effect even within the context of inflammation, thus increasing the likelihood of clinical success.

Examining patient individuality

For the same reasons of tissue accessibility as stated above, it is also challenging to examine differences between patients with different clinical profiles on a cellular level. In addition, this is further complicated by the complexity of the studied differences -rather than a simple classification of presence or lack of diagnosed MS, clinical severity can take on many forms with varied profiles within the same patients, as seen in Results Part I. However, success in explaining inter-patient differences has great translational potential, as it could steer treatment strategy based on the molecular or cellular dysfunction observed.

In both Results Parts I and III, the inter-patient heterogeneity in leukocyte phenotype/function is substantial, with some patients presenting a profile similar to that of healthy controls. In Results Part I, we identified some correlations between macrophage profiles and clinical profiles, but the study was under-powered for identifying stable correlations without the masking effect of treatment. In addition to increasing sample sizes, studies could be improved by including information on a level between cellular function and clinical outcomes. For instance, to validate the mouse model in Results Part III, it would be useful to compare the results with remyelination as measured by Pittsburgh compound B-PET in the same patients (Bodini et al., 2016). The results of Results Part I could be combined with TSPO-PET to identify transcriptomic and functional differences that correlate with macrophage activation in lesions, and with Pittsburgh compound B-PET to compare regenerative properties. In this way, the potential correlation has less risk of being masked by other interacting characteristics of the disease profile.

Based on our results, motor and cognitive severity scores were often not correlated with the same transcriptomic modules or functions. For future studies, this data could be supplemented with information such as lesion location to provide a possible missing link of how different macrophage defects could impact different types of severity.

If the phenotypes of leukocytes in experimental conditions indeed reflect the disease process, we could use this information to stratify patients for treatment selection. For instance, if we can confirm that high levels of CCL19 produced by MS lymphocytes correlate with failed remyelination in the patient (as the in vitro data suggest), then targeting this cytokine production may be useful specifically for patients with this cytokine profile. Thus, the lymphocytes can be tested prior to treatment in order to identify patients that could benefit from the treatment.

Similarly, the macrophage transcriptome can be analyzed to identify differences between responders and non-responders to a certain therapy. In the hypothetical situation described above, where a drug targeting metabolism could be studied through its effect on macrophages, comparing responders and non-responders may identify biomarkers present prior to treatment initiation that predict the response of a patient to the treatment.

Identifying key regulators

The large amount of data used from each patient in Results Part I presents a novel opportunity to explain clinical variation with functional cell biology. However, analyzing each pair of variables independently proves difficult without high risk of false positives (when multiple testing is not accounted for) or false negatives (when it is accounted for). Therefore, it is important to develop new tools to simplify the analysis while losing as little information as possible.

As a first step, the number of variables can be reduced by combining correlated values.

WGCNA, as used in this case, is an efficient way of reducing transcriptomic data to a few variables (Langfelder and Horvath, 2008), which can then be compared to non-transcriptomic data. However, care should be taken not to over-interpret the results. Using ORA as in this study, we can identify GO terms whose genes appear more often than expected in the modules (Yu et al., 2012). This does not mean that the entire module is related to the function represented by the term, but rather that the function is more likely to be affected by the module as a whole than by a module where it is not over-represented. Thus, while WGCNA modules reduce the complexity of the data, it is not directly translatable to function. FCS-based methods could be a next step, as they evaluate each function (such as a GO term) by considering the expression of all genes, whether significantly different between group or not. This may give a better idea of the total effect of dysregulation on a function. However, these methods typically do not include the interactions between genes when estimating their importance, which also limits their biological precision.

Even with reduction of data and resulting increased power, pairwise comparisons fail to account for the complexity of a biological system. For example, interactions between two uncorrelated groups of genes may amplify their effects, if two systems with separate regulatory pathways influence the same function. However, evaluating such interactions on a large scale requires more complex models, with careful consideration of how to integrate different types of data [START_REF] Ritchie | Methods of integrating data to uncover genotype-phenotype interactions[END_REF]. With such a model, it may be possible to include even more aspects in our comparisons, such as using the difference between activation states for each measured variable.

Nonetheless, with the relatively simplistic framework used in Results Part I, we identified a wide spectrum of differences between MS and HC macrophages, with large variation between patients. This is likely fairly representative of the complexity of MS, as attempts to identify strong contributors to the disease have failed. Still, interpretation and translation of the results requires simplification for practical reasons -targeting several genes in several systems is not feasible as a treatment strategy.

In order to identify key regulators of a defined pathway, we established the method described in Results Part II. This permits us to evaluate the importance of a gene using pre-defined pathways. The goal is to identify key regulators that can steer a network of genes toward the desired pro-regenerative state. This provides an opportunity to target single genes in order to correct several dysregulated genes. While further development is needed, such as evaluation of off-target effects and consideration for differences in regulation between individuals, it could be used to identify central genes of the dysregulated modules described in Results Part I. In this way, it could be possible to identify a target for correcting the metabolic differences or directly correcting the production of pro-inflammatory molecules. This method could also be used to predict mediators of DMF effect on macrophage metabolism, which combined with knowledge of DMF action and interaction between immune cells could indicate whether DMF has a direct metabolic, anti-inflammatory effect on macrophages.

Concluding remarks

Immune cells from MS blood samples provide an accessible method to analyze pathological and regenerative aspects of the disease. While the similarities between the data presented here and the situation in an individual patient are yet to be determined, the global results speak for a phenotype that is relevant to the disease process. With such an accessible source and the highthroughput methods that are now easily available, large-scale data analysis provides an unprecedented level of detail in research of complex disease such as MS. However, correct interpretation of these results requires statistically valid tools that account for this complexity while providing biologically relevant information, which can be a challenge to achieve. In addition, translational research requires a simplification of the results obtained, in order to identify targets to focus on. This seems feasible using computational methods accounting for network topology. If done right, this type of research could enable both anti-destructive and pro-regenerative treatment strategies in a disease where treatment can so far only delay the progression.

Figure 2 :

 2 Figure 2: Illustration of the Expanded Disability Status Scale (EDSS), from[START_REF] Buzzard | What do effective treatments for multiple sclerosis tell us about the molecular mechanisms involved in pathogenesis?[END_REF] 

Figure 3 :

 3 Figure 3: Illustration of the propagation of action potentials in myelinated axons.[START_REF] Purves | Increased Conduction Velocity as a Result of Myelination[END_REF] 

Figure 4 :

 4 Figure 4: Transversal MRI scans of a multiple sclerosis patient. Lesions can be seen in T2-weighted (A, bright), T1-weighted (B, dark) and gadolinium-enhanced T1-weighted (C, bright) signals. From[START_REF] Vellinga | Pluriformity of inflammation in multiple sclerosis shown by ultra-small iron oxide particle enhancement[END_REF] 

Figure 5 :

 5 Figure 5: Tissue sample from MS patient, stained with Luxol Fast Blue to label myelin. Red arrowheads: demyelinated lesions; black arrowheads: remyelinated shadow plaques. From[START_REF] Adams | A colour atlas of multiple sclerosis & other myelin disorders[END_REF][START_REF] Franklin | Why does remyelination fail in multiple sclerosis?[END_REF] 

  MS is a highly heterogeneous disease, for which treatment options are limited and show varied efficacy in different patients. No treatment can indefinitely postpone progression, and once the progressive state has been reached there are very few therapeutic options. The lack of a clear understanding of the pathogenesis (both the cause of the disease and of the progression) prevent development of more efficient treatments. So far, no treatment is able to successfully induce repair of tissue that has already been damaged. In addition, it is entirely possible that different MS patients have different pathogenesis and that this is why no consensus can be reached as to what drives the disease. While animal models can help us understand autoimmunity and remyelination in experimental conditions, the translation of results to patients has proven difficult. Human studies, on the other hand, are limited by inaccessibility of the affected tissues. Studying the phenotypes and functions of human cells ex vivo could bring light to drivers of the disease as well as the obstacles which must be overcome to induce regeneration, especially if the functions can be correlated to specific clinical profiles.

Figure 8 :

 8 Figure 8: Origins of CNS macrophages. Embryonic precursors give rise to microglia and other CNS-resident macrophages.One of these populations, in the choroid plexus, is partially maintained by recruitment of monocytes whereas the others are self-sustained, although monocytes can contribute to these populations in inflammatory conditions.

Figure 9 :

 9 Figure 9: Process of presentation of extracellular antigens on MHC class II. Pathogens taken up by phagocytosis are degraded by the proteases and acidic environment of the lysosome with which the phagosome fuses. Antigens are loaded onto MHC class II which is transferred to the cell surface. Contact between MHC class II and the T cell receptor will induce activation of the T helper cell if the signal is amplified by co-stimulatory molecules.

Figure 10 :

 10 Figure 10: Select signature features of macrophage activation states. The figure is largely based onMantovani et al., 2004 with additions fromMartinez and Gordon, 2014 

Figure 11 :

 11 Figure 11: Schematic depiction of the alterations in metabolic pathways used and transcription factor activation in macrophage activation. PPP: Pentose Phosphate Pathway; G6P: Glucose-6-Phosphate; TCA: Tricarboxylic Acid Cycle; F6P: fructose 6phosphate; OAA: oxaloacetate. From[START_REF] Koelwyn | Regulation of macrophage immunometabolism in atherosclerosis[END_REF] 

Figure 12 :

 12 Figure12: Electron microscopy-based 3D reconstruction of Ccr2-expressing (red) and Cx3cr1-expressing (green) macrophages in EAE. While both Ccr2-expressing and Cx3cr1-expressing macrophages contain phagocytosed myelin (blue), the former contain myelin which is still in contact with the axon. From[START_REF] Yamasaki | Differential roles of microglia and monocytes in the inflamed central nervous system[END_REF] 

Figure 13 :

 13 Figure 13: Summary of described influences of macrophages on the process of remyelination

Figure 14 :

 14 Figure14: Basics of RNASeq. mRNA (or other RNA species) is collected and reverse transcribed into a fragmented cDNA library (with fragmentation before or after reverse transcription). The cDNA library is constructed with adaptors to permit sequencing. Reads are then aligned to the genome to estimate gene expression. Adapted from[START_REF] Wang | RNA-Seq: a revolutionary tool for transcriptomics[END_REF] 

Figure 15 :

 15 Figure15: Example of dimensional reduction based on PCA. In a three-dimensional space describing samples across 3 variables, PCA can be used to identify the two first PCs explaining the maximum amount of variance, thus enabling twodimensional plotting with minimal information loss.From Scholz, 2006 

Figure 16 :

 16 Figure 16: Overview of WGCNA. a) Workflow of the key steps of WGCNA. b) Example of clustering of a network, where closely correlated genes are clearly divided into cohesive modules. Adapted from[START_REF] Horvath | Correlation and Gene Co-Expression Networks[END_REF] 

Figure 17 :

 17 Figure 17: Correlation map of macrophages activated with different stimuli in vitro. Nodes that are close together reflect samples with similar gene expression. The map is shown in steps to permit visualization of the dense clusters. From Xue et al., 2014

Figure 18 :

 18 Figure 18: Example of GO term hierarchy. All parent terms of highlighted terms are included in the example. Generated with QuickGO (https://www.ebi.ac.uk/QuickGO/)

Figure 19 :

 19 Figure 19: Evidence of massive microglia activation and monocyte infiltration after retinal neurodegeneration in a mouse model. a) t-SNE visualization of clustering of scRNASeq samples. Colors signify samples taken without and after degeneration induction. b) Same visualization as A but colors signify cluster membership. From Ronning et al., 2019, edited to include cluster annotation.
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  Abbreviations

  disease severity: Expanded Disability Status Scale (EDSS), a score of disability primarily based on mobility; MS Severity Score (MSSS), a correction of EDSS by disease duration; Symbol Digit Modalities Test (SDMT), a test of cognitive impairment; and MRI lesion load. The relative scores are represented as a heat map in Figure 1, as well as disease duration. SDMT has been inverted in the figure to maintain the color scale for severity. The different scores show large heterogeneity between and within patients, with many patients showing high severity in one score and low severity in another.Altered macrophage function and expression of cell surface markers in MSMacrophages were generated in vitro from monocytes, collected from 11 HC and 35 MS patients, through exposure to GM-CSF for 72 hours. Then, macrophages were exposed to activating stimuli (IFNγ+LPS, IFNβ or IL-4) or maintained in GM-CSF for 24h. We refer to these samples as M GM-CSF , M IFNγ+LPS , M IFNβ and M IL-4 according to the stimuli used. Whereas IFNɣ+LPS and IL-4 are classic pro-and anti-inflammatory stimuli, respectively, the use of IFNβ served to study the macrophage response to a common MS treatment.

Figure 1 :

 1 Figure 1: MS patients show highly variable clinical profiles. Heat map of standardized values of clinical scores for each patient, sorted according to family. Red color indicates longer duration/more severe status and vice versa for blue color. Lesion load was not measured in 5 patients, none of whose samples were used for the transcriptomic analysis.

Figure 2 :

 2 Figure 2: MS macrophages compared to HC macrophages exhibit different phenotypes that are correlated with disease status and/or severity depending on activation stimuli. A) Phagocytic capacity for each sample, as expressed by % of cells which contained labeled myelin 1h after start of incubation. B) Change of phagocytic capacity compared to M GM-CSF for each sample. Expressed as log 2 of % in M X / % in M GM-CSF of the same individual. C) Distribution of CD14/CD16 population median proportions in MS (inner circles) and HC (outer circles) for each activation state in myelin-phagocytosing cells. * indicates significant difference in proportions between HC and MS. D) Spearman correlation between clinical scores and results described in A, B and C as well as mean fluorescence intensity (MFI) of CD14, CD16 and HLA-DR. For clinical scores, only MS samples were included in the correlation calculation. HC: healthy controls; MS: MS patients; * adjusted (B,C) or unadjusted (D) p-value < 0.05. Two-group comparisons were performed with Mann-Whitney U test, correlations were evaluated with Spearman's rank correlation coefficient. Lines in grouped scatterplots and bar plots represent group mean ± SD.

Figure 3 :

 3 Figure 3: MS macrophages show a globally more inflammatory transcriptomic profile compared to HC. A) PCA of all individuals, with each observation representing one individual and variables representing each gene in each activation state. All genes included were expressed in >80% of samples. Ellipses indicate 95% confidence interval based on boot-strapping. B) PCA of the same genes as in A but with each observation representing one sample from one individual. Symbols indicate MS/HC and colors indicate activation status. C) Volcano plots of genes analyzed with DESeq2 analysis, comparing MS samples versus HC samples for each activation state separately. For each gene, -log 10 of p-value is plotted against log 2 of fold-change between groups. Red points are used for significantly over-expressed genes and green points for under-expressed genes, with number of genes in each group indicated. D) Selected highly over-represented GO terms in DEG in each activation state, with number of genes (over-/underexpressed in parentheses) and p-value for each activation state. E) All DE genes included in the inflammatory response GO term. Colored areas indicate in which state(s) the gene is DE. F) Part of the cytokine-cytokine receptor interaction KEGG pathway, with DE chemokines and receptors highlighted in red (over-expressed) or blue (under-expressed). Color intensity indicates DE in multiple activation states. Thick border indicates a receptor for which a ligand is DE. G) All metallothionein genes that are DE between MS and HC in at least one activation state, with * indicating whether the gene is over-expressed for each state. HC: healthy controls; MS: MS patients; GO: gene ontology; GiT: number of genes in term; DEG: differentially expressed genes.

Figure 4 :

 4 Figure 4: MS macrophages present a limited amplitude of response when comparing M GM-CSF with M IFNɣ+LPS and M IL-4 . A) Venn diagrams of numbers of genes categorized as transition genes (DE genes between M GM-CSF and M X in HC) and disease genes (DE genes between MS and HC in M GM-CSF and/or M X ) for each activation state. B) Pearson's correlation coefficient between gene expression in M GM-CSF and in M X , calculated for each individual. Horizontal lines represent group mean. C) Scatterplot showing fold-change between M IFNɣ+LPS and M GM-CSF in HC (x-axis) and MS (y-axis) for each gene that is DE between M IFNɣ+LPS and M GM-CSF in MS and/or HC. Genes that are only DE in either MS or HC, and that are also more down-or upregulated in the group in which they are DE (mean absolute log2 of fold-change in one group at least 0.5 higher than the other group), are colored in purple and green, respectively. Numbers represent numbers of genes specific to each group and regulation (up or down). D) Same as C for M IFNβ instead of M IFNɣ+LPS . E) Same as C for M IL-4 instead of M IFNɣ+LPS . F) Largest gene cluster among genes specifically upregulated in HC M IFNɣ+LPS (dark green dots within dotted lines in C), as identified by STRING. Map is shown with colors indicating difference between group mean expression of individual gene and mean expression of gene in all four groups combined, with higher expression noted in red and lower expression in blue. Over-represented GO terms in the cluster are presented in the table. G) Largest gene cluster in genes downregulated in HC M IL-4 (dark green dots within dotted lines in E), constructed and represented in the same way as F, with over-represented GO terms. HC: healthy controls; MS: MS patients; * adjusted p-value < 0.05. Two-group comparisons in B performed with Mann-Whitney U test.

Figure 5 :

 5 Figure 5: Modules of co-expressed genes involved in inflammatory and metabolic pathways show altered expression in MS macrophages compared to HC macrophages. A) Clustering of genes in consensus WGCNA, with module assignment indicated below. Consensus network was produced by comparing correlations between genes for each gene individually and including consistent correlations. B) Heat map of correlation between presence of disease and eigengenes of each module and activation. C) Eigengene value for each sample and module, grouped according to disease and activation state. D) GO terms over-represented in brown, pink or yellow modules. E) Expression of representative genes in each module (selected among GO term genes when applicable). HC: healthy controls; MS: MS patients; * unadjusted p-value < 0.05. Lines in grouped scatterplots and bar plots represent group mean ± SD. Correlations tested with default WGCNA functions.

Figure 6 :

 6 Figure 6: Activation state-specific expression modules highlight state-specific differences between MS and HC macrophages, such as reduced response to interferons. A) Clustering of genes in each activation state-specific WGCNA, with module assignment indicated below. B) Heat map indicating 1) overlap between modules in networks (based on significant overlap in genes between modules in each network), with lack of overlapping module indicated with grey, and 2) correlation between eigengene of each module and presence of disease. C) Eigengene value for each sample in four modules (two in the activation state-specific version of the turquoise module from the consensus network, and two modules only present in the M IFNɣ+LPS or M IL-4 networks), grouped according to disease and activation state. D) GO terms overrepresented in M GM-CSF -and M IFNβ -specific turquoise modules and M IFNɣ+LPS -specific darkturquoise module. E) Expression of representative genes in each module (selected among GO term genes when applicable). HC: healthy controls; MS: MS patients; * unadjusted p-value < 0.05. Lines in grouped scatterplots and bar plots represent group mean ± SD. Correlations tested with default WGCNA functions.

Figure 7 :

 7 Figure 7: Treated MS patients are more similar to healthy controls than untreated MS patients, and dimethyl fumarate-treated patient macrophages over-express lipid metabolism genes. A) PCA from Figure 3A, but with patient samples labeled according to treatment. B) Heat maps of correlation coefficients between results of functional assays (Figure 2) and two binary variables: MS (1) or HC (0) and untreated (1) or treated with dimethyl fumarate (0). C) Heat maps of correlations between consensus network module eigengenes and the same binary variables as in B. D) Eigengene values shown in Figure 5 with values separated according to treatment
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Figure 4 :

 4 Figure4: Macrophage activation network. Nodes are 101 genes involved in inflammation and 209 directed edges represent interactions, activation or inhibition, as retrieved from the macrophages.com database[START_REF] Robert | Macrophages.com: An on-line community resource for innate immunity research[END_REF]. Size of a node is proportional to its degree. Genes are classified into four functional categories: Sensing genes are in the membrane of the cell and start a signaling pathway inside the cell, to the transcription factors inside the nucleus, which expel secreted molecules.

Figure 6 :

 6 Figure 6: Target genes. a) Difference in gene expression between alert (M0) and pro-inflammatory (M1) states of the macrophage cells for patients and controls, and corresponding significance. The red line corresponds to p-value=0.05. b) Selected target nodes, 19 genes for which p-value<0.05

Figure 7 :

 7 Figure 7:Table of genes with the highest target control centrality

Figure 8 :

 8 Figure 8: Example of STAT1 as a driver node. The paths to its controllable targets are highlighted.

Figure 1

 1 Figure 1 Multiple sclerosis patient lymphocytes impede oligodendrocyte remyelination. Schematic of human lymphocyte influence on remyelination assay (A). Forty-eight hours after chemically-induced demyelination in the dorsal spinal cord of nude mice, healthy donor (HD, B and D) or multiple sclerosis patient (MS, C andE) lymphocytes were grafted at the lesion site or no cells were added (NG). After 21 days, oligodendrocyte differentiation was assessed using the combination Olig2/CC1 to distinguish between mature oligodendrocytes (white arrow heads: Olig2 + CC1 + cells, B-E) and immature cells (white arrows: Olig2 + CC1 -cells, B-E). The number of Olig2 + cells and the percentage Olig2 + CC1 + cells over Olig2 + cells (F) were evaluated in three independent experiments with three non-grafted mice (NG) per experiment, healthy donors (n = 8 individuals) and multiple sclerosis patients (n = 9, 3-5 grafted mice per individual). ÃÃ P 5 0.01, unpaired, two-tailed Student's t-test. A second set of mice was processed for electron microscopy. Beside the mice grafted with the lymphocytes of the healthy donor subgroup (G and J), two subgroups of multiple sclerosis patients were considered (N): multiple sclerosis patients with a low (pink triangle) % of Olig-2 + CC1 + (H and K, Patients 7-9) and patients with a High (purple triangle) % of Olig-2 + CC1 + (I and L, Patients 1-5). Toluidine blue stained semi-thin section of lesion reveals the lesion area, delineated by a pink line (G-I). Ultrastructure analysis (J-L) was used to highlight axons remyelinated by oligodendrocytes (green), by Schwann cells (blue) or non-remyelinated (yellow) in lesions grafted with lymphocytes from the multiple sclerosis Low subgroup (n = 3, K) compared to those grafted with lymphocytes from healthy donors (n = 6, J) or the multiple sclerosis High subgroup (n = 5, L). Three to five mice were grafted for each individual. Remyelination was evaluated by measuring the total area of remyelination conducted by oligodendrocytes (M). Ã P 5 0.05, ÃÃ P 5 0.01. One-way ANOVA and Tukey's multiple comparison test. Scale bars = 100 mm in G-I; 50 mm in B-E and 5 mm in J-L.

  Ã P 5 0.05, ÃÃ P 5 0.01. One-way ANOVA and Tukey's multiple comparison test. Scale bars = 100 mm in G-I; 50 mm in B-E and 5 mm in J-L.

Figure 2

 2 Figure 2 Multiple sclerosis patient lymphocyte supernatants induce an increase in the M1/M2 ratio of microglia. Schematic of the MIG activation assay in response to lymphocyte supernatants (A). Healthy donor (HD) or multiple sclerosis (MS) lymphocytes were activated during 72 h with anti CD2/CD3/CD28 antibodies and the supernatants were collected. Murine microglia cells were next exposed to culture media (CT) (B, E and H), healthy donor (C, F and I) or multiple sclerosis patient (D, G and J) lymphocyte supernatants over 24 h. M1 and M2 cells were labelled using iNOS (B-D, H-J) and IGF-1 (B-G), respectively. The iNOS + IGF-1 + cells ratio was calculated for the CT (n = 7), healthy donors (n = 11) and multiple sclerosis (n = 27) groups (K). Each experiments was performed in triplicate. ÃÃÃ P 5 0.001, Kruskal-Wallis and Dunn's multiple comparison test. Scale bar = 100 mm.

Figure 3

 3 Figure3The conditioned media of MIG pre-exposed to multiple sclerosis patient lymphocyte supernatants induces an increase in OPC proliferation and a decrease in differentiation. Schematic of the OPC proliferation and differentiation assay in response to MIG-conditioned media (A). Murine OPCs were exposed over 24 h (proliferation) or 72 h (differentiation) to the MIG-conditioned media that were incubated with fresh culture media (CT) (B, F, J and N), to healthy donor (C, G, K and O) or to multiple sclerosis patient (D, H, L and P) lymphocyte supernatants. Proliferating OPCs were highlighted using Olig2 and Ki67 (B-D). The percentage of Olig2 + /Ki-67 + proliferating OPCs (white arrowheads) among the total oligodendrogial cells Olig2 + was calculated in the culture media (n = 6), healthy donor (n = 9) and multiple sclerosis (n = 27) conditions (E). Each experiment was performed in quadruplicate. For the differentiation assay, the state of maturation of oligodendrocytes was analysed using chronologically expressed markers: O4 (F-H), GalC (J-L) and CNPase (N-P). The percentage of positive cells for each of the markers was calculated in CT (n = 8-12), healthy donor (n = 11) and multiple sclerosis (n = 27) conditions (I, M and Q). Each experiment was performed in triplicate. Ã P 5 0.05, ÃÃ P 5 0.01. ÃÃÃ P 5 0.001, Kruskal-Wallis and Dunn's multiple comparison test (E) and one-way ANOVA and Tukey's multiple comparison test (I, M and Q). Scale bar = 100 mm.

Figure 4

 4 Figure 4 Multiple sclerosis patient and healthy donor lymphocytes have a different secretory pattern. After in vitro activation of multiple sclerosis patient (MS, n = 27) or healthy donor (HD, n = 12) lymphocytes with anti-CD2/CD3/CD28 antibodies over 72 h, supernatants were collected. The level of expression of 72 cytokines was evaluated by Luminex (67 cytokines were detectable). Mean values for each tested cytokine were calculated.A heatmap was generated with colour coding representing the lower values in green, the higher values in red, and in grey the values close to the mean for each cytokine in healthy donor and multiple sclerosis conditions (A). Three cytokines were evidenced as differentially expressed between multiple sclerosis patient (n = 27) and healthy donor (n = 8) lymphocytes (B). Ã P 5 0.05, ÃÃ P 5 0.01, Mann Whitney's test. See also Supplementary Table3.

Figure 6

 6 Figure 6 Multiple sclerosis patient lymphocyte secretory pattern analysis revealed the cytokines correlated to OPC differentiation. All individuals used for the study were clustered in three subgroups: healthy donors and multiple sclerosis patients inducing an in vitro CNPase expression either above (HIGH, n = 13) or below (LOW, n = 13) the median value.A barycentric discriminant analysis (BADA) was performed (A) to define which variables were implementing variability in our dataset. A partial least square regression was performed on the dataset of patients according to a linear model (B) to determine which of the three blocks (lymphocyte composition, cytokine expression level and MIG activation) were correlated and could predict the value of the percentage of CNPase + cells. Correlations between the different blocks and the percentage of CNPase + cells were calculated (C). Boostrap ratios were calculated to evaluate the significance of each variable of each block allowing us to highlight cytokines that were not correlated (grey bars), significantly positively (purple bars) or significantly negatively (pink bars) correlated with the percentage of CNPase + cells (D). The effect of CCL19 on OPC differentiation was evaluated in patients: MIG were exposed to lymphocyte (LT) supernatants (as described in Fig.2) from LOW (E and F, n = 4) or HIGH (G and H, n = 5) with (F and H) or without (E and G) human recombinant CCL19 at 1 ng/ml. The M1/M2 ratio was calculated (I). Microglia-conditioned media pre-exposed to lymphocyte supernatants from LOW (J and K) or HIGH (L and M) subgroups, which were supplemented (K and M) or not (J and L) with CCL19 at 1 ng/ml were put on OPC (as described in Fig.3). The proportion of CNPase + cells was evaluated 72 h later (N). Each experiment was performed in quadruplicate. Ã P 5 0.05, ÃÃ P 5 0.01, ÃÃÃ P 5 0.001. Bootstrap ratio (PLS) or paired two-tailed student's t-test.

Figure 7

 7 Figure 7 Schematic representation of multiple sclerosis patients and healthy donor lymphocyte influence on MIG activation, OPC behaviour and remyelination. In vivo OPC remyelination (but not OPC recruitment) were impeded after graft of multiple sclerosis patients (MS) with Low repair capacities compared to healthy donors (HD) and multiple sclerosis patients with High repair capacities. In vitro, the overexpression of CCL19, SDF-1(CXCL12), and ENA-78(CXCL5) in the lymphocyte (LT) supernatant of patients with LOW OPC differentiation capacities was strongly correlated with pro-inflammatory MIG activation and a decreased OPC differentiation.
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Table 1 :

 1 Description of MS lesion patterns, with defining characteristics highlighted in bold. Adapted fromLucchinetti et al., 2000. OG: Oligodendrocytes; MAG: myelin-associated glycoprotein; PPWM: periplaque white matter.

	Feature	Pattern I	Pattern II Pattern III	Pattern IV
	Plasma cells / mm 2	5,9±1,9	9,3±2,1	5,4±1,6	3,8
	C9neo	-	++	-	-
	Perivenous pattern	+	+	-	±
	Lesion edge	Sharp	Sharp	Ill-defined	Sharp
	Concentric pattern	0/10	0/45	8/25	0/3
	#OG in demyelinated area 295±73	249±30	51±24	55±55
	DNA fragmentation in OG ±	±	++	++PPWM
	OG apoptosis	-	-	14-37%	-
	Myelin protein loss	Even	Even	MAG >> others Even
	Shadow plaques	++	++	-	-

  Figure 8: Correlation between clinical scores and gene expression is masked by DMF treatment effect, although two modules show possible correlation with clinical scores. A) Heat map showing prevalence of correlation between module eigengenes and presence of disease, clinical scores and treatment. Activation states for which the correlation is significant indicated, and the color intensity is proportionate to the number of activation states in which this is the case. B) Eigengene values of red and yellow modules plotted against SDMT and MSSS, respectively, for untreated and DMF-treated patients. In each case, the correlation is significant for each of the two treatment groups in M GM-CSF , M IFNɣ+LPS and M IFNβ samples (asymptotic p<0.05). HC: healthy controls; DMF: MS patients treated with dimethyl fumarate; OT: MS patients with other treatments; UN: untreated MS patients.

	Target controllability problem on molecular networks in
	multiple sclerosis		Disease duration (y) Form	MSSS	Current Treatment
	1	F	32	3	RR	2.29	Dimethyl fumarate
	1	F	19	4	RR	3.36	Natalizumab
	2 2 Giulia Bassignana, Jennifer Fransson, Léna Guillot-Noël, Olivier Colliot, Violetta Zujovic and M 27 8 RR 4.43 Natalizumab F 28 6 CIS 4.93 None
	3 Fabrizio De Vico Fallani M	39	5	RR	1.88	Teriflunomide
	3	F	44	16	RR	4.14	None
	4	F	35	6	RR	0.49	Avonex
	4	M	31	14	RR	4.64	IFNβ
	5	F	36	15	RR	4.29	Rituximab
	5	F	42	7	RR	3.62	Teriflunomide
	6	M	47	9	RR	4.11	Dimethyl fumarate
	6	F	38	10	RR	2.97	Imurel
	7	F	33	5	RR	0.56	None
	7	F	33	4	RR	3.36	Dimethyl fumarate
	8	M	44	20	RR	6.04	IFNβ
	8	F	62	24	SP	3.65	Methotrexate
	9	F	52	24	RR	1.21	None
	9	F	45	20	RR	6.04	Fingolimod
	10	F	26	12	RR	1.83	Fingolimod
	10	F	25	8	RR	1.44	Dimethyl fumarate
	11	F	31	0	RR	4.31	None
	11	F	31	8	RR	3.41	None
	12	F	28	5	RR	6.08	IFNβ
	12	F	35	2	RR	2.55	IFNβ
	13	M	30	15	RR	3.57	Rituximab
	13	F	30	13	RR	0.92	Dimethyl fumarate
	14	F	41	13	RR	2.48	Copaxone
	14	F	48	12	RR	1.83	None
	15	F	56	40	RR	2.23	Dimethyl fumarate
	15	F	53	9	RR	2.19	Dimethyl fumarate
	16	F	50	4	RR	7.06	Teriflunomide
	17	F	32	19	RR	1.72	Natalizumab
	17	F	34	21	RR	2.74	Rituximab
	18	F	29	2	RR	0.8	IFNβ
	19	F	43	10	RR	1.18	Fingolimod

green module. F) Expression of representative genes of each module and GO term (when applicable) for each treatment group and activation state. HC: healthy controls; MS: MS patients; DMF: MS patients treated with dimethyl fumarate; OT: MS patients with other treatment; UN: untreated MS patients; * unadjusted p-value < 0.05. Lines in grouped scatterplots and bar plots represent group mean ± SD. Correlations tested with default WGCNA functions.

  Mohamed El Behi, 1,# Charles Sanson, 1,# Corinne Bachelin, 1 Le ´na Guillot-Noe ¨l, 1 Jennifer Fransson, 1 Bruno Stankoff, 1,2 Elisabeth Maillart, 3 Nade `ge Sarrazin, 1 Vincent Guillemot, 1 Herve ´Abdi, 4 Isabelle Cournu-Rebeix, 1,Ã Bertrand Fontaine 1,2,3,Ã and Violetta Zujovic 1,Ã

	#,Ã

Table 1 .

 1 All primary antibodies were incubated overnight at 4 C, and secondary antibodies for 45 min at room temperature. Nuclei were counterstained with Hoechst (Sigma, 33342).

	Basics for efficient remyelination

Table 1

 1 Multiple sclerosis patients and healthy donor cohort description

	Characteristic	All multiple sclerosis RRMS	SPMS	PPMS	Healthy donors
	n	27	17	7	3	14
	Female/male	19/8	13/4	4/3	2/1	6/8
	Mean age (range) [IQR]	46.9 (25-72) [15.5]	43.2 (27-57) [12]	47.9 (25-67) [11.5]	65.7 (59-72) [6.5]	46.6 (28-65) [11.75]
	Mean age at disease onset					
	(range) [IQR]					
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Supplementary Table 1: Clinical information for all participating patients.

Family Sex Age

Supplementary Figure 1: A 

Results

Part II

Biological application

We test this controllability framework on biological data of inflammatory gene expression in MS. The samples consisted of macrophages, which are cells of the immune system that can change their functional phenotype depending on the environmental cues they receive (Mantovani et al., 2004). As in Figure 3, the three most important activation states of macrophage cells are:

• M0 state, vigilant, alert state;

• M1 state, pro-inflammatory, host protection against intra cellular bacteria or viruses (Martinez and Gordon, 2014;[START_REF] Sica | Macrophage polarization in tumour progression[END_REF];

• M2 state, anti-inflammatory, tissue repair and restoration [START_REF] Benoit | Macrophage polarization in bacterial infections[END_REF]. We use a dataset that consists of mRNA transcript from samples of blood of 16 subjects (8 healthy donors and 8 multiple sclerosis patients) in the three activation states of macrophages.

Specifically, monocytes were isolated from patient and healthy control blood samples and were cultured with granulocyte macrophage colony-stimulating factor (GM-CSF). Resulting macrophage cultures were then cultured with pro-inflammatory stimuli or with GM-CSF again to achieve macrophages with different activation states (Supplementary methods and Supplementary Figure 1).

Supplementary methods: Experimental procedures

Collection of blood for the study was approved by the French Ethics committee and the French ministry of research (DC-2012-1535and AC-2012-1536). Written informed consent was obtained from all study participants. All patients fulfilled diagnostic criteria for multiple sclerosis, and individuals (multiple sclerosis patients and healthy donors) with any other inflammatory or neurological disorders were excluded from the study. Patients were included in the study only if they were not undergoing treatment.

Blood was sampled from 8 MS patients and 8 healthy controls in acid citrate dextrose (ACD)

tubes. From blood samples, peripheral blood mononuclear cells (PBMCs) were isolated using Ficoll Paque Plus (GE) and centrifugation (2200 rpm, 20 min). Cells were washed in PBS and RPMI + 10% FCS. Monocytes were isolated with anti-CD14 microbeads (Miltenyi) and plated in 12-well plates (500 000 cells/well) in RPMI + 10% FCS and GM-CSF (500 U/ml). After 72h, media was replaced with fresh media and GM-CSF (500 U/ml) or combined IFNγ (200 U/ml) + upLPS (10 ng/ml). Cells were lysed and RNA was extracted after 24h with RNeasy Mini Kit (QIAGEN).

Transcriptome sequencing cDNA libraries were prepared using a stranded mRNA polyA selection (Truseq stranded mRNA kit, Illumina). For each sample, we performed 60 million single-end, 75 base reads on a NextSeq 500 sequencer (Illumina). RNA-Seq data analyses were performed by GenoSplice technology (www.genosplice.com). Sequencing, data quality, reads repartition (e.g., for potential ribosomal contamination), and insert size estimation are performed using FastQC, Picard-Tools, Samtools and rseqc. Reads were mapped using STARv2.4.0 (Dobin et al., 2013) on the hg19 Human genome assembly. Gene expression regulation study is performed as previously described (Noli et al., 2015). Briefly, for each gene present in the FAST DB v2018_1 annotations, reads aligning on constitutive regions (that are not prone to alternative splicing) were counted.

Supplementary Figure 1: Principal component analysis of all transcripts expressed in at least 80% of samples.

Results

Part III

Supplementary material

Supplementary material is available at Brain online. 1F). Patients were next followed in the remyelination assay evaluated by electron microscopy (B, see Fig. 1O) and in the OPC differentiation in vitro assay (C, see Fig. 3Q). In each graph, the mean value in HD is represented by a blue dashed line.

Supplementary

Supplementary figure 5: Replication of the effect of multiple sclerosis LT, HD LT and CCL19 on MIG activation and OPC differentiation with an independent cohort of HD and treatment-free multiple sclerosis patients. The MIG activation (A, see Fig. 2), the OPC differentiation assay (B, see Fig. 3) and the test of the effect of CCL19 on MIG activation (C, see Fig. 6I) and OPC differentiation (D, Figure 6N) were replicated on independent cohorts of HD (n=5) and of treatment-free multiple sclerosis (n=8) patients. HIGH and LOW patients were stratified in two groups according to the median value of the percentage of CNPase. *p < 0,05, **p < 0,01 Unpaired, two-tailed Student's t-test.

Supplementary table 1: Description of antibodies used in the study

Blocking /Permeabilisation solution: (1) Fc Block, (2) Fc Block + Cytofix/Cytoperm (BD Biosciences), (3) PBS BSA 4% Triton X-100 0.1% (Sigma)