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Introduction

Multiple sclerosis (MS) is a chronic inflammatory, neurodegenerative and autoimmune disease that primarily affects young women. Epidemiological studies have revealed genetic risk factors such as major histocompatibility complex (MHC) loci, especially HLA DRB1*15:01. Additionally, genome-wide association studies (GWAS) have identified over 200 susceptibility variants unrelated to MHC [START_REF] Patsopoulos | Multiple sclerosis genomic map implicates peripheral immune cells and microglia in susceptibility[END_REF]. These variants are part of multiple signaling pathways involved in both innate and adaptive immune responses, distributed across immune cells and glial cells, highlighting the potential influence of altered responses in peripheral immune cells and brain-resident cells in the development of MS.

Various environmental factors including smoking, obesity, infection with the Epstein-Barr Virus (EBV), sun exposure, and vitamin D deficiency [START_REF] Ramagopalan | Multiple sclerosis: risk factors, prodromes, and potential causal pathways[END_REF], also contribute to the risk for developing MS. Circulating levels of Vitamin D are influenced by specific genetic variants, skin color and sun exposure, especially during early life. Numerous studies have established a clinical correlation between circulating vitamin D levels and MS disease activity, as well as disability progression [START_REF] Thouvenot | Vitamin D is associated with degree of disability in patients with fully ambulatory relapsing-remitting multiple sclerosis[END_REF]. Vitamin D binds to the vitamin D receptor (VDR)-retinoid x receptor (RXR) heteromer and the resulting complex translocates to the nucleus and binds to vitamin D response elements (VDREs) in the genomic DNA to modulate the expression of more than 200 genes [START_REF] Ramagopalan | A ChIP-seq defined genome-wide map of vitamin D receptor binding: Associations with disease and evolution[END_REF]. Most of them are related to vitamin D metabolism and immune function, highlighting the potential role of vitamin D deficiency in MS and other inflammatory diseases. Although a few immunological effects of vitamin D have been reported in vivo, studies have demonstrated pleiotropic effects of vitamin D in animal models of MS (EAE) or in vitro and suggested the therapeutic potential of vitamin D in MS patients (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

The copyright holder for this preprint this version posted September 28, 2023. ; https://doi.org/10.1101/2023.09. [START_REF] Häusler | High dose vitamin D exacerbates central nervous system autoimmunity by raising T-cell excitatory calcium[END_REF].559400 doi: bioRxiv preprint 4 (5). However, therapeutic trials evaluating the clinical and radiological benefits of vitamin D treatment in MS patients provided conflicting results, potentially because the effect of vitamin D was evaluated in conjunction with MS immunomodulators [START_REF] Hupperts | Randomized trial of daily high-dose vitamin D 3 in patients with RRMS receiving subcutaneous interferon β-1a[END_REF][START_REF] Camu | Cholecalciferol in relapsing-remitting MS: A randomized clinical trial (CHOLINE)[END_REF][START_REF] Cassard | Highdose vitamin D3 supplementation in relapsing-remitting multiple sclerosis: a randomised clinical trial[END_REF].

Transcriptomic studies allow unbiased characterization of immune system regulation and can help understanding MS pathophysiology and identifying new potential therapeutic targets for disease-modifying drugs (DMDs) [START_REF] Shevtsov | In Silico Drug Repurposing in Multiple Sclerosis Using scRNA-Seq Data[END_REF]. In-depth analysis of the impact of vitamin D in MS patients might reveal gene under its control in different immune cell subtypes in vivo and its impact on the physiopathology of MS. A recent transcriptomics study evaluated the effects of vitamin D on gene expression in only three major immune cell types (CD4 + T-cells, CD19 + B-cells, CD14 + monocytes) from MS patients and identified differences in gene expression [START_REF] Kim | Peripheral T-Cells, B-Cells, and Monocytes from Multiple Sclerosis Patients Supplemented with High-Dose Vitamin D Show Distinct Changes in Gene Expression Profiles[END_REF].

In the present study, we compared gene expression in peripheral lymphocytes from early MS patients, naive of DMDs and treated with high-dose vitamin D (100,000 IU every 2 weeks for three months) or placebo as part of a randomized clinical trial (NCT01817166). We used single-cell RNA-seq (scRNA-seq) coupled with barcoded antibodies targeting surface markers (CITE-seq) to discover candidate genes and pathways regulated in various PBMC subpopulations. Best candidates were combined with genes involved in immune function and vitamin D metabolism for validation in a new cohort by high-throughput qPCR (HT-qPCR) in naive CD4, Th1, Th17, Treg, naive CD8, memory and naive B cells, and MAIT cells.

Results

Characteristics of the cohorts

Demographic and baseline characteristics of MS patients included in the discovery (n=5 patients per group) and validation (n=8) cohorts and treated with placebo or vitamin D are depicted in Table were not significant between placebo and vitamin D groups in the discovery (p=1, p=0.88 and p=0.84, respectively) and validation cohorts (p=0.20, p=0.46 and p=0.22, respectively). In addition, the delay since the last corticosteroid infusion was similar in both groups (p=0.60).

After three months of treatment (M3), plasma levels of vitamin D were significantly different between placebo and vitamin D group (p=0.0079 and p=0.0002 in the discovery and the validation cohorts, respectively).

Analysis of lymphocyte subpopulations using CITE-seq

To decipher the effects of vitamin D on the immune balance, we used CITE-seq to describe the evolution of the proportion of each lymphocyte subset in PBMCs from MS patients before and after the 3-month placebo or vitamin D treatment (four patient groups). The expression of specific genes and surface markers was used to annotate major PBMC populations (Supplemental Figure 1), including CD4 + T-cells, CD8 + T-cells, B-cells (CD19 + ), natural killer (NK) cells (CD56 + ), natural killer T-cells (NKT; CD3 + CD56 + ), MAIT cells (CD161 + ), monocytes, platelets, and dendritic cells (DCs). CD4 + subsets were further annotated with a combination of surface markers including CD45RA + CCR7 + (naive), CXCR3 + CCR6 -TBX21 + (Th1), CXCR3 -CCR6 -CCR4 + GATA3 + (Th2), CXCR3 -CCR6 + RORC + (Th17), CD45RA - CXCR5 + ICOS (Tfh) and CD45RA -CD25 + FOXP3 + (Treg). CD8 + cell subsets were annotated with CD45RA + CCR7 + (naive), CD45RA -CCR7 + (central memory, CM), CD45RA -CCR7 - (effector memory, EM), CD45RA + CCR7 -(effector, EMRA + ), and γδTCR + (γδ T-cells). B cell subsets were annotated using CD27 -IgD + (naive), CD27 + IgD + (transitional) and CD27 + IgD - (memory). UMAPs showed similar profiles in the four groups studied (Figure 2A).

For each cluster, we extracted a list of cells, counted and normalized them as a percentage, and compared the proportion of each lymphocyte subset before and after Vitamin D or placebo treatment (Figure 2E). In all groups, we observed an inter-individual variability in the (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

The copyright holder for this preprint this version posted September 28, 2023. ; https://doi.org/10.1101/2023.09.25.559400 doi: bioRxiv preprint 6 distribution of the various cell subsets. However, for each patient, no significant changes were seen in the proportions of the different lymphocyte subpopulations after the 3-month treatment (Supplemental Figure 2), except for Th2, which was increased after vitamin D treatment (2-way ANOVA, p=0.0446, Figure 2B).

To further explore the regulation of lymphocyte populations by vitamin D, we analyzed changes in main subset ratios. The Th1/Th17 ratio showed no significant difference between the groups. A non-significant decrease (p=0.092) was measured after the treatment in the placebo group but not in the vitamin D group (p=0.79, Figure 2C). On the other hand, the Th1/Th2 ratio was significantly decreased in the vitamin D group (p=0.0027), but not in the placebo group (p=0.57, Figure 2D), consistent with the increase of Th2 subset in the vitamin D group (Figure 2B).

Modulation of gene expression

To identify genes affected by vitamin D treatment in MS patients, we looked for differentially expressed genes (DEGs) in vitamin D and placebo-treated patients using two different methods. We first analyzed the global treatment effect ratio ((M3/D0 Vitamin D) / (M3/D0 placebo)) for each lymphocyte subset. This revealed 16 DEGs in memory B-cells (9 upregulated genes and 7 down-regulated genes; p < 0.05), 19 DEGs in naive B-cells, (8 up, 11 down) (Figure 3A). JUN was the only common DEG between these two B-cell types (Supplemental Table 3). Among CD4 + T-cells, 21 DEGs were identified in naive CD4 + (2 up, 19 down), 77 in Th17 (72 up, 5 down), 13 in Th1 (7 up, 6 down), and 27 in Treg (14 up, 13 down). Two of them were shared by 2 subsets: SNHG14 in Th1 and Th17 cells and EEF1B2 in Th17 and Treg. In naive CD8 + T-cells, 20 DEGs (17 up, 3 down) were identified. Finally, 50 DEGs (47 up, 3 down) were identified in MAIT cells.

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

The copyright holder for this preprint this version posted September 28, 2023. ; https://doi.org/10.1101/2023.09.25.559400 doi: bioRxiv preprint 7 Among all DEGs identified with this first approach, some were found in several lymphocyte populations: JUN (memory B-cells, naive B-cells, naive CD4 + ), C9orf78 (memory B-cells, MAIT), HNRNPDL (memory B-cells, naive CD4 + , naive CD8 + ), PSMB3 (memory B-cells, Th17, Treg), UXT (memory B-cells, Th17), B2M (naive B-cells, Treg), BOD1L1 (naive Bcells, MAIT), GCC2 (naive B-cells, naive CD4 + ), TUBA1A (naive B-cells, naive CD8 + ), IKZF1 (naive CD4 + , naive CD8 + , MAIT), LAMTOR4 (naive CD4 + , naive CD8 + ), NDUFA1 (naive CD4 + , MAIT), EID1 (naive CD8 + , Th17), RICTOR (naive CD8 + , Th1), YPEL3 (naive CD8 + , Treg), ENO1, HLA-E, MTDH, PDIA3, (MAIT, Th17), KIF2A, PABPC1 (MAIT, Th1), SNRPN (MAIT, Treg) (Supplemental Table 3).

We then performed DESeq2 analysis, which identified 123 DEGs (p-value < 0.05) in memory B-cells (50 up-regulated, 73 down-regulated), 131 in naive B-cells (63 up, 68 down), 182 in naive CD4 + (85 up, 97 down), 80 in naive CD8 + (39 up, 41 down), 132 in MAIT cells (65 up, 67 down), 89 in Th17 (49 up, 40 down), 98 in Th1 (45 up, 53 down), and 95 in Treg (49 up, 46 down). Among all DEGs identified with this second approach, some were found in several lymphocyte populations (Supplemental Table 3 and Supplemental Figure 3). Five DEGs were identified in both analyses in memory B-cells (S100A6, S100A4, IRF8, ZFP36, PSMB3), 9 in naive B-cells (IGCL2, B2M, TUBA1A, KLF2, PSME1, JUN, CAST, DUSP1, SET), 2 in naive CD4 + (CDC42SE2, JUN), 5 in naive CD8 + (TUBA1A, RNF213, SP100, PABPC4, CLEC2D), 4 in MAIT cells (NDUFA1, NDUFA11, SAT1, SUB1) and 3 in Th17 (CYTIP, IFITM2, NUCKS1). No common genes were found in Th1 and Treg subsets (Supplemental Table 3). Among all DEGs, we selected those exhibiting the strongest modulation (>1.2-fold change) upon vitamin D treatment. These include 11 DEGs in memory B-cells, 12 in naive B-cells, 11 in naive CD4 + , 10 in naive CD8 + , 15 in MAIT and Th17, 13 in Th1 and 17 in Treg were selected for the qPCR validation step (Supplemental Table 3).

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 

Analysis of pathways regulated by vitamin D

We next investigated which pathways are over-represented after 3 months of treatment by Vitamin D (or placebo) using Single Cell Pathway Analysis (SCPA) Package from CITE-seq data and the Reactome Pathway Database.

After three months of placebo treatment, subtle changes were observed: one pathway was over-represented and eight were under-represented in naive CD4 + , three were overrepresented in naive CD8 + , one was under-represented in MAIT and one was underrepresented in Th17 (Figure 3B and Supplemental Table 4). No significant pathway modulation was seen in memory B-cells, naive B-cells, Th1 and Treg. The three-months vitamin D treatment induced more robust changes: three pathways were significantly underrepresented in memory B-cells, seven were over-represented and 15 were under-represented in naive B-cells, four were under-represented in naive CD4 + cells, one was under-represented in MAIT and one was over-represented in Treg (Figure 3B and Supplemental Table 4). We 4).

Validation of candidate genes by high throughput qPCR

In order to enlarge the number of genes selected for validation by HT-qPCR, we added 92 genes encoding for cytokines/chemokines and their receptors, as well as proteins involved in adhesion, proliferation, activation, migration, and vitamin D metabolism (Supplemental Table 2)to the DEGs identified in the CITE-seq-based discovery step, leading to a list of 178 genes that were analyzed by HT-qPCR in a new cohort of MS patients (Table 1). PBMC samples from this cohort were sorted by FACS to select 8 subpopulations of interest (memory B-cells, naive B-cells, naive CD4, naive CD8, Th1, Th17, Treg, MAIT cells). As for the CITE-seq analysis, we observed an important inter-individual variability in the proportions of these lymphocyte subpopulations at baseline (Figure 2F). No significant changes were seen in the proportion of each lymphocyte subpopulation after three months of placebo or vitamin D treatment (Figure 2F). Intriguingly, some regulated genes involved in identified pathways and selected for qPCR validation showed non-significant ratios by HT-qPCR in naive B-cells (DUSP1, p=0.10 and FOS, p=0.13) and memory B-cells (JUN, p=0.28). When a p-value threshold of 0.20 was considered, an opposite regulation of gene expression by vitamin D was found in naive and memory B-cells: whereas most genes were downregulated in memory B-cells in the vitamin D-treated group, they were up-regulated in naive B-cells (Figure 5).

Discussion

We performed the first CITE-seq analysis of PBMCs collected from MS patients before and after three months of treatment with high-dose vitamin D or placebo, and identified candidate 5). This suggests that vitamin D does not modulate immune cells through important changes in the proportion of pro-or anti-inflammatory cell subsets, but rather through a regulation of the intrinsic properties of these cells (proliferation, adhesion, migration).

Our CITE-seq unsupervised analysis provided a more accurate analysis of gene expression changes in different lymphocyte populations, than classical scRNA-seq performed without barcoded antibodies [START_REF] Stoeckius | Simultaneous epitope and transcriptome measurement in single cells[END_REF], and is the first to validate candidate genes by HT-qPCR in a different cohort. Using this two-step strategy, we identified and validated five genes: UXT in memory B-cells, GNLY in Th17, KLF6 in Th1, and SNRPN and SUB1 in MAIT cells. UXT encodes a Ubiquitously Expressed Prefoldin Like Chaperone. Its mRNA undergoes alternative splicing giving rise to multiple isoforms. One of them, UXT-V1, binds to TNF receptor-associated factor 2 and prevents TNF receptor-associated death domain protein from recruiting Fas-associated protein (FADD), and thus protects cells against TNF-induced apoptosis [START_REF] Huang | UXT-V1 protects cells against TNF-induced apoptosis through modulating complex II formation[END_REF]. Moreover, Epstein-Barr virus BGLF4 kinase downregulates NF-κB transactivation through engagement of UXT and reduces memory B-cell apoptosis [START_REF] Chang | Epstein-Barr Virus BGLF4 Kinase Downregulates NF-κB Transactivation through Phosphorylation of Coactivator UXT[END_REF]. The decreased expression of UXT measured in memory B-cells upon vitamin D treatment suggests that chronic vitamin D treatment might restore B-cell susceptibility to apoptosis and consequently reduces the pro-inflammatory properties of memory B-cells in MS [START_REF] Duddy | Distinct Effector Cytokine Profiles of Memory and Naive Human B Cell Subsets and Implication in Multiple Sclerosis[END_REF][START_REF] Li | Proinflammatory GM-CSF-producing B cells in multiple sclerosis and B cell depletion therapy[END_REF]. Interestingly, we found an opposite regulation of UXT in Tregs, suggesting that vitamin D GNLY encodes granulysin, a protein released in cytotoxic granules by activated lymphocytes that displays cytolytic activity against microbial and tumor cells [START_REF] Krensky | Biology and clinical relevance of granulysin[END_REF]. At micromolar concentrations, granulysin is a chemoattractant for monocytes, CD4 + and CD8 + memory cells and actively recruits immune cells to inflammation sites [START_REF] Deng | Granulysin, a Cytolytic Molecule, Is Also a Chemoattractant and Proinflammatory Activator[END_REF]. The decreased GNLY expression observed in Th17 cells from vitamin D-treated patients is consistent with previous findings indicating that vitamin D decreases the percentage of total granulysin-positive cells, including CD4 + , CD8 + and NK-cells in pulmonary tuberculosis patients [START_REF] Afsal | 1, 25-dihydroxyvitamin D3 downregulates cytotoxic effector response in pulmonary tuberculosis[END_REF]. The copyright holder for this preprint this version posted September 28, 2023. ; https://doi.org/10.1101/2023.09.25.559400 doi: bioRxiv preprint 13 overexpression increases IL10, HMGB2, and MKI67 mRNA levels in Tregs [START_REF] Luo | Single-cell transcriptomic analysis reveals disparate effector differentiation pathways in human Treg compartment[END_REF]. In diffuse large B-cell lymphoma, PC4 is overexpressed and acts as an upstream regulator of c-Myc.

PC4 is closely related to lymphoma clinical staging and prognosis. PC4 knockdown and the resulting inhibition of c-Myc expression can induce autophagic cell death [START_REF] Caldwell | Positive Cofactor 4 (PC4) is critical for DNA repair pathway re-routing in DT40 cells[END_REF]. However, the significance of SUB1 expression increase in MAIT and Th17 cells observed in our study remains to be explored.

The limited number of vitamin D regulated genes identified in our study compared with previous studies using in vitro or ex vivo preparations challenged or not with vitamin D might have several reasons. First, gene expression analysis was performed after chronic vitamin D treatment (3 months), which might have precluded the identification of early and transiently regulated genes whereas previous in vitro or ex vivo studies rely on acute vitamin D treatment [START_REF] Hanel | Time-Resolved Gene Expression Analysis Monitors the Regulation of Inflammatory Mediators and Attenuation of Adaptive Immune Response by Vitamin D[END_REF]. Second, vitamin D levels in our patients increased from around 50nM to 150 nM, which differs from main ex vivo protocols where cells are cultured in culture media deprived from vitamin D and stimulated by adding various and sometimes higher concentrations of vitamin D (generally 100 to 400nM) [START_REF] Häusler | High dose vitamin D exacerbates central nervous system autoimmunity by raising T-cell excitatory calcium[END_REF]. These different vitamin D concentration ranges might explain why many genes identified (but not validated) in those studies, such as genes encoding cytokines and chemokines, were not found in our CITE-seq analysis. To further explore the influence of vitamin D on the expression of these genes in MS patients, we decided to add to the DEGs identified by CITE-seq a set of genes potentially involved in the pathophysiology of MS, for validation by HT-qPCR. Hence, we observed a decreased expression of CXCL13 transcript in memory B-cells after vitamin D treatment. CXCL13 is a chemokine that attracts B lymphocytes and its expression is increased in the CSF of RRMS patients and reflects the presence of B-cells [START_REF] Krumbholz | Chemokines in multiple sclerosis: CXCL12 and CXCL13 up-regulation is differentially linked to CNS immune cell recruitment[END_REF]. Our results suggest that vitamin D could reduce memory B-cell chemo-attraction in the CNS, thereby reducing local inflammation. [START_REF] Bendix | Vitamin D increases programmed death receptor-1 expression in Crohn's disease[END_REF]. Finally, the decreased expression in Th1 of two genes involved in vascular cell adhesion, namely ITGA4 that encodes for CD49d (alpha-4 subunit of VLA4, target of natalizumab) and CD226 might suggest an inhibitory effect of vitamin D on Th1 ability to cross BBB [START_REF] Killick | Vitamin D/CD46 Crosstalk in Human T Cells in Multiple Sclerosis[END_REF]. Notably, CD226 is expressed by both Th1 and Th17 cells and anti-CD226 treatment ameliorates the course of EAE [START_REF] Dardalhon | CD226 Is Specifically Expressed on the Surface of Th1 Cells and Regulates Their Expansion and Effector Functions[END_REF][START_REF] Zhang | CD226 ligation protects against EAE by promoting IL-10 expression via regulation of CD4+ T cell differentiation[END_REF].

Intriguingly, we observed contrasting regulations of gene expression by vitamin D in naive

and memory B-cells, two populations with opposite functions [START_REF] Leandro | B-cell subpopulations in humans and their differential susceptibility to depletion with anti-CD20 monoclonal antibodies[END_REF]. Pathway analysis also showed distinct regulations by vitamin D of several MAPK, TLR and interleukin pathways in naive and memory B-cells. In naive B-cells, we found that vitamin D treatment downregulates interleukin-1 signaling and TLR 1/2 and TLR9 pathways known to stimulate NF-κB signaling [START_REF] Gaglia | Anti-viral and pro-inflammatory functions of Toll-like receptors during gamma-herpesvirus infections[END_REF]. NF-κB, MAP kinase, IRF7, and PI3 kinase pathways are known to be stimulated via latent membrane protein 1 (LMP1), a mechanism favoring B-cell immortalization during chronic EBV infection [START_REF] Ersing | NF-κB and IRF7 Pathway Activation by Epstein-Barr Virus Latent Membrane Protein 1[END_REF]. Thus, vitamin D might restore sensitivity to apoptosis of naive B-cells, consistent with the under-representation of the DEFECTIVE INTRINSIC PATHWAY FOR APOPTOSIS. The under-representation of the TRAF6 pathway after vitamin D treatment also suggests a reduction of NF-κB activation in memory B-cells. Collectively, these data suggest that chronic vitamin D treatment contributes to (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. reduction of chronic EBV-induced B-cell activation in MS patients. TLR9 and MAPK pathways are also negatively regulated by vitamin D in naive CD4 + T-cells, suggesting similar pro-apoptotic effects of vitamin D in naive B-cells and naive CD4 + T-cells. These proapoptotic effects might also explain the synergistic effects of vitamin D and glucocorticoid therapy in EAE [START_REF] Hoepner | Vitamin D increases glucocorticoid efficacy via inhibition of mTORC1 in experimental models of multiple sclerosis[END_REF].

Conclusion

The analysis of gene expression in PBMC sub-populations from MS patients naive from any disease modifying drugs and chronically treated with vitamin D deciphered many subpopulations not investigated by previous transcriptomics studies performed on larger cell populations sorted by FACS [START_REF] Kim | Peripheral T-Cells, B-Cells, and Monocytes from Multiple Sclerosis Patients Supplemented with High-Dose Vitamin D Show Distinct Changes in Gene Expression Profiles[END_REF]. It revealed changes in the expression of genes in different lymphocyte subsets that reflect in vivo modulation of the immune system by vitamin D in MS patients. It also identified pathways regulated by vitamin D in naive and memory B-cells that potentially prevent EBV-induced resistance to apoptosis through inhibition of the NF-κB pathway, thus highlighting the unexplored regulation by vitamin D of B-cells, a key therapeutic target in MS.

Material and methods

Sample of MS patients included in the discovery cohort.

The cohort of MS patients is part of the D-lay MS study (NCT01817166), a multi-center, phase III, randomized, double-blind, placebo-controlled hospital-based clinical research protocol in early MS patients naive from DMDs. The primary objective of D-lay MS was to assess the efficacy of cholecalciferol (Vitamin D3) monotherapy in reducing the rate of (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 35)), and its safety over 2 years. Three hundred and sixteen patients, aged between 18 and 55, who had presented a typical CIS less than 90 days ago with the presence of lesions suggestive of MS on brain and spinal cord MRI [START_REF] Swanton | MRI criteria for multiple sclerosis in patients presenting with clinically isolated syndromes: a multicentre retrospective study[END_REF] and low plasma vitamin D levels (< 100 nmol/L) were included and randomized to 100,000 IU cholecalciferol or placebo every 2 weeks. Cerebral and spinal cord MRI, blood sampling for vitamin D, calcium, creatinine, and urinalysis were performed at the initial visit (D0) and after 3 months (M3).

Patients underwent follow-up visits at 3, 6, 12, 18 and 24 months and follow-up MRIs at 3, 12 and 24 months to assess safety and disease activity. Five MS patients treated with vitamin D (mean age 42 years-old) and 5-matched MS patients treated with placebo (39 years-old) were selected (Table n°1). Plasmatic vitamin D levels were assayed using the electrochemiluminescence on Cobas 8000 (Roche™) on the e801 module.

Blood sampling and PBMC preparation.

Blood samples of participants of the D-lay MS study was collected in EDTA-containing tubes at D0 and M3 of treatment (placebo or vitamin D). PBMCs were isolated on Ficoll® gradient and cryopreserved in liquid nitrogen at a concentration of 5 X 10 6 cells per ml in PBS solution containing using 4% human albumin and 10% DMSO.

PBMCs were rapidly thawed in a water bath at 37°C, immediately resuspended in cell culture medium (RPMI 1640, 10% FCS, L-glutamine, penicillin (50U/mL), streptomycine (50 µg/mL), sodium pyruvate 1 mM, Hepes 10 mM, and non-essential amino acids (both Life Technologies), centrifuged (350 X g for 7min at 20°C) and washed once with cell staining Buffer (BioLegend). The PBMC pellet was resuspended and cells were stained with Human TruStain FcX Fc Blocking Reagent (BioLegend) for 10 min at 4°C and then with fixable viability dye DAPI (Merck), Vybrant Ruby (Life Technologies) and 35 TotalSeq-B antibodies (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

The copyright holder for this preprint this version posted September 28, 2023. ; https://doi.org/10.1101/2023.09.25.559400 doi: bioRxiv preprint (Supplemental Table 1) for 30 min on ice. Live cells were sort purified as a singlet on a BD FACSMelody™.

Sorted cells were washed in 0,4% BSA in PBS. Approximately 5,000 cells per samples were loaded on a 10x chip and run onto the 10x Chromium controller using Chromium Next GEM Single Cell 3' Reagents Kits v3.1 with Feature Barcoding technology for Cell-Surface Protein (10x Genomics), according to the manufacturer's protocol.

Gene expression and cell-surface protein expression libraries were multiplexed using individual Chromium i7 sample indices. Gene expressions libraries were sequenced on 3 lanes of a NovaSeq6000 S4 flow cell using 28-92nt paired-ends reads and 8nt for the i7 index.

Cell-surface protein expression libraries were sequenced on a NovaSeq6000 SP flow cell using 28-92nt paired-ends reads and 8nt for the i7 index. Sequencing quality was assessed using SAV (Sequence Analysis Viewer) software from Illumina, raw data quality was assessed using FastQC (v0.11.9, Babraham Institute) and contaminant screening was performed using Fastq Screen (v0.15.1, Babraham Institute).

Single-cell sequencing data processing

Cell Ranger software (10x Genomics, v.6.1.1) was used to demultiplex samples, process raw data, align reads to the GRCh38 human reference genome and summarize unique molecular identifier (UMI) counts. Filtered gene-barcode and cell-surface protein expression-barcode matrices containing only barcodes with UMI counts that passed the threshold for cell detection were aggregated into a single matrix and used for further analysis. Then, the aggregated filtered UMI count matrix was processed using the R package Seurat (version 4.3.0). Cells that expressed fewer than 200 genes and/or >15% mitochondrial reads, and genes expressed in fewer than three cells were removed from the count matrix. After quality control, only raw gene counts in high-quality cells were subjected to log-normalization, identification (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

The copyright holder for this preprint this version posted September 28, 2023. ; https://doi.org/10.1101/2023.09.25.559400 doi: bioRxiv preprint of high-variable genes by using the vst method, scaling, and regression against the number of UMIs and mitochondrial RNA content per cell. An unbiased calculation of the k-nearest neighbors, was applied to generate the neighborhood graph and embedding using UMAP.

Annotation of Seurat clusters was manually curated using a combination of surface markers for each cluster and visual inspection of key markers using UMAP visualization. After initial cluster annotation, all clusters were split into CD4 + , CD8 + and B-cells subsets and reanalyzed.

After sub-setting, integration using reciprocal principal component analysis was performed to remove batch effects and the integrated assay was used for principal component analysis and unsupervised clustering. Seurat subclusters were annotated using a combination of canonical protein and mRNA markers.

Clustering of human PBMCs was performed using the following parameters: 18 PCs and resolution 1. Sub-clustering of human CD4 + , CD8 + T-cells and B-cells was performed using the following parameters: 12 PCs and resolution 1.

To assess the quantitative effect of vitamin D, lymphocyte subsets were counted per patient and transformed into percentages relative to each patient. Two-way ANOVA with a false discovery correction according to the Benjamini-Hochberg approach was performed to assess the interaction of time and treatment. A Mann-Whitney test was performed on the M3/D0 percentage ratios.

Differential gene expression between vitamin D and placebo groups

Differentially expressed genes were identified by two methods. The first one calculated the mean expression of each gene per patient and per subset. Means were aggregated by treatment group and time (D0 and M3). A ratio of M3/D0 means was then calculated followed by a Welch Test. A gene was considered significant with a p value < 0.05. The fold-change was then obtained by vitamin D/placebo ratio and considered as meaningful when > 1.2. The (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

The copyright holder for this preprint this version posted September 28, 2023. ; https://doi.org/10.1101/2023.09.25.559400 doi: bioRxiv preprint second method was to transform the scRNA-seq data to a pseudo-bulk RNA-seq data and perform a differential expression analysis using DESeq2 R package (v. 1.38.3).

Pathway Analysis

Pathway enrichment analysis was performed using Single Cell Pathway Analysis (SCPA) Package (v.1.5.3) (37) from CITE-seq data in RStudio® (Integrated Development for R.

RStudio, PBC, Boston, MA) using Reactome Pathway Database (https://reactome.org) and M3-D0 for each treatment group. A pathway was considered significantly enriched with an adjusted p-value < 0.05.

Validation cohort, Flow Cytometry and Cell Lysis

Eight MS patients treated with vitamin D (mean age 37.4 years-old) and 8-matched placebo (40.6 years-old) were selected (Table n°1). PBMCs were thawed, resuspended in (RPMI 1640, 10% FCS, L-glutamine, penicillin (50U/mL), streptomycine (50 µg/mL), sodium pyruvate 1 mM, Hepes 10 mM, and non-essential amino acids (both Life Technologies) and centrifuged (350 X g for 7min at 20°C). After resuspension in calcium-and magnesium-free PBS, PBMCs were stained with Zombie NIR-APC-Cy7 (viability dye, 1:3000) for 15min at 4°C. After incubation with FcBlock (PBS + 12% human serum AB (Merck)) for 10 min at 4°C, cells were divided into two panels and labelled as follows : 

High-throughput qPCR

PCR Primers

A set of 190 PCR primers (Supplemental 
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A pre-amplification step was included to increase the number of cDNA copies to a detectable level and to allow the concurrent amplification of the different gene expression targets, using the PreAmp Master Mix (Fluidigm Co., San Francisco, CA, USA). The pre-amplified products were treated with exonuclease I to remove the unincorporated primers and diluted 5fold with the DNA suspension buffer before being assayed by PCR. The pre-amplified DNAs were stored at -20°C until testing.

Analysis of gene expression

Gene expression was analyzed by the Fluidigm qPCR procedure, using the Biomark HD™ microfluidic device. Primer-probe sets and samples were transferred to an integrated fluidic circuits (IFC) plate and loaded into an automated controller that prepares the nanoliter reactions. The IFC plate was run on the Biomark instrument, which uses a thermal cycler for real-time quantitative PCR following this cycle conditions: 70°C for 40 min, 60°C for 30 s, 95°C for 60 s, followed by 30 cycles of 96°C for 5 s and 60°C for 20 s, using the 96.96 dynamic array™ IFC (microfluidic chip). Distilled water, instead of cDNA, was used as negative control. Melting curves were generated for each gene by increasing the temperature from 60°C to 95°C while the fluorescence was measured. Non-detectable expression was considered a Ct of 24. Δ Ct values were calculated relative to the geometric mean of three housekeeping genes in the 96-gene set for each subset. ΔΔ Ct were calculated using D0 for reference for each gene in each subpopulation. Fold changes were calculated as 2 -∆∆Ct .

Statistical analysis

The Mann-Whitney test was used to evaluate statistical differences in the gene expression means between placebo and vitamin D group. P-values lower than 0.05 were considered statistically significant. P-values lower than 0.20 were considered as part of the discovery step of genes potentially modulated by vitamin D. Statistical analyses and box plot representation (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

The copyright holder for this preprint this version posted September 28, 2023. ; https://doi.org/10.1101/2023.09.25.559400 doi: bioRxiv preprint 22 were performed using RStudio®. Heat-map was performed using the free-software Perseus® (Max-Planck-Institute of Biochemistry, Martinsried, Germany, version 2.0.7.0). A gradient coloring scheme was applied to display upregulated (above 2-fold expression (in log2 display above 1, red color)) vs. downregulated (below 2-fold expression (in log2 display below -1, blue color)) genes. The heatmap was hierarchically clustered by Pearson's correlation distance using row average linkage.

Study Approval

The study protocol was approved by a national review board, the CPP Sud-Méditerranée III ethics committee (2013.02.08 bis on March, 6th 2013) and health authorities (EudraCT 2013-000910-40, ANSM 130342A-31). Written informed consent was obtained from all the study participants before any study-related procedures were performed (ClinicalTrials.gov identifier NCT01817166). The study was conducted in accordance with the International Conference on Harmonization Guidelines for Good Clinical Practice and the Declaration of Helsinki.

B.E reviewing the manuscript; P.M reviewing the manuscript; E.T designed research studies, writing and reviewing the manuscript. Heatmap was hierarchically clustered by Pearson's correlation distance using row average linkage.

Figures and figure legends:
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9 MEDIATED

 9 observed no significant pathway modulation in naive CD8 + , Th1 and Th17. Naive B-cell subsets had the larger number of modulated pathways after vitamin D treatment, including several mitogen-activated protein kinase (MAPK) pathways (MAPK6 MAPK4 SIGNALING, RAF INDEPENDENT MAPK 1,3 ACTIVATION, MAPK TARGETS NUCLEAR EVENTS MEDIATED BY MAP KINASES, MAPK FAMILY SIGNALING CASCADES, NEGATIVE REGULATION OF MAPK PATHWAY) (e.g., JUN, FOS, DUSP1, PI3KCA, PPP2CB, Supplemental Table 4). In addition, naive B-cells showed modulation of TOLL LIKE RECEPTOR 9 TLR9 CASCADE, TOLL LIKE RECEPTOR TLR1 TLR2 CASCADE, MYD88 INDEPENDENT TLR4 CASCADE, and INTERLEUKIN 1 SIGNALING (e.g., JUN, FOS, PPP2CB, PSMD2, USP14), four pathways activated by microbial components including LPS or CpG and involved in IL-1 signaling in lymphocytes. The TRAF6 (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. The copyright holder for this preprint this version posted September 28, 2023. ; https://doi.org/10.1101/2023.09.25.559400 doi: bioRxiv preprint NF KB ACTIVATION and INTERLEUKIN 1 FAMILY SIGNALING pathways were regulated in memory B-cells (e.g., TRAF6, PSMB4, PSMD7). Moreover, DEFECTIVE INTRINSIC PATHWAY FOR APOPTOSIS was under-represented in naive B-cells, indicating an increased apoptosis in these cells, while SIGNALING BY ROBO RECEPTORS was under-represented in naive CD4 T-cells, indicating a reduction of migration capacity of these cells. Finally, TOLL LIKE RECEPTOR 9 TLR9 CASCADE and MAPK TARGETS NUCLEAR EVENTS MEDIATED BY MAP KINASES pathways were modulated in both naive B-cells and naive CD4 + T-cells, while TOLL LIKE RECEPTOR TLR1 TLR2 CASCADE was modulated in both naive B-cells and MAIT cells (Supplemental Table

  Comparing placebo and vitamin D patients after three months of treatment identified 4 DEGs in memory B-cells and naive B-cells, 5 DEGs in naive CD4 + , 3 DEGs in MAIT cells, 8 DEGs (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. The copyright holder for this preprint this version posted September 28, 2023. ; https://doi.org/10.1101/2023.09.25.559400 doi: bioRxiv preprint 10 in Treg, 23 DEGs in Th17 and 38 DEGs in Th1 (Figure4). Some of them were previously identified by the global ratio method in the same population (UXT in memory B-cells and SNRPN in MAIT cells), or the DESeq2 method (ITGA5 in MAIT cells and GNLY in Th17) or both methods (SUB1 in MAIT cells, NEDD4L and MIER2 in Th17, and KLF6 in Th1).Concordant variations were found in the discovery and validation steps for five of these genes (UXT decrease in memory B-cells, KLF6 decrease in Th1, GNLY decrease in Th17, SNRPN and SUB1 increase in MAIT cells). No candidate gene modulated by vitamin D in naive CD8 + was validated by HT-qPCR.

  genes and pathways modulated by vitamin D in vivo. Compared to previous transcriptomic studies (10), our strategy comparing PBMCs samples from the same individuals at D0 and M3 reduces interindividual variability inherent to clinical samples. Comparing vitamin D and placebo groups highlights gene expression changes actually modulated by vitamin D and not resulting from the recent MS attack and its management with high dose steroid therapy. In addition, single-cell transcriptome analysis allowed a more exhaustive characterization of the different lymphocyte subpopulations affected by vitamin D in MS than previous studies (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. The copyright holder for this preprint this version posted September 28, 2023. ; https://doi.org/10.1101/2023.09.25.559400 doi: bioRxiv preprint 11 focusing on major lymphocyte populations (CD4 + T-cells, B-cells and monocytes). Using 35 different barcoded antibodies targeting specific surface markers, we did not only identify the main lymphocyte populations (CD4 + T-cells, CD8 + T-cells, B-cells, NK-cells, NKT-cells, MAIT cells), but also several CD4 + (naive, Th1, Th2, Th17, Tfh, Tregs), CD8 + (naive, CM, EM, EMRA + , γδ T-cells) and B-cell (naive and memory) subpopulations. In line with previous studies, vitamin D treatment did not significantly affect the proportion of each cell subset, except for the Th2 population (
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KLF6

  encodes Krueppel-like factor 6, a DNA binding protein involved in activation of transcription and post-translational regulatory pathways. KLF family members have been implicated in the differentiation, activation, quiescence, or homing of various T-cell subsets. A previous transcriptomic analysis showed an overexpression of KLF6 gene in activated Tcells from psoriasis patients (19). The decreased expression of KLF6 in Th1 after vitamin D treatment found in our study supports the notion that vitamin D can modulate Th1 activation in MS (20). The SNRPN-encoded small nuclear ribonucleoprotein polypeptide N (Sm-D) plays a role in gene expression regulation and in pre-mRNA processing. It is the target of auto-antibodies in systemic lupus erythematosus. Expression of genes encoding Sm proteins was positively correlated with the infiltration of Th2 cells, but negatively correlated with the infiltration of mast cells, Th1 cells and NK cells in a model of lung cancer (21). However, the significance of SNRPN expression increase in MAIT cells after vitamin D treatment in the context of MS remains unclear. SUB1 encodes positive cofactor 4 (PC4), a transcription factor involved in Tregs activation through a pathway distinct from FOXP3 (22). Luo et al. have shown that SUB1 (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

(

  which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. The copyright holder for this preprint this version posted September 28, 2023. ; https://doi.org/10.1101/2023.09.25.559400 doi: bioRxiv preprint 14 Likewise, we found a decreased expression of IL-6, JAK1 and STAT3 in Th1 cells from vitamin d-treated patients. This contrasts with data from Chauss et al. in healthy donors, showing a paradoxical increase in expression of IL-6 and STAT3 transcripts in Th1 cells, that peaks at 48 h post-vitamin D stimulation (20). Nevertheless, our data are consistent with the activation of the IL-6/JAK1/STAT3 pathway described in Th17 from EAE mice (5). CD46 and CD69 were also decreased in our study, consistent with previous data showing a negative correlation between CD46 expression on T-cells and the levels of circulating vitamin D in a cohort of MS patients supplemented by vitamin D (27) and a decreased CD69 expression in active T-cells from Crohn's disease patients

panel 1 :

 1 CD4 (BUV496, clone: SK3, Becton Dickinson), CD27 (BUV737, clone: M-T2H, Becton Dickinson ), CD8a (Pacific Blue, clone: RPA-T8, BioLegend), CD45RA (BV510, clone: HI100, Becton Dickinson), CCR7 (BV787, clone: G043H7, BioLegend), IgD (FITC, clone: IA6-2, BioLegend), CD19 (PerCP-Cy5.5, clone: HIB19, BioLegend), CD3 (AF700, clone: OKT3, BioLegend) for memory B-cells, naive B-cells, naive CD4 and CD8 T-cells; and panel 2 : CD4 (BUV496, clone: SK3, Becton Dickinson), CD8a (Pacific Blue, clone: RPA-T8, (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. The copyright holder for this preprint this version posted September 28, 2023. ; https://doi.org/10.1101/2023.09.25.559400 doi: bioRxiv preprint 20 BioLegend), CD3 (AF700, clone: OKT3, BioLegend), CD127 (BV650, clone: 7019D5, BioLegend), CCR6 (BV711, clone: MI-15, Becton Dickinson), CD161 (FITC, clone: DX12, Becton Dickinson), CD25 (PE-CF594, clone: BC96, Becton Dickinson), CXCR3 (APC, clone : G025H7, BioLegend) for Th1, Th17, Treg and MAIT cells. For each cell-type and each panel, 100 cells were sorted in 5 µL RT Mix (Superscript® VILO™ cDNA Synthesis Kit, 20 U/ µL SUPERase-In™ RNase Inhibitor, 10% NP-40 Detergent Surfact-Amps Solution, ThermoFisher Scientific) using a BD FACSAria™ Fusion and stored at -80°C.

  Figu re 2. Char acter izatio n of circu latin g lymp hocyt es subse ts in PBM Cs from MS patie nts using CIT E-seq. (A) UMAP and clustering of different lymphocytes subsets of PBMCs. NK, natural killer; NKT, natural killer Tcells; MAIT, mucosal-associated invariant T-cells; EM, effector memory; CM, central memory, EMRA+, terminally differentiated effector memory cells re-expressing CD45RA. (B) Change in the proportion of Th2 cells before/after treatment in the placebo and vitamin D groups. (C and D) The Th1/Th17 and Th1/Th2 cell ratio were expressed as the ratio of the percentage of Th1 and Th17 or Th2 subsets in each patient. (E) Proportion of each lymphocyte subset before and after Vitamin D or placebo treatment in the discovery step. (F) Proportion of each lymphocyte subset before and after Vitamin D or placebo treatment in the validation step. Significance was determined by 2way-ANOVA (B, C, D) with original FDR BH correction.

(Figure 3 .

 3 Figure 3. Regulation of gene expression and pathways by 3-months placebo or vitamin D
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Figure 4 .

 4 Figure 4. Validation of candidate genes by high-throughput qPCR in lymphocyte subset.

(Figure 5 .

 5 Figure 5. Heat-map of the DEGs (p<0.20) between memory and naive B-cells.
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	) corresponding to the 178 genes of interest
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			Discovery			Validation	
		Placebo	Vitamin D	p-value	Placebo	Vitamin D	p-value
		group	group	between	group	group	between
		(n = 5)	(n = 5)	groups	(n = 8)	(n = 8)	groups
	Age, y, mean (SD)	35.8 (10.3) 34.6 (7.70)	0.881	40.6 (8.62)	37.4 (8.83)	0.458
	Women, %	80.0	80.0	> 0.9999	87.5	62.5	0.200
	Conversion rate (%)	100	100	> 0.9999	62.5	37.5	0.619
	Days from last steroid infusion (SD)	35.7 (8.08) 42.7 (20.5)	0.600			
	Serum 25(OH)D ng/mL, mean (SD) D0	56.8 (29.2) 58.4 (14.0)	0.841	60.4 (22.6)	46.7 (14.3)	0.220
	Serum 25(OH)D ng/mL, mean (SD) M3	52.6 (26.6)	155 (21.1)	0.0079	53.8 (18.0) 143.3 (17.5)	0.0002
	p-value serum 25(OH)D D0 vs. M3	> 0.9999	0.0079		0.631	0.0002	
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