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Abstract

:

Fingolimod is an immunomodulatory sphingosine-1-phosphate (S1P) analogue approved for the treatment of relapsing-remitting multiple sclerosis (RRMS). The identification of biomarkers of clinical responses to fingolimod is a major necessity in MS to identify optimal responders and avoid the risk of disease progression in non-responders. With this aim, we used RNA sequencing to study the transcriptomic changes induced by fingolimod in peripheral blood mononuclear cells of MS-treated patients and their association with clinical response. Samples were obtained from 10 RRMS patients (five responders and five non-responders) at baseline and at 12 months of fingolimod therapy. Fingolimod exerted a vast impact at the transcriptional level, identifying 7155 differentially expressed genes (DEGs) compared to baseline that affected the regulation of numerous signaling pathways. These DEGs were predominantly immune related, including genes associated with S1P metabolism, cytokines, lymphocyte trafficking, master transcription factors of lymphocyte functions and the NF-kB pathway. Responder and non-responder patients exhibited a differential transcriptomic regulation during treatment, with responders presenting a higher number of DEGs (6405) compared to non-responders (2653). The S1P, NF-kB and TCR signaling pathways were differentially modulated in responder and non-responder patients. These transcriptomic differences offer the potential of being exploited as biomarkers of a clinical response to fingolimod.
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1. Introduction


Multiple sclerosis (MS) is a chronic demyelinating disease of the central nervous system (CNS) characterized by the autoimmune attack of the myelin sheath, which leads to axonal damage and neurodegeneration. The early stages of the disease are characterized by the infiltration of immune cells from the periphery into the CNS through a leaking blood–brain barrier [1]. These immune cells comprise autoreactive T and B lymphocytes and innate immune cells such as macrophages and natural killer (NK) cells. T lymphocytes are considered the main effectors in the pathogenesis of MS, including CD4+ and CD8+ T lymphocytes and, in particular within the CD4+ subset, Th1 and Th17 effector T cells. B lymphocytes produce antibodies that can be detected in the cerebrospinal fluid of MS patients and contribute to the pathogenesis of the disease through antigen presentation and cytokine production [2].



Current therapies in MS are based on immunomodulatory or immunosuppressant drugs known as disease-modifying therapies (DMTs), which aim to prevent the infiltration of immune cells from the periphery into the CNS parenchyma [3]. An expanding number of DMTs have been approved in recent years, with different mechanisms of action, routes of administration and safety and efficacy levels. This has led to an increasing complexity in the clinical practice in selecting the appropriate DMT for each patient. Patients can present a suboptimal response to a DMT, which results in the appearance of relapses and magnetic resonance imaging (MRI) lesions that lead to the accumulation of disability [4]. Therefore, the identification of biomarkers of clinical response is a major necessity in MS to classify patients as optimal responders to a DMT and avoid the use of ineffective drugs in non-responders.



Fingolimod (Gilenya®, Novartis, Basel, Switzerland; also known as FTY720) is a sphingosine 1-phosphate (S1P) analogue approved for the relapsing-remitting form of MS (RRMS). Fingolimod acts as a non-selective functional antagonist on the S1P receptors (S1PR) S1PR1 and S1PR3-5, S1PR1 being the most important isoform for the achievement of immunomodulatory effects in the periphery. S1PR1 is expressed on the surface of lymphocytes and regulates their egress from secondary lymphoid organs (SLOs) into the bloodstream through the detection of S1P concentration gradients. The binding of fingolimod to S1PR1 causes its internalization, leaving lymphocytes unresponsive to S1P egress signals, which results in lymphocyte retention inside SLOs, preventing the entrance of inflammatory cells into the CNS [5].



Fingolimod was the first S1PR modulator approved for MS therapy, and it is widely prescribed worldwide due to its advantages over other DMTs. Fingolimod is an oral drug, which fosters therapeutic adherence, and it presents a moderate efficacy in the control of the disease with a manageable safety profile [6,7]. Beyond lymphocyte retention in SLOs, which results in an overall decrease in absolute lymphocyte counts, fingolimod exerts specific changes in the composition of T and B cell subsets in peripheral blood mononuclear cells (PBMCs) of MS-treated patients. On T lymphocytes, fingolimod reduces primarily the percentages of cells expressing CCR7, a homing receptor that promotes lymphocyte retention inside SLOs, diminishing naïve and central memory T cells (both CCR7+), and leaving effector memory T cells (CCR7-) unaltered [8,9,10]. On the B cell compartment, fingolimod reduces the percentages of memory B cells and increases naïve and transitional B cells and plasmablasts [11,12,13,14,15].



The study of PBMC subpopulations has been commonly used in MS research with the aim of identifying biomarkers of clinical response to DMTs, including fingolimod. Although some associations between specific subpopulations of PBMCs and clinical response to fingolimod have been found [16,17,18,19,20,21], results between studies are heterogeneous, hindering the validation of biomarkers with applicability in the clinical practice and highlighting the necessity of searching for novel biomarkers beyond immune cell subsets. A previous study from our group combined the study of cellular subpopulations with transcriptome profiling and identified a baseline signature with potential to predict clinical response to fingolimod [22]. In addition, a differential cellular and transcriptomic regulation was observed between responder and non-responder patients at 6 months of fingolimod therapy [22]. The aim of the present study was to deepen our knowledge on the distinctive regulation between responder and non-responder patients during fingolimod treatment by studying the effect of this DMT at the transcriptional level at 12 months of therapy and its association with clinical response. This could shed light on the molecular mechanism of action of fingolimod’s therapeutic failure and guide the identification of specific biomarkers of clinical response.




2. Results


2.1. Clinical Response to Fingolimod


The demographic and clinical characteristics at baseline of our cohort of MS patients and healthy donors (HD) are summarized in Table 1. The mean age of MS patients was 37 years and 60% were female, characteristics like those of the group of HD. MS patients had a mean disease duration of 6 years and a mean score of around one on the expanded disability status scale (EDSS). All the patients had received at least one previous DMT, switching most of them from natalizumab (n = 6) due to John Cunningham virus antibody positivity, while the rest had switched from interferon beta (IFN-β) (n = 2) or dimethyl fumarate (DMF) (n = 2) due to a lack of efficacy. Table S1 and Table S2 show the detailed characteristics of each subject in the group of HD and MS patients, respectively.



At 2 years of fingolimod therapy, five patients achieved no evidence of disease activity-3 (NEDA-3) and were classified as responders, while the remaining five patients presented evidence of disease activity-3 (EDA-3) and were classified as non-responders (Table 2). Within the non-responders, one patient had experienced confirmed disease progression (CDP), two patients had experienced relapses, one patient presented MRI activity and relapses and one patient had experienced relapses, CDP and MRI activity. Responder and non-responder patients to fingolimod presented similar baseline characteristics (Table 1).




2.2. Transcriptomic Profile of HD and MS Patients


Principal component analysis (PCA) of the transcriptomic profile of HD and MS patients before and after fingolimod therapy revealed three differentiated clusters of samples. MS patients and HD presented a clearly differentiated transcriptomic profile, grouping separately in two different regions of space (Figure 1A). This separation between MS patients and HD was clear for all the samples and was independent of the time of fingolimod treatment, as both the baseline and 12-month samples separated distinctly from HD. In the HD group, all the subjects clustered together, while in the group of MS patients, there was one baseline sample that positioned in a notably distanced region of space compared to the rest of MS samples, and which was excluded from subsequent analyses. However, the sample from this patient at 12 months of therapy with fingolimod clustered with the rest of MS samples at 12 months and was not excluded from the study.



In addition, the baseline samples from MS patients formed a differentiated cluster from the 12-month samples, indicating that fingolimod treatment significantly affects the gene expression profile (Figure 1A). This differential clustering was clear except for one 12-month sample which grouped with the baseline samples, and which corresponded to a non-responder patient. Within MS patients, responder and non-responder patients did not form differentiated clusters at baseline, indicating that there is not a discernible transcriptomic profile between these subgroups before treatment. However, at 12 months of therapy, although they did not form separated clusters either, samples from responder patients grouped together while samples from non-responders distributed in a more scattered way, suggesting a more homogeneous transcriptomic response to fingolimod in responder patients.



Regarding the number of differentially expressed genes (DEGs) between MS patients and HD, we identified 6474 DEGs (3440 upregulated and 3034 downregulated) in MS patients at baseline compared to HD (Figure 1B and Table S3). At 12 months of fingolimod therapy, the number of DEGs compared to HD increased to 10,170 (5137 upregulated and 5033 downregulated), indicating that fingolimod transcriptionally differentiates MS patients from HD even more (Figure 1B and Table S4). From these DEGs, 4825 were common at baseline and 12 months of therapy, suggesting that fingolimod modifies mainly additional genes, leaving most of the dysregulated genes at baseline compared to HD unaltered (Figure 1B). Considering the clinical response to fingolimod, responder and non-responder patients presented a similar number of DEGs (5116 and 5255 DEGs, respectively) at baseline compared to HD (Figure 1C and Tables S5 and S6). From these DEGs, 3788 were common between responders and non-responders at baseline (Figure 1C). However, at 12 months of fingolimod therapy, the number of DEGs compared to HD was higher in responders than in non-responders (9408 and 8361 DEGs, respectively, of which 6983 were common between responders and non-responders) (Figure 1C and Tables S7 and S8).




2.3. Effect of Fingolimod Treatment on Gene Expression


A total of 7155 genes were differentially expressed at 12 months of fingolimod treatment compared to baseline (Figure 2A and Table S9). From these DEGs, 3509 were upregulated and 3646 were downregulated. Figure 2B shows the top 100 differentially expressed genes by fingolimod treatment. As foreseen, downregulation of the S1PR1 gene, the established molecular target of fingolimod, was observed at 12 months of therapy [23]. Modulation of the remaining S1PR-coding genes was also detected; S1PR2, S1PR3 and S1PR5 were upregulated, while S1PR4 was found to be downregulated. Additional genes implicated in S1P metabolism were found to be upregulated, such as SPTLC1, DEGS1, and SPHK1 and SGPL1, which encode the enzymes responsible of synthetizing and degrading S1P, respectively.



In line with the mechanism of action of fingolimod in the alteration of lymphocyte trafficking, we observed a downregulation of SLOs homing receptor genes such as CCR7, SELL (which encodes L-selectin), CXCR5 and CCR6 [24]. We also detected the downregulation of markers of T and B lymphocytes including CD3D, CD3E, CD3G, CD8B, CD19, CD27 and CD38, and the upregulation of NK cell markers such as KLRC1, KLRC3, GZMB and PRF1, in accordance with the observed effects of fingolimod on PBMC subpopulations [22]. Notably, we detected the modulation of a vast number of genes coding for cytokines and their receptors, particularly interleukins, interferons and transforming growth factors. Among the downregulated cytokine-related genes were IL2, IL16, IL17B, IL7R, IL21, IL22, IL23A, TNFRSF1B, TNFRSF8, TNFRSF10D, TNFSF15, TNFRSF21 and TRAF5. The upregulated cytokines included IL1RN, IL10, IL10RA, IL10RB, IL18, IL27, IFNGR2, IFNAR2, IFNGR1, IFNAR1, IFNG, TNFSF10, TRAF6, TNFAIP1, TNFRSF14 and TNFAIP6.



Interestingly, several transcription factors considered as master regulators of the differentiation and functions of distinct lymphocyte subsets were modulated by fingolimod treatment. Among these, we found an upregulation of the transcription factors EOMES, STAT3, TBX21, SPI1, RUNX1, BCL6, AHR and NFAT5, and a downregulation of FOXP3, IKZF1, NFTAC1, FOXO1, EBF1, PAX5 and LEF1. In addition, we also observed that fingolimod induces a general inhibitory effect on the pathway of the inflammatory master regulator NF-kB, upregulating inhibitory proteins such as IKBKG, NKIRAS1, NKIRAS2, NFKBIB, NFKB1, TRAF4 and PRKCZ. The expression of the Toll-like receptors TLR1, TLR2, TLR3, TLR4, TLR8 and TLR10 was also modulated by fingolimod. The transcription factor Nrf2 (encoded by the NFE2L2 gene) and its downstream targets HMOX1, SOD2, FTL and FTH1, implicated in antioxidant responses, were found upregulated by fingolimod treatment.



Gene set enrichment analysis (GSEA) revealed enrichment of several gene sets by fingolimod treatment, which were mainly related to immunity (Figure 2C). Among them, we could observe enrichment of gene sets related to the complement cascade, Fc antibody receptors signaling, signaling by the BCR and by the TCR, phagocytosis, signaling by TGF-β and the CTLA4 immune checkpoint pathway. Fingolimod treatment also produced the enrichment of signaling pathways including the Wnt/β-catenin pathway, the Slit/Robo pathway, the MAPK/ERK pathway and several pathways related to apoptosis including p53 and BAD. Pathways related to the metabolism of the intracellular messengers DAG, IP3 and Ca2+ were also enriched by fingolimod treatment.




2.4. Gene Expression in Responder and Non-Responder Patients to Fingolimod


At baseline, only 10 genes were differentially expressed between responder and non-responder patients to fingolimod, in agreement with the PCA analysis, where there was no transcriptomic clustering of the patient samples according to their clinical response (Figure 3A and Table S10). From these DEGs, 10 were downregulated and 1 was upregulated in responder patients compared to non-responders. We found associations between 3 of the 11 DEGS (RMRP, EDIL3 and GSTM1) and MS in the literature [25,26,27]. The differences in these DEGs at baseline between responders and non-responders were not maintained at 12 months of therapy. At 12 months of fingolimod treatment, responder and non-responder patients presented 40 different DEGs (Figure 3 and Table S11). From these DEGs, 30 were downregulated and 10 upregulated in responder patients compared to non-responders. Interestingly, the IL7 receptor gene (IL7R), which is associated with a higher risk of MS, was downregulated in responder patients [28]. One DEG implicated in S1P metabolism (PLPP2, enzyme that dephosphorylates S1P) also presented a lower expression in responder patients compared to non-responders at 12 months of fingolimod therapy.



When we analyzed the changes in gene expression between 12 months of fingolimod therapy and baseline in each group, we found a differential modulation during treatment between responder and non-responder patients. Responder patients presented a higher number of DEGs (6405 DEGs from which 3111 were upregulated and 3294 were downregulated) compared to non-responders, which only presented 2653 DEGs (1204 upregulated and 1451 downregulated) (Figure 3B,C and Tables S12 and S13). Interestingly, the downregulation of S1PR1 was only observed in the responder group, which also presented a higher number of DEGs related to the S1P pathway compared to non-responders. Responders also presented a higher number of DEGs related to cytokines and to master regulator transcription factors compared to non-responders, in which the modulation of EOMES, TBX21, SPI1, BCL6, AHR and EBF1 was absent. In addition, we observed the regulation of genes related to TCR signaling such as CD3G, CD3D, CTLA4, LAT, LCK, ITK, JAK3 and ZAP70 only in the responder group. It is also worth highlighting that the modulation of the NF-kB pathway, with genes such as RELB, NFRKB, NFKBIB and IKBKG, was also present only in the responder group.





3. Discussion


In this study, we describe the transcriptomic changes induced by fingolimod in PBMCs from RRMS patients at 12 months of therapy, and their association with clinical response at 2 years. To the best of our knowledge, this is the first study evaluating the long-term effect of fingolimod therapy at the transcriptional level. The transcriptomic profile of MS patients at 12 months of fingolimod therapy was found considerably modified, identifying 7155 DEGs compared to baseline. A similar number of DEGs (7546) was also found in PBMCs at 6 months of therapy [22], indicating that the gene expression profile remains stable between 6 and 12 months of fingolimod treatment. Additional transcriptomic studies at 6 months of fingolimod therapy identified a lower number of DEGs compared to baseline [29,30]. However, these studies were performed in specific subsets of PBMCs such as CD3+ T lymphocytes (555 DEGs) and monocytes (60 DEGs) and applied a fold change threshold to filter genes [29,30]. In our study, we considered DEGs only based on statistical significance without considering the magnitude of the fold change, allowing us to identify a higher number of DEGs. In addition, with our experimental design we cannot discern the contribution of each PBMC subpopulation to the observed transcriptomic changes and can only account for a global effect. In this regard, a study performed at 3 months of fingolimod treatment identified CD4+ T lymphocytes as the main subpopulation transcriptionally modified (6489 DEGs), followed by CD8+ T lymphocytes (861 DEGs) and B lymphocytes (42 DEGs), while NK cells and monocytes were unaffected [31]. The similar number of DEGs found in CD4+ T lymphocytes compared to our study suggests that this subpopulation could be the main contributor to the observed transcriptomic changes in PBMCs at 12 months. However, this remains to be elucidated as fingolimod not only affects the trafficking of T lymphocytes but it also influences B lymphocytes and NK cells [22].



Fingolimod modified a vast number of genes related to a variety of signaling pathways, thus affecting numerous cellular processes, especially immune related. We could verify the modification of genes from the S1P pathway, according to the established mechanism of action of fingolimod, including the downregulation of S1PR1 [32]. In addition, several homing receptor genes, such as CCR7, were also downregulated in peripheral blood due to the retention, in absence of the competing egress-promoting signals of S1P, of cells expressing retention markers inside SLOs [33]. In line with the effect of fingolimod on the blood cellular composition, we also observed the downregulation of markers of T and B lymphocytes, and an upregulation of NK cell markers [22].



Interestingly, we have observed that fingolimod exerts important immunomodulatory effects beyond the retention of lymphocytes inside SLOs, by modifying key inflammatory mediators. These included the signaling cascades downstream of important immune receptors such as the TCR, the BCR and TLRs, the regulation of transcription factors that act as master regulators of lymphocytes and the regulation of the NF-kB and Wnt/β- catenin pathways. Activation of the Wnt/β-catenin pathway has been directly linked to suppression of inflammation in the mouse model of MS, experimental autoimmune encephalomyelitis, by promoting a regulatory phenotype in dendritic cells that leads to diminished Th1 and Th17 responses, which could be associated with the decreased percentages of Th1 and Th17 cells observed in MS patients treated with fingolimod [22,34]. Additional intracellular signaling pathways modulated by fingolimod included the MAPK/ERK pathway, the Slit/Robo pathway and the p53 pathway. The modulation of these pathways was translated in the modification of processes such as apoptosis, cytokine production, phagocytosis and lymphocyte chemotaxis. Previous studies at 3 and 6 months of fingolimod therapy also observed the modulation of similar inflammatory pathways, including cytokine production, T cell activation and chemotaxis, indicating that the modulation of specific pathways by fingolimod is stable during at least the first 12 months of therapy [22,29,35].



In addition, we analyzed the transcriptomic profile of responder and non-responder patients to fingolimod with the aim of identifying differences that could be used as predictive biomarkers of clinical response. At baseline, differences between responder and non-responder patients were very modest, with only 11 DEGs between these subgroups. From these DEGs, we found studies in the context of MS for only three of them (RMRP, EDIL3 and GSTM1), but, interestingly, the existing studies describe a differential expression of these genes in MS patients compared to HDs, suggesting their potential use as disease biomarkers [25,26,27]. To the best of our knowledge, there are no studies evaluating the expression of these genes in relation to DMTs, but our results show their potential use as biomarkers of clinical response to fingolimod, which should be further investigated.



The number of studies correlating gene expression levels with clinical response to fingolimod is very low. In this regard, a previous study in CD8+ lymphocytes found no baseline transcriptional differences between patients with or without relapses during fingolimod treatment [36], while another study on monocytes identified only 4 DEGs at baseline between NEDA-3 and EDA-3 patients [30], none of which coincides with the 11 DEGs identified in this study. Furthermore, in a previous study from our group, we identified 36 DEGs before fingolimod treatment between NEDA-3 and EDA-3 patients [22], none of which coincides with those identified in this study. This discrepancy with our previous results could be due to the different characteristics of the cohorts of MS patients, which had a shorter disease duration, a shorter time of therapy with previous DMTs and a lower EDSS in the present study. However, the existing studies, together with the results presented in this article, seem to coincide with the fact that responder and non-responder patients to fingolimod present minimal differences at baseline, as shown by the low number of DEGs identified in all the studies [22,30,36]. In addition, the characteristics of the cohort of patients could be a decisive factor in the validation of DEGs across studies, especially if we consider that all the transcriptomic analyses correlated with clinical response to fingolimod have been performed in small cohorts of patients that could present selection bias and not be representative of the study population.



Despite the few differences at baseline, we were able to identify a clear differential transcriptomic response during fingolimod treatment according to clinical response, with responders presenting a higher number of DEGs (6405) compared to non-responders (2653). Similar results were found in our previous study, in which we identified a higher number of DEGs in responders compared to non-responders during the first 6 months of fingolimod therapy (approximately 2500 DEGs compared to 1500 DEGs, respectively) [22]. In addition, differential transcriptomic responses to the DMT DMF have also been described in PBMCs in two independent studies, also identifying a higher number of DEGs in responders compared to non-responders [37,38]. These results suggest that the changes in gene expression during treatment can reflect clinical response to DMTs; thus, they have the potential of being used as biomarkers. Although these changes would not have the advantage of predicting clinical response before starting the DMT, they could be studied during the first year of therapy to predict the clinical response in the long term. During DMF treatment, differences between responders and non-responders could already be observed at 6 weeks of therapy [38]. With fingolimod, additional studies are required to establish the minimum time needed to observe the transcriptomic differences between responder and non-responder patients so that the shortest time of treatment can be used to predict clinical response. In this regard, the transcriptomic differences between responders and non-responders could already be observed at 6 months of fingolimod therapy, although these were more pronounced at 12 months, as reflected by the greater differences in the number of DEGs at 12 months [22]. However, there are no studies evaluating the changes in gene expression in responders and non-responders to fingolimod in a period shorter than 6 months.



Deepening our knowledge of the differences observed during fingolimod therapy between responders and non-responders could shed light on the molecular mechanisms of the therapeutic failure of fingolimod and guide the search of biomarkers more precisely. One of the observed differences between these subgroups of patients was the modulation of the S1P pathway, which was more pronounced in responder patients as observed by the higher number of DEGs related to this pathway compared to non-responders. This could be indicating that non-responder patients are intrinsically less responsive to fingolimod due to a worse capacity to modulate the S1P pathway. This is suggested by the fact that the downregulation of S1PR1 was not observed in non-responders. In addition, the enzyme SPHK1, which phosphorylates fingolimod to its active form, was found upregulated in both subgroups, but this upregulation was greater in responders than in non-responders [23]. This differential modulation of genes from the S1P pathway between responders and non-responders at 12 months of therapy is a novel finding that could be relevant for monitoring the efficacy of fingolimod due to its direct relationship with the established mechanism of action of the drug [23]. Moreover, these differences were not observed at 6 months of fingolimod therapy, indicating that loss of modulation of the S1P pathway could be occurring in non-responder patients after the first 6 months of therapy [22].



Additionally, we have observed that the modulation of the NF-kB pathway was only present in responder patients. This differential modulation was already described at 6 months of fingolimod therapy and, interestingly, transcriptional modulation associated with the inhibition of the NF-kB pathway was also found in responder patients to DMF but not in non-responders [22,37,38]. NF-kB is a master regulator of inflammation that is directly linked with the pathophysiology of MS; thus, the modulation of the NF-kB pathway is of relevance in the therapeutic of this disease [39]. The possibility exists that the ability to modulate this pathway could be responsible for clinical response to fingolimod in responder patients, and it should be further studied as a candidate biomarker in a focused search. Moreover, the modulation of the TCR signaling pathway that was observed only in the responder group represents a novel finding that is directly linked to the regulation of NF-kB through the triggering cascade that leads to its nuclear translocation and represents another potential biomarker of response to fingolimod [40].



The main limitation of this study is the small sample size of our cohort of patients, especially of the subgroups of patients according to their clinical response to fingolimod. In addition, our data are only descriptive, and the identified DEGs in this study should be confirmed in an independent cohort of patients. Our findings provide insight into the mechanism of action of fingolimod, which is of relevance for the monitoring of its therapeutic efficacy and safety in patients, as well as for the development of new therapies in MS. In addition, we have identified specific pathways that are differentially regulated between responder and non-responder patients to fingolimod, and which offer the potential of being exploited as biomarkers of clinical response with the ultimate goal of providing a personalized medicine.




4. Materials and Methods


4.1. Patients and Healthy Donors


Enrollment to the study was limited to patients with a diagnosis of RRMS according to McDonald criteria and with an indication for treatment with fingolimod [41,42]. Patients who had received steroid treatment in the previous month or immunosuppressants in the previous year were excluded. Ten patients from the Multiple Sclerosis Unit at Hospital Universitario Puerta de Hierro Majadahonda were included in the study. Patients switching from natalizumab had a 1–2 months washout period before starting therapy with fingolimod. Patients switching from IFN-β or DMF did not need a washout period according to the approved guidelines. In compliance with the approved indications of use for fingolimod, patients were treated with 0.5 mg daily [42]. Lithium heparin tubes (Greiner Bio-One, Frickenhausen, Germany) were used to collect venous blood samples from each patient immediately before starting fingolimod and at 12 months of therapy. PBMCs were isolated from peripheral blood samples by Ficoll-Paque® density gradient centrifugation and cryopreserved in liquid nitrogen until use. A cohort of 10 HDs with samples at a single time point, which had been published in a previous study from our group, was also included in this study [37].




4.2. Clinical and MRI Measures


Clinical outcomes were evaluated in all patients at baseline and at 1 and 2 years of fingolimod therapy. Data from EDSS scores and the number of clinical relapses were collected. The increase of 0.5 or more EDSS points maintained for 3 months was considered as CDP. A 1.5T brain MRI was also performed at 1 and 2 years of fingolimod therapy to obtain the number of gadolinium-enhanced T1 lesions (Gd+) and the number of new or enlarged T2-weighted lesions (T2w). MRI activity was defined as the appearance of new Gd+ and/or T2w lesions. NEDA-3 status was defined as the absence of MRI activity, clinical relapses, and CDP, according to the published literature [19]. As most of the patients were switching from natalizumab, which has been associated with a risk of MS reactivation shortly after fingolimod initiation, we decided to assess clinical response at a long time period (2 years) to obtain more robust results regarding the clinical response [43]. Patients who achieved NEDA-3 at 2 years of fingolimod therapy were classified as responders. Patients who did not achieved NEDA-3 at 2 years (EDA-3) were classified as non-responders to fingolimod.




4.3. RNA Isolation and Sequencing


The Maxwell® 16 LEV simply RNA Cells kit and the robotic platform Maxwell® 16 (both from Promega Biotech Ibérica, Madrid, Spain) were used for the extraction of total RNA from PBMCs, following the instructions by the manufacturer. The concentration of the extracted RNA was assessed using the Qubit® 3.0 fluorometer (Thermo Fisher Scientific, Waltham, MA, USA). The quality of the RNA was measured using the 2100 Bioanalyzer system (Agilent Technologies, Santa Clara, CA, USA), and all the samples presented an RNA integrity number above 9. From the total RNA, we isolated the mRNA fraction based on the poly (A) tail by binding poly (T) oligos attached to magnetic beads. The isolated mRNA was chemically fragmented, and reverse transcribed to cDNA. An end-repair process was applied to the cDNA fragments, which were also added a single ‘A’ base and ligated to the adapters. The indexed library of double-stranded DNA was obtained after purification and enrichment by PCR. The 4200 TapeStation system (Agilent Technologies) was used to examine the quality and quantity of the libraries. Sequencing was performed in the NovaSeq 6000 Sequencing System (Illumina, San Diego, CA, USA) by pair-end (150 × 2) and at a sequencing depth of 40 million reads per sample.




4.4. Bioinformatics Analysis


Quality control of the raw reads was conducted with fastqc v0.12.1. Adapter sequences were removed with cutadapt v4.4 [44]. Trimmed reads were further selected with trimmomatic v0.39 for size bigger than 20nt and mapq > 30 [45]. Only reads that satisfied these criteria were used in ulterior analyses. Reads were aligned with HISAT2 v2.2.1 to the human genome (GRch38 primary assembly). Mapped reads were annotated to genes from Ensemble (GRch38 v109) and quantified using HTseq v2.0.3 [46]. Gene counts were analyzed using principal components with custom R scripts (R version 4.3.1). The sample responder at baseline number 5 showed abnormal clustering and was rejected for further analyses. Differential expression analysis was performed using DESeq2 v1.40.2 [47]. GSEA was performed using the standalone application GSEA v4.3.2 [48].





5. Conclusions


Our study describes the transcriptomic changes induced by fingolimod in PBMCs at 12 months of therapy and their association with clinical response. Fingolimod modified a vast number of genes beyond the S1P pathway, which were mainly immune-related, including cytokines, the NF-kB pathway and master transcription factors of inflammation. In addition, responder and non-responder patients to fingolimod exhibited a differential transcriptomic regulation during treatment, with responders presenting a higher number of DEGs compared to non-responders. Relevant pathways for the therapeutic efficacy of fingolimod, including the S1P, NF-kB and TCR signaling pathways were differentially modulated in responder patients compared to non-responders, offering the potential of being exploited as biomarkers of clinical response to fingolimod.








Supplementary Materials


The supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms25031372/s1.





Author Contributions


A.S.-S. designed the study, performed the experiments, analyzed, and interpreted the data, and wrote the manuscript. R.M.-V. performed the bioinformatic analyses. J.S.-M. recruited patients and collected clinical data. I.M.-T. conceived and designed the study. B.B.-Á. performed the acquisition and recording of MRI. O.R.-D.l.F. recruited and treated patients. A.G.-M. conceived and designed the study and interpreted the data. A.J.S.-L. conceived and designed the study and interpreted the data. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Instituto de Salud Carlos III (ISCIII) through the projects PI15/02099 and PI18/01766, co-funded by European Regional Development Fund “A way to make Europe”. A.SS. is a recipient of the PFIS predoctoral fellowship FI19/00149 by ISCIII, co-funded by European Social Fund “Investing in your future”.




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki and approved by the Ethics Committee of HUPHM (PI-39/15).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


Data are presented in the manuscript and in the Supplementary Materials. The complete raw RNA-sequencing data of HD and of MS patients are deposited in the NCBI’s public repository Gene Expression Omnibus (GEO) and are accessible through the accession numbers GSE235357 and GSE250453, respectively.




Acknowledgments


We are indebted to the patients and donors who contributed to this study.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Dendrou, C.A.; Fugger, L.; Friese, M.A. Immunopathology of multiple sclerosis. Nat. Rev. Immunol. 2015, 15, 545–558. [Google Scholar] [CrossRef] [PubMed]

	



Attfield, K.E.; Jensen, L.T.; Kaufmann, M.; Friese, M.A.; Fugger, L. The immunology of multiple sclerosis. Nat. Rev. Immunol. 2022, 22, 734–750. [Google Scholar] [CrossRef] [PubMed]

	



Comi, G.; Radaelli, M.; Sørensen, P.S. Evolving concepts in the treatment of relapsing multiple sclerosis. Lancet 2017, 389, 1347–1356. [Google Scholar] [CrossRef] [PubMed]

	



Engelhardt, B.; Comabella, M.; Chan, A. Multiple sclerosis: Immunopathological heterogeneity and its implications. Eur. J. Immunol. 2022, 52, 869–881. [Google Scholar] [CrossRef] [PubMed]

	



Roy, R.; Alotaibi, A.A.; Freedman, M.S. Sphingosine 1-Phosphate Receptor Modulators for Multiple Sclerosis. CNS Drugs 2021, 35, 385–402. [Google Scholar] [CrossRef] [PubMed]

	



Kappos, L.; Radue, E.-W.; O’Connor, P.; Polman, C.; Hohlfeld, R.; Calabresi, P.; Selmaj, K.; Agoropoulou, C.; Leyk, M.; Zhang-Auberson, L.; et al. A placebo-controlled trial of oral fingolimod in relapsing multiple sclerosis. N. Engl. J. Med. 2010, 362, 387–401. [Google Scholar] [CrossRef] [PubMed]

	



Calabresi, P.A.; Radue, E.W.; Goodin, D.; Jeffery, D.; Rammohan, K.W.; Reder, A.T.; Vollmer, T.; Agius, M.A.; Kappos, L.; Stites, T.; et al. Safety and efficacy of fingolimod in patients with relapsing-remitting multiple sclerosis (FREEDOMS II): A double-blind, randomised, placebo-controlled, phase 3 trial. Lancet Neurol. 2014, 13, 545–556. [Google Scholar] [CrossRef]

	



Hjorth, M.; Dandu, N.; Mellergård, J. Treatment effects of fingolimod in multiple sclerosis: Selective changes in peripheral blood lymphocyte subsets. PLoS ONE 2020, 15, e0228380. [Google Scholar] [CrossRef]

	



Song, Z.Y.; Yamasaki, R.; Kawano, Y.; Sato, S.; Masaki, K.; Yoshimura, S.; Matsuse, D.; Murai, H.; Matsushita, T.; Kira, J.I. Peripheral blood T cell dynamics predict relapse in multiple sclerosis patients on fingolimod. PLoS ONE 2015, 10, e0124923. [Google Scholar] [CrossRef]

	



Mao-Draayer, Y.; Cohen, J.A.; Bar-Or, A.; Han, M.H.; Singer, B.; Williams, I.M.; Meng, X.; Elam, C.; Weiss, J.L.; Cox, G.M.; et al. Immune cell subset profiling in multiple sclerosis after fingolimod initiation and continued treatment: The FLUENT study. Mult. Scler. J.—Exp. Transl. Clin. 2022, 8, 20552173221115023. [Google Scholar] [CrossRef]

	



Blumenfeld, S.; Staun-Ram, E.; Miller, A. Fingolimod therapy modulates circulating B cell composition, increases B regulatory subsets and production of IL-10 and TGFβ in patients with Multiple Sclerosis. J. Autoimmun. 2016, 70, 40–51. [Google Scholar] [CrossRef] [PubMed]

	



Kemmerer, C.L.; Pernpeintner, V.; Ruschil, C.; Abdelhak, A.; Scholl, M.; Ziemann, U.; Krumbholz, M.; Hemmer, B.; Kowarik, M.C. Differential effects of disease modifying drugs on peripheral blood B cell subsets: A cross sectional study in multiple sclerosis patients treated with interferon-β, glatiramer acetate, dimethyl fumarate, fingolimod or natalizumab. PLoS ONE 2020, 15, e0235449. [Google Scholar] [CrossRef] [PubMed]

	



Claes, N.; Dhaeze, T.; Fraussen, J.; Broux, B.; Van Wijmeersch, B.; Stinissen, P.; Hupperts, R.; Hellings, N.; Somers, V. Compositional changes of B and T cell subtypes during fingolimod treatment in multiple sclerosis patients: A 12-month follow-up study. PLoS ONE 2014, 9, e111115. [Google Scholar] [CrossRef] [PubMed]

	



Nakamura, M.; Matsuoka, T.; Chihara, N.; Miyake, S.; Sato, W.; Araki, M.; Okamoto, T.; Lin, Y.; Ogawa, M.; Murata, M.; et al. Differential effects of fingolimod on B-cell populations in multiple sclerosis. Mult. Scler. 2014, 20, 1371–1380. [Google Scholar] [CrossRef] [PubMed]

	



Grützke, B.; Hucke, S.; Gross, C.C.; Herold, M.V.B.; Posevitz-Fejfar, A.; Wildemann, B.T.; Kieseier, B.; Dehmel, T.; Wiendl, H.; Klotz, L. Fingolimod treatment promotes regulatory phenotype and function of B cells. Ann. Clin. Transl. Neurol. 2015, 2, 119–130. [Google Scholar] [CrossRef] [PubMed]

	



Teniente-Serra, A.; Hervás, J.V.; Quirant-Sánchez, B.; Mansilla, M.J.; Grau-López, L.; Ramo-Tello, C.; Martínez-Cáceres, E.M. Baseline Differences in Minor Lymphocyte Subpopulations may Predict Response to Fingolimod in Relapsing–Remitting Multiple Sclerosis Patients. CNS Neurosci. Ther. 2016, 22, 584–592. [Google Scholar] [CrossRef] [PubMed]

	



Ghadiri, M.; Rezk, A.; Li, R.; Evans, A.; Giacomini, P.S.; Barnett, M.H.; Antel, J.; Bar-Or, A. Pre-treatment T-cell subsets associate with fingolimod treatment responsiveness in multiple sclerosis. Sci. Rep. 2020, 10, 356. [Google Scholar] [CrossRef]

	



Quirant-Sánchez, B.; Presas-Rodriguez, S.; Mansilla, M.J.; Teniente-Serra, A.; Hervás-García, J.V.; Brieva, L.; Moral-Torres, E.; Cano, A.; Munteis, E.; Navarro-Barriuso, J.; et al. Th1Th17CM lymphocyte subpopulation as a predictive biomarker of disease activity in multiple sclerosis patients under dimethyl fumarate or fingolimod treatment. Mediat. Inflamm. 2019, 2019, 8147803. [Google Scholar] [CrossRef]

	



Camacho-Toledano, C.; Machín-Díaz, I.; Calahorra, L.; Cabañas-Cotillas, M.; Otaegui, D.; Castillo-Triviño, T.; Villar, L.M.; Costa-Frossard, L.; Comabella, M.; Midaglia, L.; et al. Peripheral myeloid-derived suppressor cells are good biomarkers of the efficacy of fingolimod in multiple sclerosis. J. Neuroinflamm. 2022, 19, 277. [Google Scholar] [CrossRef]

	



Quirant-Sánchez, B.; Hervás-García, J.V.; Teniente-Serra, A.; Brieva, L.; Moral-Torres, E.; Cano, A.; Munteis, E.; Mansilla, M.J.; Presas-Rodríguez, S.; Navarro-Barriuso, J.; et al. Predicting therapeutic response to fingolimod treatment in multiple sclerosis patients. CNS Neurosci. Ther. 2018, 24, 1175–1184. [Google Scholar] [CrossRef]

	



Ferraro, D.; De Biasi, S.; Simone, A.M.; Orlandi, R.; Nasi, M.; Vitetta, F.; Pinti, M.; Fogliani, M.; Meletti, S.; Cossarizza, A.; et al. Modulation of Tregs and iNKT by Fingolimod in Multiple Sclerosis Patients. Cells 2021, 10, 3324. [Google Scholar] [CrossRef] [PubMed]

	



Moreno-Torres, I.; González-García, C.; Marconi, M.; García-Grande, A.; Rodríguez-Esparragoza, L.; Elvira, V.; Ramil, E.; Campos-Ruíz, L.; García-Hernández, R.; Al-Shahrour, F.; et al. Immunophenotype and transcriptome profile of patients with multiple sclerosis treated with fingolimod: Setting up a model for prediction of response in a 2-year translational study. Front. Immunol. 2018, 9, 1693. [Google Scholar] [CrossRef] [PubMed]

	



Brinkmann, V.; Davis, M.D.; Heise, C.E.; Albert, R.; Cottens, S.; Hof, R.; Bruns, C.; Prieschl, E.; Baumruker, T.; Hiestand, P.; et al. The immune modulator FTY720 targets sphingosine 1-phosphate receptors. J. Biol. Chem. 2002, 277, 21453–21457. [Google Scholar] [CrossRef] [PubMed]

	



Honig, S.M.; Fu, S.; Mao, X.; Yopp, A.; Gunn, M.D.; Randolph, G.J.; Bromberg, J.S. FTY720 stimulates multidrug transporter– and cysteinyl leukotriene–dependent T cell chemotaxis to lymph nodes. J. Clin. Investig. 2003, 111, 627–637. [Google Scholar] [CrossRef] [PubMed]

	



Dadyar, M.; Hussen, B.M.; Eslami, S.; Taheri, M.; Emadi, F.; Ghafouri-Fard, S.; Sayad, A. Expression of T cell-related lncRNAs in multiple sclerosis. Front. Genet. 2022, 13, 967157. [Google Scholar] [CrossRef] [PubMed]

	



Li, M.; Chen, H.; Yin, P.; Song, J.; Jiang, F.; Tang, Z.; Fan, X.; Xu, C.; Wang, Y.; Xuw, Y.; et al. Identification and Clinical Validation of Key Extracellular Proteins as the Potential Biomarkers in Relapsing-Remitting Multiple Sclerosis. Front. Immunol. 2021, 12, 753929. [Google Scholar] [CrossRef] [PubMed]

	



Parchami Barjui, S.; Reiisi, S.; Bayati, A. Human glutathione s-transferase enzyme gene variations and risk of multiple sclerosis in Iranian population cohort. Mult. Scler. Relat. Disord. 2017, 17, 41–46. [Google Scholar] [CrossRef] [PubMed]

	



Gregory, S.G.; Schmidt, S.; Seth, P.; Oksenberg, J.R.; Hart, J.; Prokop, A.; Caillier, S.J.; Ban, M.; Goris, A.; Barcellos, L.F.; et al. Interleukin 7 receptor α chain (IL7R) shows allelic and functional association with multiple sclerosis. Nat. Genet. 2007, 39, 1083–1091. [Google Scholar] [CrossRef]

	



Sferruzza, G.; Clarelli, F.; Mascia, E.; Ferrè, L.; Ottoboni, L.; Sorosina, M.; Santoro, S.; Filippi, M.; Provero, P.; Esposito, F. Transcriptional effects of fingolimod treatment on peripheral T cells in relapsing remitting multiple sclerosis patients. Pharmacogenomics 2022, 23, 161–171. [Google Scholar] [CrossRef]

	



Sferruzza, G.; Clarelli, F.; Mascia, E.; Ferrè, L.; Ottoboni, L.; Sorosina, M.; Santoro, S.; Moiola, L.; Martinelli, V.; Comi, G.; et al. Transcriptomic Analysis of Peripheral Monocytes upon Fingolimod Treatment in Relapsing Remitting Multiple Sclerosis Patients. Mol. Neurobiol. 2021, 58, 4816–4827. [Google Scholar] [CrossRef]

	



Angerer, I.C.; Hecker, M.; Koczan, D.; Roch, L.; Friess, J.; Rüge, A.; Fitzner, B.; Boxberger, N.; Schröder, I.; Flechtner, K.; et al. Transcriptome profiling of peripheral blood immune cell populations in multiple sclerosis patients before and during treatment with a sphingosine-1-phosphate receptor modulator. CNS Neurosci. Ther. 2018, 24, 193–201. [Google Scholar] [CrossRef] [PubMed]

	



Mandala, S.; Hajdu, R.; Bergstrom, J.; Quackenbush, E.; Xie, J.; Milligan, J.; Thornton, R.; Shei, G.J.; Card, D.; Keohane, C.A.; et al. Alteration of Lymphocyte Trafficking by Sphingosine-1-Phosphate Receptor Agonists. Science 2016, 296, 346–349. [Google Scholar] [CrossRef]

	



Mehling, M.; Brinkmann, V.; Antel, J.; Bar-Or, A.; Goebels, N.; Vedrine, C.; Kristofic, C.; Kuhle, J.; Lindberg, R.L.P.; Kappos, L. FTY720 therapy exerts differential effects on T cell subsets in multiple sclerosis. Neurology 2008, 71, 1261–1267. [Google Scholar] [CrossRef] [PubMed]

	



Suryawanshi, A.; Manoharan, I.; Hong, Y.; Swafford, D.; Majumdar, T.; Taketo, M.M.; Manicassamy, B.; Koni, P.A.; Thangaraju, M.; Sun, Z.; et al. Canonical Wnt Signaling in Dendritic Cells Regulates Th1/Th17 Responses and Suppresses Autoimmune Neuroinflammation. J. Immunol. 2015, 194, 3295–3304. [Google Scholar] [CrossRef] [PubMed]

	



Friess, J.; Hecker, M.; Roch, L.; Koczan, D.; Fitzner, B.; Angerer, I.C.; Schröder, I.; Flechtner, K.; Thiesen, H.J.; Winkelmann, A.; et al. Fingolimod alters the transcriptome profile of circulating CD4+ cells in multiple sclerosis. Sci. Rep. 2017, 7, 42087. [Google Scholar] [CrossRef]

	



Roch, L.; Hecker, M.; Friess, J.; Angerer, I.C.; Koczan, D.; Fitzner, B.; Schröder, I.; Flechtner, K.; Thiesen, H.J.; Meister, S.; et al. High-Resolution Expression Profiling of Peripheral Blood CD8+ Cells in Patients with Multiple Sclerosis Displays Fingolimod-Induced Immune Cell Redistribution. Mol. Neurobiol. 2017, 54, 5511–5525. [Google Scholar] [CrossRef] [PubMed]

	



Sánchez-Sanz, A.; García-Martín, S.; Sabín-Muñoz, J.; Moreno-Torres, I.; Elvira, V.; Al-Shahrour, F.; García-Grande, A.; Ramil, E.; Rodríguez-De la Fuente, O.; Brea-Álvarez, B.; et al. Dimethyl fumarate-related immune and transcriptional signature is associated with clinical response in multiple sclerosis-treated patients. Front. Immunol. 2023, 14, 1209923. [Google Scholar] [CrossRef]

	



Gafson, A.R.; Kim, K.; Cencioni, M.T.; Van Hecke, W.; Nicholas, R.; Baranzini, S.E.; Matthews, P.M. Mononuclear cell transcriptome changes associated with dimethyl fumarate in MS. Neurol. Neuroimmunol. Neuroinflamm. 2018, 5, 1–11. [Google Scholar] [CrossRef]

	



Zhou, Y.; Cui, C.; Ma, X.; Luo, W.; Zheng, S.G.; Qiu, W. Nuclear Factor κB (NF-κB)–Mediated Inflammation in Multiple Sclerosis. Front. Immunol. 2020, 11, 391. [Google Scholar] [CrossRef]

	



Ghosh, S.; Dass, J.F.P. Study of pathway cross-talk interactions with NF-κB leading to its activation via ubiquitination or phosphorylation: A brief review. Gene 2016, 584, 97–109. [Google Scholar] [CrossRef]

	



Thompson, A.J.; Banwell, B.L.; Barkhof, F.; Carroll, W.M.; Coetzee, T.; Comi, G.; Correale, J.; Fazekas, F.; Filippi, M.; Freedman, M.S.; et al. Diagnosis of multiple sclerosis: 2017 revisions of the McDonald criteria. Lancet Neurol. 2018, 17, 162–173. [Google Scholar] [CrossRef]

	



European Medicines Agency. Gilenya [Internet]. Available online: https://www.ema.europa.eu/en/documents/product-information/gilenya-epar-product-information_en.pdf (accessed on 22 December 2023).

	



Cohen, M.; Maillart, E.; Tourbah, A.; De Sèze, J.; Vukusic, S.; Brassat, D.; Anne, O.; Wiertlewski, S.; Camu, W.; Courtois, S.; et al. Switching from natalizumab to fingolimod in multiple sclerosis: A French prospective study. JAMA Neurol. 2014, 71, 436–441. [Google Scholar] [CrossRef] [PubMed]

	



Martin, M. Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet J. 2011, 17, 10–12. [Google Scholar] [CrossRef]

	



Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics 2014, 30, 2114–2120. [Google Scholar] [CrossRef]

	



Kim, D.; Paggi, J.M.; Park, C.; Bennett, C.; Salzberg, S.L. Graph-based genome alignment and genotyping with HISAT2 and HISAT-genotype. Nat. Biotechnol. 2019, 37, 907–915. [Google Scholar] [CrossRef] [PubMed]

	



Love, M.I.; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol. 2014, 15, 550. [Google Scholar] [CrossRef] [PubMed]

	



Subramanian, A.; Tamayo, P.; Mootha, V.K.; Mukherjee, S.; Ebert, B.L.; Gillette, M.A.; Paulovich, A.; Pomeroy, S.L.; Golub, T.R.; Lander, E.S.; et al. Gene set enrichment analysis: A knowledge-based approach for interpreting genome-wide expression profiles. Proc. Natl. Acad. Sci. USA 2005, 102, 15545–15550. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 25 01372 g001] 





Figure 1. Transcriptomic profile of healthy donors (HD) and multiple sclerosis (MS) patients. (A) Principal component analysis of the gene expression profile of HD and MS patients at baseline and at 12 months (12m) of fingolimod therapy. (B) Venn diagram indicating the number of differentially expressed genes (DEGs) in MS patients at baseline and at 12m of fingolimod therapy compared to HD. (C) Venn diagram showing the number of DEGs in responder (R) and non-responder (NR) patients to fingolimod at baseline and at 12m of therapy compared to HD. 
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Figure 2. Effect of fingolimod treatment on gene expression. (A) Volcano plot of the differentially expressed genes (DEGs) at 12 months of fingolimod therapy compared to baseline. DEGs with adjusted p-value < 0.05 and fold changes >0.5 or <−0.5 are represented. Upregulated, downregulated and genes with no significant changes or smaller fold changes are represented by red, blue and grey dots, respectively. (B) Top 100 DEGs by fingolimod therapy. The heatmap illustrates the 50 most highly upregulated genes (red) and downregulated genes (blue) in multiple sclerosis patients at baseline (left) and at 12 months of fingolimod therapy (right). (C) Gene set enrichment analysis of DEGs by fingolimod treatment. The x-axis represents the false discovery rate of each gene set. The color and size of the dots represent the normalized enrichment score (NES) and the number of DEGs mapped to the indicated pathways, respectively. 
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Figure 3. Gene expression in responder (R) and non-responder (NR) patients to fingolimod. (A) Venn diagram indicating the number of differentially expressed genes (DEGs) between R and NR to fingolimod at baseline and at 12 months of therapy. (B) Volcano plot of the DEGs at 12 months of fingolimod therapy compared to baseline in R patients. (C) Volcano plot of the DEGs at 12 months of fingolimod therapy compared to baseline in NR patients. (B,C) DEGs with adjusted p-value < 0.05 and fold changes >0.5 or <−0.5 are represented. Upregulated, downregulated and genes with no significant changes or smaller fold changes are represented by red, blue and grey dots, respectively. 
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Table 1. Baseline demographic and clinical characteristics of multiple sclerosis patients and healthy donors.
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Groups

	
MS Subgroups




	
HD (n = 10)

	
MS (n = 10)

	
Responders (n = 5)

	
Non-Responders (n = 5)






	
Age (years) 1

	
43.30 ± 10.60

	
36.70 ± 11.03

	
40.00 ± 13.32

	
33.40 ± 8.29




	
Sex (% of female) 2

	
70%

	
60%

	
40%

	
80%




	
Disease duration (years) 1,3

	

	
6.35 ± 4.94

	
6.32 ± 5.02

	
6.38 ± 5.45




	
Time since DMT onset (years) 1

	

	
3.38 ± 3.73

	
2.55 ± 1.84

	
4.20 ± 5.11




	
Nº of previous DMTs 1

	

	
1.40 ± 0.70

	
1.20 ± 0.45

	
1.60 ± 0.89




	
Immediately previous DMT

	

	

	

	




	
  Natalizumab

	
60%

	
60%

	
60%




	
  Interferon beta

	
20%

	
20%

	
20%




	
  Dimethyl fumarate

	
20%

	
20%

	
20%




	
EDSS 1

	

	
1.60 ± 1.84

	
2.10 ± 2.38

	
1.10 ± 1.14








1 Values are the mean ± standard deviation of each group. The Mann–Whitney test was used to compare differences between healthy donors (HD) and multiple sclerosis patients (MS), and, within the MS group, between responder and non-responder patients to fingolimod. 2 Chi-Square test was used to compare two proportions. 3 Time since the first symptoms of MS. p < 0.05 was considered statistically significant. DMT, disease-modifying treatment; EDSS, expanded disability status scale.













 





Table 2. Clinical outcomes in non-responder patients to fingolimod.
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	EDA-3 Patients
	MRI Activity
	Nº of Relapses
	CDP





	NonResponder_1
	No
	1
	No



	NonResponder_2
	No
	0
	Yes



	NonResponder_3
	Yes
	1
	No



	NonResponder_4
	Yes
	1
	Yes



	NonResponder_5
	No
	1
	No







MRI, magnetic resonance imaging; CDP; confirmed disease progression; EDA-3, evidence of disease activity 3.
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