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Question: Is it possible to prevent multiple sclerosis with a disease-modifying treatment in preclinical demyelinating disease? Findings: In this 96-week randomized clinical trial, a significant reduction in the risk of clinical multiple sclerosis was demonstrated in those treated with disease-modifying treatment, compared to placebo. The observed safety profile was consistent with known outcomes reported in prior pivotal MS studies.

Meaning:

The findings from this randomized clinical trial provide the first evidence of early treatment intervention with teriflunomide in preventing multiple sclerosis in radiologically isolated syndrome subjects.
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Introduction

Multiple sclerosis (MS) is a common cause of severe neurological disability in young adults resulting from an inflammatory immune-mediated insult of myelin, axons, and their supporting cells within the central nervous system (CNS). The diagnosis can only be made following clinical symptoms consistent with acute or progressive CNS injury disseminated in time and space by further clinical or MRI criteria. [START_REF] Thompson | Diagnosis of multiple sclerosis: 2017 revisions of the McDonald criteria[END_REF] When these MRIs reveal unexpected anomalies highly suggestive of demyelinating plaques given their size, location, and shape in the absence of symptomatology explained by these lesions, they can fulfill formally validated criteria for the radiologically isolated syndrome (RIS). [START_REF] Lebrun | Association between clinical conversion to multiple sclerosis in radiologically isolated syndrome and magnetic resonance imaging, cerebrospinal fluid, and visual evoked potential: follow-up of 70 patients[END_REF][START_REF] Okuda | Incidental MRI anomalies suggestive of multiple sclerosis: the radiologically isolated syndrome[END_REF] This preclinical stage, defined objectively by MRI, expands the spectrum of at-risk individuals for future clinical demyelinating events.

The dissemination in space (DIS) requirement for RIS incorporates the 2005 McDonald criteria [START_REF] Polman | Diagnostic criteria for multiple sclerosis: 2005 revisions to the "McDonald Criteria[END_REF] , requiring 3 or 4 of four imaging criteria to be met. The RIS criteria [START_REF] Okuda | Incidental MRI anomalies suggestive of multiple sclerosis: the radiologically isolated syndrome[END_REF] , when applied to individuals with incidental demyelinating-appearing MRI lesions without defining clinical features of MS, predict conversion to a first clinical event at a rate of 34% at five years and 51% at ten years. 5,6, Conversion to primary progressive MS (PPMS) [START_REF] Kantarci | on behalf of RISC and CFSEP. Primary Progressive Multiple Sclerosis Evolving From Radiologically Isolated Syndrome[END_REF] or pediatric MS [START_REF] Makhani | Oligoclonal bands increase the specificity of MRI criteria to predict multiple sclerosis in children with the radiologically isolated syndrome[END_REF] has also been described, further validating a pre-clinical MS phase.

The early use of disease-modifying treatments (DMTs) is typically recommended in established MS. [START_REF] Montalban | ECTRIMS/EAN Guideline on the pharmacological treatment of people with multiple sclerosis[END_REF] Despite advancements in the characterization of RIS subjects [START_REF] Lebrun | Association between clinical conversion to multiple sclerosis in radiologically isolated syndrome and magnetic resonance imaging, cerebrospinal fluid, and visual evoked potential: follow-up of 70 patients[END_REF][START_REF] Okuda | Incidental MRI anomalies suggestive of multiple sclerosis: the radiologically isolated syndrome[END_REF][START_REF] Kantarci | on behalf of RISC and CFSEP. Primary Progressive Multiple Sclerosis Evolving From Radiologically Isolated Syndrome[END_REF][START_REF] Makhani | Oligoclonal bands increase the specificity of MRI criteria to predict multiple sclerosis in children with the radiologically isolated syndrome[END_REF] and our understanding of risk factors for initial symptom development [START_REF] Okuda | Radiologically Isolated Syndrome: 5-Year Risk for an Initial Clinical Event[END_REF][START_REF] Lebrun | the ten years RISC Group on behalf of SFSEP and OFSEP. Radiologically Isolated Syndrome: 10-Year Risk estimate of a clinical event[END_REF][START_REF] Lebrun-Frénay | Risk factors and time to clinical symptoms of multiple sclerosis among patients with a radiologically isolated syndrome[END_REF] , the support for DMTs in RIS was only recently demonstrated in the ARISE study [START_REF] Okuda | Multi-center, Randomized, Double-blinded Assessment of Dimethyl Fumarate in Delaying the Time to a First Attack in Radiologically Isolated Syndrome (ARISE)[END_REF] with oral dimethyl fumarate, in extending the time to the first clinical event in RIS.

Teriflunomide (HMR1726; Aubagio ® ) is an oral immunomodulator, taken once daily and approved in more than 80 countries for treating relapsing-remitting MS. [START_REF] Comi | Pooled safety and tolerability data from four placebo-controlled teriflunomide studies and extensions[END_REF][START_REF] O'connor | Long-term safety and efficacy of teriflunomide[END_REF] This study Accepted manuscript investigated the efficacy of teriflunomide in extending the time to a first clinical event related to MS. The rationale for this proposed early treatment intervention trial was to test another DMT with a different mode of action and confirm the impact of an immune intervention at the preclinical stage of MS.

Methods

Study oversight and ethics statement

The RIS Consortium (RISC) designed the trial and named adjudication referees for clinical and MRI application of RIS criteria in screened subjects. Referees were also asked to adjudicate neurological events when reported by participants. An independent safety monitoring committee reviewed all safety data (See online only the trial oversight section, eFigure 1 and eFigure 2). All RISC core group members independently authored and developed the study protocol and participated in writing the manuscript. All authors approved the draft sent to Sanofi, which was only involved in funding support. The trial was conducted according to the provisions of the International Conference on Harmonization Guidelines for Good Clinical Practice. [START_REF]ICH harmonised tripartite guideline for good clinical practice: E6(R1)[END_REF] The Declaration of Helsinki was followed during the TERIS trial. [START_REF]WMA Declaration of Helsinki -ethical principles for medical research involving human subjects[END_REF] The study protocol, patient information, and consent form were accepted by the relevant Ethics Committee (IEC) and registered as EUDRA-CT 2016-002428-97. The Study Sponsor was the University Hospital of Nice and registered at ClinicalTrials.gov as NCT03122652 (TERIS). Data were secured by clinical research organizations and remained confidential throughout the study. Data analysis was performed solely by the investigators independent of the funding source.

Participants

Written informed consent from participants was required. Inclusion criteria were i) age >18 years, ii) fulfillment of 2009 RIS criteria [START_REF] Polman | Diagnostic criteria for multiple sclerosis: 2005 revisions to the "McDonald Criteria[END_REF] (eFigure 1) with structural neuroimaging abnormalities not Accepted manuscript explained by another disease process, and no historical accounts of remitting clinical symptoms consistent with neurological dysfunction.

Exclusion criteria comprised severe hepatic, renal, and immune system impairments, lactating or pregnant women, or previous exposure to immunosuppressive or disease-modifying therapy.

Subjects of reproductive potential were eligible only if the teriflunomide use guidelines were met (online only). [START_REF]Summary of safety product characteristics for teriflunomide[END_REF] 

Study design

TERIS was planned as a 96-week, multi-center, randomized (1:1), double-blinded study of teriflunomide 14mg daily or placebo in RIS subjects fulfilling 2009 criteria 3 (eFigure 1), with the option to continue in the randomization arm up to week 144. Medication, placebo capsules, and packaging were identical to those used in the pivotal teriflunomide studies. [START_REF] Lebrun | the ten years RISC Group on behalf of SFSEP and OFSEP. Radiologically Isolated Syndrome: 10-Year Risk estimate of a clinical event[END_REF][START_REF] Kantarci | on behalf of RISC and CFSEP. Primary Progressive Multiple Sclerosis Evolving From Radiologically Isolated Syndrome[END_REF][START_REF] Makhani | Oligoclonal bands increase the specificity of MRI criteria to predict multiple sclerosis in children with the radiologically isolated syndrome[END_REF] An independent clinical adjudication committee (AS, MC, DTO) verified study entry criteria before randomization. MRI scans were analyzed through adjudicated consensus by the Advanced Imaging in Multiple Sclerosis (AIMS) Laboratory (LM, CJA, DP) in Los Angeles, California.

Each clinical center was responsible for recruitment, treatment, evaluation of participants, and collection of study data according to the protocol. Randomization was stratified according to geographic region and was performed centrally by an independent interactive web-response system. Expanded Disability Status Scale (EDSS) scores, functional scores, Paced Auditory Serial Addition Test (PASAT-3), Computerized Speed Cognitive Test (CSCT) assessments, Modified Fatigue Impact Scale (MFIS), and quality of life (EQ-5D-5L and MUSICOL) were performed at baseline, every six months, and any unscheduled visit following a neurological event.

RIS subjects who completed the 96-week study without symptoms suggestive of MS or side effects to the allocated drug were offered to enter the third year in the same arm. RIS subjects who Accepted manuscript converted to MS or did not wish to continue in the assigned treatment were included in the safety follow-up. Patients diagnosed with MS were offered to start or continue oral teriflunomide.

The wash-out procedure was applicable for women in the event of pregnancy while on study medication, for women who planned to become pregnant, for premature discontinuation before or at the end of the study, or in specific situations according to the investigator's decision (online only material).

Brain and Spinal Cord MRI protocols:

Imaging studies were conducted on 1.5 Tesla (T) or 3T MRI units from different manufacturers using a standardized protocol (online only material). Baseline MRI anomalies were verified as consistent with CNS demyelinating disease and meeting spatial dissemination criteria by a central reading unit. MRI scans were performed at baseline, week 48, week 96, week 144, and any time during the study if warranted by the investigator.

Outcomes

The primary outcome was the time to a first acute or progressive neurological event resulting from CNS demyelination, expressed as a rate of conversion to clinical MS. An acute neurological event was defined by a clinical symptom localized to the optic nerve, brainstem, cerebellum, spinal cord, or long sensory or motor tracts, lasting >24 hours and followed by symptom improvement. A progressive event was defined by the onset of a clinical symptom with the temporal profile revealing at least a 12-month progression.

Secondary outcomes included the following brain MRI metrics; the cumulative number of new and/or enlarging T2-weighted hyperintense lesions, the cumulative number of new gadoliniumenhancing (Gd+) lesions, changes in T2-weighted hyperintense lesion volumes, and the proportion Accepted manuscript of participants with new or newly enlarging T2-weighted hyperintense lesions and new Gd+ lesions. The additional clinical metrics (PASAT-3, CSCT, MFIS, EQ-5D-5L, and MUSICOL) were assessed at baseline and yearly.

Statistical Analysis

Sample size calculations using Cox proportional hazards regression indicated that 80 patients per arm would have been needed to have 80% power to detect a 50% reduction in the risk of the first clinical event if 25% of participants experienced a first clinical event at two years having a trial duration of 5 years. The prior distribution for the effect of teriflunomide versus placebo was derived from the TOPIC 17 (NCT 000622700), TEMSO [START_REF] O'connor | Randomized trial of oral teriflunomide for relapsing multiple sclerosis[END_REF] (NCT 00134563), and TOWER [START_REF] Confavreux | Oral teriflunomide for patients with relapsing multiple sclerosis (TOWER): a randomised, double-blind, placebo-controlled, phase 3 trial[END_REF] (NCT 00751881) trials in RRMS.

Survival curves were computed using the Kaplan-Meier method to display the treatment effect.

Both adjusted and unadjusted Cox proportional-hazards regression models were used to assess the impact of treatment from randomization to the first acute or initial progressive neurological event.

The adjusted model used key baseline variables to adjust for potential confounding effects, such as sex, age at the time of RIS diagnosis, MS family history, brain T2-weighted hyperintense lesion volume (log-transformed), and presence of Gd+/-lesions. The statistical analyses for the secondary and the exploratory endpoints are detailed in the online-only material. All statistical analyses (MPS, FB) were performed using SAS software, version 9.4 (SAS Institute), or R, version 4.1.3.

Results

Participants

From September 25, 2017, to October 31, 2022, 124 RIS patients were screened. Thirty-Three subjects were excluded due to RIS diagnostic criteria not being fulfilled (18), study consent withdrawals (16), and loss of follow-up (1). Of the 89 randomized RIS subjects from 20 centers
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in France, Switzerland, and Turkey, 63 (70.8%) were female. The mean (±SD) age at study enrolment was 39.8 (±12.1) years, and the mean (±SD) age at index MRI was 37.9 (±12) years.

The baseline demographic and clinical data were well-balanced between groups (Table 1). The most common reasons for obtaining the index MRIs were headache (46.1%), follow-up for other neurological diseases (28.1%), dizziness/vertigo (16.9%), and visual symptoms (6.7%) (Table 1).

Adverse reactions and reasons for study discontinuation are provided in the appendix (eTable 1, and eTable2). The retention rate for the study was 82%. Follow-up MRI studies performed at week 96 were acquired in 62 (69.7%) of subjects, 32 within the placebo group and 30 in the teriflunomide group (eFigure2).

Efficacy

Primary outcome

After randomization, 28 primary clinical endpoints were detected; four (14.3%) were consistent with a progressive clinical syndrome qualifying as primary progressive MS, and 24 (85.7%) were consistent with acute relapses. Syndromic localization of the acute events was optic nerve (4 (14.3%)), spinal cord (8 (28.5%)), brainstem/cerebellum (3 (10.7%)), and subcortical white matter (9 (32.1%)). Progressive events involved cognitive impairment (2 (7.2%)) and progressive paraparesis (2 (7.2%)).

The mean (±SD) time to the first clinical event was 119.0 (±5.2) weeks.

The risk of a first clinical event was significantly reduced in the teriflunomide arm (mean time to event=128.2 (±7.25) weeks, eight clinical events; six acute, two progressive) versus the placebo arm (mean time to event=109.6 (±7.44) weeks, 20 clinical events; 18 acute, two progressive), with an unadjusted HR=0.37, 95% confidence interval (CI)=0.16-0.84, p=0.018 (Figure 1 and Table 2).
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This result corresponded to a 63% reduction in the risk of a first MS-related clinical event favoring teriflunomide.

Results from the adjusted Cox proportional-hazards regression model were consistent with those of the unadjusted analysis, with a significant effect favoring teriflunomide on reducing the risk of the first event after adjusting for sex, age at the time of diagnosis, MS family history, EDSS, T2weighted hyperintense volume (log-transformed) and the presence of gadolinium-enhancing lesions (HR=0.28, 95% CI=0.11-0.71, p=0.007; Table 2).

Secondary outcomes

Compared to placebo, the cumulative number of new and/or newly-enlarging T2 lesions (RR=0.57, 95% CI=0.27-1.20, p=0.139) and the cumulative number of Gd+ lesions (RR=0.33, 95%CI:0.09-1.17, p=0.086) were reduced in the teriflunomide arm in the adjusted analysis, although statistical significance was not achieved. The proportions of subjects with new and/or newly-enlarging T2 lesions (OR=0.72 95% CI=0.25-2.06), p=0.537) and with Gd+ activity (OR=0.28 95% CI=0.07-1.13), p=0.075) were also reduced in the teriflunomide arm, but not statistically significant.

Like imaging metrics, the results in other secondary clinical outcomes favored the teriflunomide arm but without statistical significance (Table 3). The largest difference between teriflunomide and placebo was observed for the EQ-5D-5L (mean difference in the annualized change +3.69 (95%CI=-0.56; 7.95), p=0.089).

Safety

Adverse events were closely monitored during the follow-up. The treatment arm reported one severe COVID infection declared as possibly related to the drug. Only one patient stopped the Accepted manuscript study due to side effects (eTable 2). The most common adverse events observed more often in patients treated with teriflunomide were gastrointestinal disorders (11.4%), dysmenorrhea (9.1%), benign respiratory infections (6.8%), general disorders conditions (6.8%), and transient increase of transaminases (4.5%) (eTable 1). Reasons for study discontinuation after randomization were loss of follow-up (27.8%), consent withdrawal (22.2%), patient's decision (22.2%), adverse event (16.7%), pregnancy (5.5%), and sponsor decision (5.5%).

Discussion

Following the recent ARISE study [START_REF] Okuda | Multi-center, Randomized, Double-blinded Assessment of Dimethyl Fumarate in Delaying the Time to a First Attack in Radiologically Isolated Syndrome (ARISE)[END_REF] , TERIS is the second randomized multi-center study to demonstrate the benefit of a DMT previously approved for use in established MS in delaying or preventing the development of clinical MS in subjects with RIS with a risk reduction of over 60% relative to placebo. An overwhelming number of natural history studies and clinical trials in clinically isolated syndrome (CIS) and early MS support the paradigm that earlier treatment is beneficial in delaying long-term disability accumulation. [START_REF] Montalban | ECTRIMS/EAN Guideline on the pharmacological treatment of people with multiple sclerosis[END_REF][START_REF] Miller | Clinically isolated syndromes[END_REF] The TERIS study and ARISE 11 demonstrate that different DMTs with different immune mechanisms of action, studied in different populations derived from diverse healthcare systems, yield comparable results, supporting that early intervention in RIS may improve clinical outcomes.

Even with demonstrated efficacy and reassuring teriflunomide long-term safety data [START_REF] Comi | Pooled safety and tolerability data from four placebo-controlled teriflunomide studies and extensions[END_REF][START_REF] O'connor | Long-term safety and efficacy of teriflunomide[END_REF][START_REF]Summary of safety product characteristics for teriflunomide[END_REF][START_REF] Papeix | French Group for Recommendations in Multiple Sclerosis (France4MS), the Société Francophone de la Sclérose En Plaques (SFSEP). Infections and multiple sclerosis: Recommendations from the French Multiple Sclerosis Society[END_REF] , the indication of starting a DMT needs to be thoroughly discussed in a presymptomatic situation, as not all RIS subjects might benefit from it. The cornerstone of the risk-benefit balance is the absence of an induced severe adverse event for a drug prescribed at the preclinical stage of the disease. Several retrospective and prospective data-driven RISC cohorts have identified risk factors for developing a first clinical event and have demonstrated a risk stratification with an increased risk for developing MS at a younger age, the presence of spinal cord or infratentorial lesions, the identification of new MRI lesions over time, and the presence of gadolinium-
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enhancing lesions or OCBs in the CSF. [START_REF] Okuda | Radiologically Isolated Syndrome: 5-Year Risk for an Initial Clinical Event[END_REF][START_REF] Lebrun | the ten years RISC Group on behalf of SFSEP and OFSEP. Radiologically Isolated Syndrome: 10-Year Risk estimate of a clinical event[END_REF][START_REF] Lebrun-Frénay | Risk factors and time to clinical symptoms of multiple sclerosis among patients with a radiologically isolated syndrome[END_REF][START_REF] Lebrun-Frénay | The radiologically isolated syndrome: revised diagnostic criteria[END_REF] Whether these observed risk factors should be used to guide the decision to initiate treatment in RIS patients remains to be seen. The risk-benefit calculation should favor patient safety at the preclinical stage of the disease. This is the first limitation of our study as we could not stratify at-risk subgroups according to the aforementioned risk factors for developing MS, mainly because our proof-of-concept study was powered to detect the overall impact of active treatment versus placebo arms. Any such stratification would require a much larger clinical trial with a different research question and preselection of high and low-risk groups rather than post-hoc analyses, which are inappropriate for the current study. Now that two studies (ARISE and TERIS) have proven the efficacy of DMTs in RIS, future study designs can focus on identifying the ideal subjects who would benefit most from treatment. As expected, TERIS shares additional limitations similar to the preceding ARISE study. [START_REF] Okuda | Multi-center, Randomized, Double-blinded Assessment of Dimethyl Fumarate in Delaying the Time to a First Attack in Radiologically Isolated Syndrome (ARISE)[END_REF] TERIS was also prematurely discontinued by the study sponsor, mainly due to the reduced pace of study enrollment. When the study started, the sample size was calculated from published pivotal teriflunomide CIS and RRMS studies. [START_REF] Miller | TOPIC Study Group. Oral teriflunomide for patients with a first clinical episode suggestive of multiple sclerosis (TOPIC): a randomised, doubleblind, placebo-controlled, phase 3 trial[END_REF][START_REF] O'connor | Randomized trial of oral teriflunomide for relapsing multiple sclerosis[END_REF][START_REF] Confavreux | Oral teriflunomide for patients with relapsing multiple sclerosis (TOWER): a randomised, double-blind, placebo-controlled, phase 3 trial[END_REF] A sample size calculation based on data-driven cohorts was proposed for RIS studies more recently. [START_REF] Lebrun-Frénay | Risk factors and time to clinical symptoms of multiple sclerosis among patients with a radiologically isolated syndrome[END_REF] The onset of PPMS in the current study is in keeping with the overall expected incidence of PPMS in MS and RIS populations. [START_REF] Polman | Diagnostic criteria for multiple sclerosis: 2005 revisions to the "McDonald Criteria[END_REF][START_REF] Tutuncu | Onset of progressive phase is an age-dependent clinical milestone in multiple sclerosis[END_REF] In the ARISE study, primary progressive clinical courses were not observed during the two-year study period. [START_REF] Okuda | Multi-center, Randomized, Double-blinded Assessment of Dimethyl Fumarate in Delaying the Time to a First Attack in Radiologically Isolated Syndrome (ARISE)[END_REF] In TERIS, PPMS onset was observed in 4 (14%) individuals diagnosed during the third year of the study. Taken together, these results suggest that we may, for the first time, have an opportunity to better identify those at risk for a primary progressive clinical course at this preclinical stage and prevent or delay clinical progression from the onset, a clear unmet need in MS clinical practice.

MRI is now the most helpful tool to predict conversion to MS in patients with CIS [START_REF] Tintore | Baseline MRI predicts future attacks and disability in clinically isolated syndromes[END_REF] . Particularly gadolinium-enhancing and spinal cord lesions at baseline and enhancing lesions at one year and Accepted manuscript three years best predict future physical and cognitive disability, including conversion to secondary progressive MS at 15 years. [START_REF] Brownlee | Early imaging predictors of long-term outcomes in relapse-onset multiple sclerosis. Early imaging predictors of long-term outcomes in relapseonset multiple sclerosis[END_REF] RISC cohorts demonstrated a similar risk profile for the presymptomatic phase. [START_REF] Polman | Diagnostic criteria for multiple sclerosis: 2005 revisions to the "McDonald Criteria[END_REF][START_REF] Okuda | Radiologically Isolated Syndrome: 5-Year Risk for an Initial Clinical Event[END_REF][START_REF] Lebrun | the ten years RISC Group on behalf of SFSEP and OFSEP. Radiologically Isolated Syndrome: 10-Year Risk estimate of a clinical event[END_REF][START_REF] Lebrun-Frénay | Risk factors and time to clinical symptoms of multiple sclerosis among patients with a radiologically isolated syndrome[END_REF] In TERIS, although all the secondary MRI measures favored teriflunomide over placebo, none achieved statistical significance. MRI activity in RIS is less known than those in established MS. Consequently, the individual variance may have led to reduced statistical power. Similarly, statistical trends toward benefit in the present study were also observed on fatigue, quality of life, and cognitive metrics. Since all secondary outcome measures consistently trended in the same direction, such results support the primary clinical endpoint and provide an opportunity to properly power future clinical trials in RIS to detect DMT impact on secondary endpoints.

The MS community now has two randomized, multi-center, placebo-controlled, double-blind studies showing that an active treatment extends the time to symptomatic MS in RIS individuals meeting a previously unmet need. Earlier treatment during the presymptomatic phase of MS can delay disability even further after symptomatic MS onset. However, before considering any immune intervention, it is essential to highlight the risk of misdiagnosing individuals with nonspecific MRI anomalies as having RIS, which underlines the role of MS tertiary centers in managing the diagnosis and intervention in RIS. [START_REF] Solomon | The contemporary spectrum of multiple sclerosis misdiagnosis. A multicenter study[END_REF][START_REF] Calabrese | Better explanations" in multiple sclerosis diagnostic workup[END_REF] EDSS, median (IQR) 0 (0-0) 0 (0-0) 0 (0-0) 

Follow-up
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 1S2 Figure 1: Kaplan-Meier estimates of time from randomization to the first demyelinating event (unadjusted analysis)
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