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Lennox-Gastaut syndrome: new treatments and treatments under investigation
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There are currently five compounds (clobazam, felbamate, lamotrigine, topiramate, rufinamide) available for prescription with a demonstrated efficacy on drop seizures for Lennox-Gastaut syndrome (LGS). There are also currently new and under-investigation compounds. This paper gives an overview on these novel developments for LGS based on the lecture given at the French Chapter meeting of the International League Against Epilepsy (ILAE) held in Paris in October 2019. Five compounds were discussed. Epidiolex (cannabidiol) has been approved recently based on positive randomized control trials in LGS patients. Four drugs are under investigation according to a search on the 'clinicaltrials.gov' database.

Perampanel and fenfluramine are both being studied in ongoing phase 3 studies. Two compounds are in an earlier stage of development with ongoing phase 1 and 2 studies: carisbamate and OV953. We summarized the publicly available data. Based on these drug development programs, we can expect that new compounds will become available for LGS in the next years, possibly resulting in new treatment paradigms.

Introduction:

Lennox-Gastaut syndrome (LGS) is a childhood epileptic encephalopathy (EE). The diagnosis is not always easy since the electroclinical characteristics appear progressively.

LGS, when fully developed, is defined by the association of many types of seizures including tonic seizures, cognitive impairment, and an interictal EEG pattern of diffuse, slow spike-wave complexes [START_REF] Arzimanoglou | Lennox-Gastaut syndrome: a consensus approach on diagnosis, assessment, management, and trial methodology[END_REF]. The main seizure types are tonic seizures, atonic seizures and atypical absences. Tonic seizures remain the main feature, and will persist over time, even into adulthood [START_REF] Ferlazzo | Lennox-Gastaut syndrome in adulthood: Clinical and EEG features[END_REF]. The classic interictal EEG feature is the slow spike-wave pattern, consisting of slow spikes or slow spikes-and-waves organized in prolonged discharges at 1-2 Hz. Bilateral fast rhythm patterns (10 Hz or more) or "polyspikes" are typically recorded during slow sleep and, when EMG electrodes are used, it is not unusual to observe a concomitant tonic contraction [START_REF] Ferlazzo | Lennox-Gastaut syndrome in adulthood: Clinical and EEG features[END_REF].

Children with LGS usually experience cognitive regression around the time of diagnosis and established

LGS is almost always associated with moderate to severe cognitive impairment [START_REF] Ferlazzo | Lennox-Gastaut syndrome in adulthood: Clinical and EEG features[END_REF]. Cognitive impairment seems linked to the age of onset and persistence of seizures [START_REF] Arzimanoglou | Lennox-Gastaut syndrome: a consensus approach on diagnosis, assessment, management, and trial methodology[END_REF]. There are currently six compounds (cannabidiol, clobazam, felbamate, lamotrigine, topiramate, rufinamide) that have demonstrated efficacy on drop seizures in LGS patients. Even if the primary endpoint used in the randomized controlled trial (RCT) is focused only on reliable and countable events (the drop seizure that is a mixed of tonic and atonic seizures), this design has enabled approvals from regulatory agencies making these compounds available for patients. Moreover, there are also effective non-pharmacologic treatments for LGS such as dietary treatment (ketogenic diet and modified Atkins diet), vagal nerve stimulation and palliative surgery with callosotomy. Recently, an algorithm of treatment has been proposed by European experts [START_REF] Cross | Expert Opinion on the Management of Lennox-Gastaut Syndrome: Treatment Algorithms and Practical Consideration[END_REF].

Despite this number of approved drugs for LGS, there are still unmet needs for treatment. These drugs provide an improvement, but usually not with sustained long-term effect, resulting in a need for a new treatment to stabilize the epileptic activity when a worsening occurs. Moreover to date, no disease-modifying treatment has come forward. Even if there are many underlying causes, personalized medicine should also be an area of investigation in this epilepsy syndrome [START_REF] Auvin | Current understanding and neurobiology of epileptic encephalopathies[END_REF].

The purpose of this paper, based on the lecture that was given at the 2019 epilepsy meeting of the French chapter of the International League Against Epilepsy (ILAE), is to describe new treatments for LGS. We focused on one drug (Epidiolex, cannabidiol) recently approved by the European Medicine Agency (EMA) and on compounds being tested in recruiting clinical trials according to the 'clinicaltrials.gov' database. There are four ongoing drug development programs: fenfluramine in phase 3 study, perampanel in phase 3 study, OV935 in phase 2 study and carisbamate in phase 1 study. Current knowledge about these compounds in LGS is summarized below.

Epidiolex, cannabidiol

The precise mechanism by which cannabidiol (CBD) exerts its antiepileptic effects is unknown and is under further investigation. However, it is known that CBD does not directly activate CB1 receptors, and is not reported to have psychoactive effects [START_REF] Gaston | Pharmacology of cannabinoids in the treatment of epilepsy[END_REF]. CDB is responsible for an increase in the active metabolite of clobazam. Two RCTs have been conducted in LGS with positive results. In the first RCT, CDB was tested at the daily dose of 20mg/kg. One hundred seventy-one patients (aged 2-55 years) with treatment-resistant LGS were included resulting in a significant reduction in monthly drop seizure in the CBD group compared to the placebo group [START_REF] Thiele | Cannabidiol in patients with seizures associated with Lennox-Gastaut syndrome (GWPCARE4): a randomised, double-blind, placebo-controlled phase 3 trial[END_REF]. The second RCT evaluated two doses of CBD (10 and 20 mg/kg/day). Two hundred twenty-five LGS patients were included. A significant reduction in drop seizures was observed for both doses compared to placebo [START_REF] Devinsky | Effect of Cannabidiol on Drop Seizures in the Lennox-Gastaut Syndrome[END_REF]. These data were published more than one year ago. The update for this product is the recent approval by the European medicine agency on September 23, 2019. The approval was given in conjunction with clobazam for uncontrolled seizure in Dravet syndrome and Lennox-Gasatut syndrome [8].

For now, prescription in France is available under an early access program (Autorization temporaire d'utilisation, ATU) approved by the French medicine agency.

Fenfluramine

Fenfluramine was used initially as an anti-obesity drug. Case reports suggested that fenfluramine could also be used in obsessive compulsive behavior associated with photosensitive seizures. Careful study of the patients who responded best to fenfluramine showed that they were patients with Dravet syndrome. Larger case studies followed by two RCTs confirmed that low-dose fenfluramine is indeed effective in Dravet syndrome [START_REF] Polster | Individualized treatment approaches: Fenfluramine, a novel antiepileptic medication for the treatment of seizures in Dravet syndrome[END_REF]. Recent preclinical evidence suggests that fenfluramine does not act through the serotonin pathway alone but also via σ1 receptors [START_REF] Sourbron | Pharmacological Analysis of the Anti-epileptic Mechanisms of Fenfluramine in scn1a Mutant Zebrafish[END_REF].

A phase 2, open-label, dose-finding study of add-on ZX008 was conducted in 13 patients aged 3-18 years with LGS (NCT02655198). The included patients had at least four convulsive seizures in the four weeks prior to starting fenfluramine as adjunctive treatment twice daily at an initial dose of 0.2 mg/kg/d, with incremental dose escalations up to 0.8 mg/kg/d or 30 mg/d (maximum dose) every four weeks if no decrease of at least 50% of the convulsive seizure frequency, based on seizure diary, occurred. Ten (77%) patients completed the 20 weeks of fenfluramine treatment with a 53% median reduction in convulsive seizures (n = 13); the median reduction was 60% in the 10 completers. At 15 months in the extension study (n = 9), median reduction in convulsive seizures was 58%. The most common adverse events were decreased appetite in four patients. No adverse heart effects were recorded [START_REF] Lagae | A pilot, open-label study of the effectiveness and tolerability of low-dose ZX008 (fenfluramine HCl) in Lennox-Gastaut syndrome[END_REF]. 

Perampanel

Perampanel is a selective non-competitive antagonist of AMPA receptors. This drug is currently approved by the EMA for focal-onset seizure and generalized tonic-clonic seizure of idiopathic generalized epilepsy in addition to other drugs for patients aged 12 years and above [START_REF] Dozieres-Puyravel | An Evidence-Based Review On The Use Of Perampanel For The Treatment Of Focal-Onset Seizures In Pediatric Patients[END_REF]. Real-life studies reported few patients (n=11) but limited data on the efficacy are available from these papers reporting the use of perampanel in different epilepsy syndromes. Our group reported the use of perampanel in [START_REF] Dozieres-Puyravel | An Evidence-Based Review On The Use Of Perampanel For The Treatment Of Focal-Onset Seizures In Pediatric Patients[END_REF] LGS patients (seven male; mean age, 12.8 years). In this prospective data collection, perampanel was initiated at 2mg/day and titrated to a median maximum dose of 6mg/day. After a mean follow-up of 10.8 months (range, 1-24 months), nine patients (69.2%) were responders (≥50% reduction in total seizure frequency) and nine (69.2%) were rated by their physician as "much improved" or "very much improved". Four patients (30.8%) discontinued perampanel due to lack of efficacy (n=2) and seizure aggravation (n=2). No patients discontinued due to other adverse events (AEs). AEs were reported for six patients (46.2%) and comprised decreased activity/social interaction (n=3), behavior disturbance with agitation (n=2), and/or fatigue (n=2). All AEs became manageable after perampanel dosing was decreased. Introduction of perampanel allowed dose reduction and/or discontinuation of other treatments in seven patients (53.8%) [START_REF] Auvin | Use of perampanel in children and adolescents with Lennox-Gastaut Syndrome[END_REF].

A phase 3 RCT (NCT02834793) started in December 2016 and aims to include 142 patients. Completion of inclusion is expected for August 2020.

Soticlestat -OV953/TAK-953

Soticlestat has showed an anticonvulsant effect in various preclinical models. It is the first-in-class inhibitor of the enzyme cholesterol 24-hydroxylase (CH24H) and is currently investigated as an antiseizure compound. CH24H is predominantly expressed in the brain, involved in cholesterol homeostasis. CH24H converts cholesterol to 24-hydroxycholesterol (24HC). The exact underlying mechanism is under investigation but it is currently believed that soticlestat acts through a modulation of the excitatory pathway. A first phase 1b/2a in adult patients with developmental and epileptic encephalopathies was positive [START_REF]Rare-Epilepsies[END_REF] A phase 2, prospective, interventional, open-label, multi-site, extension study to assess the long-term safety and tolerability of Soticlestat TAK-935 (OV935) as adjunctive therapy in patients with rare epilepsy (NCT03635073) aims to include 176 patients with various rare epilepsy syndromes including LGS (but also Dravet Syndrome, Dup15q Syndrome, CDKL5 Deficiency Disorder). The trial started July 2018 and is expected to be completed by 2023.

Carisbamate

Carisbamate possesses potent and broad-spectrum activity in a battery of wellcharacterized animal seizure models in which seizures are induced electrically, chemically or by kindling, with median effective dose (ED50) values ranging from 5 to 60 mg/kg. Inhibition of voltage-dependent brain-type sodium channels appears to be the major identified mechanism of the antiepileptic activity of carisbamate. The drug development has been modified after a negative phase 3 study [START_REF] Halford | A randomized, double-blind, placebo-controlled study of the efficacy, safety, and tolerability of adjunctive carisbamate treatment in patients with partial-onset seizures[END_REF].

On the clinicaltrials.gov database, we found an ongoing phase I, open-label, pharmacokinetic, dose escalation study of carisbamate in adult and pediatric subjects with

LGS. This study started in February 2019 (NCT03731715) aiming to include 24 participants by December 2019.

Conclusion

There are several ongoing research programs evaluating the efficacy and safety of new compounds as antiseizure drugs for LGS. This is an important opportunity for the future because there are still several unmet needs in LGS. First, all LGS patients still have pharmacoresistant epilepsy. Second, current evaluation of antiseizure drugs for LGS focuses only on drop seizure that is a mix of atonic and tonic seizures despite the fact that there are other seizure types in this syndrome. Finally, we definitely need a paradigm shift for the development of disease-modifying medicines capable of altering the course of the diseases rather than simply modifying epileptic symptoms.
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A phase 3

 3 RCT (NCT03355209) started in November 2017 and aims to include 225 patients aged 2 to 35 years. Completion of inclusion is expected for December 2019 [12].