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New and emerging pharmacologic treatments for

developmental and epileptic encephalopathies

Alejandra Vasquez, Ersida Buraniqi, and Elaine C. Wirrell

Purpose of review

Summarize evidence on Developmental and Epileptic Encephalopathies (DEEs) treatments focusing on new
and emerging pharmacologic therapies (see Video, http://links.lww.com/CONR/A61, Supplementary
Digital Content 1, which provides an overview of the review).

Recent findings

Advances in the fields of molecular genetics and neurobiology have led to the recognition of underlying
pathophysiologic mechanisms involved in an increasing number of DEEs that could be targeted with
precision therapies or repurposed drugs, some of which are currently being evaluated in clinical trials.
Prompt, optimal therapy is critical, and promising therapies approved or in clinical trials for tuberous
sclerosis complex, Dravet and Lennox—Gastaut Syndromes including mammalian target of rapamycin
inhibitors, selective membrane channel and antisense oligonucleotide modulation, and repurposed drugs
such as fenfluramine, stiripentol and cannabidiol, among others, may improve seizure burden and
neurological outcomes. There is an urgent need for collaborative efforts to evaluate the efficacy and safety

of emerging DEEs therapies.

Summary

Development of new therapies promise to address unmet needs for patients with DEEs, including
improvement of neurocognitive function and quality of life.
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Developmental and epileptic encephalopathies (DEEs)
are a group of heterogeneous disorders characterized
by drug-resistant epilepsy and electrographic abnor-
malities that impede brain development and lead to
severe cognitive, behavioral, and/or motor impair-
ments. There is both developmental encephalopathy,
caused directly by the underlying etiology, and
epileptic encephalopathy where epileptic activity itself
causes or further exacerbates the neurocognitive
dystunction or decline [1,2]. DEEs may be classified
by syndrome (age of onset, seizure type, distinctive
Electroencephalogram (EEG) patterns) or etiology
(see Supplementary Tables 1, http://links.lww.com/
CONR/A62 and 2, http://links.lww.com/CONR/A63,
which provide an overview of DEEs).

Furthermore, DEEs are frequently associated
with other medical (e.g., gastrointestinal disturban-
ces, recurrent pneumonias) and comorbid neuro-
psychiatric conditions including autism spectrum
disorder [3,4], and movement or behavioral
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disorders [5,6] that markedly impact the quality of
life, morbidity and mortality.

The overall prognosis of DEEs is poor with
increased mortality [7,8]; however, prompt recogni-
tion and treatment may lead to improved neuro-
cognitive function [9]. Treatment of DEE-associated
seizures generally entails a broad spectrum of med-
ications, surgery, or dietary therapy. In recent years,
research has focused on understanding the underly-
ing pathophysiologic mechanisms to develop preci-
sion (targeted to pathogenesis) therapies with the
goal to prevent or ameliorate neurocognitive
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Seizure disorders

KEY POINTS

e Early recognition and intervention in developmental
and epileptic encephalopathies are crucial as it can
impact neurological outcomes and may improve quality
of life.

e In the era of precision therapies, identification of
underlying etiology will likely be most impactful on
choosing optimal treatment for DEEs patients.

e Multinational collaborative efforts are critical to
evaluate the safety and efficacy of evolving precision
and nontargeted therapies.

deficits. In this review, we summarize evidence on
DEE treatments focusing on new and emerging
pharmacologic therapies.

GOALS OF TREATMENT

The main goals of treatment are to improve seizure
control and alleviate or prevent associated comor-
bidities to maximize quality of life. In many DEEs,
complete seizure freedom is not feasible. Rather,
reduction or alleviation of the most problematic
seizure type(s) (while accepting some degree of less
severe seizures) and avoidance of marked medica-
tion side effects are the priority.

With some DEFs, such as Lennox-Gastaut syn-
drome (LGS), there is a window between initial
presentation and full expression, raising the possi-
bility that early intervention may ameliorate the
course in some cases [10]. However, improved sei-
zure control does not necessarily lead to recovery of
cognitive development. When considering addition
of therapies, those that have had little impact on
seizure control should be tapered. In appropriate
candidates with DEE, epilepsy surgery is an impor-
tant option as it may improve overall development
and quality of life [11,12]. Finally, a multidisciplin-
ary approach for comorbidity management and a
network of support for families and caregivers
is essential.

TREATMENTS

Precision therapies

Advances in the field of molecular genetics have
been crucial in improving our understanding of the
genetic basis of DEEs. In recent years, next-genera-
tion sequencing has led to the discovery of numer-
ous genes implicated in the development of these
disorders, providing essential information to guide
treatment approaches and deliver accurate genetic
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counseling to patients and families. Although the
genetic landscape in DEEs is extensive, identifying
the genetic etiology has served as foundation for
ongoing development of precision therapies as well
as disease-specific treatments (Table 1, Supplemen-
tary Table 3, http://links.lww.com/CONR/A64) for
certain DEEs [13-29,30%,31-36",37-46,47",48-54].

Drugs targeting underlying pathogenic
mechanism

Everolimus and Sirolimus are mammalian target of
rapamycin (mTOR) inhibitors which have been eval-
uated for tuberous sclerosis complex (TSC) and
other mTORopathies [14,55]. mTOR is comprised
of two intracellular signaling complexes, mTOR
complex 1 (mTORC1) and 2 (mTORC2) [S6], which
are particularly important in the nervous system as
they regulate neurogenesis, neural activity, and syn-
aptic transmission. Upstream regulation of this
pathway involves the complex hamartin-tuberin,
encoded by TSCI and TSCZ2 genes, respectively,
which inhibits the GTP-binding protein Rheb and
subsequently mTORCI1, leading to decreased cell
growth and metabolism [S7].

Everolimus emerged as a promising therapeutic
option in TSC. Although initially approved for man-
agement of subependymal giant cell astrocytoma
and renal angiomyolipoma [55,58], in 2018 the
US Food and Drug Administration (FDA) approved
its use as adjunctive treatment in patients over
2years of age with TSC-associated focal-onset seiz-
ures, based on the phase 3 EXIST-3 clinical trial. TSC
patients with focal refractory epilepsy (N=2366)
were randomized to three arms (low or high trough
concentrations of Everolimus or placebo), with Ever-
olimus demonstrating significant seizure reduction
compared to placebo (placebo 14.9% {95% CI 0.1-
21.7} vs. low trough arm 29.3% {95% CI: 18.8, 41.9;
P =0.003}, and high trough arm 39.6% {95% CI: 35,
48.7; P=0.001) [13].

Channel subtype-specific modulators (i.e., sodium
and potassium) play a key role in initiation and
propagation of action potentials in neurons. In dis-
orders such as SCNS8A-DEE and KCNQ2-DEE, modu-
lation of these channels can reduce seizures (e.g.
phenytoin or other sodium channel blockers in gain
of function SCN2A, SCN8A and SCN1A [59,60]) and
very selective modulators are being developed
which may have greater benefit and fewer side
effects than nonselective therapies [52]. Novel chan-
nel subtype-specific modulators are detailed in
Table 1.

Memantine is a N-methyl-D-aspartate receptor
(NMDAR) antagonist recently used in GRIN2A-asso-
ciated DEEs [23,61]. GRIN2A encodes for a subunit of
the NMDAR, and variants have been identified in
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patients with D/EE-SWAS [62]. Future studies are
needed to determine its efficacy, safety, and phar-
macokinetics in these disorders.

Antisense oligonucleotide modulation

Antisense oligonucleotide (ASO) modulation is a prom-
ising therapy that targets altered splicing in the
precursor messenger RNA (mRNA), ultimately pro-
moting the generation of productive mRNA [63].
Dravet animal studies identified an ASO that
increased expression of productive SCN1A transcript
in both human cell lines and mouse brains using
Targeted Augmentation of Nuclear Gene Output
technology, leading to increased production of
NaV1.1 protein, with reduction of electrographical
seizures and sudden unexpected death in epilepsy
[64"]. With promising preclinical data, STK-001
emerged as a new investigational ASO for DS, which
is currently being evaluated in a multicenter, open-
label clinical trial [65].

Genetic therapies

The SCNIA gene is too large to incorporate into a
viral vector. In Dravet mice, introduction of an
adenovirus vector containing a promoter of SCN1A
led to increased expression of sodium NaV1.1 chan-
nels with reduction in frequency and severity of
spontaneous seizures, and prolonged survival [66].
ETX101 is a promising gene therapy for Dravet
Syndrome (DS) that will likely begin clinical trials
shortly. Unlike ASO therapies, which will need to be
administered periodically to maintain efficacy, gene
therapy is more ’permanent’, requiring only a
single administration.

Another precision genetic therapy is Ataluren,
which reads through premature nonsense stop sig-
nals on the mRNA to promote full length, functional
proteins. However, this therapy, if efficacious,
would be appropriate only for the subset of cases
of Dravet syndrome with pathogenic nonsense
SCN1A variants, as it acts on translation and does
not modify transcription or mRNA stability. Unfor-
tunately, a small phase 2 clinical trial in 7 patients
with DS with underlying nonsense mutations
showed that Ataluren was not effective in reducing
seizure frequency, improving cognitive, motor or
behavioral function and did not improve quality
of life [67].

Immune therapies

Anakinra is recombinant human interleukin-1
receptor antagonist (IL-1RA) targeting IL-1o and
IL-1pB [68]. In addition to promoting inflammation,
IL-1B is a cytokine with ictogenic properties, and
its overexpression in neuroglial cells has been

1350-7540 Copyright © 2022 Wolters Kluwer Health, Inc. All rights reserved.

documented in animal models with refractory
epilepsy [69]. Febrile Infection-Related Epilepsy
Syndrome (FIRES) has been associated with
decreased expression of intracellular IL-1RA iso-
forms as well as functional deficiency in the IL-
1RA inhibitory activity [70"]. Several reports sug-
gested potential efficacy in FIRES [24,25]. A recent
multicenter retrospective cohort study of 25 chil-
dren identified a subset whose seizure frequency
was measured immediately before and one week
after administration of Anakinra and demonstrated
reduction of >50% in 11/15 patients. Earlier initia-
tion of Anakinra was also associated with improved
short-term outcomes (e.g., decreased duration
of mechanical ventilation and length of hospital
stay) [26].

Metabolic therapies

Metabolic disorders are uncommon but important
causes that require prompt recognition and inter-
vention, if treatment is available. Table 2 shows
therapeutic approaches for specific metabolic disor-
ders in pediatric patients [71-83].

Not targeted to pathogenesis

Fenfluramine

Use in DS

Fenfluramine was initially used in photosensitive,
self-induced epilepsy [34] but, in 1997 was pulled
from the market after reports of cardiac valvulop-
athy and pulmonary hypertension in persons using
it for management of obesity at doses up to 220 mg/
d, in combination with phentermine [84]. Nonethe-
less, a royal decree in Belgium granted approval for
compassionate use in DS, and this small cohort
demonstrated significant reductions in seizure fre-
quency, without evidence of cardiopulmonary dis-
ease at low doses [31,35]. Efficacy was established in
two multicenter, randomized, double-blind, pla-
cebo-controlled clinical trials. The first evaluated
add-on fenfluramine to existing therapies without
stiripentol for the treatment of convulsive seizures
in DS. Fenfluramine 0.7 mg/kg/day showed a 62.3%
greater reduction in mean monthly convulsive sei-
zure frequency (95% CI 47.7-72.8, P <0.0001), and
0.2mg/kg/day showed a 32.4% reduction in mean
monthly convulsive seizure frequency (95% CI 6.2—
52.3, P=0.0209) compared with placebo [33"]. The
second evaluated add-on fenfluramine (0.4 mg/kg/
day) to regimens containing stiripentol, and dem-
onstrated a 54.0% (95% CI, 35.6-67.2%; P <0.001)
greater reduction in mean monthly convulsive
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seizure frequency than those receiving placebo
[36"]. Fenfluramine was well tolerated with no
observed valvular heart disease or pulmonary arte-
rial hypertension [85"]. In June 2020, Fenfluramine
was approved by the US FDA for treatment of seiz-
ures in DS patients aged 2 years and older.

Use in other epilepsy syndromes

Knupp et. al conducted a similarly designed, ran-
domized, placebo-controlled trial of add-on fenflur-
amine (0.7 mg/kg/day) vs. placebo in LGS that met
its primary end-point, with fenfluramine 0.7 mg/kg/
day demonstrating with a 19.9% greater reduction
in drop seizures compared to placebo. It was also
highly effective in reducing generalized tonic-clonic
seizures by 46% and 58% in the 0.7 mg/kg/day and
0.2mg/kg/day fenfluramine groups respectively,
compared to worsening of 3.7% in the placebo
group [37]. Small open-label studies have also sug-
gested efficacy in CDKLS [39] and Sunflower syn-
drome [38].

Stiripentol

Stiripentol (STP) is approved as adjunctive therapy
for DS in Europe, Canada, Japan and was approved
in the US in 2018. Following a large study evaluating
efficacy of stiripentol in a diverse group of epilepsies,
which documented particular efficacy in DS [40], a
small, double-blind, randomized, placebo-con-
trolled trial of add-on STP (50mg/kg/day) vs. pla-
cebo was performed in children with DS who had
inadequate seizure control on valproate and cloba-
zam. After two months of treatment, 71% in the STP
arm compared to 5% on the placebo arm were
responders [41]. A second small study of similar
design in Italy showed a response rate of 66.7%
on STP vs. 9.1% on placebo [42]. An important
consideration with STP is that when used together
with clobazam, STP increases clobazam level
approximately two-fold and norclobazam levels by
three to five-fold, thus clobazam dose should be
reduced if STP is added [86].

Cannabidiol

The therapeutic value of cannabidiol (CBD)-con-
taining products for epilepsy became the focus of
research in recent years and led to development of a
pharma-grade CBD preparation named Epidiolex/
Epidyolex (>98% CBD).

Use in DS

In 2018, the FDA, and in 2019, the European Medi-
cine Agency approved the use of CBD for treatment
of seizures in DS, based on a double-blind, random-
ized controlled trial. 120 children and young adults

1350-7540 Copyright © 2022 Wolters Kluwer Health, Inc. All rights reserved.

with DS aged two and older with drug-resistant
seizures were randomly assigned to receive add-on
CBD (20mg/kg/d) or placebo over a 14-week treat-
ment period. The median percentage reduction in
convulsive seizure frequency was 38.9% with CBD
vs. 13.3% with placebo (P<0.01) [44]. In a subse-
quent open-label extension study, the median
reduction from baseline in monthly seizure fre-
quency assessed in 12-week periods up to week 48
ranged from 38-44% for convulsive seizures and
39-51% for total seizures [45].

Use in Lennox-Gastaut syndrome

In the two LGS double-blind placebo-controlled
trials, patients (n=171 and 225) were administered
add-on CBD at 20 mg/kg/day [48] or 10 or 20 mg/kg/
day [87] over a 14-week treatment period. For CBD at
20 mg/kg/day, the median percentage reduction in
total seizure frequency was 38.4-41% (vs. 13.7-
18.5% for placebo), and monthly median decrease
in drop seizures was reported to be 42-44% (vs. 17—
22% for placebo). At 10mg/kg/day, the median
percentage reduction in total seizure frequency
was similar at 36.4% (vs. 18.5% for placebo), and
monthly median decrease in drop seizures was 37%
(vs. 17% placebo).

An important consideration with CBD is its
potential interaction with other antiseizure medi-
cations. CBD increases both clobazam (by 60£80%)
and norclobazam (by 500+300%), and thus, reduc-
tion of clobazam dose may be needed when adding
CBD [88]. Similarly, concomitant use with valproic
acid can lead to elevated liver enzymes and therefore
should be monitored closely [89].

IMPROVING TREATMENT FOR CHILDREN
WITH DEVELOPMENTAL AND EPILEPTIC
ENCEPHALOPATHIEs: THE WAY
FORWARD

Making a precise diagnosis in a timely
manner

The most critical aspect in choosing the optimal
treatment is accurately defining seizure type(s), syn-
drome (if present) and etiology. In an infant or child
presenting with clinical features suggesting an
evolving DEE, a careful clinical history and physical
examination, as well as interictal (+/- ictal) EEG
recordings, state-of-the-art imaging, genetic studies
(epilepsy gene panel or whole exome/genome
sequencing) and selected metabolic investigations
should be performed early, which may be facilitated
by early consultation with a comprehensive epilepsy
center.
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Seizure disorders

Children with DEEs most commonly present
with multiple seizure types. Medications should
be chosen to target the most impactful seizure type,
but ideally would also alleviate other seizure types.
In many DEEs, both generalized and focal-onset
seizures occur, and caution must be taken to avoid
therapies that may help one seizure type, but
markedly worsen another.

Although many trials have focused on specific
syndromes [33%,41,87,90-92], as we move into the
era of precision therapies, identification of underly-
ing etiology will likely be most impactful on choos-
ing optimal treatment. The hope is that specific
treatments can be designed which target the specific
pathogenic mechanisms leading to both seizures, as
well as the developmental encephalopathy.

Choosing therapy that specifically targets the
underlying pathogenic mechanism or
etiology

In DEEs due to a surgically resectable, focal lesion,
early surgery can be critically important not only to
alleviate seizures, but also to prevent progressive
encephalopathy and maximize long-term develop-
mental outcome [93,94].

The causal role of specific pathogenic genetic
variants is well recognized. However, more work is
needed to understand the functional implications of
such variants to select treatment [95,96"]. For exam-
ple, sodium channel blockers are contraindicated in
DS, which is due to severe loss of function SCN1A
variants [86]. Yet, other early onset epileptic enceph-
alopathies due to gain of function sodium channel
variants may respond very favorably [967].

Metabolic disorders may be amenable to specific
therapies (Table 2) and prompt initiation of targeted
therapies is crucial to prevent irreversible neurological
decline.

Developing novel animal models of etiology-
specific epilepsies to allow rapid testing of
new compounds

Over the last decade, new animal models have been
developed which are powerful tools for epilepsy
research. One of the most important models has been
the zebrafish, a vertebrate with a fully sequenced
genome and significant genetic homology with
humans [97]. These animals can be genetically engi-
neered to create specific models that recapitulate
human genetic epilepsies [98]. Seizures can be moni-
tored both behaviorally and electrophysiologically.
Such models will facilitate rapid throughput drug
screening in a much more economical manner than
using mammalian models such as rodents.
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Multicenter collaboration amongst clinicians
and lay organizations

Although collectively the DEEs comprise a signifi-
cant proportion of children with drug-resistant epi-
lepsy, each individual DEE is rare — nearly all meet
criteria for orphan conditions. Numerous rare epi-
lepsy organizations have been founded by families
of affected individuals, often in collaboration
with physicians and have not only significantly
enhanced our understanding of these rare DEEs
but provided an invaluable resource to newly diag-
nosed families. These organizations provide critical
feedback on where research should be focused [99],
and access to larger cohorts of persons with these
rare conditions, for possible clinical trials. Strong
multicenter and international collaboration will be
key to enhancing our understanding of how best to
treat these conditions.

CONCLUSION

DEEs are a group of heterogeneous disorders associ-
ated with poor neurological outcomes significant
comorbidities. A tailored approach is needed to
modify clinical course and patients’ outcomes. Mul-
tinational collaborative efforts are needed to evalu-
ate the safety and efficacy of evolving precision and
nontargeted therapies.

Acknowledgements
None.

Financial support and sponsorship
None.

Conflicts of interest

EW has participated as a Site Investigator on clinical
trials of CBD, Fenfluramine and Ganoxolone, however
received no personal reimbursement for these. DW serves
on the Data Safety and Monitoring Committees for
Neurocrine, Encoded, and Acadia. AV and EB report
no conflicts of interest.

REFERENCES AND RECOMMENDED
READING

Papers of particular interest, published within the annual period of review, have
been highlighted as:

m  of special interest

mm of outstanding interest

1. Berg AT, Berkovic SF, Brodie MJ, et al. Revised terminology and concepts for
organization of seizures and epilepsies: report of the ILAE Commission on
Classification and Terminology, 2005-2009. Epilepsia 2010; 51:676-685.

2. Scheffer IE, Berkovic S, Capovilla G, et al. ILAE classification of the epilep-
sies: position paper of the ILAE Commission for Classification and Terminol-
ogy. Epilepsia 2017; 58:512-521.

3. Chepure AH, Somaiya MP, Subramanyam AA, et al. Epileptic encephalopathy
and autism: a complex interplay. J Pediatr Neurosci 2018; 13:273-275.

Volume 35 e Number 2 o April 2022

Copyright © 2022 Wolters Kluwer Health, Inc. All rights reserved.



SMIAGZUMIPXZOBBAROATIAEIDYIHSALLILIPOOAEIEAHIDIN/AO AUMY TXOMAD

UOINXFOHISABZIY 101+ NIOITWNOIZTARY HASSHNAYE Ag ABO|0IN3U-00/WO02* MM s[eulnol//:dny wolj papeojumod

€202/0T/L0 uo

New and emerging DEE therapies Vasquez et al.

10.

11.

12,

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.
24.
25.

26.
27.

28.

1350-7540 Copyright © 2022 Wolters Kluwer Health, Inc. All rights reserved.

. Saemundsen E, Ludvigsson P, Rafnsson V. Autism spectrum disorders in

children with a history of infantile spasms: a population-based study. J Child
Neurol 2007; 22:1102-1107.

. Van Hout A. (2001) Aphasia and Auditory Agnosia in Children with Landau-

kleffner Syndrome. In: Jambaqué ., Lassonde M., Dulac O. (eds) Neuropsy-
chology of Childhood Epilepsy. Advances in Behavioral Biology, vol 50.
Springer, Boston, MA. https://doi.org/10.1007/0-306-47612-6_21.

. Brunklaus A, Dorris L, Zuberi SM. Comorbidities and predictors of health-

related quality of life in Dravet syndrome. Epilepsia 2011; 52:1476-1482.

. Radaelli G, de Souza Santos F, Borelli WV, et al. Causes of mortality in early

infantile epileptic encephalopathy: a systematic review. Epilepsy Behav 2018;
85:32-36.

. Berg AT, Nickels K, Wirrell EC, et al. Mortality risks in new-onset childhood

epilepsy. Pediatrics 2013; 132:124-131.

. Lee YJ, Lee JS, Kang HC, et al. Outcomes of epilepsy surgery in childhood-

onset epileptic encephalopathy. Brain Dev 2014; 36:496-504.

Berg AT, Levy SR, Testa FM. Evolution and course of early life developmental
encephalopathic epilepsies: Focus on Lennox-Gastaut syndrome. Epilepsia
2018; 59:2096-2105.

Keator CG. Epilepsy surgery is a viable treatment for lennox gastaut syn-
drome. Semin Pediatr Neurol 2021; 38:100894.

Roth J, Olasunkanmi A, MacAllister WS, et al. Quality of life following epilepsy
surgery for children with tuberous sclerosis complex. Epilepsy Behav 2011;
20:561-565.

French JA, Lawson JA, Yapici Z, et al. Adjunctive everolimus therapy for
treatment-resistant focal-onset seizures associated with tuberous sclerosis
(EXIST-3): a phase 3, randomised, double-blind, placebo-controlled study.
Lancet 2016; 388:2153-2163.

Curatolo P, Franz DN, Lawson JA, et al. Adjunctive everolimus for children and
adolescents with treatment-refractory seizures associated with tuberous
sclerosis complex: posthoc analysis of the phase 3 EXIST-3 ftrial. Lancet
Child Adolesc Health 2018; 2:495-504.

FDA resources page. AFINITOR DISPERZ® (everolimus tablets for oral
suspension) 2009 Food and Drug Administration. Website: https://www.
accessdata.fda.gov/drugsatfda_docs/label/2018/
022334s5040,203985s013lIbl.pdf. [Accessed date 8th Sept 2021].
Overwater |E, Rietman AB, Bindels-de Heus K, et al. Sirolimus for epilepsy in
children with tuberous sclerosis complex: a randomized controlled trial.
Neurology 2016; 87:1011-1018.

Namdari RB, Gregory N, Cadieux Jay A, Loewen G, Aycardi E. Xenon
Pharmaceuticals Inc; Neurocrine Biosciences Inc. Assessment of Potential
Pharmacokinetic and Pharmacodynamic Interactions between NBI-921352/
XEN901, a Novel Nav1.6-Selective Sodium Channel Blocker, and Phenytoin
(a Non-selective Nav Blocker) in Adult healthy subjects. American Academy
of Neurology (AAN) 2020. Website: [Abstract No. #4682; Program
#P10.002]. https://www.xenon-pharma.com/wp-content/uploads/2020/05/
Namdari_AAN-Abstract-4682-DDI_FINAL.pdf.

Cadieux JAN, Beatch R, Gregory N, Aycardi E. Pharmacokinetic and Food
Effect Assessment of XEN496 (Pediatric Formulation of Ezogabine) in
Healthy Adults and Relative Bioavailability Assessment with Potiga (Adult
Formulation of Ezogabine): American Academy of Neurology Meeting (AAN)
2020. Website [Abstract No. 4918; program #P13.008]. https://www.
xenon-pharma.com/wp-content/uploads/2020/05/Cadieux_AAN-Poster-FI-
NAL.pdf.

FDA resources page. POTIGA (ezogabine) 2011 Food and Drug Adminis-
tration. Website: https://www.accessdata.fda.gov/drugsatfda_docs/label/
2012/022345s001Ibl.pdf. [Accessed date 8th Sept 2021].

Premoli I, Rossini PG, Goldberg PY, et al. TMS as a pharmacodynamic
indicator of cortical activity of a novel antiepileptic drug, XEN1101. Ann Clin
Trans| Neurol 2019; 6:2164-2174.

Goldberg PY. XEN1101: A novel, Next-Generation KCNQ2 Modulator for the
Treatment of Epilepsy: Xenon Pharmaceuticals, Inc; Eilat XIV Meeting 2018.
https://www.xenon-pharma.com/wp-content/uploads/2018/05/XE-
N1101_EILAT_15May2018_FINAL_YPG_web.pdf.

FDA resources page. Namenda® (memantine hydrochloride) Food and Drug
Administration. Website https://www.accessdata.fda.gov/drugsatfda_docs/
label/2005/021627Ibl.pdf. [Accessed date 10th Sept 2021].

Amador A, Bostick CD, Olson H, et al. Modelling and treating GRIN2A develop-
mental and epileptic encephalopathy in mice. Brain 2020; 143:2039-2057.
Kenney-Jung DL, Vezzani A, Kahoud RJ, et al. Febrile infection-related
epilepsy syndrome treated with anakinra. Ann Neurol 2016; 80:939-945.
Yang JH, Nataraj S, Sattar S. Successful treatment of pediatric FIRES With
Anakinra. Pediatr Neurol 2021; 114:60-61.

Lai YC, Muscal E, Wells E, et al. Anakinra usage in febrile infection related
epilepsy syndrome: an international cohort. Ann Clin Transl Neurol 2020;
7:2467-2474.

Nabbout R, Copioli C, Chipaux M, et al. Ketogenic diet also benefits Dravet
syndrome patients receiving stiripentol: a prospective pilot study. Epilepsia
2011; 52:e54-e57.

Nickels K, Kossoff EH, Eschbach K, et al. Epilepsy with myoclonic-
atonic seizures (Doose syndrome): clarification of diagnosis and treatment
options through a large retrospective multicenter cohort. Epilepsia 2021;
62:120-127.

29.

30.

Kossoff EH, Zupec-Kania BA, Auvin S, et al. Optimal clinical management of
children receiving dietary therapies for epilepsy: updated recommendations of
the International Ketogenic Diet Study Group. Epilepsia Open 2018;
3:175-192.

Klepper J, Akman C, Armeno M, et al. Glut1 Deficiency Syndrome (Glut1DS):
State of the art in 2020 and recommendations of the international Glut1DS
study group. Epilepsia Open 2020; 5:354-365.

This paper summarizes the results of an international consensus on the clinical
phenotype, diagnosis and management of persons with GLUT1DS.

31.

32.

33.

Ceulemans B, Boel M, Leyssens K, et al. Successful use of fenfluramine as an
add-on treatment for Dravet syndrome. Epilepsia 2012; 53:1131-1139.
Schoonjans A-S, Lagae L, Ceulemans B. Low-dose fenfluramine in the
treatment of neurologic disorders: experience in Dravet syndrome. Ther
Adv Neurol Disord 2015; 8:328-338.

Lagae L, Sullivan J, Knupp K, et al. Fenfluramine hydrochloride for the
treatment of seizures in Dravet syndrome: a randomised, double-blind, pla-
cebo-controlled trial. Lancet 2019; 394:2243-2254.

This is the first of two randomized, placebo-controlled trials assessing efficacy of
fenfluramine in children with Dravet syndrome, demontrating that half of children in
the higher-dose group (0.7 mg/kg/d) achieved a 75% or greater reduction in
seizures, and nearly one quarter achieved near seizure freedom.

34.

35.

36.

Boel M, Casaer P. Add-on therapy of fenfluramine in intractable self-induced
epilepsy. Neuropediatrics 1996; 27:171-173.

Schoonjans A-S, Marchau F, Paelinck BP, et al. Cardiovascular safety of low-
dose fenfluramine in Dravet syndrome: a review of its benefit-risk profile in a
new patient population. Curr Med Res Opin 2017; 33:1773-1781.
Nabbout R, Mistry A, Zuberi S, et al. Fenfluramine for treatment-resistant
seizures in patients with Dravet syndrome receiving stiripentol-inclusive regi-
mens: a randomized clinical trial. JAMA Neurol 2020; 77:300-308.

In this second of two randomized, placebo-controlled trials asssessing efficacy of
add-on fenfluramine in children with Dravet syndrome on concomitant stiripentol,
fenfluramine was associated with a 54% greater reduction in convulsive seizure
frequency than placebo.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.
]

Knupp K SI, Ceulemans B, Sullivan J. Efficacy and Safety of FINTEPLA
(Fenfluramine) for the Treatment of Seizures Associated with Lennox-Gastaut
Syndrome: A Randomized, Double-Blind, Placebo-Controlled Clinical
Trial [Abstract]. American Epilepsy Society (AES) 2020. Website: https://
cms.aesnet.org/abstractslisting/efficacy-and-safety-of-fintepla-(fenfluramine)-
for-the-treatment-of-seizures-associated-with-lennox-gastaut-syndrome —a-ran-
domized—double-blind—placebo-controlled-clinical-trial. [Accessed date 26th
Sept 2021].

Geenen KR, Doshi SP, Patel S, et al. Fenfluramine for seizures associated
with Sunflower syndrome. Dev Med Child Neurol 2021; 63:1427-1432.
Devinsky O, King L, Schwartz D, et al. Effect of fenfluramine on convulsive
seizures in CDKL5 deficiency disorder. Epilepsia 2021; 62:¢98-e102.
Perez J, Chiron C, Musial C, et al. Stiripentol: efficacy and tolerability in
children with epilepsy. Epilepsia 1999; 40:1618-1626.

Chiron C, Marchand MC, Tran A, et al. Stiripentol in severe myoclonic epilepsy
in infancy: a randomised placebo-controlled syndrome-dedicated trial. STI-
CLO study group. Lancet 2000; 356:1638-1642.

Tolete P, Knupp K, Karlovich M, et al. Lorcaserin therapy for severe epilepsy of
childhood onset. Neurology 2018; 91:837.

Peigné S, Chhun S, Tod M, et al. Population pharmacokinetics of stiripentol in
paediatric patients with dravet syndrome treated with stiripentol, valproate and
clobazam combination therapy. Clin Pharmacokinet 2018; 57:739-748.
Devinsky O, Cross JH, Laux L, et al. Trial of cannabidiol for drug-resistant
seizures in the Dravet syndrome. N Engl J Med 2017; 376:2011-2020.
Devinsky O, Nabbout R, Miller |, et al. Long-term cannabidiol treatment in
patients with Dravet syndrome: an open-label extension trial. Epilepsia 2019;
60:294-302.

Devinsky O, Patel AD, Thiele EA, et al. Randomized, dose-ranging safety trial
of cannabidiol in Dravet syndrome. Neurology 2018; 90:e1204.

Thiele EA, Bebin EM, Bhathal H, et al. Add-on cannabidiol treatment for drug-
resistant seizures in tuberous sclerosis complex: a placebo-controlled ran-
domized clinical trial. JAMA Neurol 2021; 78:285-292.

This randomized, placebo-controlled study evaluated the use of two doses of
pharma-grade CBD compared to placebo in persons with TSC, demonstating
significant reductions in seizure frequency with CBD, but found similar efficacy
between the 25 mg/kg/d and the 50 mg/kg/d dose.

48.

49,

50.

51.

Thiele EA, Marsh ED, French JA, et al. Cannabidiol in patients with seizures
associated with Lennox-Gastaut syndrome (GWPCARE4): a randomised, dou-
ble-blind, placebo-controlled phase 3 trial. Lancet 2018; 391:1085-1096.
Thiele EA, Bebin EM, Filloux F, et al. Long-term cannabidiol treatment for
seizures in patients with tuberous sclerosis complex: An open-label extension
trial. Epilepsia 2021. doi: 10.1111/epi.17150. [Epub ahead of print]
Devinsky O, Verducci C, Thiele E, et al. Open-label use of Highlyx purified
CBD (Epidiolex®) in patients with CDKL5 deficiency disorder and Aicardi,
Dup15q, and Doose syndromes. Epilepsy Behav 2018; 86:131-137.
Vaitkevicius H, Husain AM, Swisher CB, et al. Phase 2 open-label study of
intravenous ganaxolone for the treatment of refractory status epilepticus.
Neurocritical Care Society 17th Annual Meeting 2019. Website: https://link.
springer.com/content/pdf/10.1007/s12028-019-00857-7.pdf. [Accessed
date 22nd Sept 2021].

www.co-neurology.com 153

Copyright © 2022 Wolters Kluwer Health, Inc. All rights reserved.


https://doi.org/10.1007/0-306-47612-6_21
https://www.accessdata.fda.gov/drugsatfda_docs/label/2018/022334s040,203985s013lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2018/022334s040,203985s013lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2018/022334s040,203985s013lbl.pdf
https://www.xenon-pharma.com/wp-content/uploads/2020/05/Namdari_AAN-Abstract-4682-DDI_FINAL.pdf
https://www.xenon-pharma.com/wp-content/uploads/2020/05/Namdari_AAN-Abstract-4682-DDI_FINAL.pdf
https://www.xenon-pharma.com/wp-content/uploads/2020/05/Cadieux_AAN-Poster-FINAL.pdf
https://www.xenon-pharma.com/wp-content/uploads/2020/05/Cadieux_AAN-Poster-FINAL.pdf
https://www.xenon-pharma.com/wp-content/uploads/2020/05/Cadieux_AAN-Poster-FINAL.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2012/022345s001lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2012/022345s001lbl.pdf
https://www.xenon-pharma.com/wp-content/uploads/2018/05/XEN1101_EILAT_15May2018_FINAL_YPG_web.pdf
https://www.xenon-pharma.com/wp-content/uploads/2018/05/XEN1101_EILAT_15May2018_FINAL_YPG_web.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2005/021627lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2005/021627lbl.pdf
https://cms.aesnet.org/abstractslisting/efficacy-and-safety-of-fintepla-(fenfluramine)-for-the-treatment-of-seizures-associated-with-lennox-gastaut-syndrome--a-randomized--double-blind--placebo-controlled-clinical-trial
https://cms.aesnet.org/abstractslisting/efficacy-and-safety-of-fintepla-(fenfluramine)-for-the-treatment-of-seizures-associated-with-lennox-gastaut-syndrome--a-randomized--double-blind--placebo-controlled-clinical-trial
https://cms.aesnet.org/abstractslisting/efficacy-and-safety-of-fintepla-(fenfluramine)-for-the-treatment-of-seizures-associated-with-lennox-gastaut-syndrome--a-randomized--double-blind--placebo-controlled-clinical-trial
https://cms.aesnet.org/abstractslisting/efficacy-and-safety-of-fintepla-(fenfluramine)-for-the-treatment-of-seizures-associated-with-lennox-gastaut-syndrome--a-randomized--double-blind--placebo-controlled-clinical-trial
https://link.springer.com/content/pdf/10.1007/s12028-019-00857-7.pdf
https://link.springer.com/content/pdf/10.1007/s12028-019-00857-7.pdf

SMIAGZUMIPXZOBBAROATIAEIDYIHSALLILIPOOAEIEAHIDIN/AO AUMY TXOMAD

UOINXFOHISABZIY 101+ NIOITWNOIZTARY HASSHNAYE Ag ABO|0IN3U-00/WO02* MM s[eulnol//:dny wolj papeojumod

€202/0T/L0 uo

Seizure disorders

52. Bialer M, Johannessen Sl, Koepp MJ, et al. Progress report on new anti-
epileptic drugs: A summary of the Fifteenth Eilat Conference on New Anti-
epileptic Drugs and Devices (EILAT XV). I. Drugs in preclinical and early
clinical development. Epilepsia 2020; 61:2340-2364.

53. Demarest S, Jeste S, Agarwal N, et al. Efficacy, Safety and Tolerability of
Soticlestat (TAK-935/0V935) as an Adjunctive Therapy in Patients with 15q
Duplication Syndrome (Dup15q) or Cyclin-Dependent Kinase-Like 5
Deficiency Disorder (CDD) in a Signal-Finding Phase 2 Study (ARCADE)
[Abstract 014]. American Academy of Neurology (AAN) 2021. Website:
https://www.aan.com/MSA/Public/Events/Details/13771. [Accessed date
28th Sept 2021].

54. National Library of Medicine (U.S.). (2017, May 17 - 2018, Jan 18). Bioavail-
ability, Safety, and Tolerability of BIS-001 ER. Identifier NCT03156439.
https://clinicaltrials.gov/ct2/show/NCT03156439.

55. Krueger DA, Care MM, Holland K; et al. Everolimus for subependymal giant-cell
astrocytomas in tuberous sclerosis. N Engl J Med 2010; 363: 1801-1811.

56. Ben-Sahra |, Manning BD. mTORC1 signaling and the metabolic control of
cell growth. Curr Opin Cell Biol 2017; 45:72-82.

57. Saxton RA, Sabatini DM. mTOR signaling in growth, metabolism, and disease.
Cell 2017; 168:960-976.

58. Franz DN, Belousova E, Sparagana S, et al. Efficacy and safety of everolimus
for subependymal giant cell astrocytomas associated with tuberous sclerosis
complex (EXIST-1): a multicentre, randomised, placebo-controlled phase 3
trial. Lancet 2013; 381:125-132.

59. Howell KB, McMahon JM, Carvill GL, et al. SCN2A encephalopathy: a major
cause of epilepsy of infancy with migrating focal seizures. Neurology 2015;
85:958-966.

60. Gardella E, Marini C, Trivisano M, et al. The phenotype of SCN8A develop-
mental and epileptic encephalopathy. Neurology 2018; 91:e1112-e1124.

61. Pierson TM, Yuan H, Marsh ED, et al. GRIN2A mutation and early-onset
epileptic encephalopathy: personalized therapy with memantine. Ann Clin
Transl Neurol 2014; 1:190-198.

62. Choi DW. Glutamate receptors and the induction of excitotoxic neuronal
death. Prog. Prog Brain 1994; 100:47-51.

63. Lim KH, Han Z, Jeon HY, et al. Antisense oligonucleotide modulation of
nonproductive alternative splicing upregulates gene expression. Nat Commun
2020; 11:3501.

64. Han Z, Chen C, Christiansen A, et al. Antisense oligonucleotides increase

m  Scnla expression and reduce seizures and SUDEP incidence in a mouse
model of Dravet syndrome. Sci Transl Med 2020; 12:eaaz6100.

This study reports on the use of TANGO technology using ASO to increase target

gene and protein expression in a mouse model of Dravet Syndrome, demonstrating

a significant reduction in both seizures and mortality.

65. National Library of Medicine (U.S.). (2021, Feb 5- 2021, Nov 5). An Open-
Label Extension Study of STK-001 for Patients With Dravet Syndrome.
Identifier NCT04740476. https://clinicaltrials.gov/ct2/show/.

66. Young AN, Tanenhaus A, Chen M, et al. A GABA-Selective AAV Vector-
Based Approach to Up-Regulate Endogenous Scnia Expression Reverses
Key Phenotypes in a Mouse Model of Dravet Syndrome. American Society of
Gene & Cell Therapy Annual Meeting 2019. Website: https://asgct.org/
global/documents/asgct19_abstracts_-final.aspx.

67. Devinsky O, King L, Bluvstein J, et al. Ataluren for drug-resistant epilepsy in
nonsense variant-mediated Dravet syndrome and CDKL5 deficiency disorder.
Ann Clin Trans| Neurol 2021; 8:639-644.

68. Dinarello CA, Simon A, van der Meer JW. Treating inflammation by blocking
interleukin-1 in a broad spectrum of diseases. Nat Rev Drug Discov 2012;
11:633-652.

69. Dubé C, Vezzani A, Behrens M, et al. Interleukin-1beta contributes to the
generation of experimental febrile seizures. Ann Neurol 2005; 57:152-155.

70. Clarkson BDS, LaFrance-Corey RG, Kahoud RJ, et al. Functional deficiency in

m  endogenous interleukin-1 receptor antagonist in patients with febrile infec-
tion-related epilepsy syndrome. Ann Neurol 2019; 85:526-537.

This study shows that at least some children presenting with Febrile infection-

related epilepsy syndrome (FIRES) have a functional deficit in their endogenous

interleukin-1 receptor (IL1R) antagonist, which predisposes to excessive neuroin-
flammation, that would be amenable to treatment with anakinra, an exogenous IL1R
antagonist.

71. FDA resources page BRINEURA (cerliponase alfa) 2017. Food and Drug
Administration Website: https://www.accessdata.fda.gov/drugsatfda_docs/
label/2017/761052Ibl.pdf. [Accessed date 27th Sept 2021].

72. Kaufman MB. Pharmaceutical approval update. P t 2017; 42:562-580.

73. Zhou L, Xu H, Wang T, et al. A patient with CAD deficiency responsive to
uridine and literature review. Front Neurol 2020; 11.

74. Koch J, Mayr JA, Alhaddad B, et al. CAD mutations and uridine-responsive
epileptic encephalopathy. Brain 2017; 140:279-286.

75. Mills PB, Struys E, Jakobs C, et al. Mutations in antiquitin in individuals with
pyridoxine-dependent seizures. Nat Med 2006; 12:307-309.

154 www.co-neurology.com

76. Jaeger B, Abeling NG, Salomons GS, et al. Pyridoxine responsive epilepsy
caused by a novel homozygous PNPO mutation. Mol Genet Metab Rep 2016;
6:60-63.

77. van Karnebeek CD, Jaggumantri S. Current treatment and management of
pyridoxine-dependent epilepsy. Curr Treat Options Neurol 2015; 17:335.

78. Porta F, Pagliardini V, Celestino |, et al. Neonatal screening for biotinidase
deficiency: a 30-year single center experience. Mol Genet Metab Rep 2017;
13:80-82.

79. Wolf B. Successful outcomes of older adolescents and adults with profound
biotinidase deficiency identified by newborn screening. Genet Med 2017;
19:396-402.

80. Stockler-Ipsiroglu S, van Karnebeek C, Longo N, et al. Guanidinoacetate
methyltransferase (GAMT) deficiency: outcomes in 48 individuals and re-
commendations for diagnosis, treatment and monitoring. Mol Genet Metab
2014; 111:16-25.

81. Mercimek-Mahmutoglu S, Stoeckler-lpsiroglu S, Adami A, et al. GAMT
deficiency: features, treatment, and outcome in an inborn error of creatine
synthesis. Neurology 2006; 67:480-484.

82. FDA resources page. FDA Approves First Treatment for Molybdenum Co-
factor Deficiency Type A 2021Website: https://www.fda.gov/news-events/
press-announcements/fda-approves-first-treatment-molybdenum-cofactor-
deficiency-type. [Accessed date 28th Sept 2021].

83. Schwahn BC, Van Spronsen FJ, Belaidi AA, et al. Efficacy and safety of
cyclic pyranopterin monophosphate substitution in severe molybdenum co-
factor deficiency type A: a prospective cohort study. Lancet 2015; 386:
1955-1963.

84. Abenhaim L, Moride Y, Brenot F, et al. Appetite-suppressant drugs and the
risk of primary pulmonary hypertension. N Engl J Med 1996; 335:609-616.

85. Lai WW, Galer BS, Wong PC, et al. Cardiovascular safety of fenfluramine in

m  the treatment of Dravet syndrome: Analysis of an ongoing long-term open-
label safety extension study. Epilepsia 2020; 61:2386-2395.

Given the concern of cardiac valvulopathy and pulmonary hypertension with the

use of fenfluramine for obesity (at higher doses and in combination with phenter-

mine), this study provided reassuring information, demonstrating no evidence of
cardiac toxicity with fenfluramine when used at lower doses for treatment of Dravet
syndrome.

86. Wirrell EC, Nabbout R. Recent advances in the drug treatment of Dravet
syndrome. CNS Drugs 2019; 33:867-881.

87. Devinsky O, Patel AD, Cross JH, et al. Effect of cannabidiol on drop seizures in
the Lennox-Gastaut syndrome. N Engl J Med 2018; 378:1888~-1897.

88. Geffrey AL, Pollack SF, Bruno PL, et al. Drug-drug interaction between
clobazam and cannabidiol in children with refractory epilepsy. Epilepsia
2015; 56:1246-1251.

89. Gaston TE, Bebin EM, Cutter GR, et al. Interactions between cannabidiol and
commonly used antiepileptic drugs. Epilepsia 2017; 58:1586-1592.

90. Sachdeo RC, Glauser TA, Ritter F, et al. A double-blind, randomized trial
of topiramate in Lennox-Gastaut syndrome. Topiramate YL Study Group.
Neurology 1999; 52:1882-1887.

91. Conry JA, Ng YT, Paolicchi JM, et al. Clobazam in the treatment of Lennox-
Gastaut syndrome. Epilepsia 2009; 50:1158—-1166.

92. Glauser T, Kluger G, Sachdeo R, et al. Rufinamide for generalized seizures
associated with Lennox-Gastaut syndrome. Neurology 2008; 70:1950-1958.

93. Honda R, Kaido T, Sugai K, et al. Long-term developmental outcome after
early hemispherotomy for hemimegalencephaly in infants with epileptic en-
cephalopathy. Epilepsy Behav 2013; 29:30-35.

94. McTague A, Cross JH. Treatment of epileptic encephalopathies. CNS Drugs
2013; 27:175-184.

95. Ademuwagun IA, Rotimi SO, Syrbe S, et al. Voltage gated sodium channel
genes in epilepsy: mutations, functional studies, and treatment dimensions.
Front Neurol 2021; 12:. 600050.

96. Brunklaus A, Du J, Steckler F, et al. Biological concepts in human sodium

m  channel epilepsies and their relevance in clinical practice. Epilepsia 2020;
61:387-399.

This study analyzed genotype-phenotype correlations in large cohorts of SCN1A/
2A/3A and 8A and correlated both temporal patterns of SCN expression and
functional data with clinical phenotypes. They found that variant function and
location within one channel can serve as a surrogate for variant effects across
related sodium channels, suggesting that in infant less than three months of age,
with a suspected genetic epilepsy, sodium channel blocking agents should be
considered.

97. Howe K, Clark MD, Torroja CF, et al. The zebrafish reference genome
sequence and its relationship to the human genome. Nature 2013;
496:498-503.

98. Cho SJ, Park E, Baker A, et al. Age bias in zebrafish models of epilepsy: what
can we learn from old fish? Front Cell Dev Biol 2020; 8:573303.

99. Ho NT, Kroner B, Grinspan Z, et al. Comorbidities of rare epilepsies: results
from the rare epilepsy network. J Pediatr 2018; 203:249-258. €5.

Volume 35 e Number 2 o April 2022

Copyright © 2022 Wolters Kluwer Health, Inc. All rights reserved.


https://www.aan.com/MSA/Public/Events/Details/13771
https://clinicaltrials.gov/ct2/show/NCT03156439
https://clinicaltrials.gov/ct2/show/
https://asgct.org/global/documents/asgct19_abstracts_-final.aspx
https://asgct.org/global/documents/asgct19_abstracts_-final.aspx
https://www.accessdata.fda.gov/drugsatfda_docs/label/2017/761052lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2017/761052lbl.pdf
https://www.fda.gov/news-events/press-announcements/fda-approves-first-treatment-molybdenum-cofactor-deficiency-type
https://www.fda.gov/news-events/press-announcements/fda-approves-first-treatment-molybdenum-cofactor-deficiency-type
https://www.fda.gov/news-events/press-announcements/fda-approves-first-treatment-molybdenum-cofactor-deficiency-type

