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Abstract
Developmental and epileptic encephalopathies (DEEs) are among the most chal-
lenging of all epilepsies to manage, given the exceedingly frequent and often severe 
seizure types, pharmacoresistance to conventional antiseizure medications, and nu-
merous comorbidities. During the past decade, efforts have focused on development 
of new treatment options for DEEs, with several recently approved in the United 
States or Europe, including cannabidiol as an orphan drug in Dravet and Lennox– 
Gastaut syndromes and everolimus as a possible antiepileptogenic and precision drug 
for tuberous sclerosis complex, with its impact on the mammalian target of rapamycin 
pathway. Furthermore, fenfluramine, an old drug, was repurposed as a novel therapy 
in the treatment of Dravet syndrome. The evolution of new insights into pathophysi-
ological processes of various DEEs provides possibilities to investigate novel and 
repurposed drugs and to place them into the context of their role in future manage-
ment of these patients. The purpose of this review is to provide an overview of these 
new medical treatment options for the DEEs and to discuss the clinical implications 
of these results for improved treatment.
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1 |  INTRODUCTION

The concept of developmental and epileptic encephalopathy 
(DEE) refers to conditions where there is both developmental 
encephalopathy, which is directly due to the underlying eti-
ology of the epilepsy, and epileptic encephalopathy, which 
implies that the epileptic activity itself causes cognitive and 
behavioral impairment.1,2 DEEs are rare epilepsies, which 
may present challenges for enrollment in clinical trials. The 
largest proportion of DEEs have their onset in infancy and 
early childhood and are often the result of single gene disor-
ders or acquired or developmental structural causes. DEEs are 
typically associated with recurrent, severe seizures and elec-
troencephalographic (EEG) abnormalities, often with promi-
nent background slowing and frequent epileptiform activity. 
However, the burden of the DEEs extends far beyond seizures 
to include intellectual disability, behavioral challenges in-
cluding autism spectrum disorder, gait disorders, movement 
disorders, and other medical issues such as feeding problems 
and recurrent pneumonia, and holistic care requires manag-
ing these nonseizure symptoms. Mortality rates are increased, 
due both to the underlying neurodevelopmental delay and to 
seizure- related causes (sudden unexpected death in epilepsy 
[SUDEP], status epilepticus),3,4 with SUDEP rates of 9.3 per 
1000 person- years in Dravet syndrome (DS).5

In young children with DEEs, it is often challenging to 
disentangle how much of the delay is due to the underlying 
cause of the epilepsy versus the frequent seizures. In addi-
tion, these epilepsies often have onset in early childhood, 
a critical time in brain development, when key neuronal 
connections and cognitive networks are forming. Prompt 
seizure control is key to promote progression of normal 
brain development.

In recent years, several new antiseizure medications 
(ASMs) have been introduced to the market, and almost 30 
different drugs are available worldwide. ASMs have sig-
nificant pharmacokinetic variability within and between 
persons, enhanced by the frequent use of polypharmacy in 
DEEs.6– 10 Although therapeutic drug monitoring can pro-
vide useful clinical guidance, neither laboratory testing nor 
defined therapeutic ranges are readily available for some of 
these newer agents.11 Many drugs used in DEEs have par-
ticularly challenging pharmacological properties, with im-
portant pharmacokinetic interactions (i.e., stiripentol [STP], 
valproate [VPA], clobazam [CLB], everolimus, cannabidiol 
[CBD], and fenfluramine).9 Such interactions not only are 
a drawback but may also result in pharmacodynamic syner-
gistic effects and are possible to handle in clinical practice. 
Repurposing of drugs as well as new strategies targeting the 
gene abnormalities are emerging and will likely change the 
treatment paradigm for some DEEs.

The purpose of this review is to evaluate data from recent 
studies to determine the role of new and repurposed ASMs 
for the management of DEEs in infancy and childhood.

1.1 | Search strategy and selection criteria

This review is based on published articles and searches in 
PubMed and Google Scholar, up to December 2020, with a 
focus on recent advances over the past decade. Peer- reviewed 
articles from internationally recognized journals written in 
English were included, and primary sources were preferred. 
The search terms included one or more of the terms antisei-
zure medications and antiepileptic drugs, and the individual 
ASMs CBD, everolimus, fenfluramine, quinidine, and STP. 
Other terms included preclinical and clinical studies, cy-
tochrome P- 450, developmental and epileptic encephalopa-
thies, drug interactions, drug repurposing, efficacy, epilepsy, 
pharmacology, pharmacokinetics, mechanism of action, 
safety, and tolerance.

2 |  NEW MEDICAL TREATMENTS 
IN DEEs

This main part of the review will cover precision drugs and 
ASMs, including both novel and repurposed compounds 
(Figure 1). Recently approved drugs as well as drugs in early 
and later stages of clinical development are covered. Drugs 
that have demonstrated recent advances in clinical studies 
are described in detail in the text, whereas other examples 
are mentioned in the tables only (Tables 1 and 2). Although 
patients with DEEs may also benefit from epilepsy surgery 
or neuromodulation, these therapies are beyond the scope of 
this article.

Key Points
• Cannabidiol is a new ASM in Dravet and Lennox– 

Gastaut syndromes, and everolimus is a precision 
drug for tuberous sclerosis complex

• Fenfluramine has been repurposed as a novel ther-
apy in Dravet syndrome

• Drugs used for specific genetic mutations are an 
example of applied pharmacogenetics

• New insights into the pathophysiology of DEEs 
facilitate the investigation of novel and repur-
posed drugs in future patient management
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2.1 | Precision drugs

A precision medicine is defined as a treatment that is targeted 
to the needs of individual patients on the basis of genetic, 
biomarker, phenotypic, or psychosocial characteristics that 
distinguish a given patient from other patients with similar 
clinical presentations.39 Clinical implications for such treat-
ments include considerations of the duration of treatment 
and the impact on neurodevelopment if early treatment is 
initiated. Furthermore, the possible efficacy of the pharma-
cogenetic approach according to the age of expression of 
the mutation is important, for example, if there is a gain-  or 
loss- of- function mutation at a specific stage in development 
for certain ion channels or receptors. Advances in genetic 
technologies have markedly increased our understanding of 
the pathogenesis of many DEEs as we are increasingly able 
both to identify the gene and to understand the pathogenic 
mechanism of how it results in epilepsy. By targeting the un-
derlying pathogenic mechanism, for example, with the use 
of zebrafish, a precision therapy may mitigate both seizures 
and the important nonseizure symptoms,40 given the negative 
impact of seizures on the developing brain.

2.1.1 | Novel precision therapies, mammalian 
target of rapamycin inhibitors

Everolimus
Up to 90% of patients with tuberous sclerosis complex 
(TSC) develop epilepsy, most with onset in the infantile 

age group, and approximately two thirds become resistant 
to ASMs. The mammalian target of rapamycin (mTOR) in-
hibitor everolimus was recently approved by the US Food 
and Drug Administration (FDA) and European Medicines 
Agency (EMA) as adjunctive therapy for TSC- associated 
focal seizures in patients older than 2 years. The results of 
the randomized, double- blind, placebo- controlled (ran-
domized controlled trial [RCT]) Phase 3 EXIST- 3 study 
(NCT01713946)19,41,42 support add- on everolimus therapy 
for patients who are drug- resistant to two ASMs.43

Everolimus has been developed based on a rational con-
cept considering that TSC is caused by genetic deficiency of 
negative modulators of the mTOR complex 1 (mTORC1).44 
Mutations in TSC1 and TSC2 encoding the proteins hamar-
tin and tuberin result in hyperactivity of mTORC1, leading 
to abnormal neuronal differentiation and migration with 
dysmorphic neurons, altered synaptic plasticity, and ab-
normal lamination, as well as excessive glia activation and 
inflammatory signaling as hallmarks of TSC- associated 
brain pathology.45 mTOR is the core element of mTORC1, 
which acts as a serine/threonine kinase and serves as a key 
regulator of cellular function, proliferation, growth, and sur-
vival.46 Everolimus acts as an inhibitor of mTORC1 based 
on an interaction with FKB12, which forms a complex with 
mTOR1.44 As a consequence, there is a reduction in down-
stream signaling of mTORC1 involving the effectors S6K 
and 4E- BP1.44

Everolimus was initially licensed for management of tu-
berous sclerosis- associated subependymal giant cell astro-
cytoma and renal angiomyolipoma.44,45 A post hoc analysis 

F I G U R E  1  A summary of new medical treatments of developmental and epileptic encephalopathies, including precision and antiseizure medications, 
novel development, and repurposed drugs. The included drugs are described in the text and/or tables
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T A B L E  1  Included drugs, indications, and pharmacological characteristics at the stage of clinical investigation

Drugs used in 
DEEs

Indication/pathophysiological 
background (gain-  or loss- of- function 
mutations) Mechanisms of action

Pharmacokinetic properties and 
interactions

Precision: novel

Everolimus Tuberous sclerosis complex
Mutations in TSC1 and TSC2 encoding 

the proteins hamartin and tuberin

mTOR inhibitor. The mutations result 
in hyperactivity of mTORC1, 
abnormal cell differentiation, 
altered plasticity, and 
inflammatory signaling.

Absorption reduced by food. Tmax = 1– 2 h, 
protein binding = 74%. Metabolism: 
CYP3A4/5 t1/2 = 30 h, susceptible 
to drug interactions in combination 
with enzyme inducers and inhibitors. 
Substrate for Pgp.

NBI 921352 
(XEN901)

SCN8A mutations: gain- of- function 
mutations encoding the Nav1.6 
channel causing DEE (EIEE13)

Selective inhibitor of voltage- gated 
sodium channel subtype Nav1.6, 
could address the underlying 
etiology in this condition.

Tmax = 1– 1.5 h, absorption varied with 
food. Metabolism: CYP3A4, 2C9, 
2D6. No significant interaction with 
phenytoin.

Precision: repurposed

Anakinra FIRES Recombinant human IL- 1 receptor 
antagonist, decreases neurogenic 
inflammation.

Subcutaneous injection, bioavailability 
= 95%, t1/2 = 4– 6 h in adults, renal 
elimination. Could indirectly affect 
other ASMs by normalization of CYP 
activity through effects on cytokines.

Quinidine KCNT1 mutations Decreases excitability. Efficacy 
was not further confirmed as a 
valuable approach.

Bioavailability = 70% (45%– 100%), 
Tmax = 1– 3 h, protein binding = 70%, 
metabolism: CYP3A4 +?, t1/2 = 6– 11 h

Ezogabine/
retigabine 
(XEN496)

KCNQ2 mutations Specific activator of voltage- 
gated potassium Kv7.2/7.3 
channels, decreases excitatory 
neurotransmission.

Tmax = .5– 2 h, protein binding = 80%, 
metabolism: UGTs and N- acetylation, 
t1/2 = 8 h.

XEN1101, new 
compound 
similar to 
retigabine

KCNQ2 loss of function as a more 
specific indication; early infantile 
epileptic encephalopathy type 7 
(BFNS)

Specific opener of voltage- gated 
potassium channels, decreases 
excitatory neurotransmission.

Tmax = 4– 6 h, enhanced by food, 
metabolism: CYP3A4, t1/2 = 4– 10 days. 
No interaction studies done.

Memantine GRIN2 mutations Noncompetitive NMDA receptor 
antagonist, decreases 
glutamatergic neurotransmission.

Bioavailability = 100%, Tmax = 3– 8 h, 
protein binding = 45%, majority 
excreted unchanged renally (57%- 
82%), other non- CYP dependent, t1/2 = 
60– 100 h.

Phenytoin, high 
dose

SCN2A and SCN8A mutations, little 
evidence so far; carbamazepine could 
also be considered, based on the same 
mechanism of action

Inhibitor of voltage- gated sodium 
channels, resulting in a use- 
dependent block of excitatory 
neurotransmission.

Tmax = 1– 12 h, protein binding = 92%, 
metabolism: CYP2C9 and 19, t1/2 = 
30– 100 h, saturation kinetics. Potent 
enzyme inducer of CYPs and UGTs, 
affecting various other ASMs.

Antiseizure: novel

Stiripentol Dravet syndrome, haploinsufficiency of 
the voltage- gated sodium channel α 
subunit NaV1.1

Positive allosteric GABAA receptor 
modulator, acting on both the 
BZD- sensitive γ-  and α3- 
containing GABAA receptors + 
BZD- insensitive δ- containing 
GABAA receptors, located peri-  
and extrasynaptically, responsible 
for tonic inhibition.

Bioavailability unknown, Cmax = 1.5 h, 
protein binding = 99%. Metabolism: 
CYP1A2, 3A4, 2C19, UGT, saturation 
kinetics, t1/2 = 4.5– 13 h. Potent enzyme 
inhibitor of CYP and UGT enzymes, 
affecting many other ASMs.

(Continues)
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of the pediatric population (age < 18 years) in the extension 
trial of the EXIST- 3 study found that children younger than 
6 years had greater benefit than older children.42

Everolimus interacts with many agents that are inhibitors, 
inducers, or substrates of CYP3A4 and P- gp; patients taking 

CYP3A4- inducing ASMs such as carbamazepine, eslicarba-
zepine, oxcarbazepine, phenobarbital, phenytoin, primidone, 
CLB, and topiramate require a higher starting dose of everoli-
mus.47 On the other hand, enzyme inhibitors such as erythro-
mycin or ketoconazole will increase the serum concentration 

Drugs used in 
DEEs

Indication/pathophysiological 
background (gain-  or loss- of- function 
mutations) Mechanisms of action

Pharmacokinetic properties and 
interactions

Cannabidiol Dravet syndrome, Lennox– Gastaut 
syndrome, tuberous sclerosis complex

GPR55, TRPV1, and adenosine 
reuptake.

Variable and low absorption (<6% 
bioavailability, extensive first pass 
metabolism), increased 3– 4- fold 
by fat- rich meals, Cmax = 2.5– 5 h, 
protein binding = 99%. Metabolism: 
CYP2C19, 3A4, UGT1A7, 1A9, 2B7, 
active metabolite 7- OH- CBD, t1/2 
= 60 h. Potent enzyme inhibitor of 
CYP and UGT enzymes, especially 
increasing N- desmethyl- clobazam by 
CYP2C19 inhibition.

Radiprodil Infantile spasm syndrome EE- GRIN2B Selective allosteric NR2B antagonist 
of glutamate.

Tmax = 4 h (range = 3– 6 h), mean AUCinf 
and Cmax = 2042 h ng ml−1 and 
89.4 ng ml−1, respectively.

Soticlestat 
(TAK935/
OV935)

Dravet syndrome Targets the brain- specific enzyme 
cholesterol 24- hydroxylase: 
cholesterol → 24S- 
hydroxycholesterol (NMDA 
agonist), decreases excitability.

Tmax = .25– .5 h, protein binding = 92%, 
metabolism: CYP3A and UGTs, t1/2 = 
3.5– 4.8 h. No drug interactions studied.

Ganaxolone CDKL5 Pregnanolone, GABAA- agonist. Tmax = 1.5– 2 h, t1/2 = 7– 10 h. 
Bioavailability issues have been a 
limitation. AUC and Cmax increased 
2– 3- fold with intake of a fat- rich 
meal. Metabolism through CYP3A4/5, 
affected by enzyme inducers/inhibitors.

Antiseizure: repurposed

Fenfluramine Dravet syndrome Release of serotonin (5- HT), 
increases serotonergic signaling 
via different 5- HT receptors.

Tmax = 3 h, t1/2 = 20 h, metabolism through 
CYP1A2, 2B6, 2D6, 3A4, 2C9/19, 
active metabolite nor- fenfluramine. 
Affected by enzyme inducers/inhibitors.

Lorcaserin Severe childhood epilepsy (including 
Dravet syndrome)

Selective 5- HT2C receptor agonist 
(weight control indication).

Tmax = 2 h, protein binding = 60%– 76%, 
metabolism: multiple CYPs, t1/2 = 
12 h, enzyme inducing and inhibiting 
properties.

Clemizole Dravet syndrome; histamine 1 antagonist 
and intracellular inhibitor of HCV 
protein synthesis

Developed as antiviral drug to treat 
hepatitis C, used in the 1950– 60s.

Minimal PK data available. Oral 
absorption, CYP3A4- mediated 
metabolism.

Note: Gene therapies and enzyme replacement therapies are not included in this table.
For some drugs listed as antiseizure, it is actually unknown how broad the spectrum might be, and also for some of them a potential disease- modifying effect cannot be 
definitely excluded. The information in this table is based on the current state of knowledge, product information for everolimus, cannabidiol, fenfluramine, stiripentol, 
memantine, and retigabine, and various recent references.11– 18

Abbreviations: 5- HT, serotonin; ASM, antiseizure medication; AUC , area under the curve; BFNS, benign familial neonatal seizures; BZD, benzodiazepine; Cmax, 
maximum concentration; CYP, cytochrome P450; DEE, developmental and epileptic encephalopathy; FIRES, febrile infection- related epilepsy syndrome; GABA, 
γ- aminobutyric acid; GPR55, G- protein coupled receptor 55; HCV, hepatitis C virus; IL- 1, interleukin- 1; mTOR, mammalian target of rapamycin; NMDA, N- methyl- 
D- aspartate; Pgp, P- glycoprotein; PK, pharmacokinetic; t1/2, terminal half- life; Tmax, time to maximum concentration; TRPV1, transient receptor potential vanilloid 1; 
UGT, uridine diphosphate- glucanosyltransferase.

T A B L E  1  (Continued)
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of everolimus.48 As everolimus is susceptible to many drug 
interactions, the serum concentration should be monitored. 
In the EXIST- 3 study, the daily doses of the treated groups 
were therefore based on targeted blood levels of everolimus.

Reported adverse events include stomatitis, diarrhea, na-
sopharyngitis, pyrexia, and upper respiratory tract infection.19 
Long- term treatment was associated with higher incidence 
and severity of infections, such as pneumonia, particularly in 
the younger patients (<6  years); however, the incidence of 
pneumonia was similar to that in the general population, based 
on worldwide reports in children younger than 5 years.42

Although the EXIST- 3 study did not include an infantile 
age group,19 small observational case series support bene-
ficial effects for epilepsy in children younger than 2 years, 
with possible neurocognitive improvement in infants with 
epileptic spasms and refractory seizures.49– 51 These include 
a single case report of a 19- month- old infant whose refrac-
tory epilepsy and neurocognition improved following ever-
olimus,49 a case series of four infants with epileptic spasms, 
three of whom had improved neurocognition,50 and a cohort 
of 17 infants, of whom two of four were managed for refrac-
tory epilepsy and had improved seizure control.50 Safety has 
been explored in a small study (n = 23; 19 everolimus, four 
sirolimus) and considered acceptable in this age group.52 
Larger long- term studies are needed, especially to under-
stand whether this young age group is more vulnerable to 
respiratory and other infections. Future research should ex-
plore whether everolimus could function as a preventative 
treatment for epilepsy, neurodevelopmental disability, and 
other systemic manifestations of TSC, particularly in infants 
and young children.44,53 Although including subjects younger 
than 2 years, studies have explored the recommended dosage 
and hypothesized seizure reduction at 6 mg/m2.54

More recently, various loss- of- function and gain- of- 
function mutations have been identified in different upstream 
regulators of mTORC1 comprising different modulators of 
the GATOR complex. Improved knowledge about various 
mTORopathies will likely result in an expansion of the ther-
apeutic indications for mTOR inhibitors. Along this line, 
mTOR inhibitors may be effective in treating other diseases 
associated with mTOR overactivation, such as type 2b focal 
cortical dysplasia and other focal epilepsies associated with 
gain- of- function of mTOR such as mutations in genes such as 
DEPDC5, MTOR, PTEN, and GATOR.44,55 Considering the 
adverse effect potential of everolimus, it is of particular in-
terest that efforts are made to develop optimized approaches 
for improved efficacy and tolerability based on a combined 
targeting of mTORC1 and mTORC2 or mTORC1, mTORC2, 
and phosphoinositide 3- kinase.56

Sirolimus (rapamycin)
Although most research has focused on everolimus as the 
mTOR inhibitor promoted for control of epilepsy in settings 

of mTOR overactivation, other mTOR inhibitors, specifi-
cally sirolimus (rapamycin), have been studied.57– 61 The 
efficacy of rapamycin was described in two case reports of 
children with TSC, including a 10- year- old girl with a dra-
matic reduction in seizures after 10 months of rapamycin,57 
and eight children (4– 16 years of age) with seizure control in 
the first year of treatment, but with a relapse in three of them 
in the second year.58 After rapamycin withdrawal, three of 
five children had recurrence of seizures within 6– 12 months. 
Three studies reported on the role of sirolimus for epilepsy 
therapy.59– 61 Overwater et al. reported on 23 children with 
TSC and intractable epilepsy (1.8– 10.9 years) who were ran-
domly assigned in an open- label add- on study of sirolimus 
immediately or after 6 months.59 Intention- to- treat analysis 
found that the sirolimus treatment group had a 41% seizure 
frequency decrease (95% confidence interval to −69% to 
+14%, p  =  .11) compared to the standard- care period. All 
children had adverse effects, reported as oral sores, diarrhea, 
and immunosuppression, resulting in five children withdraw-
ing from the study. One year of sirolimus therapy in 91 chil-
dren with TSC resulted in a response rate of 78% (71/91), 
47% (43/91) of whom became seizure- free, with statistical 
significance in improved seizure control (p  <  .001).60 The 
subgroup with drug- resistant epilepsy also had improved 
control of seizures (p = .01). No or minimal adverse effects 
were reported. The authors noted that age was a critical fac-
tor for outcome of epilepsy. Overall, they promoted the use 
of sirolimus to treat epilepsy in patients with TSC. Another 
study explored the use of sirolimus for patients with Sturge– 
Weber syndrome.61 In a retrospective observational study 
of six cases who were refractory, the authors reported that 
seizures were controlled in all patients, with only minor ad-
verse effects. Whereas the data for rapamycin are limited to 
case reports, there are stronger data to suggest that there is a 
role for sirolimus in the management of epilepsy for selected 
etiologies, as shown in a patient with NPRL3 epilepsy, a mu-
tation associated with focal epilepsy and cortical malforma-
tions.62 Sirolimus could be an important alternative option 
for settings precluding access to everolimus. One retrospec-
tive multicenter study compared everolimus with sirolimus 
in patients with epilepsy and TSC.52 The authors commented 
on the challenges of more adverse events and dosing issues in 
the sirolimus group compared to those receiving everolimus.

2.1.2 | Other novel precision therapies

With improved understanding of the pathogenesis underlying 
many of the rare metabolic and genetic epilepsies, there has 
been increased interest in precision therapies to target these 
pathways.

Although the concept will not be detailed, as it is not 
the focus of the text, metabolic epilepsies remain important 
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differentials to early onset epilepsies and DEEs, and although 
they are rare, specific therapeutic interventions may prevent 
both seizures and neurocognitive decline.63 Such interven-
tions may include provision of a specific substrate, such as 
the pyridoxine-  or pyridoxal- 5- phosphate- dependent epilep-
sies, glucose transporter deficiency type 1 or creatine defi-
ciency syndromes, or enzyme replacement therapies.64 A 
high level of clinical suspicion is required to promptly diag-
nose these conditions early in their course, as many therapies 
can prevent or attenuate further regression, but do not reverse 
deterioration that has already occurred.

Moreover, strong efforts are underway to develop selec-
tive modulators for specific ion channel subunits affected by 
genetic variants. Progress has been reported for sodium chan-
nel subtype- specific modulators. Selective NaV1.6 inhibition 
by XEN901 is of interest as a potential precision medicine 
approach for early infantile epileptic encephalopathy type 13 
with a gain- of- function SCN8A variant.12

DS is due to de novo variants in the SCN1A gene, resulting 
in haploinsufficiency of the voltage- gated sodium channel α 
subunit NaV1.1. Han et al. identified antisense oligonucle-
otides that specifically increased the expression of an tran-
script in human cell lines, as well as in mouse brain.65 The 
strategy that is referred to as TANGO (targeted augmentation 
of nuclear gene output) technology is based on modulation of 
splicing events with a suppression of nonproductive splicing 
by antisense oligonucleotides.65 Testing in a mouse model 
demonstrated that a single intracerebroventricular dose re-
duced the incidence of both electrographic seizures and 
SUDEP, suggesting that such therapies may address import-
ant comorbidities as well as improve seizures. A clinical trial 
is currently underway in children with DS. Such therapies 
will likely require repeated dosing to maintain efficacy.

An alternate approach has used oligonucleotide- based 
molecules (AntagoNATs) that interfere with a long- noncoding 
regulatory RNA, which negatively regulates SCN1A expres-
sion.66 Efficacy of this strategy has been indicated by assess-
ment in a mouse model of DS and in fibroblasts from patients 
with different genetic variants of SCN1A.66

Additionally, several viral gene therapy models are also 
being explored.67 Preclinical work is ongoing in DS, and clin-
ical studies have been performed in several of the neuronal 
ceroid lipofuscinoses.

In addition to targeted treatments based on the underly-
ing neurobiology, there are also opportunities for therapies 
that take into account the developmental changes in neuro-
transmission, in both excitatory and inhibitory pathways. 
Bumetanide is an inhibitor of NKCC1, and is being inves-
tigated for neonatal seizures. By its action on NKCC1, it 
blocks chloride influx and thus modulates the excitatory 
action of γ- aminobutyric acid (GABA) in the immature 
brain.68,69 Radiprodil, a selective inhibitor of the NR2B 
subunit of the N- methyl- D- aspartate receptor, is also under A
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investigation,34,35 based on the higher expression of NR2B 
subunits in the developing brain, which results in higher brain 
excitability through slower kinetics compared to the NR2A 
subunit that is expressed later in life. With the rapid advances 
in our understanding of the genes associated with rare ep-
ilepsy syndromes, interventions targeting the underlying 
pathogenic variant are emerging. In patients with haploinsuf-
ficiencies, there is an opportunity to upregulate the expres-
sion of the functional protein from the intact allele.

2.2 | Repurposed precision therapies

2.2.1 | Anakinra

Anakinra is a recombinant human interleukin- 1 (IL- 1) recep-
tor antagonist currently approved for the treatment of rheu-
matoid arthritis and other inflammatory conditions. In certain 
epilepsy syndromes, in particular febrile infection- related 
epilepsy syndrome (FIRES), there is increasing evidence 
that neurogenic inflammation with a functional deficiency of 
IL1RA can play a pathogenic role,70,71 and blockade of IL- 1β 
receptors could inhibit the inflammatory process. Although 
genetic data from one patient suggest that genetic variants of 
IL1RN may play a role, more research is necessary to iden-
tify the cause of IL1RA deficiency and to further explore the 
relevance.71

Studies of anakinra in human epilepsy have predomi-
nantly focused on FIRES, a severe epilepsy syndrome with 
high mortality and morbidity. The first case of FIRES, a 
32- month- old girl treated with anakinra, was published in 
201672 and since then, several additional case reports or ab-
stracts have been published,73– 78 suggesting potential bene-
fit, as did a recent international retrospective cohort of 25 
children with FIRES treated with anakinra.20 The latency to 
treatment varied extensively, and neuropsychological data 
were limited. However, in this international retrospective 
cohort, 18 (73%) exhibited a greater than 50% reduction in 
seizures by 1 week of anakinra treatment. Twelve percent of 
children died, and of survivors, 35% had no/mild cognitive 
disability, 35% had moderate cognitive disability, and 29% 
had severe cognitive disability, an outcome that was similar 
to a previously reported case series of 77 children.79

Overall, despite limited data, anakinra was generally well 
tolerated. Three of 25 children developed so- called DRESS 
(drug rash, eosinophilia, and systemic symptoms), which 
was considered to be due to other medications, and they all 
recovered while continuing on anakinra treatment; two had 
reversible cytopenias.20 Anakinra may potentially have a 
therapeutic role in other epilepsies where neurogenic inflam-
mation plays a significant pathogenic role. Further prospec-
tive studies with careful neuropsychological evaluations are 
needed to more clearly define the role of anakinra in FIRES.

2.3 | Antiseizure medications

ASMs decrease seizure frequency but are not known to be 
antiepileptogenic. Despite the availability of new drugs dur-
ing the past decades, the portion of seizure- free patients 
remains the same.80 A significant reduction in seizures 
may nevertheless improve daily functioning. In the recent 
fenfluramine and CBD studies, caregivers and investiga-
tors reported greater improvements in global impression of 
change in the treatment groups than with placebo,29,81 and 
in the fenfluramine study, those on higher dose fenfluramine 
had greater improvements in their quality of life inventory, 
executive function, and metacognitive index than those on 
placebo.82 Preventative use of vigabatrin administered to 25 
infants with TSC who had epileptifom activity on EEG, but 
no electrical or clinical seizures, was associated with reduced 
risk and severity of subsequent epilepsy, when compared to 
29 TSC infants treated conventionally with vigabatrin for sei-
zures.83 Some ASMs for DEEs have been used for decades 
in some countries, such as STP in France and other parts of 
Europe, and CBD has recently been approved in the United 
States and Europe.

2.3.1 | Novel ASMs

Stiripentol
STP has been designated as an orphan drug for the manage-
ment of DS.84 STP is not a novel drug but has more recently 
been approved in the United States. It has multiple mecha-
nisms of action; it is a positive allosteric modulator of the 
GABAA receptor, acting on both the benzodiazepine- sensitive 
γ- containing GABAA receptors and on the benzodiazepine- 
insensitive δ- containing GABAA receptors, which are located 
peri-  and extrasynaptically and are responsible for mediat-
ing tonic inhibition.85 Based on the high abundance of the 
α3 subunit during brain development, it has been suggested 
that this subunit preference makes STP particularly interest-
ing for management of pediatric epilepsies.86,87 The combi-
nation of STP and benzodiazepines enhances GABAergic 
neurotransmission. Furthermore, STP inhibits lactate dehy-
drogenase, leading to neuronal hyperpolarization.88 Lactate 
connects the glial and neuronal metabolic energy systems.89 
Thus, an inhibition of lactate dehydrogenase by STP might 
have relevant consequences for neuronal energy balance and 
excitability. STP has also been shown to be neuroprotective 
and reduces cell injury in the hippocampal CA1 region in 
rodent models.90,91 Additionally, STP has pharmacokinetic 
effects on several other ASMs. Importantly, in DS, when 
combined with CLB, there are increased levels of both CLB, 
and the active metabolite desmethyl CLB, due to inhibition 
of CYP2C19 and CYP3A4.9,87 The dose of CLB is typically 
reduced to approximately .2 mg/kg/day.
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The best evidence for efficacy of STP is in DS. In the 
STICLO study,83 an RCT, STP was added to CLB and VPA. 
Those receiving STP experienced a 69% reduction in seizure 
frequency from baseline (7% increase in those on placebo). 
Other retrospective analyses confirmed efficacy: 9%– 17% 
seizure freedom, 57%– 89% with a >50% reduction in seizure 
frequency, with significant reductions in seizure duration, 
frequency of status epilepticus, use of rescue medication, 
and number of emergency room visits.92– 95 Efficacy may 
be somewhat lower when STP is started during adolescence 
or adulthood, with responder rates of 23% at 36 months.96 
Limited data suggest that STP may have an additional role 
in the treatment of status epilepticus,97– 99 focal epilepsy, and 
other types of genetic epilepsies starting early in life.100 The 
dose of STP is typically 20– 50 mg/kg/day divided into two 
equal doses. STP exhibits a lower clearance with higher body 
weight, and thus younger, smaller children need a higher dose 
per kilogram than do teens and adults.101 The FDA and EMA 
mandate that STP should be used in combination with CLB, 
and most patients also use it with VPA. Adverse effects of 
STP such as somnolence, fatigue, ataxia, and decreased ap-
petite are dose dependent. A complete blood count and liver 
enzymes should be monitored at baseline, and then every 6 
months while the patient is on therapy.

2.3.2 | Cannabidiol

Although there is a long- standing interest in possible an-
tiseizure effects of phytocannabinoid preparations,13 a com-
prehensive drug development program assessing efficacy 
of CBD in DS, Lennox– Gastaut syndrome (LGS), tuberous 
sclerosis, and infantile spasms was only initiated a few years 
ago.102– 104

CBD has a complex pharmacodynamic profile compris-
ing an interaction with several target sites, including dif-
ferent ionotropic and metabotropic receptors, ion channels, 
and transporters.13,105,106 The compound has a very low af-
finity at the endocannabinoid receptors CB1 and CB2.105 
Different targets that might be relevant for antiseizure ef-
fects of CBD include modulation of the G- protein coupled 
receptor 55 (GPR55), agonistic effects on the transient re-
ceptor potential vanilloid 1 (TRPV1) coupled to calcium 
concentration influx, and adenosine reuptake.107 In addi-
tion, changes in intracellular calcium may in turn affect 
gene expression patterns, with an impact on the cellular 
functional state, and adenosine serves as an endogenous 
anticonvulsant. In experiments in acute seizure models, ge-
netic deficiency of TRPV1 or GPR55 limited the antisei-
zure effects of CBD.13,107

CBD has a challenging pharmacokinetic profile, with 
low and variable bioavailability (<6%), also affected 
by fat- rich food, 99% protein binding, and metabolism 

through CYP2C19 and 3A4.13,108 CBD has shown efficacy 
in placebo- controlled, randomized trials in DS, LGS, and 
tuberous sclerosis in doses of 10– 25 mg/kg.29– 31,109 In two 
trials with DS subjects (n = 120), a median reduction of 
40% of convulsive seizures was observed with CBD 20 mg/
kg. The time frame was up to 48 weeks including the open 
label extension phase.29,109 A median reduction in drop sei-
zures and total seizures was seen in the two studies with 
patients with LGS (n = 171 and n = 225) up to 48 weeks 
with CBD 10– 20 mg/kg.29– 31 The study with TSC patients 
is yet to be published, but preliminary data are shown in 
Table 2.32 Open- label studies have suggested effectiveness 
in children with CDKL5 deficiency disorder, Aicardi syn-
drome, and Dup15q syndrome,110 and case reports in other 
epileptic syndromes.

Safety data from these controlled trials show a clear 
dose dependency of adverse effects including somnolence, 
diarrhea, appetite loss, and fatigue/lethargy. Liver enzymes 
aspartate aminotransferase and alanine aminotransferase 
increase to more than threefold in patients who use VPA 
concomitantly and may settle spontaneously or require 
withdrawal of CBD in some cases.109 CBD is a strong en-
zyme inhibitor and causes drug interactions, for example, 
at the CYP2C19 step with CLB, resulting in severalfold 
increase in the active metabolite desmethyl CLB, with a 
risk of excessive adverse effects.111,112 If the patient is al-
ready using STP, further enzyme inhibition is unlikely.113 
Recently, a one-  to threefold increase in the serum concen-
trations of brivaracetam was seen in patients who added 
CBD due to inhibition of the same enzyme.113 Use of ther-
apeutic drug monitoring could be considered for patients 
initiating CBD, particularly if possible symptoms of toxic-
ity develop. Also, the pharmacokinetics of CBD is variable 
and unpredictable, and it is used in polytherapy, resulting 
in possible toxicity due to interactions.14,15

Other novel ASMs that are currently in development in-
clude drug candidates that can be considered first- in- class 
drug candidates with a novel mechanism of action. One ex-
ample is soticlestat (TAK935/OV935); this targets the brain- 
specific enzyme cholesterol 24- hydroxylase, which generates 
24S- hydroxycholesterol from cholesterol.114 Clinical studies 
are currently ongoing to assess the efficacy of soticlestat in 
children with DS and LGS (Table 2).

2.3.3 | Repurposed ASMs

Fenfluramine
Fenfluramine was initially marketed in the United States in 
1973 as an appetite suppressant and was frequently combined 
with the monoamine oxidase inhibitor phentermine to prolong 
its effect. However, reports of possible valvular heart disease 
and pulmonary hypertension emerged in the 1980s, and the 
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drug was withdrawn from the market based on results from 
a case– control study.115 Casaer and Boel reported significant 
benefit with fenfluramine in 22 children with self- induced 
photosensitive epilepsy; 27% achieved complete seizure free-
dom, and another 45% experienced a greater than 90% reduc-
tion in seizures.116 In 2012, Ceulemans et al. reported that 
70% of their case series of 12 DS patients achieved seizure 
freedom with fenfluramine.117

The pharmacological profile indicates that fenfluramine 
is a multitarget drug. It enhances serotonin (5- HT) release, 
increasing serotonergic signaling via different 5- HT recep-
tors.118 Fenfluramine causes a rise in extracellular sero-
tonin exceeding that triggered by traditional 5- HT reuptake 
inhibitors.119 The active metabolite nor- fenfluramine has a 
high affinity for 5- HT2B and 5- HT2C receptors.120 Whereas 
activation of 5- HT2C receptors mediates appetite suppres-
sion, activation of 5- HT2B receptors seems to be involved in 
drug- induced hypertrophy of cardiac valves.121 Fenfluramine 
has been combined with different receptor antagonists in a 
zebrafish mutant model, and the findings indicated a role 
of 5- HT1D and 5- HT2C receptors in its antiseizure effects. 
Interestingly, the study also demonstrated contribution of the 
sigma- 1 receptor.120 The sigma- 1 receptor is a highly inter-
esting target site with an intracellular localization in the en-
doplasmic reticulum, mitochondria, and nuclear membrane, 
which could affect neuroprotection and inflammation.122,123 
However, the question of whether fenfluramine can exert 
disease- modifying effects beyond a mere antiseizure ef-
fect still requires further investigation. The current state of 
knowledge suggests that fenfluramine's mechanism of action 
combines an enhancement of serotonergic neurotransmission 
with a positive allosteric modulation of the sigma- 1 receptor.

Based on experience in the Belgium cohort and knowl-
edge about the pharmacological characteristics, a drug de-
velopment program was initiated to further assess efficacy 
and tolerability of fenfluramine in controlled clinical stud-
ies. Two Phase 3, randomized, placebo- controlled studies 
in DS have confirmed its efficacy. The first study included 
119 DS patients, aged 2– 18 years, with refractory convulsive 
seizures, but without use of STP.81 Cases were randomized 
1:1:1 to fenfluramine .7 mg/kg/day (up to a dose of 26 mg), 
fenfluramine .2 mg/kg/day, or placebo, with percentage re-
duction in convulsive seizure frequency as primary outcome 
measure. The median seizure reduction was significantly 
higher in both fenfluramine groups compared to placebo 
(74.9%, 42.3%, and 19.2%, respectively). The second study, 
which had identical entry criteria, except that patients had 
to be on STP, included 87 cases, who were randomized 1:1 
to fenfluramine .4 mg/kg/day (to a maximum of 17 mg/day) 
or placebo.37 The doses were lower here than in the first 
study due to concomitant use of the enzyme inhibitor STP. 
Patients treated with fenfluramine achieved a 54% greater re-
duction in mean monthly convulsive seizure frequency than 

those receiving placebo. With fenfluramine, 54% of patients 
demonstrated a 50% or greater and 35% a greater than 75% 
reduction in monthly convulsive seizure frequency versus 5% 
and 2%, respectively, with placebo.

The efficacy and tolerability appear to be maintained in 
the long term. Of 232 DS patients who entered the open- 
label extension study, the median reduction in seizure fre-
quency was similar in patients less than 6 (−75.7%) and 6 
or more  years old (−64.7%), with a median follow- up of 
256 days (range = 46– 634).124

A clinical trial was also performed in LGS patients, aged 
2– 35 years, with drug- resistant drop seizures.36 Patients were 
randomized 1:1:1 to fenfluramine .7 mg/kg/day, fenfluramine 
.2 mg/kg/day, or placebo. Only the higher dose gave a signifi-
cantly greater reduction in drop seizures (26.5% vs. 7.8% on 
placebo, p  =  .0012). Similarly, more patients had a greater 
than 50% reduction in drop seizures on the higher dose of fen-
fluramine (25% at .7 mg/kg/day vs. 10% in the placebo group).

Fenfluramine was also studied in a small open- label trial 
in five patients, aged 4– 25 years, with drug- resistant seizures 
associated with Sunflower syndrome.125 The initial dose 
was .2 mg/kg/day, titrated to a maximum of .7 mg/kg/day or 
26 mg/day. Overall, patients experienced a median reduction 
in convulsive seizure frequency of 74%. The most common 
adverse effects include decreased appetite, diarrhea, fatigue, 
lethargy, somnolence, and weight loss. Importantly, no car-
diac valvulopathy or pulmonary hypertension has been noted 
so far. FDA has mandated surveillance echocardiograms 
every 6 months for all children treated with fenfluramine.

Other repurposed drug for DEEs, including DS, are lorca-
serin and clemizole (Table 1).

3 |  EXPERT OPINION AND 
CONCLUSIONS

The drug development landscape is evolving, from the devel-
opment of a few drugs targeting a large number of patients 
(mainly those with focal onset and/or generalized tonic– 
clonic seizures with idiopathic generalized epilepsy) to nu-
merous candidate drugs for orphan epilepsies.126 This change 
is likely due to a saturation of the market, with an abundance 
of medications for focal onset seizures, resulting in decreased 
financial incentives to develop further such medications. 
However, this evolution of the drug development landscape 
results into a unique opportunity for pediatric onset epilepsies 
that have been underinvestigated for years. This is particularly 
true for rare DEEs, where few if any drugs are approved for 
specific use. The progress in genetics and molecular biology 
has also provided new insights in the understanding of the 
neurobiology of many of these disorders, allowing the devel-
opment of precision medicine in the epilepsy field. Precision 
medicine refers to tailored or personalized treatment, and 
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usually starts with in vitro or in vivo data followed by a proof- 
of- concept study in patients. New drug candidates are also 
arising from the repurposing of existing compounds, either 
based on clinical observation (e.g., fenfluramine in DS) or 
choosing a product with a known mechanism of action to tar-
get the neuropathological mechanism. However, for some of 
these compounds, the results so far are scarce or conflicting. 
Furthermore, various genetic treatments will possibly be the 
future of precision medicine in DEEs.

In recent years, everolimus has been the first example of 
an ASM developed based on the neurobiology of disease. 
Despite a positive trial, the Phase 3 study results are less ro-
bust than hoped for with a precision medicine, instead being 
similar to what is usually seen in Phase 3 RCTs of drugs for 
focal onset seizures. However, everolimus is not truly an 
antiseizure medication, but rather has a possible disease- 
modifying effect. Thus, early treatment initiation may be of 
benefit, and there is a need for clinical studies in younger 
children with DEEs. In addition to everolimus improving sei-
zures, data suggest it has an impact on cognition and in other 
tuberous sclerosis- associated neuropsychiatric disorders. 
Moreover, experimental data suggest that precision medi-
cines such as mTOR inhibitors in the TSC model might not be 
a unique way to reduce seizures. In TSC1 KOGFAP mice, the 
use of an anti- inflammatory compound (IL1B and CXCL10 
inhibitor) significantly reduces seizures during a window of 
time of brain development.127 Another example of precision 
medicine that went from the laboratory to clinical practice 
is the use of quinidine for KCNT1- related epilepsy. Recent 
data have been disappointing, suggesting the absence of clear 
correlation between a positive effect on quinidine on the po-
tassium influx and the clinical response in patients with the 
same pathogenic variant.128 These two examples demonstrate 
the importance of assessing theoretical precision therapies in 
actual patients, measuring the outcome of important comor-
bidities in addition to seizures.

Although designing a precision therapy based on the neu-
robiological mechanism of disease is enticing, it is not the 
only way to successfully develop new compounds. The suc-
cess with fenfluramine in DS reminds us that clinical obser-
vations or exploratory trials might lead to highly successful 
drug development. Clinical efficacy, mechanism of action, 
pharmacokinetic properties, drug– drug interactions, and ad-
verse effect profile are key for development and prescription 
of any drug. Currently, all the trial designs accepted by the 
regulatory agencies have focused on antiseizure properties; 
however, it will be key to also establish how to demonstrate 
effectiveness of a precision therapy on the natural history of 
the disease, focusing on both seizures and comorbidities.
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