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Abstract

Malformations of cortical development (MCDs) represent a range of neurodevelopmental disorders that are collectively com-
mon causes of developmental delay and epilepsy, especially refractory childhood epilepsy. Initial treatment with antiseizure
medications is empiric, and consideration of surgery is the standard of care for eligible patients with medically refractory
epilepsy. In the past decade, advances in next generation sequencing technologies have accelerated progress in understand-
ing the genetic etiologies of MCDs, and precision therapies for focal MCDs are emerging. Notably, mutations that lead to
abnormal activation of the mammalian target of rapamycin (mTOR) pathway, which provides critical control of cell growth
and proliferation, have emerged as a common cause of malformations. These include tuberous sclerosis complex (TSC),
hemimegalencephaly (HME), and some types of focal cortical dysplasia (FCD). TSC currently represents the best example
for the pathway from gene discovery to relatively safe and efficacious targeted therapy for epilepsy related to MCDs. Based
on extensive pre-clinical and clinical data, the mTOR inhibitor everolimus is currently approved for the treatment of focal
refractory seizures in patients with TSC. Although clinical studies are just emerging for FCD and HME, we believe the next
decade will bring significant advancements in precision therapies for epilepsy related to these and other MCDs.
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Introduction

Malformations of cortical development (MCDs) refer to a
range of neurodevelopmental disorders that are collectively
common causes of developmental delay and epilepsy. In an
initial classification system, MCDs were divided into three
major groups based on the earliest step in brain development
that was presumed to be disrupted—proliferation, migration,
or cortical organization [1]. In 2012, the classification sys-
tem was updated to take into account advances in imaging,
pathology, genetics, and molecular biology that increased
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our understanding of development and malformation of the
human cerebral cortex [2]. In the current classification sys-
tem, group 1 refers to malformations secondary to abnormal
neuronal and glial proliferation or apoptosis, including con-
genital microcephaly, megalencephaly, and focal and diffuse
dysgenesis and dysplasia; group 2 refers to malformations
due to abnormal neuronal migration, including periventricu-
lar heterotopia, lissencephaly, subcortical heterotopia, and
cobblestone malformation; and group 3 refers to malforma-
tions secondary to abnormal post-migrational development,
including polymicrogyria, focal dysplasia due to late devel-
opmental disturbances, and post-migrational microcephaly
[2].

MCDs are an important cause of epilepsy, especially
early onset medically refractory epilepsy. Although the true
incidence is difficult to determine, MCDs are identified in
approximately up to 25% of children and 10% of adults with
epilepsy, with relatively wide ranges reported depending
on the specific population studied and imaging technolo-
gies used, and higher percentages generally reported when
focused on non-acquired and focal epilepsy [3—6]. At least
75% of patients with MCDs develop recurrent seizures [7],
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and MCDs account for up to 40% of children with refractory
epilepsy [8]. Initial treatment with antiseizure medications
(ASMs) remains empiric, and surgery is the only potential
cure for patients with refractory epilepsy and in some cases
the only means to achieve palliation of recurrent seizures [9].
Surgery is the current standard of care for eligible patients
with medically refractory epilepsy related to MCDs (i.e.,
patients with focal epilepsy for whom the epileptogenic zone
can be localized, typically using stereoelectroencephalogra-
phy, and is outside eloquent cortex) and can lead to a signifi-
cant decrease in seizure frequency and even seizure freedom
for some patients [10, 11]. In a recent neuropathology study
of brain tissue obtained during epilepsy surgery for patients
with refractory epilepsy, MCDs were the third most common
histopathological diagnosis overall (19.8%) and in adults
(12.4%), and the most common histopathological diagnosis
in children (39.3%) [12]. Patients with epilepsy related to
MCDs had earlier onset of epilepsy compared to patients
with epilepsy due to other causes, and over half (58%) of
patients with epilepsy related to MCDs who underwent epi-
lepsy surgery had seizure freedom 1 year after surgery [12].

The mechanisms of epileptogenesis in MCDs continue
to be elucidated, and studies suggest that multiple factors,
including the vulnerable time periods of corticogenesis and
synaptogenesis, the initial genetic or non-genetic insult, and
the impact of the insult on developing cortical networks, con-
tribute to the development of seizures [13]. Although non-
genetic causes, including toxins, infections, and ischemic
insults, contribute to some MCDs, in this review, we will
focus on genetic causes as a pathway to targeted therapies
[14]. As our knowledge of these disorders evolves, MCDs
can be classified based on the affected molecular pathways,
simplifying diagnoses and providing a path to precision ther-
apies [3]. In the past decade, advances in next generation
sequencing (NGS) technologies have accelerated progress
in understanding the genetic etiologies of MCDs. Notably,
mutations that lead to abnormal activation of the mammalian
target of rapamycin (mTOR) pathway, which provides criti-
cal control of cell growth and proliferation, have emerged as
a common cause of malformations secondary to abnormal
proliferation, including tuberous sclerosis complex (TSC),
hemimegalencephaly (HME), and some types of focal corti-
cal dysplasia (FCD) [15-20]. In this review, we will focus
on focal MCDs for which precision therapies are in the pre-
clinical or clinical stages. We will first review TSC as the
current best example of a MCD for which targeted therapies
for associated epilepsy have been developed based on the
underlying genetics and molecular pathways and extensively
studied in both pre-clinical models and clinical trials. We
will then review the current landscape of such therapies for
HME, FCD, and related MCDs. Finally, we will discuss
challenges and aspirations for developing precision therapies
for epilepsy related to MCDs more broadly.

Tuberous Sclerosis
TSC and Epilepsy

Tuberous sclerosis complex (TSC) is an autosomal domi-
nant multisystem neurocutaneous disorder that affects the
central nervous system (CNS), skin, eyes, heart, lungs, and
kidneys. TSC occurs in approximately 1 in 6000 live births
[21]. The disorder was named by Bourneville in 1880,
who described the post-mortem neuropathological find-
ings as “tuberous sclerosis of the cerebral convolutions”
in a young patient with epilepsy, hemiparesis, intellectual
disability (ID), and renal tumors [22]. Neurological mani-
festations of TSC include structural abnormalities in the
brain (cortical and subcortical tubers, subependymal nod-
ules, and subependymal giant cell astrocytomas [SEGAs]),
epilepsy, and a range of neuropsychiatric disorders [23],
notably ID in approximately 45% [24] and autism spec-
trum disorder in approximately 40% [25]. In the 2012
MCD classification, TSC falls in group 1, malformations
secondary to abnormal neuronal and glial proliferation or
apoptosis, and is further specified as a cortical dysgenesis
with abnormal cell proliferation but without neoplasia [2].
Seizures are the most common presentation of TSC,
with epilepsy occurring in 80-90% of patients over their
lifetimes, including the severe epileptic encephalopathy
infantile spasms in 30-40% [26-28]. The majority of
patients—almost 75%—develop epilepsy within the first
year of life [29], and early onset epilepsy typically pre-
sents with infantile spasms or focal seizures [30]. Virtually
all seizure types have been reported in TSC, and patients
often develop multiple seizure types [26]. The likelihood
of developing epilepsy after presenting with a first sei-
zure is essentially 100% for patients with TSC, and thus
early treatment with ASMs is warranted, even after a first
seizure. Epilepsy related to TSC is medically refractory
in up to two-thirds of patients [26]. Alternative treatment
options include surgery, the ketogenic diet, and vagus
nerve stimulation, and as we will discuss in detail below,
there is growing evidence supporting the use of targeted
therapy with mTOR inhibitors. Surgical evaluation often
localizes the region of seizure origin to a tuber that is then
resected, suggesting that tubers may be epileptogenic [31].
Approximately 60% of patients with epilepsy related to
TSC who undergo surgery achieve seizure freedom [32].

TSC Genetics and Molecular Pathways

TSC is caused by mutation of one of two tumor suppres-
sor genes: TSCI, which encodes hamartin (TSC1) [20],
or TSC2, which encodes tuberin (TSC2) [33]. A patho-
genic germline variant in 7SCI or TSC2 is identified in
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approximately 95% of patients with TSC [34, 35], and
a pathogenic somatic mosaic variant may be detected in
patients with no identified germline mutation [36]. In the
“two-hit” model of Knudson [37], an individual inherits
a variant in one allele, which is present in all of the cells,
and a post-zygotically acquired variant in the second allele
leads to loss of protein function and subsequent disease
manifestations, such as overgrowth of specific tissues and/
or, in some cases and in some tissues, cancer. In TSC,
patients generally have an inherited or de novo germline
mutation in one allele of T7SCI or TSC2; somatic mosaic
variants of the second allele have been identified in non-
nervous system tumors and rarely in cortical tubers or
dysplasias [38—41].

TSC1 and TSC2 are negative regulators of the serine/
threonine protein kinase mTOR, specifically of the pro-
tein complex mTORC1, which consists of mTOR, Rap-
tor, mLST8, DEPTOR, and PRAS40 [42, 43]. The mTOR
pathway regulates major cellular processes, including
metabolism and proliferation, in response to environmen-
tal cues, receiving inputs from upstream energy-sensing
and amino acid-sensing signaling pathways [44]. In the
CNS, mTOR is a critical regulator of neurodevelopment
and influences neuronal excitability [45]. TSC1 and TSC2,
along with TBC1D7, form a heterotrimeric complex (TSC)
that is a central component of the energy-sensing pathway
and mediates responses to growth factors, nucleotides,
oxygen, and energy [42, 46]. As one example, growth fac-
tor signaling activates PI3K, which leads to activation of
AKT, which then inhibits TSC. The tuberous sclerosis
complex functions as a GTPase-activating protein for Rheb
[47], a GTPase that activates mTOR by directly binding
to mTORCI1 [48]. Thus, TSC1 and TSC2 inhibit mTOR,
and the loss-of-function variants identified in 7SCI and
TSC2 in patients with TSC lead to abnormal hyperacti-
vation of the mTOR pathway [49]. Studies have demon-
strated increased phosphorylation of downstream targets
of mTOR, such as S6 kinase and ribosomal protein S6, in
cortical tubers from patients with TSC [50]. The discov-
ery of abnormal hyperactivation of the mTOR pathway
in TSC suggested that inhibition of the mTOR pathway
could be a promising therapeutic target in patients with
TSC. Most pertinent to this review, given the role of the
mTOR pathway in cellular processes that influence neu-
ronal excitability, activation of the mTOR pathway was
hypothesized to contribute to the development of epilepsy
and thus inhibition of this pathway could specifically have
an anti-epileptogenic and/or anti-seizure effect [45].

Pre-clinical Studies of mTOR Inhibitors

Rapamycin (also known as sirolimus) and its structural ana-
logs (rapalogs, e.g., everolimus) directly inhibit mTORC1
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by forming a complex with FKB12 and binding to mTOR
[51]. Numerous studies have provided pre-clinical evidence
of beneficial effects of targeted mTOR inhibitors in ani-
mal models of TSC, and here we will focus on the initial
mouse studies that established anti-epileptogenic effects.
Zeng et al. [52] first demonstrated the anti-epileptogenic
effect of the mTOR inhibitor rapamycin in Tsc1°FAP condi-
tional knockout mice with conditional inactivation of Tscl
mainly in glia. Early treatment with rapamycin (before
onset of neurological abnormalities) prevented epilepsy
and premature death in this mouse model, and late treat-
ment (after the onset of neurological manifestations nota-
bly epilepsy) decreased seizures and prolonged survival.
Meikle et al. [53], using a mouse neuronal model of TSC
in which Tsc! is ablated in most neurons during cortical
development, similarly demonstrated that early treatment
with rapamycin or its derivative everolimus prevented spon-
taneous seizures during the treatment period and prolonged
survival. Zeng et al. [54] showed that Tsc2CFAP conditional
knockout mice had a more severe epilepsy phenotype com-
pared to Tsc1°FAP conditional knockout mice, and that early
treatment with rapamycin decreased seizure frequency and
prolonged survival. Taken together, these studies provided
support for clinical studies of mTOR inhibitors as targeted
therapies for patients with epilepsy related to TSC.

Clinical Studies of mTOR Inhibitors

In the context of TSC, mTOR inhibitors were initially stud-
ied for the treatment of TSC-associated tumors, namely,
SEGAs and renal angiomyolipomas. In 2006, a case series
of four TSC patients with SEGAs reported that treatment
with oral rapamycin induced lesion regression [55]. An
open label, phase I/II clinical trial of everolimus for SEGAs
(NCTO00411619) demonstrated that treatment of 28 patients
with everolimus for 6 months reduced SEGA volume (pri-
mary endpoint), with at least 30% reduction in volume in 75%
of patients [56]. Treatment also reduced seizure frequency
(secondary endpoint): 9/16 evaluable patients had reduced
seizure frequency, 6 had no significant change in seizure
frequency, and 1 had increased seizure frequency. An open
label extension phase of 25 patients reported that everolimus
treatment continued to be effective at 34 months and noted
that all patients reported at least 1 adverse event (AE), most
commonly upper respiratory infections (URIs), stomatitis, or
sinusitis [57]. Final analysis of 22 patients at 5 years revealed
a sustained effect on SEGA volume and no new safety con-
cerns [58]. A double-blind, placebo-controlled, phase III clini-
cal trial (EXamining everolimus In a Study of TSC, EXIST-1,
NCT00789828), subsequently reported that 35% of patients in
the everolimus group had at least 50% SEGA volume reduc-
tion compared to none in the placebo group at 6 months (pri-
mary endpoint) [59]. Median change from baseline seizure
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frequency at 6 months (secondary endpoint) was O in both the
everolimus and placebo groups, but the analysis was incon-
clusive because the median number of seizures at baseline
was also 0. A 2-year open label extension and the final analy-
sis revealed that almost 60% of evaluable patients achieved
SEGA response [60, 61]. All but one patient experienced AEs,
the most common being stomatitis and mouth ulcerations;
9% of patients experienced an AE that led to discontinuation.
Subsequently, the double-blind, placebo-controlled, phase
III EXIST-2 clinical trial (NCT00790400) and its open-label
extension and 4-year follow-up studies demonstrated that
everolimus treatment reduced renal angiomyolipoma volume,
with stomatitis and hypercholesterolemia as the most common
AEs reported [62—-64]. Based on these studies, everolimus was
the first drug approved in the USA and Europe for treatment
of SEGAs and renal angiomyolipomas in patients with TSC.

Over the past decade, mTOR inhibitors have been stud-
ied for the treatment of epilepsy related to TSC. In 2009,
Muncy et al. described reduced seizure frequency after
treatment with rapamycin in a 10-year-old patient with epi-
lepsy related to TSC [65]. An open label, phase I/II clinical
trial (NCT01070316) of everolimus for refractory epilepsy
related to TSC demonstrated seizure reduction (median 73%)
in 17/20 patients after 12 weeks of treatment, with 4 patients
achieving seizure freedom [66]. An open-label extension
found that 13/14 patients had at least 50% reduction in sei-
zure frequency at 4 years. Everolimus was well tolerated;
although all patients reported at least one AE, most com-
monly infectious or gastrointestinal/oral, 94% were mild or
moderate [67].

The double-blind, placebo-controlled, phase III EXIST-3
clinical trial (NCTO01713946) assessed the efficacy and safety
of low and high trough exposure concentrations of adjunc-
tive everolimus compared with placebo for 366 patients aged
2-65 years with refractory focal seizures related to TSC
[68]. Everolimus treatment significantly reduced seizure
frequency compared to placebo after the core phase, with
40% of patients in the high exposure group, 28.2% in the low
exposure group, and 15.1% in the placebo group achieving at
least 50% reduction in seizure frequency; median reduction
in seizure frequency was 14.9% in the placebo group, 29.3%
in the low exposure group, and 39.6% in the high exposure
group (primary endpoint). An open-label extension for at
least 48 weeks found sustained reduced seizure frequency,
with a response rate of 46.6% after 1 year and 57.7% after
2 years of treatment [69]. Thus, there was a relationship
between everolimus exposure and efficacy, with an increase
in response rate over time. The most common AEs were
stomatitis, pyrexia, diarrhea, nasopharyngitis, and URIs;
13% of patients discontinued treatment due to AEs, and two
deaths were suspected to be related to treatment. Currently,
an open label study, Roll-over Study to Collect and Assess
Long-term Safety of Everolimus in Patients with TSC and

Refractory Seizures Who Have Completed the EXIST-3
Study and Who Are Benefitting From Continued Treatment
(NCTO02962414), is active and is anticipated to remain open
for approximately 10 years from first patient’s first visit to
evaluate long-term safety. A post hoc analysis of the 299
pediatric patients in the trial found a higher response rate in
both age groups studied (< 6 years and > 6 years) compared
to placebo [70]. Seizure reduction was sustained at 1 year,
with response rates of 48.9% in the younger subgroup and
47.2% in the older subgroup, and treatment was well toler-
ated. Everolimus has been approved in the USA and Europe
for the adjunctive treatment of focal refractory seizures in
patients with TSC who are at least 2 years old. A retrospec-
tive study of sirolimus and everolimus in children under
2 years old found increasing use clinically, mainly for refrac-
tory epilepsy related to TSC, and largely mild to moderate
AEs, most commonly related to infections [71]. Currently,
the phase I/ clinical trial Stopping TSC Onset and Progres-
sion 2: Epilepsy Prevention in TSC Infants (NCT04595513)
is recruiting participants (infants with TSC up to 6 months).
The study will include an open-label phase to establish
sirolimus dosing followed by a randomized, double-blind,
placebo-controlled phase to evaluate the safety and efficacy
of early sirolimus to prevent or delay seizure onset in infants
with TSC, with primary outcomes as follows: (1) percent-
age of subjects reporting severe/serious AEs and (2) time to
seizure onset.

There have also been several recent smaller, open label
studies that evaluated mTOR inhibitors for epilepsy related
to TSC. A compassionate use trial of everolimus in 7
patients with TSC and refractory epilepsy showed 25-100%
reduction in seizure frequency for 4/6 patients; one patient
discontinued early due to an AE of skin flushing [72]. An
open-label study including 7 patients with TSC and refrac-
tory seizures treated with sirolimus and everolimus found at
least 50% reduction in seizure frequency in 5/7 patients, with
three patients reporting subjective improvements in learn-
ing [73]. A placebo-controlled, open-label, cross-over trial
(NTR3178) of 23 children with refractory epilepsy related
to TSC found a non-significant 41% reduction in seizure fre-
quency between the adjunctive sirolimus phase compared to
the standard care phase; however, the study was underpow-
ered and the mean sirolimus trough level was below target
[74]. Of the 14 children who reached the trough target level,
there was a significant 61% decrease in seizure frequency.
A single-center, open-label study of everolimus for refrac-
tory epilepsy related to TSC found a reduction in seizure
frequency of at least 50% for 12/15 (80%) children, with
7/12 (58%) seizure free after at least 6 months of treatment
[75]. A cohort study of 91 children with epilepsy related to
TSC treated with sirolimus for 1 year found that 78% of chil-
dren responded and 47.2% achieved seizure freedom [76].
There was an indirect relationship between age and response
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rate, with significantly higher proportion of responders in
younger children compared to older children. There was no
significant difference in seizure frequency reduction between
patients that changed AEDs compared to patients that main-
tained AEDs while receiving sirolimus, and there were no
grade 3 or 4 AEs. Overall, clinical studies of mTOR inhibi-
tors for epilepsy related to TSC have demonstrated efficacy,
especially when treatment is started at a young age with
higher trough levels and is sustained, as well as a tolerable
safety profile.

TSC and Vigabatrin

As mentioned above, infantile spasms occur in 30-40% of
patients with TSC, and the ASM vigabatrin is currently
approved in the USA for the treatment of infantile spasms
in children at least 1 month old as well as the treatment of
refractory focal epilepsy in patients at least 2 years old with
TSC. Vigabatrin is recommended in the USA and Europe as
first-line treatment for infantile spasms related to TSC, with
a response rate up to 95% across studies, and in Europe is
also recommended as first-line treatment for focal seizures
in the first year of life related to TSC, balancing the risk of
visual field loss due to irreversible retinal toxicity [77, 78].
Vigabatrin inhibits GABA transaminase and thus GABA
catabolism, leading to increased GABA levels in the brain.
Interestingly, Tsc19FAP conditional knockout mice treated
with vigabatrin demonstrated not only increased brain
GABA concentration but also decreased activation of the
mTOR pathway [79], suggesting that some level of inhi-
bition of the mTOR pathway may contribute to its unique
efficacy in patients with TSC.

Given studies suggesting that early treatment is associ-
ated with improved epilepsy and neurodevelopmental out-
comes and the efficacy of vigabatrin, two large clinical tri-
als are investigating the safety and efficacy of its potential
preventive use before the appearance of clinical seizures in
patients with TSC. The multi-center European Long-Term,
Prospective Study Evaluating Clinical and Molecular Bio-
markers of Epileptogenesis in a Genetic Model of Epilepsy-
Tuberous Sclerosis Complex (EPISTOP, NCT02098759), a
randomized controlled trial at 6 sites and an open-label trial
at 4 sites, enrolled infants with TSC and no history of sei-
zures [80]. Infants were monitored with monthly video elec-
troencephalography (EEG) and received vigabatrin either
preventively (when epileptiform EEG activity was identi-
fied before seizures were detected) or conventionally (after
the first electrographic or clinical seizure). The time to first
clinical seizure (primary endpoint) was significantly longer
with preventive compared to conventional treatment with
vigabatrin in both the randomized controlled trial and open-
label trial (364 days compared to 124 days, and 426 days
compared to 106 days, respectively). At 2 years, preventive
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treatment significantly reduced the risk of clinical seizures,
refractory epilepsy, and infantile spasms. Preventive treat-
ment was well tolerated with no related AEs. The US ran-
domized, placebo-controlled, double-blind Preventing Epi-
lepsy Using Vigabatrin In Infants With Tuberous Sclerosis
Complex (PREVeNT, NCT02849457) phase II clinical trial
is currently ongoing. This trial similarly enrolled infants
with TSC and no history of seizures, followed the infants
with monthly EEGs, and randomized infants with epilepti-
form activity detected on EEG to vigabatrin or placebo. The
primary outcome is cognitive level as assessed by the Bayley
Scales of Infant and Toddler Development at 24 months,
and the secondary outcomes include the development of
seizures, time to first clinical seizure, and the prevalence of
drug-resistant epilepsy. While results of the PREVeNT trial
are pending, results from the EPISTOP trial suggest that pre-
ventive treatment with vigabatrin may positively change the
natural history of TSC. Table 1 summarizes the clinical trials
to date on targeted therapies for epilepsy related to TSC.

Although further studies on timing, efficacy, and safety
of early treatment with mTOR inhibitors and vigabatrin are
needed, one can imagine a future in which early diagnosis of
TSC prenatally or rapidly postnatally leads to frequent moni-
toring with EEG for epileptiform activity. This is particu-
larly notable since the standard of care for seizure and epi-
lepsy diagnosis in the general population, without a specific
genetic etiology, is to treat only after clinical seizures begin.
The very high rate of seizures, as demonstrated by natural
history data for patients with TSC, justifies this proactive
approach. Detection of abnormal EEG activity prompts early
“preventive” treatment with vigabatrin or an mTOR inhibi-
tor. If and when epilepsy develops and necessitates addi-
tional treatment, additional ASDs or targeted treatments are
started. Treatment options such as the ketogenic diet, vagus
nerve stimulation, and epilepsy surgery remain important
options, but it is interesting to speculate that the combina-
tion of targeted vigabatrin and mTOR inhibitors may show
unique efficacy and potential synergism for the treatment of
epilepsy related to TSC and may lead to improved epilepsy
and neurodevelopmental outcomes.

“mTORopathies”: Focal Cortical Dysplasia
Type Il and Hemimegalencephaly

FCD Il, HME, and Epilepsy

Focal cortical dysplasia (FCD), first described by Taylor
et al. in 1971 [81], is a form of MCD characterized by a
focal, typically small, region of abnormal cerebral cortex
and often its underlying white matter [82]. Based on the
classification system developed by the International League
Against Epilepsy (ILAE) in 2011, FCD I is defined as an
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Table 1 Previously published registered clinical trials investigating targeted therapy in epilepsy related to MCDs

Clinical trial number Phase Study title

Efficacy results

NCT01070316 v

[Open-label extension]

NCTO01713946 I

Seizures (EXIST-3)

[Open-label extension]

NCT02098759 N/A

Sclerosis Complex (EPISTOP)"

A Placebo-controlled Study of Efficacy &
Safety of 2 Trough-ranges of Everolimus as
Adjunctive Therapy in Patients With Tuberous
Sclerosis Complex & Refractory Partial-onset

Everolimus (RADOO01) Therapy for Epilepsy in At least 50% reduction in seizure frequency in 60% (12/20)
Patients With Tuberous Sclerosis Complex

of patients (at least 2 years old at enrollment) with TSC
and refractory epilepsy after 12 weeks of treatment with
everolimus [66]

At least 50% reduction in seizure frequency in 93% (13/14) of
patients with TSC and refractory epilepsy after 4 years of
treatment with everolimus [67]

Significant difference in response rate (at least 50% reduction in
seizure frequency) in patients (aged 2—65 years at enrollment)
with TSC and refractory focal seizures in the high everolimus
trough exposure group (40%, 52/130) and low everolimus
trough exposure group (28.2%, 33/117) compared to the
placebo group (15.1%, 18/119) after the core phase. Significant
difference in median percentage reduction in seizure frequency
in the high exposure group (39.6%) and low exposure group
(29.3%) compared to the placebo group (14.9%) [68]

Response rate 46.6% at 1 year (N=298 patients) and 57.7% at
2 years (N=163 patients). Median percentage reduction in
seizure frequency 46.7% at 1 year and 56.9% at 2 years [69]

Long-term, Prospective Study Evaluating Clinical = Significantly longer time to first clinical seizure in infants (up to
and Molecular Biomarkers of Epileptogenesis
in a Genetic Model of Epilepsy—Tuberous

4 months old at enrollment) with TSC who received preventive
treatment (vigabatrin started when epileptiform EEG activity
identified before seizures detected) compared to conventional
treatment (vigabatrin started after the first electrographic or
clinical seizure); 364 vs 124 days in the randomized control
trial and 426 vs 106 days in the open-label trial. Preventive
treatment significantly reduced the risk of clinical seizures,
refractory epilepsy, and infantile spasms at 2 years [80]

“Further studies needed to determine if vigabatrin is a true targeted therapy

isolated lesion with abnormal cortical lamination, FCD II
as an isolated region with abnormal cortical lamination and
abnormal cell types (dysmorphic neurons with or without
balloon cells in types Ila and IIb, respectively), and FCD
IIT as a lesion with abnormal cortical lamination associated
with another principal lesion [82]. The ILAE classification
system was integrated into the updated MCD classifica-
tion system in 2012, with FCD I and III placed in group 3
(malformations due to abnormal post-migrational develop-
ment), specifically FCDs because of late developmental
disturbances, and FCD II placed in group 1 (malformations
secondary to abnormal neuronal and glial proliferation
or apoptosis), specifically focal cortical dysgenesis with
abnormal cell proliferation but without neoplasia, the same
subcategory as TSC [2]. Hemimegalencephaly (HME), first
reported by Sims in 1835, is a rare MCD characterized
by abnormal enlargement of a cerebral hemisphere and is
placed in group 1 in the same subcategory as FCD II and
TSC [2, 83].

FCD and HME are important causes of epilepsy and
especially refractory childhood epilepsy. FCD accounts
for approximately 5-10% of patients with focal epilepsy;
40-50% of patients with epilepsy related to FCD and the
vast majority of patients with epilepsy related to HME

develop refractory epilepsy [84—86]. Patients with FCD or
HME generally present with early-onset epilepsy in infancy
or childhood; focal seizures are the most common initial
presentation but the seizure semiology is heterogeneous [87,
88]. Epilepsy occurs in at least 70% of patients with FCD
(though admittedly it is the patients with epilepsy who are
most likely to be imaged) and in virtually all patients with
HME [86]. In the neuropathology study discussed above,
FCD was the most common neuropathological diagnosis and
FCD II was the most common specific neuropathological
diagnosis (17%) in children with intractable epilepsy who
had epilepsy surgery [12]. Patients with FCD or HME may
also have developmental delay, ID, and additional neurologi-
cal deficits. For patients with FCD, the extent of focal neu-
rological deficits relates to the location and extends of the
FCD, and for patients with HME, contralateral hemiparesis
and hemianopia are commonly reported [84].

FCD Il and HME Genetics and Molecular Mechanisms
Compared to MCDs like lissencephaly or microcephaly,
FCD and HME are focal MCDs, and it has long been

hypothesized that such focal MCDs may be due to somatic
mutations that occur post-zygotically during in utero
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development. FCD II and HME share pathological features
with TSC, notably the balloon cells identified in abnormal
FCD and HME brain tissue (similar to the giant cells iden-
tified in cortical tubers in TSC brain tissue) [50]. As dis-
cussed above, TSC is caused by loss of function mutations
in TSCI or TSC?2 that leads to abnormal hyperactivation of
the mTOR pathway, and evidence of hyperactivation is seen
in cortical tubers of patients with TSC. In 2004, increased
phosphorylation of downstream targets of the mTOR path-
way was detected in surgically resected FCD brain tissue
[89, 90]. Subsequent studies specifically showed increased
phosphorylation in dysmorphic neurons and balloon cells in
FCD II brain tissue, as well as in HME brain tissue [50, 91].
These studies suggested that abnormal hyperactivation of the
mTOR pathway may be a common mechanism underlying
TSC, FCD II, and HME.

Over the past decade, advances in NGS and single cell
technologies have demonstrated that FCD II, HME, and TSC
are all “mTORopathies” caused by mutation that leads to
abnormal hyperactivation of the mTOR pathway. Evidence
for a genetic etiology for HME emerged in 2012, when our
group and two others reported somatic mutations in posi-
tive regulators of the mTOR pathway (AKT3, PIK3CA, and
MTOR) in HME patients [16, 18, 19]. We studied surgically
resected brain tissue from eight patients with HME and iden-
tified two patients with somatic chromosome 1q copy number
increases, which includes the AK73 locus (encoding a posi-
tive regulator of mTOR), and one patient with a somatic acti-
vating point mutation in AKT3 [16]. Evidence for a genetic
etiology for FCD emerged in 2014, when Scheffer et al. [17]
reported germline variants in DEPDC5 (encoding a nega-
tive regulator of mTOR) in familial focal epilepsy, includ-
ing some affected individuals with likely FCD II on neuro-
imaging. DEPDCS is part of the GATOR1 complex, which
also includes NPRL2 and NPRL3. GATORI1 is a guanine
exchange factor for Rag, a GTPase that activates mTORCI1
and mediates response to amino acids [42]. Somatic mosaic
variants were identified in FCDs in 2015, when Lim et al.
studied surgically resected brain tissue from 77 FCDII
patients and identified 8 different somatic activating point
mutations in MTOR [92]. Multiple studies have since con-
firmed “‘single-hit” activating variants in positive regulators
of the mTOR pathway in FCD and HME, including variants
inAKTI,AKT3, MTOR, PIK3CA, and RHEB [16, 18, 19, 41,
92-95]. Studies have also confirmed loss-of-function variants
in negative regulators of the mTOR pathway in FCD and
HME, including in DEPDC5, NPRL2, NPRL3, PTEN, TSCI,
and 7SC2, and in a few cases, a “two-hit” model of germline
and somatic mosaic variants has been demonstrated [17, 41,
93, 96-102]. The mTOR pathway and associated “mTORo-
pathies” are summarized in Fig. 1.

The alternate allele frequency (AAF) of detected somatic
mutations in FCD and HME ranges from approximately 1
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to 30% [41]. The average AAF for variants associated with
FCD is lower than the average AAF for variants associated
with HME; while there is some overlap, there appears to be
a relationship between the allele frequency and the sever-
ity of the phenotype [41]. In general, when blood samples
are available, the somatic mosaic variants identified in brain
tissue are not detected in blood, suggesting that the muta-
tional events that result in these variants arise relatively late
in embryonic development, after gastrulation or in some
cases after neurulation. Single cell studies of human brain
tissue resected in the course of clinical treatment and mouse
studies have suggested that abnormal hyperactivation of the
mTOR pathway in neurons is necessary for disease patho-
genesis, and further that such hyperactivation in the excita-
tory neuron lineage is necessary and in some cases sufficient
[41]. Overall, FCD II and HME appear to represent a disease
continuum, with the size and extent of the lesion dependent
on the time (during development) and place (type of pro-
genitor cell) in which the disease-causing somatic mutation
occurs. Given the emerging evidence of efficacy and safety
of mTOR inhibitors for TSC, use of mTOR inhibitors in the
“mTORopathies” FCD II and HME presents a promising
option for precision therapy.

Pre-clinical Studies

There is a growing body of literature on pre-clinical mouse
and rat models of focal MCDs. In this section, we will
highlight several studies that have investigated the anti-
epileptogenic effects of mTOR pathway inhibitors in such
models. Several models have expressed identified activat-
ing variants in positive regulators of the mTOR pathway. In
utero electroporation of the variant that results in the Akt3
E17K substitution leads to abnormal cortical architecture,
cytomegalic neurons, abnormal neuronal migration, and
electrographic seizures that are rescued when rapamycin
is administered prenatally but not postnatally [103]. Pre-
natal conditional expression of Pik3ca mutations leads to
megalencephaly, abnormal cortical architecture, cytomegalic
neurons, and seizures, and acute postnatal treatment with
the PI3K inhibitor BKM120 suppressed seizures [104].
In utero electroporation of the variant that results in Mtor
L2427P leads to abnormal neuronal migration, cytomegalic
neurons, and spontaneous seizures, and postnatal rapamycin
suppressed cytomegalic neurons and seizures [92]. In utero
electroporation of the variant that results in Rheb Y35L
leads to abnormal neuronal migration, cytomegalic neurons,
and seizures, and postnatal rapamycin significantly reduced
seizure frequency [95].

In addition, multiple models of loss of function in nega-
tive regulators of the mTOR pathway have been studied.
Conditional knockout of Pfen in neurons leads to megalen-
cephaly, cytomegalic neurons, and seizures, and rapamycin
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Fig.1 The mTOR pathway and
associated MCDs. Schematic Amino acids
of the mammalian target of !
rapamycin (mTOR) pathway, !
with protein components |
annotated with the malforma-
tions of cortical development
(MCDs) for which pathogenic !
mutations have been identified I
in the respective genes. Bold |
indicates pathogenic somatic :
mutations have been identified. }
FCD, focal cortical dysplasia; !
HME, hemimegalencephaly; !
MEG, megalencephaly; PMSE, ]
polyhydramnios, megalenceph- ]
aly, and symptomatic epilepsy :
syndrome; TSC, tuberous :
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suppressed seizures, including in older mice with estab-
lished epilepsy [105-107]. Depdc5*~ rats have cytomeg-
alic neurons and balloon-like cells (Depdc5~'~ models are
embryonic lethal), and prenatal rapamycin suppressed the
abnormal cells [108]. Focal mosaic knockout of Depdc5
in mouse brain leads to abnormal cortical lamination,
balloon-like cells, and spontaneous epilepsy, and prenatal
rapamycin rescued neuronal migration defects [109]. Con-
ditional knockout of Depdc5 in neurons leads to megalen-
cephaly, cytomegalic neurons, and seizures, and postnatal
chronic rapamycin prolonged survival and decreased brain
size and neuronal soma size [110, 111]. Taken together,

(e.g. everolimus)

/ \
S6K 4EBP1
\ 1
S6 EIFAE
Cell growth

studies of mTOR pathway inhibitors in models of FCD
and HME suggest promise for use in patients with epilepsy
related to FCD or HME, but questions remain regarding
safety and efficacy, including the optimal timing of such
therapy.

Clinical Studies
Clinical studies of mTOR inhibitors for patients with FCD
and HME are just emerging and will be an exciting area in

the coming years. Xu et al. [112] described an infant with
HME, refractory seizures (after 9 ASMs had been tried),
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and a somatic mosaic variant in MTOR, for whom rapamy-
cin treatment was started at 3 months of age while awaiting
hemispherectomy. The authors observed a greater than 50%
reduction in seizures after 1 week of treatment and improved
development after 2 weeks of treatment, allowing postpone-
ment of surgery to allow for weight gain required to more
safely consider surgery because of the risk of blood loss in
small infants. Currently, there are two active clinical trials
investigating mTOR inhibitors in FCD II. A US study, A
Pilot Study To Evaluate The Effects of Everolimus on Brain
mTOR Activity and Cortical Hyperexcitability in TSC and
FCD, is an open label phase II trial to evaluate the effects
of everolimus on brain mTOR signaling in TSC and FCD
patients aged 1-40 years who have refractory epilepsy and
are having brain surgery, with a primary outcome of number
of patients with AEs and a secondary outcome of number
of patients with reduced mTOR signaling (NCT02451696).
A Korean study, A Study Investigating the Anti-epileptic
Efficacy of Afinitor (Everolimus) in Patients With Refrac-
tory Seizures Who Have Focal Cortical Dysplasia Type 11
(FCD 1I), is a randomized, double-blind, placebo-controlled
cross-over phase II trial to evaluate the efficacy and safety
of adjunctive everolimus in FCD II patients aged 4-40 years
who failed more than 2 AEDs and surgery, with a primary
outcome of at least 50% seizure reduction (NCT03198949).
Table 2 summarizes currently active clinical trials on tar-
geted therapies for epilepsy related to MCDs.

While rapalogs are a promising targeted therapy, these
drugs are unlikely to be a “one size fits all” treatment for
patients with epilepsy related to FCD Il and HME. It remains
to be elucidated how efficacious mTOR inhibitors are for
epilepsy related to FCD II and HME, including how early
such drugs need to be started, what dosage should be used,
and how long the drugs need to be continued for optimal
efficacy. Studies thus far have suggested that early and sus-
tained treatment may be needed, notably that chronic treat-
ment may be needed to prevent seizure recurrence or tumor
regrowth [56, 113]. Although the AEs of mTOR inhibitors
have been studied in the TSC clinical trials described above
[114], the long-term effects of early and potentially lifelong
treatment with such broad inhibitors on immunosuppression,
growth, and development, particularly neurodevelopment
and sexual maturation, remain unclear and should prompt
caution. Moreover, activation of the energy-sensing pathway
(PI3K-PTEN-AKT-TSC-RHEB) versus the amino-acid sens-
ing pathway (GATOR-RAG) that converge on mTOR shows
some differences in in vitro studies and animal models, sug-
gesting that the effects of a given activating mTOR pathway
mutation will depend on both general hyperactivation of
the mTOR pathway and potentially specific effects of the
mutated protein [115]. ATP competitive inhibitors of mTOR
and PI3K have been used in oncology, and dual PI3K/mTOR
inhibitors and AKT inhibitors are also in development, and
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could be an option in epilepsy related to focal MCDs, with
appropriate caution given their similarly relatively broad
inhibition [116]. Preclinical and clinical studies in oncol-
ogy have suggested that careful patient selection based on
specific identified mutations may improve efficacy, and that
balancing efficacy with systemic toxicity may be an impor-
tant obstacle [116]. An unexplored but potentially promising
target is DEPDCS5 agonists, which may be more selective
than rapalogs as DEPDCS5 levels are highest in the brain
and mTOR inhibition would depend on amino acid status
[51]. Furthermore, monotherapy with any given therapy,
even targeted therapy, is unlikely to be completely effica-
cious for all patients, and thus stepwise or combination
approaches with ideally synergistic effects will be needed.
One can imagine a stepwise approach in which early targeted
therapy with an mTOR pathway modulator suppresses sei-
zures to a manageable level for some time period, potentially
in combination with ASMs, which may be especially helpful
in infants with severe refractory epilepsy to allow for weight
gain prior to surgery and reduce surgical risk. Studies of the
interaction between mTOR pathway inhibitors and ASMs
will be needed to ensure safety. The ketogenic diet, which is
a treatment option for patients with epilepsy related to focal
MCDs, has been shown to reduce levels of phosphorylated
S6 and phosphorylated Akt in ketogenic diet-fed rats, sug-
gesting inhibition of the mTOR pathway, potentially due
to an amino acid deprivation-like environment. Thus, one
can imagine that DEPDCS5 agonists and dietary modifica-
tion may have a synergistic effect on mTOR inhibition [51].

Focal Cortical Dysplasia Type |

As described above, FCD 1 is defined as an isolated lesion
with abnormal cortical lamination and is placed in MCD
group 3 (malformations due to abnormal post-migrational
development) [2, 82]. Compared to FCD II, less is known
about the underlying genetics of FCD I, though genetic eti-
ologies are emerging. Germline and/or somatic variants in
diverse genes have been reported in patients with FCD I,
including in AKT3, DEPDC5, KCNT1, NPRL2, PCDH19,
SCNIA, SLC35A2, and STXBP1, and an underlying patho-
genic mechanism remains unclear [117]. Winawer et al. [118]
identified somatic mosaic variants in SLC35A2 in surgically
resected brain tissue of five patients with refractory focal
epilepsy, two of whom had FCDIa confirmed on pathology.
Interestingly, phospho-S6 was not increased in the abnormal
brain tissue, suggesting a different mechanism than mTOR
pathway activation. Somatic mutations in SLC35A2 have also
been reported in additional patients with FCD I/mild MCDs,
and it has been proposed that some of these cases should be
reclassified as mild malformation of cortical development
with oligodendroglial hyperplasia in epilepsy (MOGHE)
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[119-122]. SLC35A2 is a UDP-galactose transporter with a
previously established association with congenital disorders
of glycosylation. Dietary treatment with galactose supple-
mentation has been reported to improve glycosylation [123]
and alertness and interactivity [124] in patients with de novo
SLC35A2 mutations, suggesting a potential targeted therapy
for MCD patients with similar mutations.

Polyhydramnios, Megalencephaly,
and Symptomatic Epilepsy

Polyhydramnios, megalencephaly, and symptomatic epilepsy
syndrome (PMSE) is a rare recessive neurodevelopmental
disorder discovered in the old order Mennonite population
characterized by epilepsy, ID, and focal dysplasias [125,
126]. It is placed in MCD group 1 (malformations second-
ary to abnormal neuronal and glial proliferation or apop-
tosis), specifically focal cortical dysgenesis with abnormal
cell proliferation but without neoplasia, the same subcat-
egory as TSC, FCD II, and HME [2]. PMSE is caused by
loss of function mutations in STRADA, and patients have
a homozygous truncating deletion of exons 9 to 13 of
STRADA. The deletion prevents STRADA from forming a
complex with LKB1, which normally inhibits mTORC1 via
AMPK and TSC [127]. Thus, the variant causing PMSE
leads to abnormal hyperactivation of the mTOR pathway.
Parker et al. [128] demonstrated that treatment with rapamy-
cin prevented abnormal cortical lamination and heterotopic
neurons in a PMSE mouse model, and that treatment with
sirolimus reduced seizure frequency and improved receptive
language in five PMSE patients and was well tolerated. Only
one of the five children had a single seizure in the 12 months
prior to the publication. Although rigorous clinical trials are
needed, this small open-label study provides a promising
example of precision treatment in MCD-associated epilepsy.

Conclusion and Future Directions

Malformations of cortical development are an important
cause of epilepsy, especially refractory childhood epilepsy.
Over the past decade, precision therapies for focal MCDs
have started to come into focus, bringing hope to a large
group of patients with disorders that have only recently been
genetically characterized and who have medically refractory
epilepsy with all of its comorbidities. TSC represents the
current best example of a prototype for the pathway from
gene discovery to relatively safe and efficacious targeted
therapy for epilepsy related to MCDs. Based on extensive
pre-clinical and clinical data, the mTOR inhibitor everoli-
mus is currently approved for the treatment of focal refrac-
tory seizures in patients with TSC. It took 25 years from
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the initial discovery of T7SC/ mutations in TSC to the FDA
approval of everolimus for TSC-associated focal seizures
(Fig. 2). Thus, although clinical studies are just emerging
for FCD II, HME, FCD I, and PMSE, we believe the next
decade will bring significant advancements in precision
therapies for epilepsy related to these and other MCDs. To
move forward from aspiration to reality, several challenges
remain to be addressed. First, the ability to use a targeted
therapy depends on the ability to make a molecular genetic
diagnosis—precision diagnosis is required before one can
entertain precision therapy, and we are still lagging behind
in our translation of the last decade’s molecular discoveries
to our patients with focal epilepsy. For germline variants,
NGS approaches using clinically accessible tissues like
blood or saliva are relatively straightforward. However, for
somatic mosaic variants, which appear to occur in a signifi-
cant proportion of focal MCDs, the disease-causing variants
are generally detectable in surgically resected brain tissue
but not blood or other tissues (it is possible that some might
be detectable in skin because of the shared neuroectodermal
lineage of brain and skin, but this has not been demon-
strated in patients without skin lesions). Brain tissue is not
clinically accessible unless surgery is undertaken, which
is arguably too late to be able to initiate treatment and to
potentially avoid surgery if possible. Ideally, genetic testing
could be performed before epilepsy surgery to have an early
impact on guiding management. Proof of concept of using
CSF to detect somatic variants in patients with FCD has
recently been reported and represents a potentially attrac-
tive and less invasive approach [129, 130]. However, even
for FCD II and HME patients who undergo resection, many
cases remain unsolved. Second, once a molecular genetic
diagnosis is made, we need to understand the effects of the
specific variant and potentially pair a precision therapy
with a specific variant based on the effects of that vari-
ant versus broadly trying to pair a precision therapy with
all variants in a given gene. An expert panel on “Genetics
of Malformations of the Central Nervous System,” includ-
ing our group and others, is currently curating the genes
and variants associated with these malformations. Third,
further studies of current targeted therapies (e.g., mTOR
inhibitors) are needed to establish dosing and timing for
optimal efficacy. For epilepsy related to MCDs, it is possible
that treatment with targeted therapies like mTOR inhibitors
may need to start early during epileptogenesis lest they be
started “too late” to reverse established epilepsy [131]. We
need to understand whether therapeutic effects on epilepsy
(representing a dynamic process of circuit dysfunction)
might be distinct from effects on underlying structural brain
abnormalities (representing a completed developmental pro-
cess). Fourth, further studies are needed to understand the
adverse effects of early and likely chronic treatment with
these therapies. Perhaps a balance will be required with
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Fig.2 mTORopathies timeline.
Timeline of key events in the
history of tuberous sclerosis
complex (TSC) (left) and focal
cortical dysplasia (FCD) II and
hemimegalencephaly (HME)
(right) from gene discovery to
the development of precision
therapies

1990

1993
Identification of germline
TSC2 mutations in TSC (33)

1997
Identification of germline
TSC1 mutations in TSC (20)

2002
TSC linked to inhibition
of mTOR signaling (43)

2006
Somatic mutation in PTEN
identified in FCD Il (99)

2008

Anti-epileptic effect of mTOR inhibitor
shown in TSC mouse model (52)

2012
Somatic mutations in AKT3,
MTOR, and PIK3CA
identified in HME (16, 18, 19)

2010
FDA approves Everolimus for the
treatment of TSC-associated SEGA

2012

2014
Germline mutations in DEPDC5
identified in likely FCD Il (17)

FDA approves Everolimus for the
treatment of TSC-associated
renal angiomyolipoma

2016

2015
Somatic mutations in MTOR
identified in FCD Il (92)

EXIST-3 clinical trial demonstrates
efficacy of Everolimus for TSC-
associated refractory focal sizures (68)

2018

2019
Case report of rapamycin

refractory seizures (112)

for the treatment of HME-associated

FDA approves Everolimus for the
treatment of TSC-associated
focal seizures

low or intermittent dosing of mTOR inhibitors to maintain
anti-epileptogenic efficacy and minimize AEs [132]. Fifth,
we anticipate the need for new types of targeted therapies as
we advance our understanding of MCD genetics and of the
on- and off-target effects of current therapies. As discussed
elsewhere in this issue, delivery of ASO or viral-based ther-
apies intrathecally may increase CNS penetration and limit
non-CNS side effects [116], and gene therapy approaches
are likely to be developed in the near future. Sixth, clini-
cians, including oncologists and neurologists, scientists, and
regulatory agencies will need to work together to establish
an equitable workflow for patient access to future clinical

‘%ﬁﬁ

trials and eventually prescription of new and repurposed
targeted therapies in both the USA and abroad. Finally,
continued studies of molecular and cellular pathways are
needed to elucidate how the identified genetic mutations
lead to epileptogenesis.
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