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ABSTRACT

Introduction: Tuberous sclerosis complex (TSC) is a rare genetic disorder resulting in benign tumors in
various organs. It is caused by mutations in TSCT or TSC2 genes causing hyperactivation of the
mammalian target of rapamycin (mTOR) pathway. The majority of patients with TSC develop epilepsy,
and approximately two-thirds become refractory to antiepileptic drugs (AEDs). Recently, the mTOR
inhibitor everolimus was approved as adjunctive therapy for TSC-associated partial seizures.

Areas covered: This article covers different characteristics of everolimus, including major clinical trials
leading to its approval in TSC-associated partial seizures, safety concerns, drug pharmacokinetics/
pharmacodynamics, and an overview of potential competitors and other agents used to treat TSC-
associated seizures.

Expert opinion: Unlike many other therapies for treating TSC-associated seizures, everolimus addresses
the underlying pathophysiology of TSC, and since it has also been shown to improve other TSC
manifestations such as subependymal giant cell astrocytomas and renal angiomyolipomas, everolimus
provides a potential multisystemic therapy for TSC. An important avenue for future research is exploring
the possible use of everolimus as a preventative treatment for seizures as there is the potential to
prevent negative developmental outcomes associated with TSC.
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1. Introduction

Tuberous sclerosis complex (TSC) is an autosomal dominant,
multisystem genetic disorder with a birth incidence of
approximately 1:6000 [1,2]. It is caused by pathogenic variants
in either of the TSCT or TSC2 genes resulting in the loss of
functioning protein products hamartin or tuberin, respectively,
and subsequent constitutive activation of mammalian target
of rapamycin complex 1T (mTORC1) [2,3]. The increased mTOR
activation results in benign tumor growth in various organs of
the body, mainly the brain, kidneys, skin, lungs, eyes, and liver
[2,3], although there have been reports of other less common
organ involvement such as bone and pancreas [4,5].
Neurologic involvement is the most common cause of mor-
bidity in this condition, with epilepsy developing in up to 90%
of patients with TSC, often within the first year of life [6,7]. In
a retrospective study, approximately two-thirds of patients
with TSC-associated seizures developed refractory epilepsy,
which was defined as the failure to achieve seizure control
with at least three first-line antiepileptic drugs (AEDs) [8].
Before the implementation of mTOR inhibitors as
a treatment for subependymal giant cell astrocytomas
(SEGASs), lymphangioleiomyomatosis (LAM), and renal angio-
myolipomas in TSC, there was no specific treatment for the
disease, and all manifestations were treated symptomatically.

Consensus recommendations established in 2012 provide
guidance on diagnosis and treatment of TSC [9,10] and advocate

AEDs as first-line treatment for TSC-associated seizures [10,11].
Use of particular AEDs depends on age, epileptic syndrome, and
seizure type [11]. Typically, monotherapy is preferred to reduce
the incidence of adverse events; however, combination therapy
is used when monotherapy fails [12]. AED combinations addres-
sing multiple seizure mechanisms are preferable, particularly
those that enhance y-aminobutyric acid (GABA)ergic inhibition
[11,12]. Other treatments recommended as second- and third-
line for controlling TSC-associated seizures include corticoster-
oids or adrenocorticotropic hormone (infantile spasms), surgery,
vagus nerve stimulation (VNS), the ketogenic diet and mTOR
inhibitors [11,13]. Regarding surgery, presurgical evaluation
should be promptly considered in those with drug-resistant
epilepsy (those who have treatment failure with the first two
AEDs), particularly in very young patients, as early surgical inter-
vention can increase the probability of seizure-freedom [11,13].
Presurgical evaluation should occur even in complex cases, such
as those with multiple tubers, multiple interictal foci, bilateral
seizures, or epileptic spasms since a single epileptogenic tuber
can be found responsible for the most impairing seizures [14].
The mTOR inhibitor everolimus was recently approved in
the United States and European Union as adjunctive therapy
for refractory TSC-associated partial seizures based on the
results of a randomized, double-blind, placebo-controlled
phase 3 study [15-17]. As a result, more recently published
recommendations advocate add-on everolimus for patients
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Article highlights

o Epilepsy is prevalent among patients with TSC; approximately two-
thirds of patients become refractory to treatment with AEDs

o Primary therapies for TSC partial seizures (eg, AEDs) only treat symp-
toms without addressing underlying pathophysiology

e Everolimus, which had been previously approved to treat TSC-
associated SEGA and renal angiomyolipoma, was recently approved
as adjunctive therapy for treating TSC-associated partial seizures
based on findings from a large phase 3 study

e Ongoing studies will assess long-term (~10 years) safety of ever-
olimus for treating TSC-associated partial seizures

o Future research is needed exploring everolimus for treating TSC-
seizures in combination with specific therapies (such as the ketogenic
diet), as monotherapy, as well as for possible prevention of TSC-
seizures

who are refractory to two AEDs [13]. This drug profile sum-
mary highlights the pharmacology of everolimus, the efficacy
and safety data from clinical trials, and discusses the current
and future role of everolimus in the treatment of TSC-
associated partial seizures.

2. Overview of the market

As previously mentioned, AEDs are currently used first-line for
the treatment of TSC-associated epilepsy. In TSC, aberrant
mTOR signaling associated with decreased GABAergic inhibi-
tion and increased glutamatergic excitation is believed to play
a role in the neuropathology associated with TSC [18]. As
a result, AEDs generally used in TSC are those that target
GABAergic or glutamatergic processes (Table 1).

Among the GABAergic agents [19], vigabatrin is the recom-
mended first-line AED in treating TSC-associated seizures. In
particular, it is used for management of TSC-associated infan-
tile spasms and partial seizures [10,11]. Vigabatrin exerts anti-
epileptic effects through irreversible inhibition of GABA-T
which increases the availability of GABA in the brain and
reduces neuronal excitation [20,21]. The rate of freedom
from partial seizures has been reported to be 16-46% in
prospective and retrospective studies of TSC [22-24]. Retinal
nerve fiber layer thinning and visual field deficits have been
reported with vigabatrin and are a concern (boxed warning)
[25,26]. Visual field constriction has been reported in approxi-
mately 34% of children and over 30% of adults [21,26,27].

These figures are, however, not consistent with our clinical
experience. We have not encountered a patient receiving
vigabatrin for tuberous sclerosis-related epilepsy who had
visual changes that adversely affected his or her activities of
daily living. In our opinion, the developmental morbidity asso-
ciated with uncontrolled seizures in tuberous sclerosis almost
always outweighs the risk of visual field constriction, particu-
larly in infants and children.

Benzodiazepines such as clobazam have also been used in
refractory epilepsy in TSC [28]. Like other benzodiazepines,
clobazam exerts its anticonvulsant effects by allosteric binding
to GABA, receptors, resulting in upregulation of the GABA
transporters 1 and 3 [28]. Approximately 69% have been
reported to have >=50% reduction in the frequency of refrac-
tory TSC seizures after initial titration (1 week to 3 months);
however, only 21% were reported with this response at 12
months leading to questions of long-term efficacy [28].

Among the glutamatergic agents, few have been studied in
clinical studies in the TSC population. In particular, lamotrigine
was evaluated in an open-label study in TSC [29]. Its mechan-
ism is believed to involve blockade of voltage-sensitive
sodium channels and inhibition of release of excitatory neuro-
transmitters [29]. In patients with TSC, it was reported to result
in seizure freedom in 42%, and in a > 50% reduction in seizure
frequency in 79% [29].

Levetiracetam is another glutamatergic agent that has
been evaluated in patients with TSC [30]. While the exact
mechanism is unknown, it is thought to reduce presynaptic
glutamate release, and its efficacy correlates with its binding
affinity to SV2A [31]. In a retrospective, open-label study in
patients with TSC-associated seizures, 20% became seizure
free and 40% had >50% reduction in the frequency of seizures
by 6 months of treatment [30]. Other glutamatergic agents
such as the sodium channel blockers valproic acid, topiramate,
oxcarbazepine, and carbamazepine have been frequently used
in TSC; however, they have not been evaluated in patients
with TSC in clinical studies [32].

While vigabatrin may have some additional effect on mTOR
pathway activation [33], most AED options for epilepsy pro-
vide only symptomatic management and do not treat the
underlying etiology of TSC. There are other therapies available
for those patients who are refractory to AED treatment [8].
One of them is the ketogenic diet, whose mechanism of action
likely involves inhibition of mTOR through carbohydrate
restriction [34]. The ketogenic diet can be utilized throughout

Table 1. Overview of AEDs used in clinical studies for treatment of TSC-associated partial-onset seizures.

Agent Type/Mechanism of Action Efficacy Safety concerns

Vigabatrin GABAergic; irreversible inhibition of e 16-46% with seizure freedom  Retinal nerve fiber layer thinning, visual field
[19-26] GABA-T deficits, cortical visual loss

Clobazam [27] GABAergic; benzodiazepine e >50% response rate: 69% (between 1 week to 3 e Sleepiness/sedation

months); 21% at 12 months

Lamotrigine Glutamatergic; voltage-gated sodium e
[28] channel blocker .

Levetiracetam  Glutamatergic; unknown, correlated o
[29,30] with binding to SV2A .

>50% response rate: 79% .
Seizure freedom: 49%

>50% response rate: 40% .
Seizure freedom: 20%

Rash

Irritability, hyperactivity, insomnia

GABA: y-aminobutyric acid.



the life span but is primarily undertaken in infancy and early
childhood; it can be combined with vigabatrin and used as an
alternative to surgery [11,13]. In a small open-label study, 4 of
12 patients with TSC were seizure-free after 3 months on the
diet [13]. Vagus nerve stimulation has also been used in
patients with TSC refractory seizures who are not eligible for
surgery [13]. While significant seizure reduction has been
observed, patients often do not become seizure-free, and
treatment with vagus nerve stimulation is invasive and more
expensive and less effective than other options [13]. It should
be borne in mind that, since the ketogenic diet and mTOR
inhibition have similar effects, they may also have additive
toxicity when used together. One advantage is that a higher
degree of ketosis can be achieved with a relatively lower
carbohydrate restriction. However, adverse effects such as
acidosis and lipid elevation are often more pronounced, some-
times extremely so when used concurrently. When used
together, accordingly, we recommend starting with a lesser
degree of carbohydrate restriction and/or a decreased dosage
of mTOR inhibitor when these therapies are used together.
Cannabidiol is a new agent in development that reduces
seizures through a yet unknown mechanism of action, but was
approved in June 2018 in the United States as adjunctive
therapy to treat seizures associated either with Lennox-
Gastaut syndrome or Dravet syndrome and became commer-
cially available in late November 2018 [35]. An open-label
study which included patients with various epilepsy etiologies
(6 of 162 had TSC) showed seizure reduction (median seizure
reduction 36.5% over 12 weeks) with tolerable safety [36],
which led to initiation of a phase 3 placebo-controlled long-
term study in patients with TSC (GWPCARE6; NCT02544763
[37] and NCT02544750 which is currently ongoing). An addi-
tional expanded-access study in 56 patients with intractable
epilepsy of various etiologies showed that among the 18 with
TSC, median seizure frequency was reduced by 48.8% after 3
months and 57.5% after 12 months of add-on cannabidiol [38].
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3. Everolimus
3.1. Introduction

Everolimus, an inhibitor of mTORC1 and an analog of rapamy-
cin, is a water-insoluble small molecule with a molecular
weight of 958.2 g/mol [3]. It acts by selectively binding to
FKBP12 which, upon forming a complex with mTORC1, blocks
the active site of mTORC1 and reduces the production of
downstream effectors S6K1 and 4E-BP1 which are involved in
protein synthesis [3,16,17]. With regard to TSC-associated sei-
zures, this is believed to reduce abnormal brain cell growth
and overproliferation, reduce abnormal neuron spatial organi-
zation, and improve neuronal myelination, reduce neuronal
morphology abnormalities, improve synaptic plasticity, and
reduce excess inflammatory mediators in the cerebral cortex
(Figure 1) [6,18,39-42].

mTORCT1 inhibitors are approved for adjunctive treatment
of TSC-refractory seizures [16,17]. Everolimus, which had pre-
viously been approved for treating TSC-associated SEGA and
renal angiomyolipoma, was shown to reduce seizures in phase
3 EXIST-3 study and was subsequently approved for the treat-
ment of refractory partial seizures in patients with TSC [15-17].
Sirolimus is another mTORC1 inhibitor that has been evalu-
ated to treat multiple manifestations of TSC, similarly to ever-
olimus [3]. However, in an open-label crossover study
evaluating sirolimus as add-on therapy in intractable TSC sei-
zures (patients randomly assigned to treatment with of siroli-
mus either during the first or second period of 6 months over
a 12-month study), sirolimus did not significantly reduce sei-
zure frequency [43] (Table 2). Because of the strong phase 3
data now available for everolimus for seizure reduction in TSC,
and the lack of large-scale clinical data (and regulatory
approval) for sirolimus, the authors currently recommend
using the mTOR inhibitor that has the approved indication,
particularly if the indication has made the drug easier to
obtain due to insurance issues or cost. Pharmacologically,

EnergyINutrient Deprivation Insulin/Nutrient Stimulation/IGF
\4
LKB1
N v A
STRAD? AWPK —3  1ger
rscz
I
Rheb
EVEROLIMUS —i \;
S6K W 4E-BP1
N2 1
Ribosomal S6 elF4E
1. Reduced brain cell size and proliferation
2. Reduced abnormal neuron spatial organization
and improved neuronal myelination
3. Reduced neuronal morphology abnormalities
4. Improved synaptic plasticity
Reduced i y di in the cerebral cortex

Figure 1. Mechanism of action of (@) mTORC1 in the pathophysiology of TSC and (b) the mTORC1 inhibitor everolimus for TSC-associated seizures.

Akt: protein kinase B; AMPK: 5" adenosine monophosphate-activated protein kinase; IGF: insulin growth factor; mTORC1: mammalian target of rapamycin complex 1; PI3K: phosphoinositide-
3 kinase; PTEN: phosphatase and tensin homolog on chromosome 10; Rheb: Ras homolog enriched in brain; STRAD®: STE20-related kinase adapter alpha; TSC: tuberous sclerosis complex;

TSC1: tuberous sclerosis complex 1 protein; TSC2: tuberous sclerosis complex 2 protein.
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these drugs have the same effect of inhibiting mTORC1; how-
ever, they differ in terms of lipid solubility, half-life, and meta-
bolism [3]. In clinical practice we have found that some
patients can be switched from one mTOR inhibitor to the
other if necessary due to adverse effects or lack of efficacy;
in some cases, this may also lead to improvement.

3.2. Clinical pharmacokinetics

3.2.1. Absorption

Everolimus is available as an oral formulation (tablets or
tablets for oral suspension). Peak everolimus concentration is
achieved between 0.5 and 1 h in healthy patients, between 1
and 2 h in patients with advanced solid tumors, and in 1-2.2
h in stable renal transplant recipients [16,17,44]. In healthy
patients, fat content lowered area under the concentration—
time curve (AUC) by 12-32% and maximum plasma concen-
tration (Cphax) by 42-60% depending on fat content and
dosage form (tablet or tablet for oral suspension) [16,17].
Everolimus has relatively low bioavailability (16%), with the
tablet for oral suspension formulation having 20-36% lower
bioavailability than the tablet formulation [16,17,44].

3.2.2. Distribution

In both healthy subjects and patients with moderate hepatic
impairment, everolimus is approximately 74% protein-bound
[16,17]. Blood-to-plasma ratio of everolimus ranges from 17% to
73%, depending on blood concentration (5-5000 ng/ml) [16,171.

3.2.3. Metabolism

Everolimus is a substrate of CYP3A4 and P-glycoprotein, and to
a lesser extent, CYP3A5 and CYP2C8 [16,17,44]. At least six meta-
bolites have been identified [16,17,44], including three monohy-
droxylated metabolites, two hydrolytic ring-opened products,
and a phosphatidylcholine conjugate of everolimus which have
shown 100 times less activity than everolimus [16,17].

3.2.4. Elimination

Among renal and liver transplant recipients, terminal half-life
ranged from 18 to 35 h. The mean half-life is reported to be
26-30 h [3,16,17,44]. The majority of everolimus (>80%) is
eliminated in feces, with only 2-5% excreted in urine
[3,16,17]. A population pharmacokinetics model comprising
data from 531 patients from the EXIST-1 (TSC-SEGA), EXIST-2
(TSC-renal angiomyolipoma), and EXIST-3 (TSC-refractory par-
tial seizures) studies established that everolimus followed
a two-compartment model with first-order absorption and
elimination [45].

3.3. Clinical pharmacodynamics

The magnitude of the reduction in absolute seizure frequency
in patients with TSC correlates with the everolimus trough
serum level achieved. Many patients nonetheless have
a good clinical response at relatively low trough serum levels
[16,17]. A logistic regression analysis using data from the core
phase of the EXIST-3 study showed that a twofold increase in
time-normalized minimum plasma concentration (Cy,) was
associated with a 2.2-fold increase (95% Cl 1.3-35; p =

0.0017) in the odds for a response (=50% reduction in sei-
zures) over the time-normalized C,;, ranges of 0.97 ng/ml to
16.40 ng/ml [15,17]. A significant factor in achieving response
was baseline seizure frequency (odds ratio 0.978 [95% ClI
0.959-0.998]) [17]. Similarly, using a linear regression model,
a twofold increase in time-normalized C,,;,, was associated
with a statistically significant 28.8% (95% Cl 11.7-41.8; p =
0.0019) reduction in seizure frequency [15,17]. Significant fac-
tors predicting the reduction in seizure frequency included
baseline seizure frequency and time-normalized C., [17].
A population PK/PD model using data from patients in
EXIST-3 showed that patients with C.in, >5 ng/ml had median
expected response rates (proportion with >50% reduction in
seizures) ranging from 30% to 50% and that median response
rate was positively correlated with Cin [45]. At Ciin levels <5
ng/ml, response rates became more variable and decreased
more rapidly [45]. The analysis thus supported using the
recommended target blood concentration of 5 to 15 ng/ml
when using everolimus for treating TSC-associated refractory
partial seizures [45]. A second analysis of PK/PD data from
EXIST-3 would further recommend an initial target Cpnin
range of 5 to 7 ng/ml which could be expanded to 5 to 15
ng/ml in the event of inadequate response [46].

3.4. Clinical efficacy

Among phase 1-3 studies in patients with TSC-associated
seizures (Table 2), the first clinical study to demonstrate effi-
cacy in partial seizures was the open-label phase 1/2 study of
everolimus for the treatment of TSC-SEGA by Krueger et al.
[47]. In the core phase of the study, 28 patients >3 years of age
with growing SEGA received everolimus for 6 months at an
initial dose of 3 mg/m? that was titrated to achieve blood
trough concentrations of 5 to 15 ng/ml [47]. While the focus
of the study was treating SEGA, the effect of everolimus on
seizures was assessed as a secondary end point. After 6
months of treatment, everolimus was associated with
a median change of —1 seizure (p = 0.02) and, of 16 patients
with available video electroencephalogram (EEG) data, 9
patients had a decrease, 6 had no change, and 1 had an
increase in seizure frequency from baseline [47]. Patients
were eligible to continue everolimus beyond 6 months in an
extension phase of the study, and results from an interim
analysis (median everolimus exposure 34.2 months) showed
that the proportion of patients who reported no seizures since
their last visit increased from 38.5% at baseline to 65.2% at 24
months [48]. In addition, only 13.0% reported at least one
seizure per day at 24 months compared with 26.9% at baseline
[48]. In the final analysis of the study (median everolimus
exposure 67.8 months), the rate was 11.1% at month 60 [49].
The proportion with seizure freedom increased from 38.5% at
baseline to 66.7% at 18 months and remained steady for the
remainder of the study [49].

Another phase 1/2 open-label study conducted by Krueger
et al. focused specifically on everolimus for the treatment of
TSC-associated refractory partial seizures. In the core phase of
the study, 20 patients aged 2 years or older received ever-
olimus at an initial dose of 5 mg/m?/day that was titrated to
trough concentrations of 5 to 15 ng/ml over a 4-week titration



interval followed by an 8-week maintenance phase for a total
of 12 weeks [50]. The proportion of patients with >50% reduc-
tion from baseline in patient-reported seizure frequency at the
end of the maintenance phase, which was the primary end
point of the study, was 60% (n = 12/20), with 35% (n = 7)
achieving =90% reduction in seizure frequency [50]. Three
patients (15%) were considered partial responders (25% to
<50% reduction in frequency of seizures) [50]. Median seizure
frequency decreased by 73% (p = 0.020), and four patients
(20%) were seizure free [50]. Eighteen continued treatment
with everolimus in an extension phase with the goal of com-
pleting 4 years of treatment [51]. In the final analysis of the
study (everolimus duration 50.9 months), the average number
of seizures per month was reduced by 72-81% throughout the
extension phase [51]. The proportion with >50% reduction in
frequency of seizures was 76%, 75%, 80%, and 93% among
those remaining on treatment at month 12 (n = 17), month 24
(n = 16), month 36 (n = 15), and month 48 (n = 14), respec-
tively [51]. The results of the core phase of the study led to the
initiation of the large, multicenter, phase 3 EXIST-3 study.

Before EXIST-3, the EXIST-1 study was a phase 3 study that
evaluated seizure outcomes as a secondary outcome in patients
with TSC treated with everolimus. EXIST-1 was a double-blind,
placebo-controlled study that evaluated everolimus at a starting
dose of 4.5 mg/m? (titrated to trough concentration of 5-15 ng/
ml) versus placebo for the treatment of patients of any age with
growing TSC-associated SEGA for at least 6 months [52]. Absolute
change from baseline to 24 weeks in seizure frequency per 24
h video EEG was assessed in the core phase of the study [52].
While the study consisted of 78 patients randomly assigned to
everolimus and 39 to placebo, only 27 (35%) everolimus-treated
patients and 13 (33%) placebo-treated patients had presence of
seizure at baseline EEG [52]. A sensitivity analysis of the subset of
patients with >1 seizure at baseline showed no significant differ-
ence in the change from baseline to week 24 in seizure frequency
between everolimus and placebo arms (p = 0.2988) [52].
However, the study was not powered to detect differences in
this outcome.

EXIST-3 was a randomized, multicenter, placebo-controlled,
phase 3 study evaluating two everolimus dose levels com-
pared with placebo as adjunctive treatment for treatment-
resistant partial-onset seizures associated with TSC [15]. In
the core phase, patients were randomly assigned to receive
everolimus high exposure (HE, 9-15 ng/ml; n = 130), ever-
olimus low exposure (LE, 3-7 ng/ml; n = 117), or placebo (n =
119) for 18 weeks (6-week titration + 12-week maintenance)
[15]. The primary end points were the median percentage
reduction in seizure frequency and the proportion with
>50% reduction from baseline in seizures [15]. The median
percentage reduction in seizure frequency was significantly
greater than placebo (14.9%) for both everolimus HE (39.6%;
p < 0.0001) and everolimus LE (29.3%; p = 0.0028) [15].
Similarly, response rates for everolimus HE (40.0%;p <
0.0001) and everolimus LE (28.2%; p = 0.0077) were signifi-
cantly greater than placebo (15.1%) [15]. A post hoc analysis of
Japanese patients in the EXIST-3 study (n = 35) confirmed
rates of seizure reduction and response that were consistent
with the overall EXIST-3 population [53]. All patients in EXIST-3
were eligible to enter into an extension phase in which they

EXPERT REVIEW OF NEUROTHERAPEUTICS 919

could be transitioned (including placebo patients) to everoli-
mus at a trough range of 3 to 15 ng/ml for an additional 48
weeks or longer [54]. In total, 361 of the 366 patients in EXIST-
3 received everolimus in the core and/or extension phases and
were included in a longer-term analysis (median duration of
everolimus ~21 months) [54]. Response rate increased over
time from 31% at week 18 to 57.7% at 2 years. Similarly, the
median percentage reduction in seizure frequency increased
from 31.7% at week 18 to 56.9% at 2 years. Similar increases
were observed irrespective of initial randomization group,
showing that results were consistent with the primary analysis
and that efficacy was sustained over time (Figure 2) [54].
A post hoc analysis of the pediatric population (age <18
years) in the extension analysis showed that the younger
children (<6 years of age) experienced relatively greater ben-
efit than older children (6 to <18 years) with up to 1 year of
treatment, although seizure reduction improved in older chil-
dren with time [55]. This is consistent with data showing that
early, and even prophylactic, treatment with vigabatrin is
particularly beneficial in TSC [56]. Studies are underway to
determine if even earlier treatment with mTOR inhibitors can
be as or even more beneficial and vigabatrin.

3.5. Safety

Adverse events of everolimus for treating TSC-associated par-
tial seizures are similar to those reported for other indications
of everolimus. In the placebo-controlled EXIST-3 study, the
most common all-grade adverse events of any cause reported
in more than 15% of patients in either everolimus treatment
group during the core phase included stomatitis, diarrhea,
nasopharyngitis, pyrexia, and upper respiratory tract infection
(Table 3) [15,16]. Adverse events of potential clinical interest
but that occurred in fewer than 10% of everolimus-treated
patients included decreased appetite (everolimus LE: 9%; ever-
olimus HE: 7%), pneumonia (everolimus LE: 2%; everolimus HE:
4%), aggression (everolimus LE: 2%; everolimus HE: 0.8%),
proteinuria (everolimus LE: 0%; everolimus HE: 2%), menorrha-
gia (everolimus LE: 0.9%; everolimus HE: 0.8%), and pneumo-
nitis (everolimus LE: 0%; everolimus HE: 0.8%) [16]. In the
extension analysis, the safety profile was generally consistent
with previously reported data from the core phase [54]. The
most frequently reported adverse events (>25%) of any cause
in the extension analysis included stomatitis, pyrexia, diarrhea,
and mouth ulceration [54]. The most frequent grade 3/4
adverse events (=2.5%) of any cause were pneumonia (6.9%),
status epilepticus (3.3%), seizures (2.8%), and stomatitis (2.5%)
[54]. In general, emergence of adverse events decreased after
6 months and remained stable into the second year [54]. Two
deaths were reported before the extension analysis cutoff
including one patient who died as a result of pneumonia,
which was suspected to be treatment-related, and another
patient who died as a result of sudden unexplained death
due to epilepsy (SUDEP) [54]. An additional two deaths were
reported after the cutoff, one death attributed to septic shock
and the other caused by SUDEP [54]. SUDEP is known to be
one of the more common causes of mortality in tuberous
sclerosis patients, particularly in those with refractory epilepsy
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Figure 2. (a) Response rate over time from the start of everolimus. Bars represent 95% confidence intervals obtained using Clopper—Pearson method. (b) Median
percentage reduction in seizure frequency over time from the start of everolimus. Bars represent 95% confidence intervals based on bootstrap percentiles. Reprinted
with permission from Franz DN et al. Everolimus for treatment-refractory seizures in TSC. Extension of a randomized controlled trial. Neurology Clinical Practice.

Volume 8, Issue 5, Pages 412-420. https://cp.neurology.org/ [54].

Table 3. Adverse reactions reported in >10% of Everolimus-treated patients with TSC-associated partial-onset seizures in EXIST-3 [15].

Everolimus HE Everolimus LE Placebo
(n =130) (n=117) (n=119)

Adverse event, % All grades Grade 3/4 All grades Grade 3/4 All grades Grade 3/4
Gastrointestinal
Stomatitis® 64 4 55 3P 9 0
Diarrhea 22 0 17 0 5 0
Vomiting 10 2° 12 0 9 0
Infections
Nasopharyngitis 16 0 14 0 16 0
Upper respiratory tract infection 15 0 13 0 13 0.8°
General
Pyrexia 14 0.8° 20 0 5 0
Respiratory, thoracic and mediastinal
Cough 10 0 1 0 3 0
Skin and subcutaneous tissue
Rash 10 0 6 0 3 0

HE: high exposure; LE: low exposure.

%Includes stomatitis, mouth ulceration, aphthous ulcer, lip ulceration, tongue ulceration, mucosal inflammation, gingival pain.

PNo grade 4 adverse events reported.

[57]. In the post hoc analysis of pediatric patients, 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 [54].

Potential drug-drug interactions with everolimus are
mainly with other drugs that are inhibitors, inducers, or

substrates of CYP3A4 and P-gp. Concomitant use of a strong
CYP3A4 and P-gp inhibitor such as ketoconazole has resulted
in a 3.9-fold increase in C,,,c and 15-fold increase in AUC of
everolimus [16]. A moderate CYP3A4 and P-gp inhibitor such
as verapamil has resulted in a 2.3-fold increase in C,,, and
3.5-fold increase in AUC of everolimus [16]. A strong CYP3A4
and P-gp inducer on the other hand can result in decreased
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everolimus AUC by 63% and Cp,.x by 58% [16]. With patients
being treated for TSC-associated partial seizures, many AEDs
they may take concomitantly are often inducers or substrates
of CYP3A4 and P-gp, and everolimus concentration must be
carefully monitored and dosage adjusted accordingly [46]. For
those patients taking CYP3A4-inducing AEDs such as carba-
mazepine, oxcarbazepine, phenobarbital, phenytoin, primi-
done, clobazam, and topiramate, a higher starting dose is
recommended than in those not taking these AEDs, both in
children <6 years of age (9 mg/m? vs 6 mg/m?) and those =6
years of age (8 mg/m? vs 5 mg/m?) [46].

3.6. Postmarketing surveillance

While little postmarketing surveillance data are publicly avail-
able yet for the use of everolimus for TSC-associated refractory
partial seizures, a long-term study (NCT02962414) is currently
underway to assess safety in patients who are continuing to
benefit from everolimus in EXIST-3 [58]. This rollover study is
expected to remain open for approximately 10 years (from first
patient, first visit), or until all patients have permanently dis-
continued treatment, and will feature interim analyses in the
fourth quarter of 2018, 2020, 2023, and 2026 [58]. As of
6 August 2018, 206 patients from 18 countries have entered
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the study [58]. Assessments will include trough pharmacoki-
netic levels and frequency and severity of adverse events [58].

While no direct head-to-head comparisons of everolimus
with competitors such as vigabatrin exist, Table 4 provides an
overview of differences in characteristics and potential safety
concerns between these agents. Vigabatrin is regularly used in
patients with TSC, particularly for infantile spasms, and pro-
phylactic treatment in infancy. Cannabidiol has recently
demonstrated efficacy in a multicenter placebo-controlled
study of epilepsy in TSC, confirming the results of an earlier
single-center study [59]. Cannabidiol was approved for the
treatment of seizures associated with Dravet's syndrome and
Lennox-Gastaut syndrome [35]. A separate indication for TSC-
related epilepsy may be forthcoming.

3.7. Regulatory affairs

Everolimus is currently approved in over 30 countries
including the United States and countries of the European
Union for TSC partial seizures [16,17,60]. In the United
States and European Union, the indication is as adjunctive
treatment in adult and pediatric patients aged 2 years and
older with TSC-associated partial-onset seizures [16,17]. The
EU indication also further specifies that everolimus can be

Table 4. Comparison of everolimus characteristics with potential competitors for treatment of TSC-associated partial seizures.

Characteristic Everolimus [16,17]

Cannabidiol Vigabatrin [21]

Mechanism of e mTORCT inhibitor e Unknown [35] o Irreversible inhibitor of GABA-T

action
Usage for o Refractory seizures associated with TSC o Dravet syndrome, LGS, TSC, and IS (currently e Adjunctive for rCPS, not as first line

seizures only approved in Dravet syndrome and LGS) e IS

[35]
Ages of use e >2 years e 1-65 years [37] e >10 years (for rCPS)
e 1 month to 2 years (for IS)
Dosage forms e Oral tablet e Oral solution [37,38] e Oral tablet
e Tablet for oral suspension e Oral solution

Dose e Once daily o Twice daily [37,38] o Twice daily

frequency

Common AEs e Stomatitis, diarrhea, nasopharyngitis, .
pyrexia, upper respiratory tract infection,

cough, rash, vomiting®

Boxed e None .
warning
Warnings/ e Increased risk of noninfectious pneumonitis, e

Precautions infections, hypersensitivity reactions,

angioedema, stomatitis, hemorrhage, renal
failure, impaired wound healing, laboratory
test alterations, embryo-fetal toxicity. Avoid

live vaccinations

Drowsiness, ataxia, diarrhea, agitation, poor
sleep, irritability, appetite suppression, .
confusion, vomiting, increased self-
stimulation, behavioral difficulties [38]

Not established .

Increased risk of hepatocellular injury, .
somnolence and sedation, suicidal behavior
and ideation, hypersensitivity reactions,
withdrawal of AEDs [35]

Refractory complex seizures®

Pediatrics (age 10 to 16 years): weight gain,

upper respiratory tract infection, tremor,

fatigue, aggression, and diplopia

o Adults: permanent vision loss, fatigue, som-
nolence, nystagmus, tremor, blurred vision,
memory impairment, weight gain, arthralgia,
abnormal coordination, and confused state

IS¢
e Somnolence, bronchitis, ear infection, and
acute otitis media

Permanent bilateral concentric visual field
constriction and decreased visual acuity

Increased risk of abnormal MRI signal
changes, suicidal ideation, withdrawal of
AEDs, anemia, somnolence, and fatigue

AED: antiepileptic drug; GABA-T: y-aminobutyric acid transaminase; LGS: Lennox-Gastaut Syndrome; IS: infantile spasms; MRI: magnetic resonance imaging; rCPS:

refractory complex partial seizures; TSC: tuberous sclerosis complex.
%Incidence >10% in either high-dose or low-dose treatment groups.
PIncidence =5% over placebo.
‘Incidence >5% and greater than on placebo.
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used for TSC-associated seizures, with or without secondary
generalization [17].

Everolimus is also approved in over 95 countries, including
the United States and countries of the European Union, for the
following indications [16,17,60]:

® Postmenopausal women with advanced hormone recep-
tor-positive, human epidermal growth factor receptor
2-negative breast cancer in combination with exemestane
after failure of treatment with letrozole or anastrozole

e Adults with progressive neuroendocrine tumors of pan-
creatic origin (PNET) and adults with progressive, well-
differentiated, nonfunctional neuroendocrine tumors
(NET) of gastrointestinal (Gl) or lung origin that are unre-
sectable, locally advanced, or metastatic. Everolimus is
not indicated for the treatment of patients with func-
tional carcinoid tumors

e Adults with advanced renal cell carcinoma (RCC) after
failure of treatment with sunitinib or sorafenib

e Adults with renal angiomyolipoma and TSC, not requir-
ing immediate surgery

e Adult and pediatric patients aged 1 year and older with
TSC who have SEGA that requires therapeutic interven-
tion but cannot be curatively resected

3.8. Conclusion

Clinical studies demonstrate that everolimus is safe and efficacious
when used as adjunctive therapy for controlling TSC-associated
partial seizures. Long-term safety and efficacy data are needed,
particularly regarding the potential benefit of prompt seizure
control leading to better developmental outcomes.

4. Expert opinion

In contradistinction to all other treatments for seizures,
which have efficacy irrespective of an underlying cause or
specific etiology, everolimus was studied purely because of
its ability to inhibit mTOR and reverse the molecular defect
believed to be associated with TSC. Given that mTOR hyper-
activation is believed to account for the various clinical
manifestations of TSC, it is not surprising that everolimus
has shown efficacy in these manifestations as well, including
SEGA [52], renal angiomyolipomata [61-63], skin lesions,
such as facial angiofiboromas and hypomelanotic macules
[62,63], and cardiac rhabdomyoma [64]. As such, everolimus
provides a true disease-modifying multisystemic therapy for
TSC. It is reasonable to expect that mTOR inhibition would
be similarly beneficial for other genetic or developmental
disorders characterized by mTOR hyperactivation and/or
syndromes caused by mutations in genes of the AKT/PI3K/
mTOR pathway. Potential therapeutic effects have already
been reported in PTEN hamartoma syndrome [65], Lhermitte
Duclos syndrome [66], Birt-Hogg-Dubé syndrome [67,68],
and Proteus syndrome [69]. An important avenue for future
research exploring the possible use of everolimus as
a preventative treatment for seizures, cognitive impairment,
and other systemic manifestations of TSC, particularly in

infants and young children [70]. In addition, 25-30% of
cases are identified prenatally because of the presence of
cardiac rhabdomyoma on prenatal ultrasound, or postna-
tally but before seizure onset by the presence of hypome-
lanotic macules. Serial EEGs have been shown to predict the
development of clinical seizures and infantile spasms in
infants with tuberous sclerosis. Early (less than 1 year of
age) and even prophylactic treatment of epilepsy in TSC
with vigabatrin could possibly mitigate intellectual disability
and autism in these children [32,56,71]. In fact, the like-
lihood of not developing intellectual disability increases by
34% approximately for every month in the first 18 months
of life that the onset of epilepsy is delayed [70]. Use of
mTOR inhibitors in infants and young children to improve
or prevent epilepsy and neurodevelopmental disability is
the logical next step. Important questions that need to be
answered in exploring preventative treatment include iden-
tifying the best candidates for early treatment (factoring in
aspects such as age, mutation status, early TSC symptoms,
intracranial lesions), the timing of treatment, and whether
there are any medical tests that would aid in identifying
these patients.

4.1. Five-year view

Considering the success of everolimus in reducing seizures
as an adjunctive therapy, future research may explore this
medication as first-line treatment for TSC-associated seizures
before failure with multiple AEDs and as monotherapy.
Additional research may assess the efficacy and safety of
everolimus in combination with specific agents/therapies
such as the ketogenic diet. As mentioned previously, use
of everolimus for the prevention of seizures at an early age
is of great interest as this has the potential to prevent not
only intellectual disability associated with early seizure
onset, but also the severity of systemic manifestations
such as angiomyolipomas, rhabdomyomas, SEGA, and cuta-
neous lesions. It is also unknown what other factors may
contribute to seizure control during everolimus treatment,
such as the impact of intracranial lesions and the patient’s
genetic background. Future research in these areas may be
beneficial.

mTOR inhibitors may be able to play an important role in
treating other diseases associated with mTOR overactivation as
mentioned above. It is expected that future antiepileptic drug
development will focus on identification of agents with known,
specific molecular mechanisms of action which target specific
etiologies, genetic or otherwise. Examples include type 2b focal
cortical dysplasia and other focal epilepsies associated with gain of
function of mTOR such as mutations in genes like DEPDC5, MTOR,
PTEN, and GATOR [72-76]. We expect that preemptive treatment of
individuals at high risk for epilepsy will become increasingly
accepted and even commonplace.

4.2. Information resources

e The following websites provide support and resources for
patients with TSC and their caregivers, as well as health-



care providers: https://www.tsalliance.org/, http://www.
tscinternational.org/, http://www.tuberous-sclerosis.org/
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