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ABSTRACT

Introduction: Epilepsies are a group of heterogeneous brain disorder, and antiseizure medications
(ASMs) are the mainstay of treatment. Despite the availability of more than 30 drugs, at least one third
of individuals with epilepsy are drug-resistant. This emphasizes the need for novel compounds that
combine efficacy with improved tolerability.

Areas covered: A literature review on the pharmacology, efficacy, tolerability, and safety of azetukalner
(XEN1101), a second-generation opener of neuronal potassium channels currently in Phase 3 develop-
ment as ASM.

Expert opinion: Results from the phase 2b clinical trial strongly support the ongoing clinical develop-
ment of azetukalner as a new ASM. Its pharmacokinetic properties support convenient once-daily
dosing, eliminating the need for titration at initiation or tapering at the conclusion of treatment.
CYP3A4 is the main enzyme involved in its metabolism and drug-drug interactions can affect the
drug exposure. Preliminary analysis of an ongoing open-label study reveals no reported pigmentary
abnormalities. The upcoming Phase 3 clinical trials are expected to provide further insight into the
efficacy, tolerability, and safety of azetukalner in treating focal-onset and primary generalized tonic-
clonic seizures. Structurally distinct from currently marketed ASMs, azetukalner has the potential to be
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the only-in-class Kv7.2/7.3 opener on the market upon regulatory approval.

1. Introduction

Epilepsies are a heterogeneous group of often chronic brain
disorders affecting approximately 70 million people worldwide
with no geographical, social, or racial boundaries [1,2]. The
management of epilepsies is mainly symptomatic and aims to
reduce the risk of seizure recurrence. Antiseizure medications
(ASMs) are the mainstay of treatment and act through an
interaction with different molecular targets in the brain [3].
More than half of people with epilepsy do not achieve seizure
control with the initial ASM and successive treatment options
include other ASM given as mono- or adjunctive therapies
[4,5]. Despite the increasing enlarging armamentarium with
more than 30 ASMs approved, around one-third of people
with epilepsy continue to experience seizures and the burden
of drug-resistant epilepsy has remained unchanged over the
years [6,7]. Uncontrolled epilepsy is associated with psycholo-
gical and social dysfunction, reduced educational and employ-
ment opportunities, impaired quality of life, and increased risk
of premature death [8,9]. There is, therefore, the need for

novel, more efficacious and well-tolerated ASMs able to
increase the chance of achieving greater seizure reduction or
seizure freedom.

Azetukalner (XEN1101; Xenon Pharmaceuticals Inc.) is
a new, second-generation, opener of neuronal Kv7.2 to
Kv7.5 potassium channels that is under clinical develop-
ment for the treatment of seizures and major depressive
disorder. Azetukalner is structurally unrelated to any cur-
rently marketed ASMs and is more potent and target-
selective than the first-generation Kv7 channel modulator
retigabine/ezogabine [10].

Retigabine/ezogabine was first identified as an analog of
flupirtine, an analgesic compound with a highly similar struc-
ture that caused serious drug-induced liver injury including liver
failure in very rare cases and for this reason had the marketing
authorization withdrawn [11,12].

Retigabine/ezogabine was approved in 2011 for the treat-
ment of focal seizures, but it was withdrawn for commercial
reasons from the US market in 2017 and the European Union
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Article highlights

o Azetukalner (XEN1101) is a new, second-generation, opener of potas-
sium channels currently under development for the treatment of
focal and generalized seizures

e Azetukalner is more potent and target-selective than retigabine/
ezogabine

o Azetukalner does not give rise to tissue discoloration caused by dimer
formation and may have an improved safety profile over retigabine/
ezogabine

o Azetukalner is structurally unrelated to any currently marketed anti-
seizure medication

o Azetukalner has a pharmacokinetic profile suitable for once daily
dosing without titration

e Findings of the phase 2b clinical trial strongly support the further
clinical development of azetukalner

o Phase 3 clinical trials will provide additional insight into the efficacy,
tolerability, and safety for the potential treatment of focal-onset and
primary generalized tonic-clonic seizures

in 2018 following black-box warnings related to discoloration
of skin, lips, nails, and mucosa, and pigmentary changes of
retina. These abnormalities were likely due to formation of
retigabine-retigabine dimers with long-term exposure. Bluish
discoloration with retigabine/ezogabine was not observed in
albino rodents and in clinical studies prior to launch, suggest-
ing that the dimers formed may remain invisible in low con-
centration while distributed and not bound to melanin.
Azetukalner does not give rise to tissue discoloration caused
by dimer formation and may have an improved safety profile
compared to retigabine/ezogabine.

Here, we summarize and critically appraise the current
available evidence about the pharmacology, clinical efficacy,
tolerability, and safety of azetukalner for the treatment of
seizures. Relevant literature was identified through a search
(January 2024, week 1) of MEDLINE (accessed by PubMed), the
Cochrane Central Register of Controlled Trials (CENTRAL), and
the US National Institutes of Health Clinical Trials Registry
(http://www.clinicaltrials.gov). The search terms were (XPF-
008) OR (10P-2198) OR (XEN1101) OR (XEN-1101); there
were no date limitations or language restrictions. The refer-
ence lists of retrieved studies were reviewed to identify addi-
tional reports of relevant information, and the manufacturer of
azetukalner was contacted for information about ongoing
studies.

2. Summary of pharmacology
2.1. Mechanism of action and experimental data

The voltage-gated KV7 family comprises five subunit channels,
KV7.1 to KV7.5. Azetukalner is a highly selective opener of
subtypes KV7.2 to KV7.5, which constitute the molecular com-
ponents of the slow activating/deactivating voltage-gated M-
current and influence neuronal excitability [10]. Azetukalner is
inactive on the cardiac Kv7.1 (LQT1) channel, which is involved
in cardiac repolarization [13]. The compound is more than
100-fold selective for Kv7 channels over other channels and
receptors and is devoid of GABAergic activity [13]. In in vitro
assays, azetukalner was approximately 4-fold selective for
Kv7.2/7.3 (half-maximal effective concentration [EC50] =27

nmol/L) relative to Kv7.4 (EC50=94nmol/L) and Kv7.5
(EC50 =113 nmol/L) subtype channels [13-15]. This second-
generation Kv7 channel positive allosteric modulator is more
target-selective than the first-generation Kv7 channel opener
retigabine/ezogabine, and exhibits a leftward shift in the con-
centration response curve due to its greater potency on the
channel [10].

By promoting the open state of Kv7 channels, azetukalner
favors a hyperpolarized resting state of membrane potential
and, hence, diminishes the generation of rapid action poten-
tials. Azetukalner was effective in different models of electri-
cally (maximal electroshock seizures, 6 Hz seizures) and
chemically induced (subcutaneous pentylenetetrazol, bicucul-
line, and picrotoxine) seizures in rodents, suggesting the
potential for broad-spectrum activity [10].

Azetukalner is structurally distinct from the first-generation
Kv7 channel opener retigabine/ezogabine. Azetukalner has
a tertiary rather than a secondary aniline structure, which
prevents the formation of chromophoric phenazinium-type
dimers implicated in tissue pigmentation observed with long-
term retigabine/ezogabine exposure, and pigmentary deposits
are unlikely to occur [14,16]. No tissue pigmentation or dis-
coloration was observed in toxicology studies in rats and
monkeys, and there was no signal of genotoxicity [15]. The no-
observed-adverse-effect level was 8-10 mg/kg/d in rats and 4
mg/kg/d in monkeys [14].

2.2. Pharmacokinetic and metabolic profile

Azetukalner has a prolonged absorption and elimination
phase [14,15]. The absorption rate was relatively slow, with
a median time to peak plasma concentration of 4-6 hours in
the fed state [14]. The median time to peak plasma concentra-
tion was 7.8 hours (range 1.9-12 h) after 20 mg single dose in
healthy volunteers [17]. A high-fat meal enhanced the absorp-
tion of azetukalner compared to the fasted state being the
bioavailability increased approximately 1.5-times by food
intake [14-16]. The enhancement of the absorption was
more pronounced in subjects with lower plasma concentra-
tions of the compound in the fasted state [14]. Elimination is
biphasic with a functional half-life of 1-2 days and a terminal
elimination half-life of 4-10days, likely due to slow release
from a tissue compartment [13,16]. Near steady-state trough
plasma levels are reached in one week after dosing with full
steady state expected in about 3 weeks [14]. The long half-life
allows once daily dosing without titration [14,15]. The treat-
ment with azetukalner 25-mg doses once daily resulted in
a Cmax of 97 ng/mL after 10 consecutive days of dosing [14].

Azetukalner is mostly metabolized by liver; CYP3A4 is the
main enzyme involved in the metabolism with other CYP
isozymes (CYP1A2, CYP2B6, CYP2C8, CYP2C9, CYP2C19, and
CYP2D6) playing a very limited or no role [15]. CYP3A4 inhibi-
tors can increase and CYP3A4 inducers can slightly decrease
the drug exposure [15]. The major hepatic oxidative metabo-
lite is detectable in plasma at concentrations of around 20%
AUC of the parent compound and is inactive on KCNQ chan-
nels. The drug is mainly eliminated through hepatic extraction
and excretion in the feces; the parent drug is minimally
excreted in urine [14,15]. Azetukalner at concentrations
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above efficacious levels does not inhibit the CYP isoenzymes
CYP1A2, CYP2C9, CYP2C19, CYP2D6, and CYP3A4 in vitro, sug-
gesting a low potential to cause drug-drug interactions
[13,15].

3. Clinical studies
3.1. Phase 1

Early Phase 1 studies evaluated the pharmacokinetics and
tolerability of oral azetukalner given as single doses (5, 15,
20, and 30 mg) and multiple ascending doses up to 25mg
once daily for 10 days in healthy volunteers. The drug was well
tolerated with most of the reported adverse events (AEs)
being mild; no serious AEs occurred. The most common CNS-
related AEs like somnolence, dizziness, and headache were
reversible [13,14].

In a Phase 1, double-blind, placebo-controlled, randomized,
two-period crossover study, the effects of single doses of
azetukalner (20mg) on transcranial magnetic stimulation
(TMS) parameters of cortical and corticospinal excitability
were evaluated [17]. Twenty healthy male subjects with
a mean age of 26.6 (+5.9) years (range 19-40years) were
included. Female subjects were excluded for ethical or safety
reasons, resulting in a lack of knowledge regarding the toler-
ability in women before phase 2 trials. The drug was overall
well tolerated and safe. The most common AEs included dizzi-
ness, somnolence, fatigue, impaired attention, and headache,
with dizziness being the only one whose incidence was statis-
tically significant compared to placebo. No deaths, serious AEs,
or discontinuation of treatment due to AEs occurred, and no
clinically meaningful changes in clinical chemistry tests, vital
signs, or ECG were reported. The amplitude of TMS-evoked
EEG potentials occurring at early and at late latencies were
significantly suppressed from baseline as observed with lamo-
trigine, levetiracetam, carbamazepine and brivaracetam
[18,19]; the azetukalner-induced modulation correlated with
drug plasma exposure with strong effects at 4 hours after drug
intake. Furthermore, the resting motor threshold was signifi-
cantly increased in a time- and plasma concentration-
dependent manner in comparison to baseline and placebo,
and the effect was two-fold greater than the one observed
with retigabine [20]. These findings provided indirect evidence
that azetukalner crosses the blood-brain barrier and indicated
that the drug can reduce cortical and cortico-spinal excitability
with a strong dose dependent relationship.

The frequency analysis of electroencephalographic activ-
ity was also performed to evaluate the effect of azetukalner
on spontaneous oscillations and TMS-related spectral per-
turbation (TRSP) [21]. Resting state oscillatory activity was
significantly modulated by azetukalner with increased delta
frequency power in frontal, parietal, and occipital electro-
des, increased theta and beta power in medial frontal and
parietal electrodes, and increased gamma power in the
occipital electrodes. The drug also induced a significant
suppression of TRSP delta, theta, alpha, and beta power
over a large area including bilateral central and parietal
electrodes.
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3.2. Phase 2

3.2.1. X-TOLE study

A Phase 2b, multicenter, randomized, double-blind, placebo-
controlled, parallel-group, dose-ranging adjunctive trial
(X-TOLE; ClinicalTrials.gov Identifier: NCT03796962) evaluated
the efficacy, tolerability, and safety of azetukalner as treatment
of focal-onset seizures in adults [22]. Eligible subjects were
adults aged 18 to 75 years who experienced at least 4 coun-
table focal-onset seizures per month during the prospective
8-week baseline period and were on stable treatment with 1-3
ASMs. Participants were randomized for an 8-week double-
blind-period to placebo or 10, 20, or 25 mg of azetukalner
administered once daily with food. As CYP3A4 inducers may
decrease the plasma levels of azetukalner, randomization was
stratified in each arm by background CYP-inducing ASMs [22].

A total of 323 subjects of the modified intention-to-treat
population were included in the efficacy analyses, and 325
subjects were included in the safety population. The mean age
of the participants was 40.8 (+13.3) years and 51.7% were
women. The mean age at epilepsy onset was 17.1 (+13.6)
years and the median number of prior ASMs was six. In the
study cohort, 8.9% of the participants received one stable ASM
at baseline and during the double-blind period, 40.6%
received two ASMs, and 50.5% received three ASMs.
A summary of the baseline characteristics of participants by
the treatment group is shown in Table 1 [22].

There was a clear dose-response for seizure reduction. The
median percent reduction from baseline in monthly focal-
onset seizure frequency was 52.8% in the 25-mg group,
46.4% in the 20-mg group, and 33.2% in the 10-mg group,
compared with 18.2% in the placebo group. The percentage of
participants who reached a=50% reduction from baseline
seizure frequency was 54.5% in the 25-mg group, 43.1% in
the 20-mg group, 28.3% in the 10-mg group, and 14.9% in the
placebo group (Table 2). Among the study completers, the
seizure freedom rates were 4.5% in the 25-mg group, 3.9% in
the 20-mg group, 2.2% in the 10-mg group, and 1.8% in the
placebo group [22].

The analysis of the change in seizure frequency over time
demonstrated a rapid onset of action. At the end of the first
week, the median reductions in weekly seizure frequency were
55.4% in the 25-mg group, 41.5% in the 20-mg group, and
39.1% in the 10-mg group, and were statistically significant

Table 1. Baseline characteristic of participants in X-TOLE trial.

Treatment Group

Placebo Azetukalner

Characteristic (n=114) (n=325)
Male sex, n (%) 53 (46.5) 157 (48.3)
Age, mean (SD), years 429 (13.7) 40.8 (13.3)
Age at epilepsy onset, mean (SD), years 19.2 (14.7) 17.1 (13.6)
Number of prior ASMs failed, median (IQR) 6.0 (4.0-8.0) 6.0 (4.0-9.0)
Number of background ASM

One 12 (10.5) 29 (8.9)

Two 46 (40.4) 132 (40.6)

Three 56 (49.1) 164 (50.5)
CYP3A4 inducer use, n (%) 69 (60.5) 188 (57.8)

Abbreviations: ASM=antiseizure medication, CYP3A4=cytochrome P450 3A4,
IQR=interquartile range, SD=standard deviation.
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Table 2. Efficacy of azetukalner in X-TOLE trial.

Treatment Group

Placebo Azetukalner — 10 mg  Azetukalner — 20 mg

Variable (n=114) (n=146) (n=51) Azetukalner — 25mg (n=112)
Focal-onset seizure frequency

Percentage Change from Baseline to the DBP, median (IQR) -18.2 -33.2 —46.4 -52.8

(=373 t0 7.0) (—61.8 to 0.0) (-76.7 to — 14.0) (—80.4 to—16.9)

Seizure response

Participants, n (%) 17 (14.9) 13 (28.3) 22 (43.1) 61 (54.5)

OR (95% Cl) versus placebo - 2.48 (1.05 to 5.84) 4.78 (2.18 to 10.52) 7.30 (3.77 to 14.10)
Clinical Global Impression-Change

At least much improved, (%)

OR (95% Cl) versus placebo 22.8 239 333 46.4

- 1.06 (0.47 to 2.38) 1.69 (0.82 to 3.51) 2.93 (1.65 to 5.21)

Patient Global Impression-Change

At least much improved, (%)

OR (95% Cl) versus placebo 219 34.8 373 429

1.90 (0.90 to 4.03) 2.11 (1.03 to 4.34) 2.67 (1.49 to 4.77)

?Seizure response was defined as a 50% or more reduction from baseline in monthly focal-onset seizure frequency.
Abbreviations: Cl=confidence interval, DBP=double-blind period, IQR=interquartile range, OR=0dds ratio.

from the 20.2% reduction observed in the placebo group.
Similarly, the responder rates at the end of the first week
were statistically significantly higher among participants ran-
domized to azetukalner than placebo: 53.6% in the 25-mg
group, 47.1% in the 20-mg group, 43.5% in the 10-mg
group, and 28.1% of patients in the placebo group [22].

A time-to-event analysis with the exploratory outcome of
time to reach baseline monthly focal-onset seizure count con-
firmed the efficacy of azetukalner. The time to baseline seizure
frequency was 4.7 weeks (median) in the placebo group,
approximately 6 weeks in the 10-mg group, 7.4 weeks in the
20-mg group, and more than 8 weeks in the 25-mg group as
most participants did not reach this end point at the end of
the 12-week treatment period [22].

The treatment with azetukalner was also associated with an
improvement of the overall health status assessed by both
investigators, using the Clinical Global Impression-Change
scale, and by patients, using the Patient Global Impression-
Change scale (Table 2) [22].

Azetukalner was generally well tolerated, and the incidence
of AEs appeared dose related (Table 3). At least one AE
occurred in 62.3% of the subjects in the placebo group and
in 77.3% of the subjects in the active arm. The incidence of
serious AEs was low and similar across the treatment groups.
Treatment withdrawal due to AEs occurred in 3.5% of subjects
receiving placebo and 12.3% of subjects receiving azetukalner;
dizziness and balance disorder were the most common AEs
leading to discontinuation across azetukalner arms [22].

The most common AEs reported by at least 10% of partici-
pants randomized to azetukalner included dizziness (24.6%),
somnolence (15.6%), fatigue (10.9%), and headache (10.0%).
Among AEs classified as psychiatric disorders, confusional

Table 3. Summary of adverse events in X-TOLE trial.

state occurred in 4.7% of participants randomized to azetukal-
ner and in 0.9% of participants randomized to placebo; serious
confusional state occurred in one subject in the azetukalner
10-mg group. Two cases of non-serious urinary retention were
reported among participants randomized to azetukalner, with
no need for catheterization or other interventions; in one case,
a dose reduction was required. No allergic rashes and no
tissue discoloration were reported, and no deaths occurred.
There were no safety signals of concern based on vital signs,
physical or neurologic examinations, electrocardiograms,
laboratory tests, or urinalysis. Mean changes from baseline in
body weight were 0.2 (£2.4) kg in subjects receiving placebo,
and 0.6 (+2.3) kg, 1.6 (+2.2) kg, and 1.9 (+2.9) kg in subjects
receiving azetukalner at the dosage of 10 mg, 20 mg, and 25
mg [22].

Post-hoc analyses were performed in the 25-mg group
according to baseline seizure burden, number of prior failed
and concomitant ASMs to understand the impact of disease
severity [23]. Participants with < 8.5 seizures/month at baseline
had a 70.6% seizure frequency reduction and participants
with > 8.5 seizures/month had a reduction of 50.8%. In sub-
jects with history of <6 and > 6 ASMs at baseline, the median
seizure frequency reduction was 58% and 43%; in subjects
with 1-2 and 3 concomitant ASMs, the median seizure fre-
quency reduction was 60.9% and 50.8% [23].

3.2.2. Long-term, open-label extension of X-TOLE trial

Participants who completed the double-blind period of
X-TOLE trial with a minimum of 80% compliance with the
study medication were eligible to enroll in the 5-year, open-
label extension (OLE) to evaluate the long-term safety, toler-
ability, and effectiveness of azetukalner. Participants enrolled

Treatment Group

Placebo Azetukalner — 10mg  Azetukalner — 20mg  Azetukalner — 25 mg
Variable (n=114) (n=46) (n=51) (n=114)
At least one treatment-emergent adverse event, n (%) 71 (62.3) 31 (67.4) 35 (68.6) 97 (85.1)
At least one serious treatment-emergent adverse event, n (%) 3(2.6) 2 (4.3) 2 (3.9 3(2.6)
At least one treatment-emergent adverse event leading to treatment 4 (3.5) 1(2.2) 7 (13.7) 18 (15.8)

discontinuation, n (%)




Table 4. Baseline characteristic of participants in the open-label extension of
X-TOLE trial.

Characteristic

Population (n =275)

Male sex, n (%) 137 (49.8)
Age, mean (SD), years 41.1 (13.3)
Age at epilepsy onset, mean (SD), years 18.1 (13.8)
Baseline seizure frequency per month, median (IQR) 13.5 (7.9-30.3)
Number of prior ASMs failed, mean (SD) 6.5 (3.68)
Number of background ASM

One 23 (8.4)

Two 108 (38.3)

Three 144 (52.4)
CYP3A4 inducer use, n (%) 160 (58.2)

Abbreviations: ASM = antiseizure medication, CYP3A4 = cytochrome P450 3A4,
IQR = interquartile range, SD = standard deviation.

in the OLE received azetukalner 20 mg once daily. In the OLE,
assessments occurred at week 3 and 3-month intervals there-
after for the first year; after the first year, on-site visits occurred
at 6-month intervals with teleconferences at 3 months
between each on-site visit [24]. Two-hundred and seventy-
five participants out of the 285 who completed the double-
blind period of the trial entered the 5-year OLE. Demographics
and baseline characteristics of participants in the OLE are
shown in Table 4 [24].

At the interim analysis of the ongoing OLE (cutoff date
5 September 2023), 153 subjects (55.3%) continued to partici-
pate. The most common reasons for discontinuation were lack
of efficacy (13.8%), AEs (12.0%), and study withdrawal by the
participant (12.0%). At the time of the analysis cutoff, 182
subjects were treated in the OLE for =12 months and 165
were treated for =24 months. The percentage of subjects con-
tinuing azetukalner at 12 months and 24 months into the OLE
study period were 66% and 60% [24].

For ongoing OLE participants, monthly median percentage
reductions in focal-onset seizure frequency ranged from 61%
to 95% from double-blind period baseline and were main-
tained at 78% to 95% in OLE study months 12 to 30. Higher
reductions were observed for subjects who were receiving 1 to
2 ASMs at baseline compared with those receiving 3 ASMs.
Among all subjects who entered the OLE, 37.5% achieved
seizure freedom for any consecutive =3-month duration,
22.2% for any = 6 consecutive months, and 14.9% were seizure
free for = 12 consecutive months. The corresponding rates of
sustained seizure response were 71.6%, 56.4%, and 44.4%.
Among participants who reached at least 24 months in the
OLE (n=165) the percentages of seizure freedom were 56.4%
for =3 months, 34.5% for =6 months, and 23.6% for =12
months; the percentages of seizure response were 92.1% for
>3 months, 83.6% for =6months, and 69.7% for =12
months [24].

The tolerability and safety profiles observed were similar
to those of the double-blind period. At least one AE
occurred in 87.3% of the safety population and the
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incidence of serious AEs was 12.7%. Treatment withdrawal
due to AEs occurred in 10.9% of subjects (Table 5) [24]. The
most common AEs reported by at least 10% of participants
included dizziness (21.8%), headache (15.3%), coronavirus
(SARS-Cov 2) infection (15.3%), fall (12.7%), somnolence
(12.7%), and memory impairment (10.9%). Three subjects
reported urinary retention, one reported as mild and two
as moderate; no dose changes were made in any case. At
the end of the second year, participants recorded a mean
(SD) weight change of —0.2 (+8.8) kg from the start of the
OLE. There was one sudden unexplained death in epilepsy
case, which was considered by the investigator as not
related to the study drug [24]. Pigmentary abnormalities
were not reported in the ongoing OLE study according to
the analysis of clinical data [24,25]; no photo-degradation
studies or electrochemical stability investigations were
performed.

The impact of azetukalner on the quality-of-life of partici-
pants enrolled in the OLE was assessed through The Quality of
Life in Epilepsy Inventory-31 (QOLIE-31) questionnaire.
Compared to the baseline of double-blind period, improve-
ments in mean QOLIE-31 total score and most subscale scores
were reported by the overall group of participants during the
first 24 months [26]. Mean QOLIE-31 total score and all sub-
scale scores improved in the group of participants who were
seizure-free for = 12 consecutive months at the interim cutoff
date. Clinically important improvements in QOLIE-31 subscales
of Seizure Worry, Social Functioning, and Medication Effects
were seen across all subjects, with even greater improvements
in the seizure-free group. Seizure-free participants achieved
clinically important improvements in all quality-of-life domains
assessed by the QOLIE-31 except for Energy/Fatigue [26].

3.3. Phase 3

3.3.1. Focal onset seizures

Two identical Phase 3, multicenter, randomized, double-blind,
placebo-controlled clinical trials called X-TOLE2
(NCT05614063) and X-TOLE3 (NCT05716100) are ongoing to
evaluate the clinical efficacy, tolerability, and safety of azetu-
kalner administered as adjunctive treatment in subjects with
focal onset seizures. Approximately 360 subjects will be ran-
domized in a 1:1:1 fashion for once-daily dosing of azetukalner
(15mg), azetukalner (25mg) or placebo in each trial with
stratification at randomization based on region and back-
ground use of CYP 3A4-inducer ASMs.

Eligibility criteria include adult age, a baseline seizure fre-
quency of >4 countable focal-onset seizures per month, and
treatment with a stable dose of 1 to 3 allowable ASMs for at
least one month prior to screening, during baseline, and
throughout the double-blind period of the study. Eligible

Table 5. Summary of adverse events in the open-label extension of X-TOLE trial.

Variable

Population (n=275)

At least one treatment-emergent adverse event, n (%)
At least one serious treatment-emergent adverse event, n (%)

At least one treatment-emergent adverse event leading to treatment discontinuation, n (%)

240 (87.3)
35 (12.7)
30 (10.9)
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Table 6. Summary of phase 3 clinical trials in focal-onset seizures.

Study X-TOLE2 X-TOLE3
ClinicalTrials.gov ID NCT05614063 NCT05716100
Official Title A Randomized, Double-blind, Placebo-Controlled, Multicenter Phase 3 Study to Evaluate the Safety, Tolerability, and Efficacy of

Main Inclusion Criteria

XEN1101 as Adjunctive Therapy in Focal-Onset Seizures

Age =18 years

Diagnosis (=2 years) of focal epilepsy according to the International League Against Epilepsy Classification of Epilepsy (2017)
Adequate trials of at least 2 ASMs, given (and tolerated) at adequate therapeutic doses, without achieving sustained seizure freedom
Treatment with a stable dose of 1 to 3 allowable current ASMs for at least one month prior to screening, during baseline, and
throughout the duration of the double-blind period

Seizure frequency of > 4 countable focal seizures per month (28 days) during the last 56 days of the baseline period that precede the

randomization visit
» Ability to keep accurate seizure diaries

Main Exclusion Criteria
History of focal aware non-motor seizures only
History of non-epileptic psychogenic seizures
History of primary generalized seizures

Previously documented electroencephalogram which shows any pattern not consistent with focal etiology of seizures

Developmental and epileptic encephalopathy, including Lennox-Gastaut syndrome
Seizures secondary to drug or alcohol use, ongoing infection, neoplasia, demyelinating disease, degenerative neurological disease,

metabolic illness, progressive structural lesion, encephalopathy, or progressive central nervous system disease
 History of status epilepticus or repetitive seizures where the individual seizures cannot be counted within the 12-month period

preceding Visit 1

« History of neurosurgery for seizures <1 year prior to Visit 1, or radiosurgery <2 years prior to enrollment

Main Outcome Measures e
XEN1101 versus placebo

Median percent change in monthly (28 days) focal seizure frequency from baseline through to the double-blind period (week 12) for

» Proportion of subjects experiencing = 50% reduction in monthly (28 days) focal seizure frequency from baseline through to the
double-blind period (week 12) for XEN1101 versus placebo.

¢ Median percent change in weekly (7 days) focal seizure frequency from baseline through to Week 1 for XEN1101 versus placebo

¢ Proportion of subjects experiencing ‘at least much improved’ (including ‘much’ and ‘very much improved’) in Patient Global
Impression of Change from baseline through to the double-blind period (week 12)

o Adverse events as criteria for safety and tolerability of XEN1101 from screening through to 56 days post-final dose

Study Arms e Experimental: XEN1101 15 mg/day
o Experimental: XEN1101 25 mg/day
e Placebo comparator

Abbreviation: ASM = Antiseizure Medication.

subjects will have up to 9.5 weeks of baseline to assess the
frequency of seizures and eligibility for randomization, fol-
lowed by 12 weeks of blinded treatment. There is no titration
period.

The main outcomes to assess the effect of azetukalner on
focal-onset seizure frequency are the median percent change
in monthly seizure frequency from baseline through the dou-
ble-blind period of azetukalner compared to placebo and the
proportion of subjects experiencing = 50% reduction in seizure
frequency from baseline for azetukalner versus placebo at
Week 12. A summary of the characteristics of the X-TOLE2
and X-TOLE3 trials is provided in Table 6.

Participants who complete the 12-week double-blind per-
iod will have the opportunity to enter a separate OLE study
(X-TOLE4; NCT05718817) for continued treatment with azetu-
kalner for up to three years. Subjects who do not enroll in the
OLE will enter an 8-week post-treatment follow-up period.

3.3.2. Primary generalized tonic-clonic seizures

A Phase 3, multicenter, randomized, double-blind, placebo-
controlled clinical trial called X-ACKT (NCT05667142) is cur-
rently ongoing to evaluate the clinical efficacy, tolerability,
and safety of azetukalner administered as adjunctive treat-
ment in subjects diagnosed with generalized epilepsy and
experiencing probable or possible primary generalized tonic-
clonic seizures (PGTCS), with or without other subtypes of
generalized seizures.

Approximately 160 subjects will be randomized in a 1:1
fashion for once-daily dosing of azetukalner (25 mg) or pla-
cebo with stratification at randomization based on region and
background use of CYP 3A4-inducer ASMs. Eligibility criteria
include adult age, a seizure frequency of = 3 PGTCS at baseline
(including =1 PGTCS during each of the first and second
4-week periods preceding randomization), and treatment
with a stable dose of 1 to 3 allowable ASMs for at least one
month prior to screening, during baseline, and throughout the
double-blind period of the study.

Eligible subjects will have up to 9.5 weeks of baseline to
assess frequency of seizures and eligibility for randomization,
followed by a double-blind period where participants will
receive 12 weeks of blinded treatment. There is no titration
period. The main outcomes to assess the effect of azetukalner
on PGTCS frequency are the median percent change in
monthly PGTCS frequency from baseline through the double-
blind period of azetukalner compared to placebo and the
proportion of patients experiencing=50% reduction in
PGTCS frequency and PGTCS freedom from baseline for aze-
tukalner versus placebo at Week 12. A summary of the char-
acteristics of the X-ACKT trial is shown in Table 7.

Participants who complete the 12-week double-blind per-
iod will have the opportunity to enter a separate OLE study
(X-TOLE4; NCT05718817) for continued treatment with aze-
tukalner for up to three years. Subjects who do not enroll in
the OLE will enter an 8-week post-treatment follow-up
period.
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Table 7. Summary of phase 3 clinical trial in primary generalized tonic-clonic seizures.

Study X-ACKT
ClinicalTrials.gov ID  NCT05667142
Official Title A Study to Evaluate XEN1101 as Adjunctive Therapy in Primary Generalized Tonic-Clonic Seizures
Main Inclusion e Age =18 years
Criteria o Diagnosis (=2 years) of PGTCS (with or without other subtypes of generalized seizures) in the setting of generalized epilepsy according to

the International League Against Epilepsy Classification of Epilepsy (2017)

Adequate trials of at least 2 ASMs, given (and tolerated) at adequate therapeutic doses, without achieving sustained seizure freedom
Treatment with a stable dose of 1 to 3 allowable current ASMs for at least one month prior to screening, during screening/baseline, and
throughout the duration of the double-blind period

Seizure frequency of = 3 PGTCS (including =1 PGTCS during each of the first and second 4-week periods preceding randomization) during

the last 56 days of the baseline period that preceded the randomization visit

o Ability to keep accurate seizure diaries

Main Exclusion Concomitant diagnosis of focal onset seizures

Seizures secondary to drug or alcohol use, ongoing infection, neoplasia, demyelinating disease, degenerative neurological disease,

» History of status epilepticus or repetitive seizures where the individual seizures cannot be counted within the 12-month period preceding

Proportion of subjects experiencing = 50% reduction in monthly (28 days) PGTCS frequency from baseline through to the double-blind

o Proportion of subjects experiencing PGTCS freedom from baseline through to the double-blind period (week 12) for XEN1101 versus

« Proportion of subjects experiencing ‘at least much improved’ (including ‘much’ and ‘very much improved’) in Patient Global Impression of

L]
Criteria » History of non-epileptic psychogenic seizures
o Developmental and epileptic encephalopathy (e.g. Lennox-Gastaut syndrome)
L]
metabolic illness, progressive structural lesion, encephalopathy, or progressive central nervous system disease
Visit 1
o History of neurosurgery for seizures <1 year prior to Visit 1, or radiosurgery <2 years prior to enrollment
Main Outcome 3
Measures period (week 12) for XEN1101 versus placebo
placebo
Change from baseline through to the double-blind period (week 12)
o Adverse events as criteria for safety and tolerability of XEN1101 from screening through to 56 days post-final dose
Study Arms o Experimental: XEN1101 25 mg/day

e Placebo comparator

Abbreviations: ASM = Antiseizure Medication, PGTCS = Primary Generalized Tonic-clonic Seizures.

4. Conclusion

Azetukalner is a new, small molecule, selective Kv7.2/Kv7.3
potassium channels opener under development for the treat-
ment of seizures. In a phase 2b, randomized, double-blind,
placebo-controlled trial including 325 participants with uncon-
trolled focal-onset seizures, azetukalner was associated with
significant and dose-dependent decrease in monthly seizure
frequency. The most common AEs were related to the central
nervous system and consistent with those observed with other
commonly prescribed ASMs. The analysis of the ongoing OLE
phase of the study did not identify any major safety issues.
The findings of this clinical trial strongly support the further
clinical development of azetukalner as a new ASM. Phase llI
clinical trials will provide additional insight into the efficacy,
tolerability, and safety of azetukalner for the treatment of
focal-onset seizures and primary generalized tonic-clonic
seizures.

5. Expert opinion

Epilepsies are among the most common chronic disorders of
the brain. Despite the introduction of many ASMs into the
market in the last decades, around one third of people with
epilepsy continue to experience seizures and a not negligible
proportion discontinue treatment due to intolerable adverse
effects. There remains, hence, the need for new compounds
that are effective and well tolerated.

Antiseizure medications exert their activity by interacting
with molecular targets in the brain. The inhibitory Kv7.2/Kv7.3
voltage-gated potassium channels represent an attractive

target and no other currently marketed ASM binds to this
target [27]. Pathogenic variants in the genes encoding these
channels are associated with epilepsy-related syndromes,
including self-limiting neonatal seizures and early-onset epi-
leptic encephalopathy [28]. Compounds that potentiate the
opening of these channels have been associated with seizure
prevention, and available data provided evidence for these
channels as a therapeutic target in the treatment of focal-
onset seizures [29].

Azetukalner is a second-generation opener of Kv7.2/Kv7.3
voltage-gated potassium channels and is undergoing a clinical
development program. People that had been treated with
retigabine/ezogabine are currently facing a therapeutic gap
that could be closed with a successor with the same mode of
action. Azetukalner makes use of a clinically validated mechan-
ism of voltage-gated potassium channel opening, and it would
be the only-in-class, Kv7.2/7.3 opener on the market, if
approved. Considering its unique pharmacodynamic proper-
ties, distinct from any other currently marketed drug, azetu-
kalner is expected to be exploited well in combination with
other ASMs. As a rule of rational polypharmacy, which is aimed
to minimize side effects and maximize efficacy, favorable
combinations usually consist of ASMs with different mechan-
isms of action [30-32]. In this regard, both experimental and
clinical studies are warranted to identify which combinations
with azetukalner may provide additive or synergic efficacy
without increased toxicity.

The pharmacokinetic profile of azetukalner with a long half-
life of approximately 10 days supports the once daily dosing.
Noncompliance with treatment is a significant issue in people
with epilepsy, and this may have serious consequences [33].
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The number of daily doses has been shown to predict non-
compliance with ASM treatment and increased risk of seizure
[34,35]. Although adherence can be improved by considering
the use of once-daily formulations, the opportunities to sim-
plify the therapeutic scheme are limited as most ASMs need to
be taken twice or three times daily.

Azetukalner does not require titration at initiation or taper-
ing at termination of dosing, and it showed a rapid onset of
action, with nearly the maximum seizure reduction achieved
by the first week of treatment in the X-TOLE trial [22]. Most
ASMs need to be titrated, and there is a need for new thera-
pies with a fast onset of effect. Titration of an ASM can last
weeks to months. It is a critical phase during which the desire
to quickly attain an effective dose must be balanced against
the occurrence of side effects. Unexpected breakthrough sei-
zures resulting from suboptimal dosing, as well as tolerability
issues resulting from rapid increase in dosage, may signifi-
cantly increase health care resource use and health care
costs during the titration of ASMs [36]. The titration period
has been also associated with a negative impact on the emo-
tional wellbeing mainly due to uncertainty whether the ASM
would improve or worsen seizures [37]. Further, ASMs char-
acterized by rapid achievement of therapeutic levels and early
onset of action can have potential utility when prompt anti-
seizure activity is necessary, as in the presence of high-
frequency, severe, or debilitating seizures [38,39].

Less favorable pharmacokinetics properties of azetukalner
include the effect of food on oral bioavailability and the
extensive hepatic metabolism mainly by CYP3A4, with
increased risk to be victim of drug-drug interactions; addi-
tional evidence will be needed to understand the clinical
relevance of these potential interactions. Conversely, azetukal-
ner has a low potential to cause interactions through the
inhibition of the CYP isoenzymes.

The currently available findings from experimental studies
suggest that azetukalner can have a broad-spectrum activity.
So far, no clinical data are available to support this yet, and the
Phase 3 clinical trial X-ACKT will investigate the clinical efficacy
of the drug against primary tonic-clonic seizures. Azetukalner
can potentially enrich the armamentarium for the manage-
ment of generalized epilepsies, for which fewer ASMs are
available compared to focal epilepsies. This paucity of thera-
peutic options became even more significant after worldwide
regulatory agencies have advised against the use of valproate
and more recently also topiramate in women of childbearing
potential due to the teratogenic and neurodevelopmental
risks associated with their use during pregnancy [40-43].

A lifetime history of psychiatric disorders is identified in one
third of people with epilepsy, and depression is one of the
most common psychiatric conditions [44]. A meta-analysis of
population-based studies estimated a prevalence of active
depression in epilepsy of 23.1%, with an increased overall
risk of 2.7 compared with general population [45]. Several
factors can contribute to psychiatric disorders in people with
epilepsy, including ASMs. Antiseizure medications can have
negative impact on mood by a variety of mechanisms like
the enhancement of GABA neurotransmission, glutamate
antagonism, and pharmacodynamic interactions with other

ASMs [46]. Barbiturates, vigabatrin and topiramate showed
greater associations with the occurrence of depressive symp-
toms than other ASMs, presenting in up to 10% of all subjects
or even more in susceptible individuals [47]. Conversely, some
ASMs like valproate, lamotrigine, carbamazepine, and gaba-
pentin have demonstrated beneficial effects on mood in peo-
ple with epilepsy [48]. Pre-clinical work demonstrated that
increased activity of KCN-type potassium channels can reverse
depressive phenotypes, and mice resilient to depression and
anhedonia exhibited increased KCNQ channel activity within
the ventral tegmental area of the reward system [49,50].
Repeated daily administration of retigabine/ezogabine com-
pletely reversed the depressive and anhedonic phenotype in
the susceptible mice [51]. The adjunctive treatment with reti-
gabine/ezogabine promoted the antidepressant effect of keta-
mine and helped to substantially reduce the necessary dose of
ketamine in major depression [52]. Besides open-label evi-
dence [53], statistically significant results were found in
a randomized, placebo-controlled clinical trial that explored
the use of retigabine/ezogabine as a treatment for major
depressive disorder and anhedonia [54]. A Phase 2 proof-of-
concept, randomized, parallel-arm, placebo-controlled multi-
site study (NCT04827901) is ongoing to investigate azetukal-
ner for the treatment of major depressive disorder in approxi-
mately 60 subjects. Accordingly, azetukalner can have
a favorable, or at least neutral, effects toward depressive
symptoms in people with epilepsy.

5.1. Five-year view

This is an exciting time with many advances in the under-
standing of the pathophysiological mechanisms underpinning
epilepsies. Within the next few years, personalized treatments
able to target the molecular basis of the epilepsies are likely to
increasingly play a role. Targeted treatments would be direc-
ted to control the symptoms as well as to modify, or even
cure, the disease [55]. The repurposing of drugs approved for
other indications and non-pharmacological approaches such
as gene therapies are on the horizon besides the discovery of
new compounds [56,57]. The holy grail of epilepsy remains
prevention and a definite shortcoming of currently available
interventions is their failure to prevent the onset of epilepsy
following a cerebral insult [58]. Clinical trials of antiepilepto-
genesis are ongoing, and they may represent the dawn of
a new era [59,60].
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