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Padsevonil randomized Phase lla trial in
treatment-resistant focal epilepsy: a
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Therapeutic options for patients with treatment-resistant epilepsy represent an important unmet need. Addressing this unmet need
was the main factor driving the drug discovery program that led to the synthesis of padsevonil, a first-in-class antiepileptic drug
candidate that interacts with two therapeutic targets: synaptic vesicle protein 2 and GABA, receptors. Two PET imaging studies
were conducted in healthy volunteers to identify optimal padsevonil target occupancy corresponding to levels associated with ef-
fective antiseizure activity in rodent models. Optimal padsevonil occupancy associated with non-clinical efficacy was translatable to
humans for both molecular targets: high (>90%), sustained synaptic vesicle protein 2A occupancy and 10-15% transient GABA 5
receptor occupancy. Rational dose selection enabled clinical evaluation of padsevonil in a Phase Ila proof-of-concept trial
(NCT02495844), with a single-dose arm (400 mg bid). Adults with highly treatment-resistant epilepsy, who were experiencing >4
focal seizures/week, and had failed to respond to >4 antiepileptic drugs, were randomized to receive placebo or padsevonil as add-
on to their stable regimen. After a 3-week inpatient double-blind period, all patients received padsevonil during an 8-week out-
patient open-label period. The primary endpoint was >75% reduction in seizure frequency. Of 55 patients randomized, 50 com-
pleted the trial (placebo 7 =26; padsevonil 7 =24). Their median age was 36 years (range 18-60), and they had been living with
epilepsy for an average of 25 years. They were experiencing a median of 10 seizures/week and 75% had failed >8 antiepileptic
drugs. At the end of the inpatient period, 30.8% of patients on padsevonil and 11.1% on placebo were >75% responders (odds
ratio 4.14; P=0.067). Reduction in median weekly seizure frequency was 53.7% and 12.5% with padsevonil and placebo, respect-
ively (unadjusted P=0.026). At the end of the outpatient period, 31.4% were >75% responders and reduction in median seizure
frequency was 55.2% (all patients). During the inpatient period, 63.0% of patients on placebo and 85.7% on padsevonil reported
treatment-emergent adverse events. Overall, 50 (90.9%) patients who received padsevonil reported treatment-emergent adverse
events, most frequently somnolence (45.5%), dizziness (43.6%) and headache (25.5%); only one patient discontinued due to a
treatment-emergent adverse event. Padsevonil was associated with a favourable safety profile and displayed clinically meaningful ef-
ficacy in patients with treatment-resistant epilepsy. The novel translational approach and the innovative proof-of-concept trial de-
sign maximized signal detection in a small patient population in a short duration, expediting antiepileptic drug development for
the population with the greatest unmet need in epilepsy.
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Antiepileptic drugs (AEDs) are the cornerstone of therapy
in epilepsy, a spectrum of diseases that affect an esti-
mated 70 million people worldwide (Thijs et al., 2019).
While many AEDs have become available over the past
decades, seizure-freedom rates obtained with the newer
AEDs do not appear to have improved. In two longitu-
dinal, observational cohort studies conducted at the same
epilepsy centre 16vyears apart, seizure-freedom rate was
64% despite introduction of newer AEDs (Kwan and
Brodie 2000; Chen et al., 2018). In the two studies, as in
others, the likelihood of achieving seizure freedom dimin-
ished sharply with each unsuccessful regimen (Schiller

30-40% of patients, is associated with significant mor-
bidity and increased risk of mortality (Weaver and
Pohlmann Eden 2013; Laxer et al., 2014; Engel 2016;
Strzelczyk et al., 2017). Consequently, there is an import-
ant unmet need for novel AEDs, developed using new re-
search strategies, that can help improve seizure control
for patients with drug-resistant epilepsy (Chen et al.,
2018).

While the first AEDs were discovered through serendip-
ity, the principal method for developing newer AEDs has
so far been based on empirical screening and testing in
animal models; very few have been developed based on

hypothesis-driven, target-based rational drug design
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(Rogawski 2008; Loscher et al., 2013). The latter ap-
proach was used to develop padsevonil (PSL), the first in
a novel chemical class of drugs (Wood et al., 2020). PSL
was designed specifically to interact with two therapeutic
targets. Presynaptically, it binds with very high affinity to
synaptic vesicle protein 2 (SV2) and postsynaptically,
with low-to-moderate affinity to GABA, receptors
(GABA,Rs), where it acts as a partial agonist at the
benzodiazepine site (Wood et al., 2020). This specific
profile was selected since antiseizure potency correlates
with SV2A binding affinity (Kaminski et al., 2008;
Kaminski et al., 2009; Gillard et al., 2011), while the
low-to-moderate affinity for the benzodiazepine site
would be expected to produce therapeutic effects without
inducing excessive sedation or tolerance (Rundfeldt and
Loscher, 2014). Selective interaction of PSL with its
intended targets was demonstrated in in wvitro binding
assays where PSL displayed a nanomolar affinity for all
three SV2 isoforms (SV2A, SV2B and SV2C) and micro-
molar affinity for the benzodiazepine site (Wood et al.,
2020). Results of in vivo target occupancy experiments in
mice supported in vitro results (Wood et al., 2020).
Animal models for testing PSL’s antiseizure efficacy
were carefully selected to be fit-for-purpose and have
high predictive validity for its intended attributes
(Denayer et al., 2014; Loscher 2016). PSL showed effi-
cacy not only in standard acute seizure models but also
in models representing chronic epilepsy, characterized by
suboptimal or no response to existing AEDs (Leclercq
et al., 2020). Of note, in the 6 Hz (44 mA) model, at the
same target occupancies, PSL provided greater protection
than the selective SV2A ligands levetiracetam (LEV) and
brivaracetam (BRV), or the benzodiazepine, diazepam,
administered alone, and LEV or BRV administered in
combination with diazepam (Leclercq et al., 2020). PSL
also demonstrated greater efficacy than nine other mech-
anistically diverse AEDs in the amygdala kindling model
(Leclercq et al., 2020), which is predictive of efficacy in
human drug-resistant epilepsy (Loscher, 2011, 2017).
Acceptable safety results in first-in-human trials (Otoul
et al. 2017) led to PET imaging studies to establish the
PSL dose in humans that would achieve target occupancy
similar to that observed in non-clinical studies and to en-
able a Phase Ila proof-of-concept (PoC) trial. PET target
occupancy studies can help guide dose selection for drug
candidates, reducing the risk of under- or overdosing in
clinical trials (Melhem 2013). Testing depends on the
availability of PET tracers and has so far not been used
in AED development. PET tracers were available to char-
acterize PSL binding at GABAsRs and at SV2A, but not
at SV2B or SV2C. Target occupancy associated with ef-
fective antiseizure activity in non-clinical models, com-
bined with Phase I and human PET data were
subsequently used to select the dose expected to produce
the best efficacy/tolerability profile in patients. This trans-
lational approach, not previously used in the development
of AEDs, allowed for rational dose selection, which in
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turn enabled implementation of an efficient single-dose
PoC trial to test efficacy and safety in patients with high-
ly treatment-resistant disease. The current report provides
results of the two imaging studies, and the PoC trial, as
well as population pharmacokinetic (popPK) modelling
and exposure-response analyses.

Materials and methods

PSL target occupancy was determined in two Phase 1, sin-
gle-centre, open-label studies conducted in Belgium: one
for SV2A (EudraCT Number 2016-001190-32) and the
other for GABAARs (EudraCT Number 2012-000231-
79). Both studies were approved by an Independent
Ethics Committee and conducted in accordance with local
Belgian laws, and all applicable regulatory and the
International ~ Conference on  Harmonization-Good
Clinical Practice guidelines. All volunteers provided writ-
ten informed consent before entering the studies.

The radiotracer [''CJUCB-] was used for the SV2
study; it has been shown to perform as best-in-class in
non-human primates (Nabulsi et al., 2016) and humans
(Finnema et al., 2016). [''C]-Flumazenil has been used to
assess GABAAR occupancy in vivo in humans and non-
human primates (Abadie and Baron, 1990) and was used
in the current GABA, PET study. Full methodological
details of both PET imaging studies are provided in the
Supplementary Material.

This Phase Ila trial was conducted at 10 specialized epi-
lepsy centres across Belgium, Bulgaria, Germany,
Hungary, the Netherlands and Spain (NCT02495844).
The trial was initiated in August 2015 with patient
screening (first patient, first visit), and completed in
February 2017 (last patient, last visit). Trial protocol,
amendments and patient informed consent were reviewed
by a national, regional or Independent Ethics Committee.
The trial was conducted in accordance with local laws of
countries involved and the Good Clinical Practice guide-
lines of International Council for Harmonization, based
on the principles of the Declaration of Helsinki.

The trial consisted of a 4-week historical and a 2- to
3-week prospective outpatient baseline (Fig. 1). After ran-
domization to PSL or placebo, patients entered a double-
blind 3-week inpatient period, consisting of a titration, a
maintenance and a transition-to-outpatient week. Patients
then entered an open-label outpatient maintenance period
of 8 weeks, at the end of which they could opt to enter
the open-label extension (OLE) or exit the trial after a 2-
week tapering and a 4-week safety follow-up period.
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Figure | Proof-of-concept trial design and patient disposition. Patients were randomized |:| to receive treatment with padsevonil (PSL)
400 mg bid or placebo. At the end of Week 2, patients in the placebo group transitioned to treatment with PSL 400 mg bid, and at the end of
Week 3, all patients transitioned to open-label treatment with PSL 400 mg bid for 8 weeks. *At trial end, patients could either exit the trial and
enter a safety follow-up period or continue treatment with PSL in an open-label extension (OLE).

All patients continued using their baseline AED regimen
throughout the inpatient period; changes during the out-
patient maintenance period were reviewed by the trial
physician on a case-by-case basis. Use of benzodiazepines
as rescue medication was permitted if <3 doses were
taken within 7 days.

Patients (>18years) with a diagnosis of focal epilepsy who
had failed to achieve seizure control with >4 AED regimens
of adequate dose and duration, including their current treat-
ment, were invited to participate in the trial. During the his-
torical and prospective baseline periods, patients had to have
experienced >4 focal with or without focal-to-bilateral tonic-
clonic seizures per week and could not have had any seiz-
ure-free period longer than 3 days.

Patients were excluded if they had current or previous liver
disease; clinically significant abnormality on ECG; current or
previous psychiatric disease or serious psychiatric AEs with a
previous exposure to LEV or BRV; history of suicide attempt
or suicidal ideation in the past 6 months; history of hypersen-
sitivity reactions, autoimmune disease, unexplained syncope,
seizure clusters or status epilepticus; epilepsy surgery <1 year
or an epilepsy dietary therapy initiated <3 months before
screening; current or previous substance abuse/dependence.
Patients were also excluded if they were being treated with
tiagabine, felbamate, vigabatrin or enzyme-inducing AEDs.
Concomitant use of LEV was permitted, and randomization
was stratified by LEV use. Use of benzodiazepines, zolpidem,
zaleplon or zopiclone >3 times per week for any indication,
as well as non-antiepileptic prescription or non-prescription
drugs, and dietary or herbal products that are potent

inducers or inhibitors of the cytochrome P450 3A4 pathway
for 2weeks (or 5 half-lives, whichever is longer) before the
baseline visit was prohibited. Female patients of childbearing
potential were required to use contraception; male patients
were required to use barrier contraception during the trial
and for 3 months after the final dose.

At trial start, patients, caregivers, investigators and trial
personnel were unaware of treatment assignment. Several
members of the sponsor company were unblinded to the
primary efficacy results for an interim analysis of data
following completion of the double-blind inpatient period.
Patients were randomized to treatment with PSL 400 mg
bid or placebo (1:1) ratio using Interactive Response
Technology (IRT) System. Randomization was stratified
based on current or previous LEV use to ensure balance
across treatment groups.

The known pharmacology of drugs acting at GABAsRs
and non-clinical evidence correlating SV2A occupancy
and antiseizure efficacy, directed the synthesis of PSL to
ensure low (~10%) GABAAR occupancy and quasi full
saturation at SV2A, allowing maximum efficacy while
avoiding sedation. In the murine amygdala kindling
model, PSL ED;sq for protection against focal-to-bilateral
seizures was 1.2 mg/kg; at this dose, estimated occupancy
was >90% at SV2A and approximately 10% at
GABA,Rs (Leclercq et al., 2020; Wood et al., 2020).
Results of the PET studies indicated similar target occu-
pancy after therapeutically relevant doses; ie, sustained



Padsevonil PET imaging and Phase lla trials

Amygdala kindling model (mice)
ED,, = 1.2 mg/kg

100+
-o—- SV2A

{

80— - GABAAR

60—

40

Target occupancy in mice (%)

BRAIN COMMUNICATIONS 2020: Page 50f I5 | 5

Human SV2A PET:
corresponding occupancy (>90%)

Baseline

2 h after 400 mg
dose

Human GABA,R PET:
corresponding occupancy (13%)

Baseline

I T T T T
0.01 0.1 1 10 100

Padsevonil dose (mg/kg)

2 h after 400 mg
dose

Figure 2 Translating SV2A and GABA, receptor target engagement from rodents to humans. In the amygdala kindling model of
chronic epilepsy, the EDsy, the PSL dose that protected 50% of mice against focal-to-bilateral seizures was 1.2 mg/kg. In vivo occupancy studies in
mice showed that at this dose, PSL exhibited >90% SV2A occupancy and ~10% occupancy at GABA, receptors (GABAARs). The differential
proportionality of target engagement was retained in humans as shown in PET studies following administration of PSL 400 mg bid; >90% SV2A
and 13% GABAAR occupancy. SV2A occupancy was sustained; in contrast, GABAAR occupancy was transient, and at 2 h post-dose, occupancy
for the average of all regions of interest was <5% for most volunteers. The 400 mg bid dose was selected for the Phase Il proof-of-concept trial,
as it was expected to achieve exposure levels similar to those associated with robust efficacy in the amygdala kindling model; high, sustained

SV2A, and low, transient GABAAR occupancy.

high-level SV2A occupancy (>90%) and low, but suffi-
cient GABAAR occupancy (13.4%) at the 400mg bid
dose. The 400mg bid dose was also the highest dose
tested in a first-in-human multiple ascending dose trial
(490 mg was tested as a single dose) (Otoul et al., 2017).
Therefore, 400 mg bid was deemed to be the optimal,
maximal dose that would best translate the murine amyg-
dala kindling data (in vivo SV2A and GABAAR occu-
pancy at EDsy) to humans (Fig. 2). Doses higher than
400 mg bid would not likely increase the benefit/tolerabil-
ity ratio, since SV2A occupancy >95% was not predicted
to enhance efficacy while GABAAR occupancy >15%
would increase the likelihood of tolerance development
and GABA-mediated adverse events.

The a priori defined primary efficacy outcome was the
>75% responder rate (RR), the proportion of patients
with a >75% reduction in focal seizure frequency during
the last 2 weeks (PSL group) or the first 2 weeks (placebo
group) of the inpatient period compared with baseline.
Secondary efficacy variables were median percent reduc-
tion in focal seizure frequency from baseline to the 2-
week inpatient and outpatient maintenance period and
seizure-freedom rate during the 2-week inpatient period,
and last 4 weeks of the outpatient maintenance period.
Patients were monitored throughout the trial for treat-
ment-emergent adverse events (TEAEs), coded according

to the Medical Dictionary for Regulatory Activities ver-
sion 19.1. Given disease severity among trial participants,
the effect of PSL on cognitive and psychiatric measures
was monitored closely. Psychiatric assessment was per-
formed by a staff member trained in the identification of
psychiatric symptoms, using the Brief Psychiatric Rating
Scale.

Other safety assessments included vital signs measure-
ments, clinical laboratory tests, 12-lead electrocardio-
2D Doppler echocardiography, physical and
neurological Mini-Mental State
Examination (for changes in memory or cognition), the
Clinical Institute Withdrawal Assessment-Benzodiazepines
(CIWA-B, for detection of withdrawal symptoms) and
the Columbia-Suicide Severity Rating Scale.

grams,
examinations,

Results of Phase III trials of adjunctive BRV and lacosa-
mide were used to determine sample size. The desired ef-
fect of PSL in the current target population was a
doubling of the effect of lacosamide and BRV in similar
patients. The 75% RR was estimated to be <5% with
placebo in these trials, 12.1% [95% confidence interval
(CI) 7.3-19.7%] with BRV and 20.1% (95% CI 12.9-
30.1%) with lacosamide (data on file). The target effect
was set to have at least 36.5% of patients on PSL achiev-
ing 75% RR to provide initial evidence of potential dif-
ferentiation from other AEDs. Based on a two-group
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Fisher’s exact one-sided test with a ratio active: placebo
of 1:1, the required number of patients was determined
to be 23 in each arm to detect a significant difference be-
tween the two arms with a power of 80%.

The primary outcome (75% RR) was analysed using
logistic regression with effects for treatment and the
log-transformed baseline seizure frequency as a continu-
ous covariate. The frequency and percentage of 75%
responders were reported with the estimated odds
ratios and two-sided Wald 95% CI for PSL versus
placebo.

Percent reduction in weekly focal seizure frequency
from baseline to the end of the inpatient period between
the treatment arms was compared using the Wilcoxon—
Mann-Whitney test. The Hodges-Lehmann non-paramet-
ric estimator was used to estimate the median percent re-
duction in seizures between groups and its corresponding
95% CI was provided. Percent reduction in focal seizure
frequency from baseline to the end of the outpatient
maintenance period was assessed using summary statis-
tics. Seizure-freedom rate for the 2-week inpatient period
was analysed using logistic regression with effects for
treatment and log-transformed baseline seizure frequency
as a continuous covariate. Seizure-freedom rate was also
evaluated by treatment group for the last 4 weeks of the
outpatient period and for the overall PSL treatment
period using summary statistics. All analyses were per-
formed using SAS® v9.3 (SAS Institute, Cary, NC, USA).

All patients who were randomized and received >1
dose of trial drug formed the safety set (SS), and patients
in the SS who had >1 post-baseline seizure diary entry
formed the full analysis set (FAS). All efficacy analyses
were performed using data from FAS.

A post hoc subgroup descriptive analysis was per-
formed to evaluate the potential impact of co-administra-
tion of SV2A-targeting AEDs, i.e., LEV or BRV, on PSL
safety and efficacy.

A popPK model was developed based on rich PK sam-
pling at the start and end of the inpatient period and
sparse sampling during the outpatient period (10 per pa-
tient) of the trial. Analyses were conducted via non-linear
mixed-effects modelling, performed using NONMEM
v7.3.0 (ICON Dev. Solutions) (Lindbom et al., 2005).
The model, qualified with available data, was used to
simulate the plasma concentration vs time profiles for
50mg to 400 mg bid, doses taking inter-patient variability
into account. Concentration profiles, in particular the
steady-state Cirough, Were compared with the estimated
typical ECq values from the SV2ZA RO modelling.

A preliminary exposure-response analysis was also con-
ducted using PSL plasma concentration and efficacy data
collected during the PoC trial.

P. Muglia et al.

Due to the small volunteer numbers in the PET studies,
Individual Patient Data (IPD) cannot be adequately anony-
mized, and therefore, cannot be shared. Data from the
Phase II trial may be requested by qualified researchers
6 months after product approval in the USA and/or Europe,
or global development is discontinued. Investigators may re-
quest access to anonymized IPD and redacted documents
including raw and analysis-ready datasets, protocol, case re-
port forms, statistical analysis plan, dataset specifications
and clinical study report. Before access is granted, proposals
must be approved by an independent review panel at
www.clinicalstudydatarequest.com and a signed data shar-
ing agreement must be in place. All documents are avail-
able for a pre-specified time, typically 12 months, on a
password-protected portal.

Results

Twelve healthy volunteers took part in the ['!CJUCB-J
PET study (eight males, four females; mean age
28.2 + 11.3 years), and data were available from 11. In
two volunteers receiving the first tested dose (100 mg), al-
most complete SV2A occupancy (>98%) was observed
2 h following PSL administration (Fig. 3); therefore, doses
>100mg were not required to explore the full relation-
ship. Overall, five volunteers received 100 mg PSL, three
25 mg and two each 12.5mg or 6.25 mg.

Eleven of the 12 volunteers (91.7%) reported 27
TEAEs, which were all mild in intensity and resolved
spontaneously. The most frequently reported TEAEs were
dizziness (n=6, 50%), feeling drunk (4, 33.3%) and
blurred vision (2, 16.7%).

A direct relationship between PSL plasma concentrations
and SV2A occupancy was observed, best described by an
Enax model (Fig. 3). By fixing the E ., to 100% (assuming
full occupancy could occur) and the Hill coefficient value to
1, the ECsy was estimated to be 3.1ng/mL (95% CI 2.0~
4.2) and the ECyg 27.9ng/ml (95% CI 18.1-37.7) (Fig. 3).
PSL bid dosing regimens were simulated using a popPK
model developed using PSL concentration-time data from
the PoC trial. The predicted plasma concentrations were
compared with the predicted SV2A ECoq from the PET
study. These simulations projected that SV2A occupancy
would be >90% over the entire dosing interval for 75% of
a population receiving PSL 100mg bid and for 90% of a
population receiving PSL 300 or 400 mg bid (Fig. 4).

Seven healthy male volunteers took part in the
[*1C]flumazenil PET study (mean age
29.0 = 9.40years). Results showed that PSL binds to
GABA,Rs in multiple brain regions at steady state.
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Figure 3 Pharmacokinetic/pharmacodynamic receptor occupancy modelling. Direct relationship between PSL plasma concentration
and SV2A occupancy, as observed in PET imaging study (left panel) and predicted and observed SV2A occupancy versus PSL plasma

concentration (right panel).
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Figure 4 Population pharmacokinetic and receptor
occupancy modelling. Estimated PSL concentration leading to
90% SV2A occupancy (median ECyo and 90% confidence interval as
shown in the green-shaded area) compared with simulated PSL
steady state plasma concentrations following 100 and 400 mg twice
daily dosing (median and 90% predicted interval describing the
inter-patient variability as shown in areas shaded light and dark grey,
respectively). Given the variability in PSL pharmacokinetics
following 100 and 400 mg twice daily dosing, some overlap is
expected (represented by the yellow-shaded area). (ECqo =
concentration producing 90% of maximum effect).

For each volunteer, maximum GABAAR occupancy for
nine brain regions of interest (ROI) was averaged—oc-
cupancy ranged from 1.3% to 9.7% [mean (SD)

6.41% (3.85)] in those who received PSL 200 mg bid,
and from 7.6% to 16.8% [mean 13.4% (5.08)] in
those who received 400 mg bid. At 2h and 6h post-
dose, the average occupancy of all ROI was <5% for
most volunteers. At 4h post-dose, GABAR occupancy
was measurable in two of four
received PSL 200 mg and two of three volunteers who
received PSL 400mg, indicating that PSL binds to
GABA,Rs at both dose levels. Mean maximum
GABA,R occupancy was >5% in both dose groups
for all ROI except the parietal cortex in the 200 mg
group (3.8%). The mean of minimum values, which
were at or near zero, were obtained at 6h post-dose
for most volunteers, indicating that GABAAR binding
was transient and returned to baseline during the bid
dosing cycle. No clear relationship between PSL PK
and GABAAR occupancy was established since a full
range of GABAAR occupancy could not be explored.

The seven volunteers reported 35 TEAEs; however,
many TEAEs were manifestations of the same event
occurring at varying intensities reported separately. All
TEAEs were mild or moderate in intensity with the ex-
ception of one severe TEAE of somnolence in the PSL
400 mg group. All volunteers reported somnolence, and
six (85.7%) reported dizziness. Other TEAEs reported by
>1 volunteer were balance disorder (=3, 42.9%),
decreased appetite (2, 28.6%), and medical device site re-
action (2, 28.6%). All TEAEs (except leukocyturia
reported 9days post-treatment, #=1) were transient and
resolved spontaneously.

volunteers who
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Of 66 patients screened, 55 were randomized to receive
either placebo or PSL (1:1) (Fig. 1). PSL dose was titrated
up to 400 mg bid over 1week. All 27 patients random-
ized to receive placebo transitioned to PSL 400mg bid
during the third week of the inpatient period and contin-
ued on PSL during the 8-week open-label maintenance
period. Of 28 patients randomized to PSL, 27 completed
the inpatient period and continued to the maintenance
period. Fifty patients (90.9%) completed the trial and
five discontinued. One patient discontinued during the in-
patient period due to a TEAE (in the PSL group) while
the remaining four discontinued during the outpatient
period; three due to lack of efficacy and one due to
‘other’ reason. After an individualized benefit-risk assess-
ment, 42 patients (76%) opted to continue treatment
with PSL and entered the OLE (NCT02625090).

Patients’ median age was 36 years (range 18-60), and
they had been living with epilepsy for an average of
25years (Table 1). Epilepsy aetiology was unknown in
36.4% of patients. The most frequently identified aeti-
ology was congenital (30.9%), predominantly due to cor-
tical dysplasia (25.5%), and perinatal events (10.9%). In
most patients, localization of the epileptogenic focus was
either in the temporal (47.3%) or the frontal lobe
(43.6%). Before entering the trial, 74.6% of patients had
tried >8 AEDs. At baseline, all patients were receiving
AEDs, with most (32.7%) being treated with three con-
comitant AEDs; despite this, median total weekly seizure
frequency remained high at 10 (range 3-215). The most
frequently used concomitant AEDs were LEV (36.4%),
lacosamide, oxcarbazepine (both 30.9%), lamotrigine,
valproate (both 27.3%) and perampanel (23.6%).

Three patients (11.1%) in the placebo group and eight
(30.8%) in the PSL group experienced >75% reduction
from baseline in focal seizure frequency during the in-
patient period [odds ratio 4.14 (95% CI 0.90-19.6),
P=0.068]. PSL was associated with a rapid onset of ac-
tion, as evidenced by a reduction in seizure frequency
starting during Week 1 among patients randomized to
treatment with PSL, and similarly in the first week of
transitioning to PSL among patients initially randomized
to receive placebo (Fig. 5). The secondary outcome, me-
dian reduction in weekly focal seizure frequency from
baseline during the 2-week inpatient period, was 53.7%
in the PSL and 12.5% in the placebo groups, a difference
of 34.0% (95% CI 3.0, 67.5; unadjusted P=0.026)
(Fig. 5). At the end of the outpatient period, >75% RR
was 29.2% among patients in the PSL group and 33.3%
among those in the placebo group who had transitioned
to PSL. For all patients, >75% RR was 31.4% and me-
dian percent reduction in seizure frequency was 55.2%
(n=351) at the end of the maintenance period (last week
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of observation) suggesting maintenance of seizure control
for >8weeks post-titration. One patient (3.7%) in the
placebo group and two (7.4%) in the PSL group were
seizure-free during the inpatient period, but none during
the outpatient period.

Results of the post hoc analysis showed that during the
2-week inpatient period, in the SV2A subgroup (patients
on concomitant LEV or BRV), >75%RR was 15.4%
among patients on placebo (#=13) and 0 among those
on PSL (n=11); corresponding values in the non-SV2A
subgroup were 7.1% (n=14) and 53.3% (n=15). In the
SV2A subgroup, median percent reduction in seizure fre-
quency was 5.8% and 29.2% among patients on placebo
and PSL, respectively, and 23.2% and 75.2%, respective-
ly, in the non-SV2A subgroup. During the last 4 weeks of
outpatient maintenance, >75% RR was 25.0% among
all patients in the SV2A subgroup (z=24; 20 LEV and 4
BRV) and 37.0% among all patients in the non-SV2A
subgroup (#=27); median percent reduction in seizure
frequency was 49.9% and 55.2%, respectively.

During the inpatient period, 17 patients (63.0%) on pla-
cebo and 24 (85.7%) on PSL reported TEAEs; none were
serious (Table 2). During the overall treatment period,
90.9% of patients reported TEAEs; in most (85.5%)
these were considered trial drug-related by the investiga-
tor. The most frequently reported TEAEs were somno-
lence (45.5%), dizziness (43.6%), headache (25.5%),
fatigue (23.6%) and irritability (14.5%). Most TEAEs
were mild or moderate in intensity (84%); the most fre-
quently reported severe TEAE was somnolence (n=2,
3.6%). Two patients (3.6%), both receiving PSL, experi-
enced serious TEAEs. One patient experienced status epi-
lepticus during the titration period when transitioning
from placebo to PSL; the event subsided after 43 min and
the patient continued in the trial without any dose
change. The second patient experienced impaired judge-
ment, delirium and dysphoria (grouped as ‘acute psych-
osis’) during the maintenance period; events resolved with
dose reduction and the patient continued in the trial and
the OLE. One patient (1.8%) discontinued due to concur-
rent TEAEs of dysphoria and mood swings. These
TEAEs were non-serious, moderate in intensity, consid-
ered PSL-related and resolved the following day. The
overall incidence of TEAEs, as well as incidences of psy-
chiatric and most frequently reported TEAEs, did not dif-
fer among patients on concomitant LEV, BRV or non-
SV2A AEDs.

Mean changes in Brief Psychiatric Rating total scores
and Mini-Mental State Examination throughout the trial
were small and not deemed clinically relevant. TEAEs in
the class of psychiatric disorders were reported for 22
patients (40.0%) throughout the overall treatment period;
most frequently irritability (7=8, 14.5%), insomnia (4,
7.3%), depressed mood (3, 5.5%) and nervousness (3,
5.5%) and mostly mild or moderate in intensity. Two
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Table | Demographics and baseline disease characteristics of patients in the proof-of-concept trial

Placebo (n = 27)

Padsevonil (n = 28)

All patients (n = 55)

Age (years)
Mean (SD)
Median (range)
Age category (years), n (%)
<lI8
19-<65
>65
Sex, n (%)
Male | Female
Body mass index (kg/m?)
Mean (SD)
Median (range)
Race, n (%)

352 (87)
37.0 21-51)

0

27 (100)

0

13 (48.1) | 14 (51.9)

25.66 (4.82)
25.30 (16.9-34.9)

36.2(11.4)
35.5 (18-60)

2(7.1)
26 (92.9)
0

13 (46.4) | 15 (53.6)

35.7 (10.1)
36 (18-60)

2(3.6)
53 (96.4)
0

26 (47.3) | 29 (52.7)

Black 0
White 27 (100)
Other/mixed 0
Age at epilepsy onset (years)®
Mean (SD) 13.10 (9.55)
Median (range) 13.02 (0-45.0)
Epilepsy duration (years)
Mean (SD) 22.75 (11.27)
Median (range) 22.09 (1.5-40.6)
History of status epilepticus, n (%) 3(11D)
Seizure type, n (%)°
Focal 27 (100)
Focal aware 10 (37.0)
Focal impaired awareness 22 (81.5)
Focal to bilateral 9 (33.3)
Generalized 0
Unclassified 1 (3.7)

Baseline weekly seizure frequency
Focal seizures, median (range)
All seizures, median (range)

Number of prior AEDs®, n (%)

12.60 (3.0-130.6)
15.40 (3.0-130.6)

<4 0
4-5 3(111)
67 3(1L1)
8-10 9(333)
>10 12 (44.4)
Number of concomitant AEDs, n (%)
| 2(74)
2 8(29.6)
3 9 (333)
4 6(22.2)
>5 2(74)
Active vagus nerve stimulation, n (%) 10 (37.0)

27.20 (4.32) 26.45 (4.59)
27.55 (18.5-34.7) 26.60 (16.9-34.9)
I (3.6) 1(1.8)
25 (89.3) 52 (94.5)
2(7.1) 2(3.6)
9.21 (7.70) 11.08 (8.77)
8.93 (0-34.8) 9.71 (0-45)
27.19 (11.81) 25.01 (11.66)
26.02 (12.0-49.7) 24.24 (1.5-49.7)
3(10.7) 6(10.9)
28 (100) 55 (100)
8 (28.6) 18 (32.7)
27 (96.4) 49 (89.1)
8 (28.6) 17 (30.9)
I (3.6) 1(1.8)
I (3.6) 2(3.6)

8.00 (3.2-35.7)°
8.08 (3.2-214.7)

8.24 (3.0-130.6)
10.23 (3.0-214.7)

0 0

5(17.9) 8 (14.5)
3(10.7) 6 (10.9)
12 (42.9) 21 (38.2)
8 (28.6) 20 (36.4)
3(10.7) 50.1)

9 (32.1) 17 (30.9)
9 (32.1) 18 (32.7)
3(10.7) 9 (16.4)
4(14.2) 6 (10.9)
5(17.9) 15 (27.3)

AED = antiepileptic drug; SD = standard deviation.

Data are from 25 patients in the placebo group and 27 in the padsevonil group (52 patients overall).

®Patients could have reported more than one seizure type.
“Data are from 27 patients (54 patients overall).
9AED:s started before the date of first dose of trial drug.

patients reported severe TEAEs; delirium and dysphoria
reported by one, as described above, and nightmare
reported by another. Overall, there was no evidence for
consistent PSL effects on laboratory parameters, vital
signs, weight, ECG parameters, echocardiography evalua-
tions, or physical and neurological examinations.

Of the 13 patients who did not enter the OLE, and
tapered off PSL, one experienced moderate-to-severe with-
drawal symptoms, while the remaining 12 experienced only
mild symptoms based on the CIWA-B.

Based on the popPK model, predicted PSL concentrations
following the 400 mg bid dosing regimen would achieve
the desired target occupancy for both SV2A and
GABA4Rs (Fig. 6).

The variability in PSL’s PK profile allowed exploration
of a PK-response relationship (% of seizure reduction),
even though a single PSL dose was tested in the trial.
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Figure 5 Median change in seizure frequency throughout the proof-of-concept trial. Treatment with PSL was associated with a rapid
and sharp decline in seizure frequency within a week of initiation. No loss of efficacy was observed over the 8-week maintenance period.

Table 2 Overview of treatment-emergent adverse events (TEAEs) reported in the proof-of-concept trial

2-week inpatient period

Placebo (n =27)

Any TEAE, n (%) 17 (63.0)
Serious TEAEs, n (%) 0
TEAEs necessitating dose change, n (%) 0
Discontinuations due to TEAEs, n (%) 0
Drug-related TEAEs, n (%) 14 (51.9)
Severe TEAEs, n (%) 0
TEAEs reported for >5% of patients when on padsevonil, n (%)
Somnolence 4(14.8)
4(14.8)
4(14.8)

Dizziness
Headache
Fatigue 1 (3.7)
Irritability 1 (3.7)
Tremor 0
Insomnia 0
Gait disturbance 1 (3.7)
Decreased appetite
Constipation

Dysarthria

Memory impairment
Disturbance in attention
Nystagmus

Weight increased
Hyponatremia 1 3.7)
Paresthesia

Seizure
Hypotension
Dysmenorrhea
Amnesia

Focal aware seizure
Depressed mood
Nervousness
Diplopia

[= el NeNe e Nel

Padsevonil (n = 28)

24 (85.7)
0
| 3.6)
0

21 (75.0)
| 3.6)

5(17.9)
2(7.1)
4(143)
2(7.1)
I (3.6)
I (3.6)
3(10.7)
2(7.1)
2(7.1)
| (3.6)
I (3.6)
I 3.6)

All patients when on padsevonil

(n=55)

50 (90.9)
2 (3.6)
18 (32.7)
1 (0.8)
47 (85.5)

8 (14.5)

25 (45.5)
24 (43.6)
14 (25.5)
13 (23.6)
8 (14.5)
5(9.1)
4(7.3)
4(7.3)
4(7.3)
4(7.3)
4(7.3)
4(73)
4(7.3)
4(7.3)
4(7.3)
3(5.5)
3(5.5)
3(5.5)
3(5.5)
3(5.5)
3(5.5)
3(5.5)
3(5.5)
3(5.5)
3(5.5)
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Figure 6 Predicted versus observed PSL plasma concentrations. Predicted values were obtained from a population pharmacokinetic
model built on data from the proof-of-concept trial and the PET studies, and indicated that PSL concentrations following the 400 mg bid dosing
regimen would allow desired target occupancy for both SV2A and GABA receptors to be achieved.

Steady state C,.x (maximum drug concentration during
the dosing period), Ciough (minimum concentration at the
end of the dosing period) and AUC (area under the con-
centration—time curve to the end of the dosing period)
were considered in the analysis without showing a clear
PK-response  relationship  (Supplementary  Fig.  1).
Response variability and small sample size may have pre-
cluded detection of a correlation between PSL plasma
concentration and seizure reduction.

Discussion

Many AEDs introduced over the past two decades dis-
play improved PK and safety/tolerability profiles com-
pared with older AEDs; however, the proportion of
treatment-resistant patients appears unchanged (Chen
et al., 2018; Devinsky et al., 2018). Patients with treat-
ment resistance account for most of the burden of epi-
lepsy in the population, whether medical, psychosocial or
economic (Laxer et al., 2014), representing the popula-
tion with the largest unmet need. Therefore, a novel ap-
proach to AED development is warranted to ensure
discovery of AEDs with differentiated efficacy compared
with the current standard of care.

Unlike many available AEDs, PSL was developed in a
target-based, rational drug design program. Target occu-
pancy and therapeutic dose range, determined in the mur-
ine amygdala kindling model, indicated that >90% SV2A

and approximately 10% GABAAR occupancy were
required to achieve an optimal efficacy/tolerability ratio
(Leclercq et al., 2020; Wood et al., 2020). Given the
availability of radiotracers, it was possible to establish
the PSL dose that would provide similar optimal target
engagement in humans though objective measurements in
imaging studies. A direct, dose-dependent relationship
was observed between PSL plasma concentration and
SV2A occupancy. The ECsy was estimated to be
3.1 ng/ml, which is over 10-fold higher than that of BRV
(0.46 ug/ml) and over 100-fold higher than that of LEV
(4.0 uyg/ml) (Finnema et al., 2019). Further simulation
projected SV2A occupancy over the entire dosing interval
would be >90% for 90% of patients receiving PSL 300
or 400mg bid. As expected, based on target affinity dif-
ference (Wood et al., 2020) there was transient and com-
paratively low GABAAR coverage in the PET study,
indicating that with doses <200 mg GABAAR occupancy
may not be quantifiable using conventional detection
methods. This does not however, rule out a pharmaco-
logical effect; for example, only 3-5% GABAAR occu-
pancy is observed at pharmacologically active doses
of lorazepam in humans (Sybirska al., 1993;
Lingford-Hughes et al., 2005), while higher occupancy
(20-30%) is typically associated with significant drowsi-
ness (Abadie et al., 1996; Malizia et al., 1996). The lack
of relationship between PSL plasma concentration and
GABAAR occupancy was most likely due to the limited
range explored in the study.

et
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Opverall, results of the PET studies showed that optimal
PSL occupancy at SV2A and GABAARs associated with
efficacy in the kindling model was translatable to humans
for both molecular targets, and that the differential pro-
portionality was retained. The 400mg bid dose was
selected for the Phase Ila PoC trial, as it was expected to
achieve occupancy levels similar to those associated with
robust efficacy in the kindling model; high (>90%), sus-
tained SV2A and 10-15% transient GABAsR occupancy.
The latter is in line with clinical experience and results of
PET studies showing GABAsR occupancy by benzodiaze-
pines and established tolerability thresholds (Abadie
et al., 1996; Malizia et al., 1996). Rational dose selection
allowed testing the efficacy of PSL in an efficient PoC
trial with a single-dose arm.

The design of the PoC trial differed from most previous
Phase II AED trials and included several innovative fea-
tures to maximize rapid safety and efficacy signal detec-
tion in a small population. The trial was conducted in a
small number of specialized epilepsy centres to ensure
diagnostic accuracy and to minimize variance. Patients
were required to have failed >4 AED regimens of ad-
equate dose and duration, and to be experiencing high
baseline seizure frequency (>4 focal or focal-to-bilateral
tonic-clonic seizures per week), allowing for detection of
a meaningful reduction in seizure frequency in a short, 3-
week, double-blind, placebo-controlled period. The a pri-
ori primary efficacy outcome was the >75% RR, which
is more stringent than the >50% RR typically used in
AED trials. The high seizure frequency of the patient
population meant that a larger reduction in seizure fre-
quency was deemed necessary for the response to be con-
sidered clinically meaningful. Conducting the initial
double-blind period of the trial in an inpatient setting
allowed drug titration in a controlled environment. The
subsequent open-label period, where all patients received
PSL, was designed to evaluate maintenance of PSL effi-
cacy and any potential for the development of tolerance
to its therapeutic effect. Considering the early stage of de-
velopment, recruiting an appropriate number of patients
that would provide sufficient statistical power to detect
efficacy was also a key element. Analysis of previous tri-
als has suggested that AED effects detected within the
first weeks of treatment in a relatively small sample are
informative and tend to predict outcomes with longer
treatment duration (French et al., 2013). The trial was
powered to detect a level of efficacy suggestive of super-
ior efficacy vs established AEDs; assumptions on expected
response rate with current AEDs and placebo were based
on observations from previous UCB clinical trials with
patients with similar characteristics as those to be
enrolled in the PoC trial.

Patients in the PoC trial were relatively young, had a
long disease history and most had been assessed for epi-
lepsy surgery. Compared with previous AED trials, more
patients in the current trial had cerebral malformations
such as cortical dysplasia or epilepsies arising from
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frontal than from temporal lobes. Disease severity is also
reflected by the large number of failed AEDs (75% of
patients had tried >8) and high seizure frequency at
baseline. Response to therapy has been shown to be in-
versely proportional to the number of previously tested
AEDs (Kwan and Brodie 2000; Schiller and Najjar 2008;
Chen et al., 2018), while greater seizure frequency at
treatment initiation is associated with poor outcomes and
is a strong predictor of drug-resistant epilepsy (Mohanraj
and Brodie 2006; Hitiris er al., 2007; Schiller 2009).
Patients’ median baseline seizure frequency in the current
trial was 40 per 28 days, or 32 for observable focal seiz-
ures only, approximately three times higher than that
seen in a typical trial population—in the perampanel and
BRV trials, the two most recently approved AEDs, corre-
sponding values for focal seizures were 11.3 and 9.1, re-
spectively (Steinhoff et al., 2013; Ben-Menachem et al.,
2016). Modelling based on data pooled from BRV Phase
III trials indicated that patients with high baseline seizure
frequency had a much lower probability of being res-
ponders (>50% RR), estimated to be 54.8% at 0.14 seiz-
ures/day (1 seizure/week), and 29.3% at 0.32 seizures/
day, corresponding to the median baseline seizure fre-
quency in the trials (Schoemaker et al., 2016). In this
model, the probability of response would be four times
less likely if the median baseline seizure frequency was
1.14 (as in the current trial) compared with 0.32 seiz-
ures/day. This observation highlights the significant im-
pact of baseline seizure frequency on efficacy outcomes
and should be taken into account when interpreting the
results of the current trial. Based on their clinical charac-
teristics—disease severity, >4 AED failures and the large
number of concomitant AEDs, including vagus nerve
stimulation—many of the patients in the current trial
would most likely be excluded from other AED trials.
Results of the PoC trial showed that in this population
of patients with severe disease and multiple AED failures,
adjunctive therapy with PSL was associated with a clinic-
ally meaningful improvement. The difference in >75%
RR between the PSL and placebo groups approached
statistical significance, and there was a notable, nominally
significant reduction in weekly seizure frequency. Specific
design features of the trial, notably the inpatient setting,
could have resulted in a substantial placebo effect (Riley
et al., 1981). However, patients who had initially
received the placebo also showed improvement after
switching to PSL, suggesting that the placebo effect may
have been limited. Maintenance of efficacy throughout
the 8-week, open-label outpatient period indicated that
tolerance to the therapeutic effect of PSL was not
observed. Development of tolerance is one of the main
limitations associated with long-term exposure to some
benzodiazepines—not only is there a progressive reduc-
tion in efficacy, necessitating higher dosages to obtain the
same therapeutic effects, but discontinuation after pro-
longed treatment can induce withdrawal (Vinkers and
Olivier 2012; Gravielle 2016). In epilepsy, tolerance can
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result in increased seizure frequency and severity in the
presence of a constant maintenance dose, and increased
risk of withdrawal seizures (Riss et al., 2008). Therefore,
while benzodiazepines such as lorazepam, midazolam and
diazepam have potent antiseizure effects, their use is lim-
ited to the emergency setting for patients presenting with
status epilepticus or seizure clusters who require acute
therapeutic intervention (Riss et al., 2008; Ochoa and
Kilgo 2016). PSL was designed specifically to bind with
low-to-moderate affinity to the benzodiazepine site, dis-
playing a partial agonist profile—such properties can help
minimize the potential for tolerance (Serra et al., 1994;
Bateson 2002; Rudolph and Knoflach 2011; Vinkers and
Olivier 2012). Patients who opted not to enter the OLE
were monitored throughout the safety follow-up after
having tapered off PSL; 12 of the 13 patients experienced
mild-to-moderate withdrawal symptoms based on the
CIWA-B, and one experienced moderate-to-severe symp-
toms. Therefore, the possibility of withdrawal effects can-
not be ruled be out, and as with most other centrally
acting drugs, PSL requires gradual discontinuation by
tapering to decrease the risk of rebound seizure activity
and withdrawal effects. PSL was well-tolerated and dis-
played a favourable safety profile; no new, unexpected
safety signals were detected. The most common TEAEs,
somnolence, dizziness, headache, fatigue and irritability
were consistent with PSL’s mechanism of action. Only
one patient (1.8%) discontinued from the trial due to a
TEAE.

SV2A is the principal therapeutic target of both LEV
and BRV (Matagne et al., 2008). While PSL also binds
to SV2A, it displays significantly higher affinity for, and
markedly slower dissociation from SV2A, and its inter-
action is not affected by UCB1244283, a positive allo-
steric modulator that increases LEV and BRV binding
(Wood and Gillard 2017; Wood et al, 2020).
Furthermore, PSL interacts with SV2B and SV2C with
high affinity (Wood et al., 2020); however, their role in
the pathophysiology of epilepsy remains unknown. In ef-
fect, it is also not clearly understood how binding to
SV2A translates into antiseizure activity; as the proteins
are located in synaptic vesicles in neurons, this is likely
to be mediated via modulation of neurotransmitter re-
lease. Given these current knowledge gaps, the clinical
consequences of PSL’s high affinity and long-lasting inter-
action with SV2A, and with the other two SV2 isoforms,
remain to be determined. While results of the post hoc
analysis indicated that responder numbers were lower
among patients who took LEV or BRV compared with
those on other AEDs, it is important to note that this ob-
servation was based on very small patient numbers.

In further post hoc analyses, concomitant use of oxcar-
bazepine, lacosamide, lamotrigine, or valproate, specific
clinical features (seizure type, semiology, focus location),
disease aetiology and use of benzodiazepines as rescue
medication did not appear to influence response to PSL
(Van Paesschen et al., 2018). Pharmacokinetic and
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exposure-response relationship analyses confirmed that
the predicted PSL concentrations and related SV2A and
GABAAR occupancy were achieved during the trial, vali-
dating the selection of the 400 mg bid dose, as a single,
optimal dose for hypothesis testing. No concentration re-
sponse with regard to efficacy and tolerability was
detected; however, the small sample size limits the inter-
pretation of the results.

In conclusion, the rational, target-driven approach for
designing PSL allowed the adoption of a clinical develop-
ment program based on target engagement, as determined
in non-clinical models predictive of drug-resistant epi-
lepsy, and clinical dose selection based on PET target oc-
cupancy studies. The ultimate goal of the drug discovery
and development program was to offer patients with se-
vere, treatment-resistant epilepsy—the population with
the greatest unmet need—a differentiated therapeutic op-
tion in an efficient and expedited manner, circumventing
some of the limitations of traditional drug discovery
programs.
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