University Library

o o A gateway to Melbourne's research publications

Minerva Access is the Institutional Repository of The University of Melbourne

Author/s:
Knowles, JK;Helbig, I;Metcalf, CS;Lubbers, L;lsom, LL;Demarest, S;Goldberg, EM;George,
AL;Lerche, H;Weckhuysen, S;Whittemore, V;Berkovic, SF;Lowenstein, DH

Title:
Precision medicine for genetic epilepsy on the horizon: Recent advances, present
challenges, and suggestions for continued progress

Date:
2022-10-01

Citation:

Knowles, J. K., Helbig, I., Metcalf, C. S., Lubbers, L., Isom, L. L., Demarest, S., Goldberg,

E. M., George, A. L., Lerche, H., Weckhuysen, S., Whittemore, V., Berkovic, S. F. &
Lowenstein, D. H. (2022). Precision medicine for genetic epilepsy on the horizon: Recent
advances, present challenges, and suggestions for continued progress. Epilepsia, 63 (10),
pp.2461-2475. https://doi.org/10.1111/epi.17332.

Persistent Link:
https://hdl.handle.net/11343/338026



Knowles Juliet (Orcid ID: 0000-0002-9214-2991)

Helbig Ingo (Orcid ID: 0000-0001-8486-0558)

Metcalf Cameron S (Orcid ID: 0000-0002-1510-0405)
Demarest Scott (Orcid ID: 0000-0002-4544-3724)
Goldberg Ethan Michael (Orcid ID: 0000-0002-7404-735X)
George Alfred L (Orcid ID: 0000-0002-3993-96 6X)
Berkovic Samuel F. (Orcid ID: 0000-0003-4580-841X)

Precision medicine for genetic epilepsy on the horizon: recent advances, present challenges

and suggestions for continued progress.

Juliet K. Knowles MD PhD*§! Ingo Helbig MD* 27, Cameron S. Metcalf PhD*8, Laura S. Lubbers
PhD?, Lori L. Isom PhD 19, Scott Demarest MD 11, Ethan Goldberg MD PhD 27, Alfred L. George,
Jr. MD?2, Holger Lerche MD 13, Sarah Weckhuysen MD PhD 1417, Vicky Whittemore PhD 18,

Samuel F. Berkovic MD?'?, and Daniel H. Lowenstein MD20

ORCID:
Juliet K. Knowles: 0000-0002-9214-2991

Daniel H. Lowenstein: 0000-0002-9546-2085

1 Department of Neurology, Division of Child Neurology, Stanford University School of Medicine,
Stanford, CA 94304, USA

2 Division of Neurology, Children’s Hospital of Philadelphia, Philadelphia, PA 19104, USA.

3 The Epilepsy NeuroGenetics Initiative (ENGIN), Children's Hospital of Philadelphia,
Philadelphia, USA

4 Department of Biomedical and Health Informatics (DBHi), Children’s Hospital of Philadelphia,

Philadelphia, PA 19104, USA

This is the author manuscript accepted for publication and has undergone full peer review but has
not been through the copyediting, typesetting, pagination and proofreading process, which may
lead to differences between this version and the Version of Record. Please cite this article as doi:
10.1111/epi. 17332

This article is protected by copyright. All rights reserved.

Check for updates


http://orcid.org/0000-0002-9214-2991
http://orcid.org/0000-0001-8486-0558
http://orcid.org/0000-0002-1510-0405
http://orcid.org/0000-0002-4544-3724
http://orcid.org/0000-0002-7404-735X
http://orcid.org/0000-0002-3993-966X
http://orcid.org/0000-0003-4580-841X
https://orcid.org/0000-0002-9214-2991?lang=en
http://dx.doi.org/10.1111/epi.17332
http://dx.doi.org/10.1111/epi.17332
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fepi.17332&domain=pdf&date_stamp=2022-07-17

> Department of Neurology, University of Pennsylvania, Perelman School of Medicine,
Philadelphia, PA 19104, USA

6 Institute of Clinical Molecular Biology (ICMB), University of Kiel, 24105 Kiel, Germany

7 Department of Neuropediatrics, University Medical Center Schleswig-Holstein, Campus Kiel,
24105 Kiel, Germany

8 Department of Pharmacology & Toxicology, College of Pharmacy, University of Utah, Salt Lake
City, UT 84112, USA

% Citizens United for Research in Epilepsy, (CURE Epilepsy), Chicago, IL 60611, USA

10 Department of Pharmacology, University of Michigan Medical School, Ann Arbor, MI 48109,
USA

11 Department of Pediatrics and Neurology, University of Colorado, School of Medicine, Aurora,
CO 80045, USA

12 Department of Pharmacology, Northwestern University Feinberg School of Medicine, Chicago,
IL 60611, USA

13 Department of Neurology and Epileptology, Hertie Institute for Clinical Brain Research,
University of Tuebingen, Tuebingen, Germany

14 Division of Neurology, University Hospital Antwerp, Antwerp, Belgium.

1 Applied&Translational Neurogenomics Group, VIB Center for Molecular Neurology, VIB,
Antwerp, Belgium

®Translational Neurosciences, Faculty of Medicine and Health Science, University of Antwerp,
Antwerp, Belgium

7UNEURO Research Centre of Excellence, University of Antwerp, Antwerp, Belgium.

3SUR0 | SUOWILLIOD aAIRRID a|cedt|dde ay) Aq pautenof afe sajonte YO ‘9sn JO sajnJ Joj AkeiqiauluQ 4311/ UO (SUO 1 IPUOD-pUR-SLLLIBYWOD AB 1M AReq 1)U 1 [UO//:SANY) SUOIPUOD pUe SWB | 8y} 335 *[£202/TT/ST] Uo ARiqiaunuo As|ip suinogp N JO AiseAlunayl Aq zeg/ T 100/TTTT OT/I0p/wo As| 1M Areiqipuljuo//sdiy wolj pepeojumod ‘0T ‘2202 ‘/9TT8ZST



18 Djvision of Neuroscience, National Institute of Neurological Disorders and Stroke, National
Institutes of Health, Rockville, MD, USA

19 Epilepsy Research Centre, Department of Medicine, Austin Health, The University of
Melbourne, Melbourne, Victoria 3084, Australia

20 Department of Neurology, University of California, San Francisco, San Francisco, CA 94143,

USA

*Contributed equally

§Corresponding author

Division of Child Neurology, Department of Neurology
Stanford University School of Medicine

750 Welch Road, Suite 317

Palo Alto, CA 94304

Jkkl@stanford.edu

Number of words in abstract: 177
Number of words in main text: 5,172
Number of references: 98
Number of figures: 2
Number of tables: 1
Number of supplemental figures: 0
Number of supplemental tables: 0

3SUR0 | SUOWILLIOD aAIRRID a|cedt|dde ay) Aq pautenof afe sajonte YO ‘9sn JO sajnJ Joj AkeiqiauluQ 4311/ UO (SUO 1 IPUOD-pUR-SLLLIBYWOD AB 1M AReq 1)U 1 [UO//:SANY) SUOIPUOD pUe SWB | 8y} 335 *[£202/TT/ST] Uo ARiqiaunuo As|ip suinogp N JO AiseAlunayl Aq zeg/ T 100/TTTT OT/I0p/wo As| 1M Areiqipuljuo//sdiy wolj pepeojumod ‘0T ‘2202 ‘/9TT8ZST


mailto:Jkk1@stanford.edu

Summary

The genetic basis of many epilepsies is increasingly understood, giving rise to the possibility of
precision treatments tailored to specific genetic etiologies. Despite this, current medical
therapy for most epilepsies remains imprecise, aimed primarily at empirical seizure reduction
rather than targeting specific disease processes. Intellectual and technological leaps in
diagnosis over the last ten years have not yet translated to routine changes in clinical practice.
However, the epilepsy community is poised to make impressive gains in precision therapy with
continued innovation in gene discovery, diagnostic ability and bioinformatics; increased access
to genetic testing and counseling; fuller understanding of natural histories; agility and rigor in
preclinical research, including strategic use of emerging model systems; and engagement of an
evolving group of stakeholders (including patient advocates, governmental resources, and
clinicians and scientists in academia and industry). In each of these areas, we highlight notable
examples of recent progress, new or persistent challenges and future directions. The future of
precision medicine for genetic epilepsy looks bright if key opportunities on the horizon can be

pursued with strategic and coordinated effort.

Key Points:
e Despite rapid discovery of genetic causes of epilepsy, precision therapies are not yet
available for the majority of genetic epilepsies.
e Progress has been made in diagnosis, understanding natural histories, therapeutic

development, preclinical models and clinical trials.
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We provide an overview of progress and key remaining challenges for precision
medicine for genetic epilepsy.

We argue for coordinated and systematic streamlining of the epilepsy precision
medicine pipeline, from gene discovery to clinical trials.

Collaborative efforts of clinicians, scientists, patient advocates and policy makers, as in

the Epilepsy Leadership Council, are needed.
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What is “precision medicine,” in the context of genetic epilepsy?

The National Research Council has defined precision medicine (PM) as “the ability to classify
individuals into subpopulations that differ in their [disease] susceptibility, ...biology and/or
prognosis, or in their response to a specific treatment. ...Interventions can then be
concentrated on those who will benefit, sparing expense and side effects for those who will
notl.” In the epilepsies, genetic diagnoses can define treatment-relevant subgroups of patients.
This is particularly true for single pathogenic variants in which a specific gain orloss of function
can be targeted. Copy number variants (deletions and duplications) and polygenic risk in
epilepsy with complex inheritance may also help to prognosticate in the future?3. Important
variations on the definition of PM in the context of genetic epilepsy have suggested the need to
further define therapies interms of specific biological mechanisms* and to consider
personalized factors, such as environmental factors and chronicity of symptoms>. In our view,
there is a spectrum of increasing precision and personalization, representing advancement
upon current treatment for most forms of epilepsy. The ideal precision treatment would correct
a well-defined genetic mechanism in the context of individualized factors, to impart freedom
from seizures and co-morbidities. Recent developments with antisense oligonucleotides (ASOs)
and other precision approaches have brought us closer to this ideal. Aless personalized,
existing anti-seizure drug or newly repurposed drug with superior efficacy to improve outcomes
in a genetically defined group of patients with epilepsy also represents an advance in precision
from the current practice, even without full understanding of the underlying mechanisms.
Here, we will consider examples from across this spectrum of precision approaches, and we will

primarily focus on examples of epilepsy arising from single pathogenic variants.
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Pharmacogenomics is another aspect of precision medicine, involving consideration of genetic
variants that do not necessarily directly contribute to the disease, but influence medication

response and susceptibility to adverse reactions; this has been reviewed thoroughly®.

Why do we need epilepsy precision medicine, and how do we get there?

Up to one third of the 65 million people worldwide affected by epilepsy do not respond
satisfactorily to available therapeutics’. In most cases, anti-seizure medications are chosen
based on whether seizures are focal or generalized, and/or related to particular electroclinical

syndromes. However, there is relatively little understanding of how these medications help

some individuals, but not others. This empirical approach can be lengthy, frustrating and costly.

The era of gene discovery that followed completion of the Human Genome Project has
explained a significant fraction of epilepsies by causes such as pathogenic variants in single
genes® or copy number variants2. This renewed the emphasis of disease etiology for treatment
approaches and led to hope for a pipeline of precision novel targets and clinical trials®. But the
ideal of PM for genetic epilepsy has been more elusive than some predicted, due to the
complexity of underlying biological mechanisms and challenges in targeting them?. Despite
these challenges, considerable progress has been made in understanding mechanisms of
monogenic epilepsies, some with evidence-based precision approaches emerging'®. Here, we
give a state of the art survey of progress, challenges, and future directions in the major
segments of the pipeline linking genetic epilepsies to precision therapies - starting with gene
discovery and diagnostics, and proceeding to understanding of natural history; therapeutic

discovery; preclinical testing; and clinical trials (summarized in Table 1). Concomitantly,
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dynamic stakeholder groups including patient advocates have increasingly facilitated progress

toward epilepsy PM.

l. Gene Discovery and Diagnosis

Progress: During the last decade, international teams such as Epi4K, the Epilepsy
Phenome/Genome project and EuroEPINOMICS enabled increasingly powered gene
identification in epilepsy®11. These efforts, combined with bioinformatics advances such as
aggregation of large databases and matching tools (e.g. 12), led to a rapidly expanding number
of genes implicated in epilepsy (Figure 1). The Epi25 Collaborative, seeking to sequence the
exomes or genomes of 25,000 individuals with epilepsy, will be the largest epilepsy gene
discovery effort to date, creating unprecedented opportunities for worldwide clinical trials (13,
http://epi-25.org/).

International teams also brought insights into genetic mechanisms. De novo mutations
play a key role in developmental and epileptic encephalopathies®. Copy number variants confer
risk for developmental and epileptic encephalopathies, generalized genetic epilepsy and
lesional focal epilepsy?. Non-coding regions of the genome can promote disease: multiple
variants outside of the annotated coding regions of SCN1A were found to promote inclusion of
a poison exon, or nonsense-mediated decay, causing Dravet Syndrome through reduced SCN1A
expression4; intronic expansions in SAMD12 and other genes were identified as the cause of
adult familial myoclonic epilepsy?>.

Epilepsy genetics has also moved beyond Mendelian paradigms. While high risk

pathogenic variants tend to be rare or ultra-rare, approximately 30% of the genetic liability for
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generalized epilepsy is explained by common genetic variants®. In the future, all epilepsy may
need to be considered within the context of polygenic risk®17. Itis further hypothesized that
some forms of epilepsy are inherited in an oligogenic fashion, in which “modifier” genes can
epistatically increase disease risk together, but not individually*2.

Diagnostic ability also increased, thanks to next generation sequencing. Gene panels,
exome sequencing and whole genome sequencing provide the greatest diagnostic yield, each
with important advantages and caveats that determine their utility and cost-effectiveness for
individual patients1®29, In the US, most genetic testing is done commercially. Reports from four
diagnostic laboratories account for >25,000 individuals who have undergone gene panel
sequencing?!23, including more than 5,000 individuals with 20 of the most common monogenic
etiologies (Figure 1). Additional measures to clarify variants of unknown significance (such as
parental testing of candidate variants) and re-analysis of exome or genome sequencing
increases the likelihood of identifying an etiology. A recent meta-analysis of the diagnostic yield
of genetic testing in patients with epilepsy found that exome sequencing led to a diagnosis in
24% of cases tested??. The diagnostic yield of exome sequencing was highest in patients with
developmental and epileptic encephalopathies (27%) and in patients with epilepsy and
neurodevelopmental disorders (27%)2°. Based on these findings, the future standard of care for
suspected genetic epilepsy may be exome sequencing, or a tiered approach such as a gene
panel with reflex genome sequencing.

Genetic testing is also becoming more efficient, which will be critical for timely

intervention. While a turn-around time of several months was standard several years ago,
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diagnostic laboratories are now providing test results within a few weeks or in some cases,

hours24:25,

Challenges and Future Directions:

While the science of gene discovery progresses, important challenges relate to unequal access
to care. Genetic counseling and testing remain out of reach for significant numbers of
individuals in the United States, including older individuals2®, those with public health insurance
plans?” and underserved populations?®. Genetic testing is not accessible for most people
outside of North America, Europe and parts of Asia2®. These disparities could impede efforts
toward natural history studies and clinical trials in diverse populations. Genetic testing is
particularly important for infants and children in whom timely diagnosis could determine
outcomes. The meta-analysis of Sheidley et al?? indicated that pivotal treatment decisions
resulted from 12-80% of genetic diagnoses, such as use of stiripentol in Dravet syndrome,
initiation of the ketogenic diet in SLC2A1-related epilepsy, and the identification of treatable
inborn errors of metabolism. Genetic diagnoses in patients with epilepsy also influenced
prognosis and led to decreased hospitalizations2°. Therefore, advocacy and funding are needed
to implement genetic testing as a standard of care. Greater access to expert providers will also
be necessary. The recent evolution toward telemedicine, including for rare genetic diseases3C,
could connect patients who are unable to travel with specialists. Further measures to increase
access include increased genetics training for neurologists; training greater numbers of

neurogenomics specialists, including clinicians and genetic counselors; and improved education

10
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of individuals with epilepsy, about the meaning and implications of genetic testing and

diagnosis.

Il. Understanding natural histories

Progress: Following genetic diagnosis, management will depend on the dynamic manifestations
of a genetic condition, including when signs and symptoms become evident, and variability
between affected individuals. A prototype example is STXBP1, a gene initially associated with
Ohtahara Syndrome3?, a severe developmental and epileptic encephalopathy. With further
monitoring of affected individuals, pathogenic STXBP1 variants are now associated with a range
of epilepsies and neurodevelopmental disorders not involving seizures32. Well-designed natural
history studies are being performed for Rett Syndrome33. Increasingly, advocacy groups are
catalysts for natural history studies, aided by larger collaboratives such as the Rare Epilepsy

Network (www.rareepilepsynetwork.org) or Rare-X (www.rare-x.org/) or in collaboration with

industry (e.g. Invitae, https://www.ciitizen.com/).

Challenges and Future Directions:

Natural history studies are needed to quantify the phenotypic spectrum of genetic epilepsies,
and to inform the design of relevant disease scales and outcome measures for clinical trials,
including endpoints beyond seizure burden (e.g. as done for CDKL5-Deficiency Disorder3* and
Batten disease3?). Rapidincreases in genetic diagnoses, natural history and clinical information
will need to be integrated efficiently. Novel approaches, such as the Human Phenotype

Ontology, can exploit data extracted from Electronic Medical Records in conjunction with large-

11
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scale data harmonization3®. The ENIGMA-Epilepsy collaborative applies innovative approaches
to integrate imaging, genetic and other clinical data3’. “Portals” integrating genetic, preclinical
and clinical data for specific neurogenetic disorders are being assembled (e.g. http://grin-

portal.broadinstitute.org/). A culture of transparency and data sharing, together with virtual

“structures” streamlining integration of rapidly emerging data will enable progress.

lll. Therapeutics

Repurposed drugs

Progress: Particularly for channelopathies, careful functional characterization has enabled
strategic use of existing anti-seizure medications or repurposed compounds. Published
accounts of targeted treatments for individual variants are numerous; we describe a few
prominent examples (a more comprehensive list can be found in 19).

Most cases of Dravet syndrome are caused by loss of function (LOF) variants in the
sodium channel Navl.1, encoded by SCN1A, leading to impaired function of inhibitory
interneurons32. Thus, anti-seizure medications which block sodium channels may exacerbate
seizures3?. Expert consensus and clinical trials enabled development of first line therapies for
Dravet syndrome including valproic acid, clobazam, fenfluramine, stiripentol, topiramate, and
cannabidiol3%0, Pathogenic variants in SCN2A, which encode Nav1.2, cause a range of epilepsy
syndromes. Gain of function (GOF) variants are broadly associated with neonatal presentations
(benign familial infantile seizures, early infantile epileptic encephalopathy), while some LOF
variants are associated with developmental delay, autism spectrum disorders and/or epileptic

encephalopathies presenting later in childhood. Accordingly, sodium channel blocking

12
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medications such as oxcarbazepine are optimal for treatment of GOF variants, but avoided for
SCN2A LOF variants#142, Systematic study of patients with neonatal epilepsy related to KCNQ2
LOF has indicated that sodium channel blocking agents are more effective than other
agents*344, Forindividuals with LOF variants in SLC2A1 leading to GLUT1 glucose transporter
impairment, the ketogenic diet provides an alternative fuel source which dramatically
decreases or eliminates seizures, and improves cognition and other disease manifestations such
as movement disorders?®>.

In other cases, genetic diagnoses have prompted repurposing of drugs not traditionally
used for anti-seizure purposes. KCNA2 variants resulting in GOF in the voltage-gated potassium
channel Kv1.2 were correlated with severe phenotypes including medically refractory epilepsy,
developmental delay, intellectual disability, ataxia and other manifestations*®. Subsequently,
treatment of patients with GOF KCNA2 mutations with a potassium channel blocker, 4-AP,
dramatically decreased seizure burden and improved cognitive and motor function®’. As noted
above, a previously FDA-approved drug promoting serotonergic signaling, fenfluramine, was
approved for treatment of Dravet syndrome by the United States FDA and the European
Commission in 2020, following clinical trials demonstrating reduced convulsive seizures*s.
Memantine targets GOF variants in GRIN2A*°. Quinidine treatment of KCNT1-related epilepsy
dramatically reduced seizure burden in case reports>?. Subsequent trial experience was less
optimistic; challenges in the use of quinidine include heterogeneity in blood-brain barrier
penetration and susceptibility to quinidine cardiotoxicity, as well as different responsiveness in
patients, potentially due to different variants/electroclinical syndromes, ages or treatment

regimen®?l,

13
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Challenges and future directions:

Challenges in drug repurposing efforts, as with quinidine, illustrate useful lessons for the future.
A systematic approach to drug identification may accelerate development of precision
therapies that can be implemented on a largerscale. Using systems biology approaches,
individually rare genetic diagnoses may be functionally classified by linking them to smaller
numbers of canonical biochemical pathways, which could then serve as broadly useful
therapeutic targets®2. High-throughput screening of drug libraries enables unbiased
identification of compounds with the greatest efficacy and desirable pharmacological/toxicity
profiles®3. The recent development of preclinical models that enable studies at larger scale may
facilitate such systematic approaches (see section on Preclinical Models). Human clinical trials
involving repurposed drugs should maximize sample size and adhere to standardized protocols,
allowing for joint data analysis. Functional characterization of variants to elucidate GOF or LOF,
and severity of the impairment, is obligatory. Leveraging alternative clinical trials designs for
small sample sizes canincrease rigor and generalizability (see section on Clinical Trials).

Newly repurposed or novel drugs may have unknown mechanisms and/or may
ultimately prove to be broadly effective, as opposed to targeted, anti-seizure medications. For
example, the mechanism of fenfluramine in Dravet syndrome is incompletely understood, but is
thought to involve augmented serotonergic signaling and additional mechanisms, such as
modulation of o1 receptors®*. Fenfluramine may ultimately prove beneficial in multiple forms
of refractory epilepsy including Lennox-Gastaut Syndrome®>.

While we have focused on monogenic epilepsies, these are enriched in developmental

and epileptic encephalopathies but account for a small proportion of epilepsies overall®,

14
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Ideally, the epilepsy community would also find ways to leverage information gleaned about

pathogenic copy number variants and polygenic risk to increase precision in treatment.

Gene-based approaches: antisense oligonucleotides, AAV vectors and gene editing

Precision treatment with ASOs has become a reality in clinical neurology, including for spinal
muscular atrophy (SMA)°®, Duchenne muscular dystrophy>’ and familial amyloid
polyneuropathy?®. In genetic epilepsies, preclinical and clinical studies of ASOs are underway.
ASOs are oligonucleotides 18-30 base pairs in length which are chemically engineered to
optimize pharmacokinetic and pharmacodynamic properties. ASOs correct or compensate for
GOF or LOF genetic variants by targeting their mRNA transcripts and enabling modified mRNA
splicing or mRNA degradation®®. ASOs decreasing gene expression reduced premature death
and seizures in knock-in mouse models carrying human SCN2A or SCN8A GOF variants®%.61, ASOs
can also enhance gene expression by modulating nonproductive splicing events. One of these
approaches, targeted augmentation of gene output (TANGO), reduced seizures and mortality in
a mouse model of Dravet syndrome®?, and is being tested in multiple clinical trials in the US and

UK (https://clinicaltrials.gov/ct2/show/NCT04442295). ASO approaches to reinstate UBE3A

expression in Angelman syndrome have also entered clinical trials®3.

On the horizon are promising approaches to directly repair mutant genes, such as gene
editing with CRISPR/Cas9. Considerable obstacles remain before these technologies can be
safely deployed in humans, such as targeting these therapies to specific brain regions of
interest, potential adaptive immunity to forms of Cas9 and mitigation of off-target effects.

Originally, CRISPR/Cas9 technology was used to introduce insertion and deletion mutations to
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inactivate genes; however, more recent base editing and prime editing approaches obviate the
need to cleave host cell DNA®%%>, A dCas9 (dead Cas9)-mediated promoter-enhancing strategy
augmenting SCN1A expression was effective in vitro and in a mouse model of Dravet
syndrome®®.

Adeno-associated virus (AAV)-based approaches include gene replacement therapy and
use of AAVs as vectors for ASOs and CRISPR/Cas9 systems. AAV-based approaches have not yet
been tested in humans for genetic epilepsy, but have been used in preclinical models to reduce
neuronal excitability in the epileptic focus, including overexpression of a potassium channel®’

and replenishment of the endogenous anti-seizure neuropeptide preprodynorphin®s.

Challenges and Future Directions:

A long term goal will be to develop gene-based approaches that can safely be administered
systemically. Currently, most gene-based approaches require intrathecal administration, due to
poor CNS penetration and stability, in the absence of a vector that can be administered via
systemic approaches, such as AAV. Strategies to overcome limitations on vector cargo size, or
to decrease vector cargo size as in the example of specific Cas9 systems, e.g. dCas919%¢ would
enable expanded use of AAV vectors. It is important to consider that even “definitive” gene
therapy may not reverse all deleterious phenotypes of a pathogenic variant, particularly those
arising during early neurodevelopment. Furthermore, optimal titration of ASO effect is
needed. For example, in studies cited above, ASOs targeting SCN2A or SCN8A GOF were not
allele specific®%®1, Excessive suppression of either gene could be detrimental as LOFin SCN2A or

SCNS8A is also associated with deleterious phenotypes including epilepsy*:6°,
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Broader challenges relate to large scale development of safe, ethical and equitable
gene-based approaches for the emerging multitude of rare genetic epilepsies. This will require
regulation and new infrastructure. The Child Neurology Society outlined considerations for
gene-targeted therapies in children, including rules and common standards regarding the
choice of vectors, preclinical and clinical testing; consideration of how certain gene-based
interventions might impact subsequent brain development in infants and children; long term
follow up of individuals receiving novel therapies, given the likely emergence of new natural
histories and possible long term treatment side effects; adequate training for practitioners
providing gene-based therapies; continuous ethical oversight; and sustainable and equitable
economic support, which will likely vary in countries with different health care systems?°.

An additional precision therapeutic modality, reviewed in 19, is surgical management of
focal genetic epilepsies. Emerging evidence suggests that certain medically refractory focal
genetic epilepsies (such as tuberous sclerosis complex, TSC) are likely to benefit from surgical
intervention. In other cases, the presence or absence of a focal structural abnormality, in
conjunction with germline versus somatic mutations, should be considered together with usual

pre-surgical investigations19.

IV. Preclinical models to understand pathogenesis and test precision therapies
Progress: In recent years, impressive work by numerous groups developed high- or medium-
throughput preclinical models that hold promise to support rapid translation of basic biological

mechanisms to precision therapies.
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Functional characterization with heterologous cells and cultured neuronal networks

Genetic material from humans can be expressed “heterologously” in cell lines that otherwise
would not express the gene, such as Chinese hamster ovary cells or human embryonic kidney
cells. This enables simplified but detailed study of protein function. Heterologous cell lines are
particularly useful for characterization of ion channel function and in numerous instances such
studies have informed precision approaches (e.g. #1/46:47.69) |n KCNB1-related disorders,
classification of variants into distinct functional categories was performed with automated
patch clamp recording’?.

Neurons in culture form spontaneous networks that can be monitored on multi-
electrode arrays (MEAs), allowing characterization of epilepsy-related attributes such as
intrinsic network excitability and synchrony’2. Thus, MEAs may complement
electrophysiological studies of single neurons by revealing specific network dynamics. MEAs can
be used to monitor cultured networks non-invasively for extended periods of time, have been
used to study epilepsy-related genes such as CHRNB273, and can be used to screen compounds

(which can be directly added to MEA wells).

Induced pluripotent stem cell-derived neurons and cerebral organoids

There are important differences between mouse and human brain development, including the
presence of certain neuronal cell types that are not represented in mouse brain. Patient-
derived induced pluripotent stem cells (iPSCs) are an emerging model systemto understand
mechanisms of neuronal excitability in humans’4. iPSCs can theoretically be differentiated in

culture to any cell type in the body, including all subtypes of neurons, thus allowing the study of
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epilepsy variants in the context of anindividual’s unique genetic background. In Dravet
syndrome, patient-derived neurons have been generated by several groups (e.g., 7°).iPSC-
derived excitatory cortical neurons from patients with SCN8A-related disorders showed variant-
specific increases in persistent or resurgent sodium current that were responsive to riluzole’®,
and subsequent administration to individuals with the specific SCN8A variants induced clinical
improvement. Numerous genetic epilepsies have been modeled with iPSC-derived neurons
including Rett syndrome, TSC, Angelman syndrome, developmental and epileptic
encephalopathies and progressive myoclonic epilepsies and others, reviewed in 7. iPSC-derived
neurons have been functionally characterized using MEAs’2.

Cerebral organoids are important intermediate models between traditional 2D cell
cultures and animals. Human embryonic stem cells or fibroblasts reprogrammed to become
iPSCs can self-organize into three dimensional spheroids in culture’®. Cerebral organoids have
been used to study multiple forms of genetic epilepsy, including Rett syndrome?29,
lissencephaly®!, Angelman syndrome®?, and others. Compared to 2D iPSC neuronal cultures,
organoids maximize cell-cell interactions during neural development, can be maintained for
longer timelines to better recapitulate structural features and cellular heterogeneity found in
brain’?, and enable assessment of neuronal cell types not found in mouse brain, e.g. radial glial
cells’472. An organoid model of TSC allowed for recapitulation of tubers, which are not
observed in mouse models®3. Current limitations, which may be surmountable with further
development, include difficulty in the generation of consistent phenotypes between
experiments and the current inability to generate fully mature cortical structures with the full

repertoire of neuronal and glial cell subtypes in organoids.
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Zebradfish

Zebrafish exhibit behavioral and electrographic changes suggestive of seizures, for example in
the setting of pentylenetetrazol (PTZ) or kainic acid treatment, or with genetic manipulation®?.
The rapid breeding cycle, low space requirement (embryos can be grown in 96 well plates),
ability to easily administer treatments directly to the water environment, ability to automate
video monitoring of movements such as seizures and other features make zebrafish particularly
amenable to high-throughput drug screens®*. For example, compounds targeting serotonergic

signaling were identified in zebrafish models of Dravet syndrome®>.

Challenges and Future Directions:
The models described above may aid in studying genetic conditions at greater scale. A future
challenge is their strategic application to identify precision therapies. There is a need to identify
robust, reproducible phenotypes that are relevant to human disease and can serve as reliable
endpoints when testing potential therapeutics. These endpoints ideally would recapitulate not
only across laboratories, but across modeling paradigms (e.g. consistent findings related to ion
channel function in heterologous cells or neurons, network bursting activity in MEAs, seizures
and behavioral abnormalities inan in vivo model).

Given strengths and limitations of different experimental approaches, there may not be
a one size fits all approach. Preclinical study design may vary, depending on whether a disease
results from dysfunction of an ion channel, for example, versus a structural protein.
Coordination between clinical and translational researchers to pair clinical questions with

optimal experimental approaches would expedite preclinical PM efforts.
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It may not be feasible to extensively characterize all pathogenic variants. Instead, one
might test hypotheses about how genetic variants can be classified into functional groups, for

example using systems approaches®?.

V. Clinical trials for genetic epilepsy

Progress: Given the rarity of many genetic diagnoses, there has been increasing movement
toward developing personalized treatments in small groups of patients. There are numerous
characterizations of individual ion channel variants, along with testing of targeted treatments
that correct electrophysiological abnormalities and sometimes clinical symptoms (e.g. 4147:76);
see section on Therapeutics. An individualized approach to ASO treatment for epilepsy has also
been demonstrated. Milasen, an ASO modeled on the SMA treatment nusinersin, was rapidly
created for a child with a lethal disease, neuronal ceroid lipofuscinosis (CLN7)2°. Milasen was
engineered to modify transcript splicing related to a unique mutation in the gene MFSDS8, and
was tested in the patient’s own fibroblasts. Following preclinical and toxicity testing, Milasen
appeared to stabilize neurological and neuropsychiatric function, and decreased seizure burden
in the patient®®. While the patient ultimately died, the remarkable creation of an individualized
ASO within one year of patient evaluation challenged conventional assumptions about the time
needed for ASO development and regulatory approval. The example of Milasen alsoraises
issues pertaining to ethics and equity which are inherent to “n of 1” approaches, discussed

below.

Challenges and future directions:
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Many genetic epilepsies are rare diseases. In the United States, a rare disease is defined as one
that affects <200,000 people, or in which cost of therapy development and testing is not
expected to be recovered following approval®’. Furthermore, pleiotropy (one variant
manifesting with differing phenotypes between individuals) may obscure a beneficial effectin a
traditional randomized control trial (RCT)8’. Thus, adequately powered RCTs will likely be
challenging for many genetic epilepsies.

Alternative trial designs can overcome issues of low sample size and high inter-
individual variability. Examples include small cross-over trials and prospective, rigorously
designed “n of 1” trials in which individuals undergo sequential treatment phases, serving as
both a test and control; and adaptive designs (reviewed in87). A recent systematic review of “n
of 1” trials for rare genetic neurodevelopmental disorders proposed methodological criteria to
enhance their interpretation and generalizability, including blinding and randomization; ample
description of subject baseline characteristics; statistical methods that can account for small
sample size and phenotypic heterogeneity; and appropriately timed, sequential testing of
conditions (intervention vs placebo) alternating with washout periods38. Broader challenges
related to “n of 1” approaches relate to ethics, regulation and equity. Development of a therapy
for one individual, rather than a population, blurs the line between research and medical
treatment, a key distinction in the ethical framework for clinical research®®.Inan “n of 1”
scenario, the subject and the subject’s surrogates may act more as research collaborators than
clinical trial participants, raising the possibility of conflicts of interest and inadequately
informed consent. There is an imperative to objectively and clearly define potential risks,

benefits, and criteria for stopping the trial®®°°. Minimum preclinical safety and efficacy data
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needed to test “n of 1” interventions, such as some ASOs, in human subject(s) remain to be
defined®®. For personalized ASOs, thorough functional characterization of genetic variants and
rational design of therapies, rigorous preclinical testing, and standardized toxicity testing as
well as regulatory approval should be required?®.

Patient advocacy groups recently highlighted the importance of non-seizure outcomes
for individuals with epilepsy, including cognitive function and quality of life®1. Some genetic
epilepsies give rise to complex phenotypes including impaired neurodevelopment, ataxia,
movement disorders and progressive loss of mobility (e.g., °?) that may be as important to
patients as seizures. It will therefore be essential to define and measure patient-centered non-
seizure outcomes.

Not all variants are amenable to an ASO strategy, and it may not be feasible to generate
uniquely personalized ASOs for the majority of individuals. The allocation of limited resources
for ASO development and testing could be based on different factors, such as the number of
patients likely to benefit, disease severity and magnitude of benefit. These questions should be
addressed and ASO-related resources allocated in a transparent manner that promotes equity
and avoids perpetuation of disparities®. Standardization of vectors, ASO manufacturing and
streamlining the ASO development/ testing process could increase efficiency and broaden

access to gene-based approaches’?.

VI. Evolving stakeholders in epilepsy precision therapy development

The Epilepsy Leadership Council ( www.epilepsyleadershipcouncil.org ), and a number of the 51

patient advocacy groups within that Council, represent both common and rare epilepsies, as
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well as professional societies and federal agencies. These groups have emerged as an important
driver of epilepsy research. Groups including the Lennox-Gastaut Syndrome Foundation

(www.lgsfoundation.org), the Dravet Syndrome Foundation (www.dravetfoundation.org), and

the Tuberous Sclerosis (TSC) Alliance (www.tscalliance.org), as well as broader epilepsy
advocacy organizations, such as the Epilepsy Foundation (www.epilepsy.org), and Citizens
United for Researchin Epilepsy (CURE Epilepsy; www.cureepilepsy.org), are advocating for and
supporting research advances for the epilepsies. The Epilepsy Genetic Initiative (EGI) supported
by CURE Epilepsy, launched in 2014, re-analyzed negative diagnostic exomes and uncovered
new genetic etiologies such as de novo variants in alternative exons in SCN8A®3. The Epilepsy
Foundation was instrumental in establishing the Rare Epilepsy Network, capturing patient and
caregiver data from over 40 rare epilepsy syndromes. The American Epilepsy Society and the
International League Against Epilepsy recently updated seizure and epilepsy classification to
better reflect state of the art knowledge and facilitate standardized communication®®.
Federally-supported efforts in the US include the Centers Without Walls’ (CWOW)
projects such as Epi4K, EpiBiosS4Rx, the Center for SUDEP Research, the Channelopathy-
associated Epilepsy Research Center, and Epilepsy Multiplatform Variant Prediction (EpiMVP).
The Undiagnosed Diseases Network has brought together national expertise and cutting edge
diagnostic genetic tools, leading to increased rate of diagnosis and the definition of 31 new
clinical syndromes®>. The Epilepsy Therapy Screening Program refocused its efforts in 2016 to
include rare epilepsies, developing a drug screening platform using a mouse model of Dravet

syndrome?® .
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Industry partners and start-up companies are focused on specific PM approaches such
as targeted ion channel modifiers. Finally, there is renewed interest in integrative academic
centers in providing multidisciplinary care for rare epilepsies. Increasingly, academic
collaborative networks of clinicians and researchers such as the EuroEPINOMICS-RES
Consortium, the Network for Treatment of Rare Epilepsies (NETRE) or the Treat-ION network
for rare neurological channelopathies (https://www.research4rare.de/en/) collaborate to
improve management of rare genetic epilepsies. Emerging learning health systems are also

expected to inform natural history and treatment responses in rare conditions®’.

Conclusions
We have described tremendous progress at each stage of the epilepsy PM pipeline including
gene discovery, diagnostics, natural history studies, therapeutic strategies, preclinical models,
and clinical trials — but with formidable challenges remaining (Table 1) to translate this progress
into precision therapies and cures. SCN8A-related developmental and epileptic encephalopathy
is a genetic epilepsy progressing in this pipeline with relative efficiency. It has been ~10 years
since the discovery of SCN8A as a disease-causing gene, with significant advancement toward
PM in that time (Figure 2). The examples of Milasen and SCN8A-related epileptic
encephalopathy are proof that teams with the necessary combination of expertise (clinicians,
scientists, patient advocates, federal resources and regulatory bodies) can efficiently shepherd
particular therapeutics through the pipeline.

At the same time, larger national and international efforts are likely to be required to

achieve the ends outlined in Table 1, such as adoption of genetic testing as a standard of care,

25

3SUR0 | SUOWILLIOD aAIRRID a|cedt|dde ay) Aq pautenof afe sajonte YO ‘9sn JO sajnJ Joj AkeiqiauluQ 4311/ UO (SUO 1 IPUOD-pUR-SLLLIBYWOD AB 1M AReq 1)U 1 [UO//:SANY) SUOIPUOD pUe SWB | 8y} 335 *[£202/TT/ST] Uo ARiqiaunuo As|ip suinogp N JO AiseAlunayl Aq zeg/ T 100/TTTT OT/I0p/wo As| 1M Areiqipuljuo//sdiy wolj pepeojumod ‘0T ‘2202 ‘/9TT8ZST



ethical and equitable incorporation of gene-based therapies and increasing the number of
genetic epilepsies with targeted therapies. Indeed, we and others argue that the international
epilepsy community is atan “inflection point” in our efforts toward epilepsy PM°!, in which
coordinated and concerted efforts will be needed to translate the gains highlighted in this
review into epilepsy precision therapies. A working group of the Epilepsy Leadership Council in
the United States recently proposed development of a “National Plan,” modeled on efforts in
pediatric oncology (e.g. ChildrensOncologyGroup.org)®! following the Curing the Epilepsies
Conference in 2021°8. National and international coordination could fully integrate scientific
discovery, increasing clinical knowledge, and health policy to overcome the tendency for these
areas to become siloed. Important organizing forces are already in place. For example, the
AES/NINDS Epilepsy Research Benchmark Stewards Committee has effectively outlined and
tracked progress in priority areas, such as understanding the causes of epilepsy, preventing
epilepsy, improving treatments and preventing adverse consequences of seizures

(www.ninds.nih.gov/About-NINDS/Strategic-Plans-Evaluations/Strategic-Plans/2020-NINDS-

Benchmarks-Epilepsy-Research). We argue that what is further needed is the coordinated and

systematic streamlining of the epilepsy precision medicine pipeline, beginning with gene
discovery and concluding with the approval of new and innovative therapies, and bringing
together expert teams of clinicians, scientists, patients and policy makers to overcome present
hurdles and accomplish these ends. While the strategies we propose are ambitious, the
resulting gains could bring us to a new age in the care of epilepsy, in which treatment shifts

from loosely informed empiricism to data-driven and patient-centered precision therapy. In the
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words of one patient advocate, “Time is brain and we’ve lost too much of both. It's time for

Covid-level collaboration that includes a National Strategy to cure the epilepsies”?™.
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Figure 1. Overview of genetic testing results from large-scale diagnostic studies in >25,000
individuals from 2123, The 50 most common genetic etiologies across all three studies are

shown.

Figure 2. Following discovery of SCN8A-related disorders, these were modeled, supported by
patient advocacy, and translated into potential treatments, providing an example of relatively
efficient progression through the “pipeline” from gene discovery to novel precision medicine

approaches.
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