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Abstract

Despite progress in the development of antiseizure medications (ASMs), a third of people with
epilepsy have drug resistant epilepsy (DRE). The working definition of DRE, proposed by the
International League Against Epilepsy (ILAE) in 2010, helped identify individuals who might
benefit from presurgical evaluation early on. As the incidence of DRE remains high, the TASK1
workgroup on DRE of the ILAE/AES Joint Translational Task Force discussed the heterogeneity
and complexity of its presentation and mechanisms, the confounders in drawing mechanistic
insights when testing treatment responses, barriers in modeling DRE across the lifespan and
translating across species. We propose that it 1s necessary to revisit the current definition of DRE,
in order to transform the preclinical and clinical research of mechanisms and biomarkers, to
identify novel, effective, precise, pharmacologic treatments, allowing for earlier recognition of

drug resistance and individualized therapies.

Key Points
1) The ILAE definition of drug resistant epilepsy (DRE) aimed to improve patient care but
does not address the clinical complexity of DRE.
2) The DRE concept should ideally consider the heterogeneity, complexity of epilepsies
and drug resistance mechanisms across the lifespan.
3) Earlier recognition of drug resistance could facilitate earlier implementation of effective

and individualized treatment strategies.
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4) A DRE concept that aligns the goals of preclinical and clinical research could facilitate

translation of preclinical findings into the clinics
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Introduction

The number of people for whom treatment fails to control their seizures remains at about 30% !-3.
This has not shifted appreciably even though many new antiseizure medications (ASMs) have been
introduced. In 2010, the International League Against Epilepsy (ILAE) proposed a working
definition of drug resistant epilepsy (DRE) as the persistence of seizures after “adequate trials of
two tolerated and appropriately chosen and used ASM schedules”.* The definition of drug
resistance extends to the persistence of auras that may continue even after more disruptive seizure-
types are controlled.* A variety of risk factors for DRE have been proposed (Table 1). A
subsequent observational study also reported that the availability of newer ASMs did not improve
the likelihood of one year seizure freedom.? The limitation that the DRE “definition must be based
on the probability of subsequent remission after each drug failure” ideally ascertained by “large
scale prospective, long-term, population-based studies including both adults and children”, when

“few, if any, such studies met such requirement” at the time was already recognized.*

The existing definition of DRE has been valuable for the purposes it was created, namely to
improve patient care by recognizing individuals who may need prompt referral to specialized
centers for presurgical evaluation and to facilitate clinical research. However, the 2010 definition
does not consider the potential causes or mechanisms of DRE; drug-related or individualized
factors that may manifest as DRE; or epilepsies that do not have two appropriate therapeutic
treatments by which we mean treatments that have a realistic chance of achieving seizure freedom.
Further, the binary definition of drug efficacy in epilepsy (persistence of any ongoing seizure vs
seizure freedom), while important in urging for earlier consideration of epilepsy surgery, may
potentially ignore mechanistic insights from treatments that are only partially effective in

controlling seizures. The latter could inform the design of more effective future treatments used
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either as monotherapies or as combination treatment strategies to further improve seizure control.
Also, waiting for two ASM schedules to fail can have severe consequences in developmental and
epileptic encephalopathies (DEEs), where early control of seizures may be important for better
developmental outcomes.>”’ Preclinical studies have offered invaluable insights into mechanisms,
treatments and biomarkers aimed at identifying better medical interventions. Nevertheless, the
absence of a definition of drug resistance that is easily applicable to both preclinical and clinical
research has hampered the translation of preclinical discoveries to the clinic. It is thus important to
revisit the definition of DRE, to address the mechanistic complexity across the lifespan and guide

translational research to identify novel, mechanism-targeted effective therapies.

The TASK1 group of the Joint Translational Task Force of the ILAE and the American Epilepsy
Society (AES), tasked to re-evaluate preclinical models of epilepsies used for therapy development,
initiated a discussion among its members to outline some of the issues to propose a road forward
by adopting a new DRE definition that can better serve clinical and preclinical needs leading to
better therapies for epilepsies. In this article, we outline the complexity of clinical resistance,
discuss the potential underlying mechanisms, and the preclinical models and strategies used to
study DRE, emphasize the challenges associated with DEEs and outline the reasons why revisiting
the DRE definition would be important to align preclinical and clinical studies so as to provide new
directions for mechanistic studies and develop more effective treatments. The terms used in this
report and some of their current limitations are outlined in Box 1. Ultimately, this paper should be

viewed as an opening conversation in finding solutions to this unresolved problem.

The Clinical Complexity of Drug Resistant Epilepsy
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The ILAE report on the definition of drug resistance in epilepsy, acknowledges the complexity of
this area and arrived at a pragmatic definition.* From the mechanistic perspective, it may be wrong
to consider DRE as a binary concept, because some people who are resistant to two drugs may fully
respond to the next drug tried. Evidence indicates that even after failing 2-5 different ASMs, there
can still be a ~17% chance of responding to the next.® Moreover, someone may apparently respond
well to medication initially with drug resistance occurring many years after the first seizure; the
delay before drug failure can be over 30 years.>> '1© This suggests that the response of an epilepsy
to an ASM can change over time, even in people with non-progressive etiologies.!! Conversely,
20-38% % 1214 people with DRE may go into remission, with 4-5% entering seizure remission per
year, 1213 but 16-58% !?-14 of these patients later relapse.® 1315 These observational studies
demonstrate the complexity of drug resistance and indicate that it is a temporally dynamic process.
Treatment response may be partial, manifesting as a reduction of seizures or cessation of some but
not all of the seizure types.'% 17 Although seizure freedom is the ultimate treatment goal in patient
care, when this is not feasible, control of selected seizure types, prevention of prolonged seizure
activity (status epilepticus) or the reduction in seizure frequency can have a relevant impact on
quality of life and seizure-associated risks. '8-2 The partial treatment response may also help select

more effective combination treatments or develop optimized therapies.

DRE may not result from one mechanism only as multiple mechanisms can contribute to drug
resistance. Etiology may play a key role. The cause of the epilepsy regardless of the epilepsy
syndrome could be responsible for a DRE in all patients (eg CDKL5-DEE).?!-2> But, genetic causes
are not synonymous with DRE for all patients. For example, pathogenic variants in KCNQ?2 or
SCN24 may be associated with either self-limited epilepsies or with a DEE.?}?* Some syndromes

respond better to medication, e.g. the idiopathic generalized epilepsies or the childhood onset self-
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limited epilepsies which are less associated with resistance than the focal epilepsies or most of the
DEEs.!% 11 Also, certain pathologies (such as malformations of cortical development) are more
likely to be drug resistant, while post-stroke epilepsies are less likely.?! The two most robust
epidemiological predictors of resistance are the number of previous ASMs tried (irrespective of the
class of medication) and the number of seizures prior to starting medication, which is more likely

a measure of disease severity rather than seizures influencing drug response.? 2% 26

The diversity of the underlying etiology of early onset DRE is an opportunity for the development
of personalized medicine (i.e. targeting the mechanism of the epilepsy, when known, for each
patient). Specific non-surgical treatment of the underlying cause has been successful for such
diseases as glucose transporter deficiency (GLUT1-DS) and some of the autoimmune disorders.?”-
28 Other examples of personalized medicine approaches directed at the underlying cause include
everolimus for tuberous sclerosis complex (TSC) epilepsy.?*3> However, patients with similar
genetic etiology epilepsies, e.g., with the same TSC genotype, may not always have a positive
response to everolimus.?% 3! Indeed, in humans, it is not usually possible to confirm in vivo target

modification.

Differences in etiology and resultant syndromes cannot be the whole explanation because
epilepsies with essentially identical etiologies in identical brain areas may respond very differently
to medications with some becoming seizure free after a single drug and others proving resistant to
trials of multiple medications. It may be that genes (perhaps independent of the epilepsy) are

contributing to drug responsiveness.
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Length of time with epilepsy may also be a determining factor. In children with focal epilepsy, the
time to DRE might take years (up to 12 years in one epidemiological study) after initial good
seizure control.’ In this clinical pattern, the mechanism of resistance to ASM seems to develop

progressively over time or appear after initial efficacy of ASMs. °

Epilepsies occurring early in life pose another problem as maturational changes may present a
pharmacological “moving target” as the networks, channel and receptor expression/function are
changing over time.?3. A further important consideration is that early life epilepsies may exhibit
different seizure types (spasms, tonic or myoclonic), as often observed in DEEs. Achieving seizure
freedom will depend upon the efficacy of the drug on all seizure types as well as on the underlying
pathogenic epileptogenic mechanisms. Further, there is an urgency to achieve early seizure control
to improve the chances for better developmental outcomes in DEEs like infantile epileptic spasms
syndrome (IESS).* 34 To achieve this, we will need better strategies to predict treatment response,

even before two treatments fail.

Potential Mechanisms of DRE

For an ASM to be effective in treating epilepsy, it must reach its targets in the brain, affect only
critical components of the seizure-related network, maintain its efficacy in the short- or long-term,
and not cause intolerable adverse effects. In the following we provide an overview of the
hypotheses on the possible mechanisms of DRE. Moreover, we provide an overview of modulatory
factors that can influence these mechanisms. Please note that this Task Force report does not aim

to provide a comprehensive overview concerning the current state-of-knowledge for all possible
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mechanisms and all regulatory and modulatory factors. For more details, readers are referred to

earlier reviews.3543

Intrinsic severity hypothesis:

The “intrinsic severity hypothesis’ states that epilepsy with a high intrinsic severity is more difficult
to treat.** 4 This hypothesis is based on the clinical observation that a high seizure frequency before
epilepsy onset is one of the most important predictors of a poor ASM response. A high intrinsic
severity is reflected not only by seizure frequencies but also by other clinical factors including
psychiatric comorbidities and neuropathological alterations such as hippocampal sclerosis.** In the
context of the ‘intrinsic severity hypothesis’, it has been pointed out that DRE is not necessarily
caused by pharmacokinetic and pharmacodynamic changes, but that it may simply be related to an

epileptic network that generates seizures that are difficult to control.

Network hypothesis:

Epilepsy is a disease of altered neuronal networks and their propensity to generate seizures .46:47 If
not all, many types of epilepsy are associated with changes in connectivity patterns between the
components of the primary seizure circuit and surrounding or inter-connected cortical and/or
subcortical regions.3® 48 Alterations in connectivity can change the physiology of the network and
its response to an ASM. Even in well-defined syndromes, such as mesial temporal lobe epilepsy,
there is variability in the pathology and connectivity. 4° Thus, interindividual differences in
connectivity could affect individual drug-responsiveness.** Evidence for the network hypothesis
comes from the possible clinical success of surgical interventions that can result in seizure control
or convert a DRE into a drug-sensitive epilepsy.>*-5> Moreover, a clinical association between drug-

responsiveness and the connectome has been suggested by neuropathological studies, structural
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imaging studies, and electroencephalographic functional network topology analysis.*% 33-3¢ Despite
this evidence, it seems crucial to expand our knowledge and further explore the influence of
aberrant connectivity on areas and brain circuits involved in ictogenesis and how ASMs may or

may not work to prevent ictal activity in critical brain regions.

Target hypothesis:

Epilepsy can be associated with comprehensive changes in the expression of targets, including ion
channel isoforms and receptor subunits, and of associated downstream signaling factors. These
changes can alter the function of specific targets, which in turn may lead to an altered
pharmacological response to ASMs and may make these drugs less effective.*!-37-38 This situation
could explain the lack of efficacy of many ASMs with specific mechanisms of action. While
numerous epilepsy- or epileptogenesis-associated alterations of various ASM targets have been
suggested by preclinical and clinical studies, a functional link with drug resistance in chronic
epilepsy management has been intensely studied for modulators of voltage-gated sodium channels.
Electrophysiological studies revealed a reduced sensitivity to carbamazepine in brain tissue from
patients with drug-resistant temporal lobe epilepsy.’® > Preclinical epilepsy models confirmed this
alteration in the responsiveness of voltage-gated sodium channels.®®

DRE in patients has also been associated with changes in GABAergic neurotransmission, including
subunit configuration,®' binding dynamics®? and signaling of the GABA 4 receptors. %

It has been stated that the target hypothesis does not explain why patients are resistant to multiple
ASMs with different mechanisms.*! However, in view of the multitude of molecular alterations in
the epileptic brain, it is likely that functionally relevant alterations can affect different ASM targets

in parallel. Of course, this assumption requires further evidence including more preclinical and
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clinical research efforts to explore the functional consequences of alterations in various ASM
targets.

Aberrant expression of homo- or heteroreceptors mosaics has been reported for different
neurological and neuropsychiatric disorders such as Parkinson’s disease, schizophrenia, addiction,
and depression.®* Mosaics result from the physical interactions at <40 nm between receptors and
ion channels. They can modify transduction signals induced by receptor or channel activation, i.e.,
a drug that typically induces inhibition can produce excitatory effects when acting on a mosaic.
While a possible role of homo- or heteroreceptors mosaic formation has been suggested for DRE,*!
the hypothesis remains speculative up to now requiring further studies to explore the hypothesis in

the context of DRE.

Blood-brain barrier transporter hypothesis:

Increased expression of efflux transporters (such as P-glycoprotein) at the blood-brain barrier can
be associated with a reduced brain penetration of selected ASMs thereby decreasing their efficacy.
While several modulatory factors may be involved in the regulation of blood-brain barrier
transporters, a series of studies suggested that the seizure-associated increase in P-glycoprotein is
related to a glutamate-mediated activation of arachidonic acid signaling involving NMDA
receptors, cyclooxygenase-2, and EP1 receptors.®> % Studies support that overexpression of drug
transporter proteins controlling ASMs penetration into the brain parenchyma is rather restricted to
the epileptogenic focus.’”> %7 However, the evidence does not exclude an increased expression of

drug transporter proteins in non-epileptogenic brain regions.%

Several studies have reported associations of polymorphisms of ABCBI (p-glycoprotein; ATP-

binding cassette subfamily B member 1) or, less frequently, ABCC2 (ATP-binding cassette
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subfamily C member 2; multidrug resistance protein 2) genes with DRE, although others have not
confirmed such associations.®®7> Methodological and population differences may contribute to

these different results.

A general limitation of the transporter hypothesis is that it only explains resistance to ASMs that
are substrates of human drug efflux transporters. While preclinical and clinical data confirm an
overexpression of blood-brain barrier efflux transporters, proof that a prevention of transporter up-
regulation can help to overcome DRE is limited to preclinical studies in laboratory rodents. Ex vivo
and in vitro studies in human brain capillaries as well as human endothelial cells and astrocytes
suggest that translation of different strategies preventing transporter and enzyme induction at the

blood-brain barrier may be possible, but further evidence is needed.”

Pharmacokinetic hypothesis:

This hypothesis suggests that DRE can be associated not only with pharmacokinetic alterations in
ASM distribution to the brain, but also with increased metabolism and/or elimination of ASMs,
leading to lower brain drug concentrations.”* At the systemic level, increased metabolism and
elimination of ASMs in the liver, intestine, and kidney can reduce the availability of the drug to
penetrate the brain parenchyma and reach epileptic tissue.’” Among others, clinical evidence comes
from case reports with persistent low levels of AMSs in plasma and from a molecular imaging
study describing increased liver clearance.”

In addition, lower ASM brain concentrations may result from an increased expression of
metabolizing enzymes at the blood-brain barrier, which can further increase drug metabolism and

reduce drug efficacy.” 76
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The pharmacokinetic hypothesis is likely not a universal explanation for drug resistance, as not all
ASMs share the same pharmacokinetic mechanisms. Moreover, peripheral changes in
pharmacokinetics would be reflected by reduced plasma concentrations, and it is well known that

DRE occurs despite ASM concentrations in the therapeutic range in the majority of patients.

Modulatory factors:

The possible mechanisms of DRE discussed above can be influenced by a variety of factors and
can be regulated at different levels. These mechanisms include genetic, epigenetic, and other
endogenous modulators, such as inflammatory mediators or metabolic factors. Different
pharmacogenetic studies reported an association between ASM response and genetic variants
(mutations or polymorphisms) that modify the pharmacological response to ASMs in different
types of epilepsy.®> 77 These genetic variants can affect the pharmacokinetics or

pharmacodynamics of ASMs.

Gene expression can be modified by different epigenetic mechanisms including histone
modification, DNA methylation, and regulatory RNAs including microRNAs (short non-coding
RNAs that regulate gene expression).”® An association between changes in different epigenetic
mechanisms has been associated with DRE. For example, several studies explored differences in
the expression pattern of circulating miRNAs between patients with DRE and drug-sensitive
epilepsy.”®-8! These differences may for example influence inflammatory mediators as regulatory

factors or may more directly contribute to alterations in expression of ASM targets.??

Evidence exists that pro-inflammatory mediators can not only contribute to intrinsic severity but

also directly affect pharmacokinetics and pharmacodynamics e.g. by effects on transporter
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expression or target subunit composition. However, so far evidence for a functional relevance for
drug resistance is limited to preclinical studies in a rodent epilepsy model reporting prevention of
seizure-associated transporter induction along with an improvement of ASM efficacy.83 34

Exploratory and descriptive clinical studies also revealed an association between the metabolome
as well as the intestinal microbiome and ASM responsiveness.*83-87 However, to our knowledge

there is a lack of studies exploring the functional relevance of these differences.

In this context, it is important to keep in mind that epilepsy and recurrent seizures can cause a
multitude of alterations at the molecular, cellular, and network level. Thus, differences between
patients with DRE and drug sensitive epilepsy can always reflect the different level of intrinsic
severity and can be driven by uncontrolled seizure activity. Keeping in mind that correlation does
not necessarily imply causation, one should be extremely cautious when it comes to conclusions
from studies that did not assess the functional consequences of a possible mechanism of DRE and
did not test whether it is possible to overcome DRE by targeting this mechanism.

Thus, future preclinical and clinical studies are urgently needed to further study the functional
relevance of possible mechanisms and regulatory factors. Thereby, mechanisms and influencing
factors need to be analyzed across different patient populations (including pediatric, elderly) and

across different etiologies.

DRE as a multifactorial phenomenon

No single theory can explain all cases of DRE. The different hypotheses involve mechanisms that
are initially seen as independent, but actually can be linked in many ways.*% 8 For instance,
excessive release of glutamate in the brain may contribute to development of DRE because it

contributes to neuronal cell loss and network alterations,?® to neuroinflammation,?® and induction
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of the efflux transporter P-glycoprotein.®® °! As another example vascular changes, gliosis, and
changes in cerebrospinal fluid dynamics in the seizure onset zone may all result in reduced
(subtherapeutic) ASM concentrations. Along this line, hippocampal sclerosis is associated with
gliosis and abnormal vascular formations with a decreased or absent lumen. This situation reduces
blood perfusion in the epileptic zone of patients with temporal lobe epilepsy.”? Then, seizure-
associated induction of the efflux transporter P-glycoprotein has not only been reported at the
blood-brain barrier but also in neurons with a functional link to increased cell membrane
depolarization in the hippocampus and cortex. Thus, P-glycoprotein regulation not only may affect

brain pharmacokinetics but also contributes to intrinsic severity.”?

Treatments are aimed at controlling seizures and/or modifying disease processes (disease
modification/antiepileptogenesis) but, conversely, seizures and disease processes can modify
treatment targets and so treatment efficacy.®* DRE can refer to the failure not only of the treatment
to control the symptom, the seizures, but also to modify the disease. Resistance to disease
modifying effects, other than those directly assessed by seizure outcomes, are however more

difficult to evaluate in clinical, and, sometimes preclinical, trials.

As indicated by these examples, research exploring mechanisms of DRE and factors regulating
these mechanisms needs to consider the complexity and interconnections. The multifactorial nature
implies that it is unlikely that drug resistance can be overcome by targeting one selected mechanism
or factor. Moreover, there will not be one single biomarker predicting drug responsiveness. Along
this line a recent artificial intelligence case study reported machine-learning based integration of

multivariate clinical and genetic data into a multimodal model for prediction of brivaracetam
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responsiveness.” This study underlines the need to better consider the highly complex nature of

the drug response.

Moreover, DRE needs to be carefully distinguished from other causes of therapeutic failure
including tolerance development. Repeated administration of ASMs may cause pharmacodynamic
or pharmacokinetic tolerance due to alterations in receptors, such as desensitization,
downregulation, internalization, uncoupling from their signal transducers, or metabolic enzyme
induction with consequent lower drug efficacy.’® °7 Pharmacokinetic studies support that
phenytoin, carbamazepine, or phenobarbital upregulate efflux transporters in the brain and
peripheral organs, affecting the bioavailability and disposition of ASMs.”® In this context, it is of
interest that administration of ASMs can also result in epigenetic changes that negatively modify
the course of the disease or may facilitate excitatory neurotransmission.”-!% Respective alterations

can contribute to intrinsic severity of the disease and therapeutic failure.

Using animal models to understand drug resistance

Animal models of seizures or epilepsies have been used to screen for therapies that may be more
effective in controlling seizures than existing treatments or to identify the mechanisms that prevent
or control seizures or, in contrast, that underlie treatment resistance.!?!-1%4 As drug resistance in
epilepsy is a multifactorial phenomenon, models of DRE should ideally reflect one or more of the

different mechanisms of drug resistance found in humans.3> 104

Several of the animal models that have been used so far are based on the use of young adult or
adult animals (Supplementary Table 1).4%- 195 These models are therefore more relevant for DRE

in young adult patients and extrapolation to both pediatric and elderly DRE populations may be
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inappropriate. Another limitation of many models and studies is the frequent focus on one sex,

further limiting generalizability.*

Among available models, acute rodent seizure models are used for the early phase of efficacy
testing to allow high throughput in the selection of promising drug candidates.?> 1°* Considering
the complexity of probable drug resistance mechanisms affecting the pharmacokinetics and
pharmacodynamics of ASMs and the variety of factors that can modulate these mechanisms over
time (e.g. genetic, epigenetic etc.),’> 4% 4! these models can be characterized by a poor ASM
responsiveness, but are unlikely to reflect the complexity of possible mechanisms for DRE.
However, acute seizure models may reflect the intrinsic disease severity and the nature of the
seizure networks that have a major impact on initial (screening) therapeutic responses.*4 4333106
This aspect has also been taken into account for the reorganization of the National Institute of
Neurological Disorders and Stroke (NINDS) Epilepsy Therapy Screening Project (ETSP), resulting
in the decision to avoid the use of acute seizure models as the only filter and to give drug candidates
another chance in a chronic paradigm even in case of failure to exert antiseizure effects in an acute
model.'* Among acute seizure models, the 6-Hz model, commonly used in young adult mice,
stands out for its particularly poor responsiveness to various ASMs.!?” It has been proposed as a

model for drug-resistant seizures and is an early test in the ETSP.104

The chronic rodent models, models with repeated seizure induction, i.e. electrical or chemical
kindling models, are characterized by multiple molecular, cellular and network alterations.'®! Thus,
these models can reflect selected mechanisms of drug resistance in epilepsy. However, as they do
not have spontaneous seizures, they cannot be considered true models of DRE. In this context, it is

also emphasized that models, in which exposure to an ASM during the phase with repeated seizure
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induction results in a poor ASM responsiveness (e.g., lamotrigine-resistant kindled rats or mice),!%-

119 may model contingent tolerance rather than drug resistance.

There are rodent models with spontaneous seizure development that have been partly characterized
concerning their responsiveness to ASMs.3> While selected probable mechanisms of drug
resistance and influencing factors have been studied, major gaps-in-knowledge are evident within
the long list of potential mechanisms and modulatory factors.!?! Considering the time-consuming
and elaborate nature of seizure recording in chronic models, the duration of video-EEG based
seizure monitoring is often limited without long-term follow up. Thus, the majority of studies do
not provide information about the course and pattern of responsiveness or resistance.!!!!3 This is
particularly relevant to models that do not have frequent spontaneous seizures. Another potential
limitation may arise from an emphasis on the detection of generalized motor seizures, which may
result in the failure to assess the responsiveness of all seizure types. The list of chronic rodent
models with a relevant pharmacological characterization is still quite short,> and by no means

reflects the full range of possible etiologies and epilepsy types.

A DRE model may have been proposed because of its origin, e.g., resected human epileptogenic
tissue, or its relevance to pathologies associated with DRE, or because its seizures fail to respond
to treatments appropriate for the syndrome it models (Supplementary Table 1, Supplementary
Tables 2). Typically, testing of such drugs in animal models has been done independently for each
drug, rather than consecutively exposing animals to different appropriate drugs. While some of the
tested compounds that showed promise in such models of DRE have eventually entered clinical
practice or clinical testing,3? 14121 there are lessons that need to be considered to improve our

future approaches to therapy development.



oNOYTULT D WN =

Epilepsia

Issues related to pediatric models of DRE: Aligning the goals of preclinical and clinical research

will facilitate translation and repurposing of preclinical findings into the clinics. The current
definition of DRE poses however several challenges. There are unique characteristics, needs, and
challenges regarding pediatric DRE. Age-specific models are necessary to address age- and sex-
specific influences on the expression or function of the therapy targets, effects of treatments, or the
pharmacosensitivity of age-specific seizures or epilepsies. Models of age-specific seizures are also
constrained by the short developmental period when such seizures are expressed, i.e. days, and the
rapid trajectories of developmental changes that occur in the brain, which also influence the
efficacy of the drugs. Therefore, the developmental age-, region-, and sex-specific structural and
functional changes in innate networks and mechanisms involved in epilepsy may manifest as
apparent transient periods of remission or resistance, irrespective of the drug’s therapeutic potential
(Figure 1).33 122126 Maturation may also alter systems affecting drug bioavailability, metabolism
and clearance, requiring adaptation of the treatment protocols for specific ages.!?”- 128 A drug’s
ability to modify a critical pathway in epileptogenesis may manifest during tight developmental
periods only.'?° Conversely its inability to control seizures during a period when the drug’s target
is not operative'3? or relevant,'?® or leads to paradoxical responses,!3!: 132 may not preclude its
therapeutic potential if used in more appropriate developmental periods. Drug resistance in
epilepsy may therefore not be a static, persistent feature, and knowing the complex factors,
developmental or other, that govern it may help optimize epilepsy treatments. Correlation of the
findings between animal models and humans is complicated by the species differences in the
temporal trajectories of developmental processes, as well as in drug effects and targets. To deliver
effective specific screening platforms and treatments for early life drug-resistant seizures and

epilepsies with specific purposes, it is important to develop biomarkers to guide the selection and
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implementation of treatments across species.

There are several in vivo and in vitro models used to study early life seizures or epilepsy; a variety
of assessments of drug efficacy have been used, including outcomes relevant to age-specific seizure
types (e.g., epileptic spasms, thermally-induced seizures) (Supplementary Table 2). 133140
Methods of induction resemble etiologies of DREs and render seizures or epilepsies refractory to
seizures from the start.!> 14! Testing two consecutive treatments may result in testing them against
different types of seizures, with distinct pharmacosensitivity, or during different developmental
periods with distinct target relevance (Figure 1). Tools to track in live mode epileptogenic or
seizure-generating mechanisms and target modification by the drugs would be needed. Validation
of a model as a model of DRE, based on its pharmacosensitivity to at least two ASMs that achieve
seizure freedom in the respective human epilepsy syndrome is difficult to translate. Waiting for
two “appropriate” medications, when they exist, to declare their effects may result in valuable loss
of time and potentially diminish the likelihood of clinical success, as suggested by the experience
in treating IESS.3 Testing seizure freedom in animal models with the expectations of “at least 3x
the longest pre-intervention interseizure interval or 12 months, whichever is the longest” may be

inappropriate in the setting of DEEs.

Tolerability: Conclusions about drug responsiveness in animal models also need to consider
tolerability. In the context of the elaborate nature of studies in chronic models with spontaneous
recurrent seizures, titration of the dosage to the maximum tolerated dose is often omitted in
preclinical studies. Thus, it is frequently not possible to conclude about an actual drug resistance.

Further limitations of the assessment of protective indices (toxic dose of a drug for 50% of the
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population divided by the effective dose for 50% of the population) of ASMs in rodents are based
on the fact that an assessment of the adverse effect potential is often focused on motor function,

well-being or mortality, and neglects other relevant tolerability issues.

Pharmacokinetics and pharmacodynamics: In chronic models, long-term, consistent dosing must
be ensured to maintain drug levels for weeks or months. As animals tend to metabolize drugs more
rapidly, careful consideration of species-, age- and sex- differences in pharmacokinetics, and
special delivery methods to achieve steady-state drug levels may be needed. Studies in young
rodents face particular challenges related to limitations in the miniaturization of the delivery
devices. In addition, one needs to consider species differences as well as age- and model-associated
alterations in pharmacodynamics. For instance, target expression, function or downstream
signaling changing over time can significantly affect pharmacodynamics despite stable drug levels

at the target sites.

In vitro models of DRE: In vitro and ex vivo testing approaches have been developed using slices,

cells or capillaries from surgical specimen or from experimental animals, cell lines or patient-
derived iPSCs and organoids.'4>'4 These approaches can serve as valuable additional tools to
screen ASMs and test whether the drug candidate is affected by a selected specific drug resistance
mechanism. However, these approaches have limitations as they cannot consider the variety and
complexity of potential drug resistance mechanisms and influencing factors. A major limitation of
studies in surgical specimens is that they are only available from patients with DRE not allowing
a comparison between patient subgroups with differences in responsiveness. Interestingly, different
drug responses across different slices from the same patient have been documented, highlighting

the complexity of seizure-controlling networks and drug resistance mechanisms.
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Conclusions

We propose that it is important to revisit DRE as a concept to provide a roadmap to address future
clinical needs as well as harmonize clinical and preclinical research towards prompter, more
effective, mechanism-informed, diagnostic, monitoring and therapeutic approaches for DRE. The
DRE concept should ideally consider the heterogeneity, complexity of epilepsies and drug
resistance mechanisms across the lifespan, as well as allow prompt recognition of drug resistance
at earlier timepoints to facilitate earlier implementation of effective treatment strategies as they
become available (Box 2 and Box 3). Agreeing on priorities for future clinical and preclinical
research on DRE and aligning the goals and endpoints would potentially be important in improving
transfer of knowledge and tools from the bench to the clinics. It would be important not only to
define the causes of drug resistance in specific animal models but also to have biomarkers of those
causes that can be used to predict drug resistance in humans and, importantly, to indicate the
potential underlying mechanisms of drug resistance in an individual that can be used to develop
better, more effective treatment approaches. In addition, it is important to consider the patients’
seizure susceptibility patterns.!#> 146 This knowledge can facilitate the design of chronotherapy
strategies focused to improve the efficacy of ASMs and reduce their side effects in patients with

DRE.
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Tables

Table 1.
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Factors proposed in the literature to increase risk for DRE in certain human epilepsies

Clinical
Younger age at epilepsy onset
Short latency to epilepsy development (i.e., after stroke)
Neurodevelopmental abnormalities
Neuropsychiatric comorbidities
Recreational drug use
Focal seizure related comorbidities, e.g., migraine
History of febrile seizures or complex febrile seizures
Seizure types
e.g., focal, infantile and epileptic spasms, initial myoclonic seizures
Focal or mixed (vs generalized)
Multiple seizure types
Status epilepticus at epilepsy onset
Status epilepticus
Photoparoxysmal response, seizure triggers
Seizure clusters
History of CAE progressing to JME
High seizure frequencies
High baseline seizure frequency
Poor response to first ASM

Number of previous ASM

1, 147-153

154

1, 147, 149

1, 26, 148, 149, 155, 156

26

1,26, 147-149

147, 150, 156

1,153

1, 147, 148, 157, 158

159

147-149, 152, 153

148

147, 150

1, 147, 150
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Number of seizures prior to starting ASM 26,158
Ethnicity, socioeconomic factors 1,148,160

History of catamenial epilepsy (JME, GGE) 1,148,156

oNOYTULT D WN =

Family history of epilepsy 26, 148

12 Epilepsy etiology

14 Structural, metabolic, infectious 1, 147, 149, 150, 158
16 Traumatic brain injury %
18 Intracerebral hemorrhage 159
20 Severe stroke 159

22 Neuroimaging (brain)

24 MRI brain abnormalities 1, 147, 149

Electrophysiological

Slow background, Multifocal epileptiform EEG 147,152
Epileptiform EEG 1,153
33 Epileptiform focality (JME) 148
35 Abnormal EEG 1, 149, 150, 152
37 Increased generalized spike wave discharges in sleep, generalized polyspikes 1S5
39 (IGEs)
41 Genetic
43 Gene variants etiologically associated with DREs (multiple, e.g. SCN1A e=0e)
variants)
Gene variants associated with drug resistance

ABCB1, ABCC2, CCL2 variants 150
52 GABA , receptor subunit variants conferring resistance to benzodiazepines | ©

54 Biomarkers (protein, miRNAs)

56 Plasma, serum or CSF biomarkers: multiple, validation needed Reviewed in 130
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The list of risk factors for DRE is based on published studies (research studies or reviews) on
predictors or risk factors of DRE, focal or generalized onset.

Abbreviations: ABCBI1: ATP binding cassettes subfamily B member 1, p-glycoprotein;, ABCC2:
ATP binding cassettes subfamily C member 2, multidrug resistance protein 2; ASM: antiseizure
medication;, CAE: childhood absence epilepsy; CCL2: C-C motif chemokine ligand 2; GABA:
gamma aminobutyric acid; GGE: genetic generalized epilepsy; JME: juvenile myoclonic

epilepsy; IGE: idiopathic generalized epilepsy; SCNIA: sodium channel 14.
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1
2
3 Boxes
4
5
7
8 Treatments have no effect on seizures.
9
10 This can be due to drug resistance, toxicity, pharmacokinetics /
11
12 pharmacodynamics, noncompliance.
13
14 Treatment failure is not necessarily drug resistance.
15
1? Resistance to a Lack or reduction in efficacy of a treatment to control seizures, at treatment
12 treatment schedules that would be expected to have the desired biologic effect.
20 Lo . .
21 Limitations: Effective treatment schedules are usually deduced by population
22
23 responses and corresponding peripheral blood levels, as target exposure and
24
25 modification cannot easily be documented in vivo, particularly in humans.
26
27 Peripheral blood levels do not however reflect accurately the presence or effects
28
29 of a treatment in the targeted brain regions of an individual.
30
31 “Failure of adequate trials of two tolerated and appropriately chosen and used
32
23 antiseizure medication (ASM) schedules (whether as monotherapies or in
4
35 combination) to achieve sustained seizure freedom”. *
36
37 . . . .
38 It is assumed that DRE mechanisms may be independent of a specific
39
40 treatment’s mechanism of action and extend across various medical treatments.
41
42 Limitations: An individual may still respond to a different treatment, albeit the
43
44 probability is significantly lower. Partial seizure response may still be a
45
46 welcome effect for certain individuals or guide the design of more effective
47
48 treatments.
49
g? Tolerance A subject’s diminished response to a treatment after repeated exposure to the
g ; treatment, which occurs when the body adapts to the treatment.
54
55
56
57
58
59
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Levels of a treatment that can affect the desired biologic effect at the target
organ.

Limitations: Brain levels cannot be usually measured in live subjects.
Therapeutic blood levels may not always reflect the levels of a treatment at the
target brain region that generates seizures; lack of effect may be also due to

inability to reach and modify the function of the target organ or brain region.

Page 94 of 121



Page 95 of 121 Epilepsia

oNOYTULT D WN =

1. Failure of two appropriate and tolerated treatments reduces but does not preclude

10 seizure freedom in response to a different antiseizure medication.

2. Some epilepsies or etiologies are drug resistant from the start or do not have treatments
15 leading to seizure freedom and are therefore not addressed by the current DRE

17 definition.

Earlier diagnosis of resistance to a drug or of DRE, before the failure of two

22 appropriate and tolerated treatments, could accelerate decisions to direct care to more
24 effective treatment choices, when these are available.

26 4. Clinical assessments of treatment response are not absolute and may be confounded by
29 the natural history of epilepsy or comorbidities, or other pharmacological or contextual
31 factors influencing target relevance or modification by the drug.

33 5. “Appropriate treatment” is usually extrapolated by data from responses of populations
with similar seizure types and may not necessarily be effective for a given individual
38 with such seizures or across etiologies.

40 6. The efficacy of a treatment in a patient may change over time, as diverse factors that
control the biological effects of a drug may change.

45 7. The current DRE definition relies on seizure freedom as readout of success which is a
47 delayed endpoint; search for tools to monitor earlier effects on the epileptogenic
substrate that predict treatment response might accelerate the diagnosis of DRE.

52 8. Treatments with incomplete efficacy on seizures may still be useful in improving

54 quality of life or informing on future successful combination treatments.
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Further research on the multifactorial mechanisms of DRE is needed to expand current
knowledge, on: (a) drug pharmacokinetics-pharmacodynamics, (b) transport and access
to brain targets, (c) effects on drug targets, networks and off target sites, (d) genetic
and epigenetic mechanisms, (e) other co-occurring biological processes or medical
conditions, (f) exogenous or environmental factors.

Better define appropriate and effective treatments for a person with epilepsy at early
stages after diagnosis, so as to inform and accelerate treatment decisions.

Define and monitor the biological substrates and biomarkers of drug response and drug
resistance for a given individual with epilepsy, to enable early prediction of treatment
response.

Determine patterns of DRE and critical windows for interventions to maximize
therapeutic effects and prevent adverse consequences (cognitive, SUDEP, etc) for DRE
across the lifespan.

Develop treatments targeting drug resistance substrates that are also effective in the

context of specific epileptogenic processes.
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The current definition of DRE has increased awareness of the value of prompt referrals for

presurgical evaluation of individuals whose epilepsy did not respond to antiseizure medications.
However, as the incidence of DRE remains high, we may need to revisit DRE to steer new
research and clinical efforts towards more effective, rational, and precise treatments. We
propose to revisit the DRE concept to incorporate the following elements.

e DRE is not a binary concept:

o Partial / incomplete response of seizures to a treatment may still have a benefit
clinically as well as in research, i.e., optimizing combination therapies.

o DRE based on failure to two treatments may not preclude response to another
treatment. Understanding the mechanisms of DRE and of drug effects may help
reveal strategies to implement combination or more targeted therapies for DRE.

e To frame DRE in alignment with the heterogeneity of clinical presentations of epilepsies,
their etiologies, and mechanisms, across the lifespan, in a manner that will accelerate
time to DRE diagnosis and interventions in vulnerable populations.

e To consider the heterogeneous and dynamic changes in mechanisms and expression of
drug resistance across time, individuals, etiologies, epilepsies, and their treatments, to
allow for precision treatments.

e To consider the complexity of mechanisms underlying DRE (epilepsy, individual,

comorbidities, treatments, environment) and their interactions, with a goal towards
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steering research into mechanism-informed diagnostic, monitoring, and therapeutic
approaches for DRE.
To harmonize preclinical and clinical research towards the development of more

effective therapeutic strategies for DRE.
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Figure Legends

Figure 1.

Challenges in interpreting drug responsiveness and resistance in models of early life
epilepsies.

Development, i.e., the period till the time adulthood is reached, can be relatively short in rodents
where puberty is reached around postnatal days 32-36 (PN32-36) and age-specific seizures (seizure
#1 in the graphs) may occur during shorter developmental periods. Further, the ongoing brain
development leads to continuous developmental changes, including of potential treatment targets.
Assessing drug responsiveness in this setting, agnostic of how target expression/function or seizure
natural history is, can be challenging, as presented by the following scenarios.

A. In a model with an evolving phenotype with early age-specific seizure #1 and late onset of
seizure #2, testing two “appropriate” treatments can be challenging as these are likely to be tested
upon different types of seizures, and at different stages of brain development. Seizures #1 and #2
may have known different pharmacosensitivities (i.e., spasms vs focal seizures) and therefore
effects of drug on seizure #2 may not necessarily predict its effects on seizure #1. Furthermore,
testing the treatment #2 in adulthood may not predict the treatment effects in early development if
the drug’s target expression or relevance change with age.

B. Testing of treatment #1 on age-specific seizure #1 has no effect compared to vehicle, yet the
target of treatment #1 is not yet expressed or functional during the period when seizure #1 is
present. Is this seizure type resistant to treatment #1 or is the treatment developmentally
inappropriate? In the clinical setting we cannot always test this possibility.

C. A model has an early appearance of seizure #1, a period without seizures and late reappearance
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of seizure #1. Treatment #1 appears to stop seizure #1 when given early in life but not when given
at the late recurrence. Is this late resistance after a period with drug-sensitive seizures, or a transient
developmental remission of seizures treated with an ineffective treatment, or apparent late
resistance of seizures because its target (and hence efficacy) is only present during the early
developmental period?

Disclaimer: The above examples are given to highlight the ambivalence in concluding whether a
treatment is effective or appropriate under different scenarios, given some features peculiar to
pediatric epilepsies. The discussion herein does not exclude that additional factors or

explanations may also contribute to these patterns.
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Supplementary Material
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Acute models (of seizures) Readout parameters: drug responsiveness

& tolerability

17 *  6-Hz seizure model (mice, rats) * Induced seizures: protection from
19 *  Allylglycine-induced seizures (mice, seizures or thresholds
21 zebrafish) » Seizure-like events: frequency

23 e 5-mercaptopropionic acid induced «  Spontaneous electroencephalographic

2 generalized seizures (mice, rats) and/or behavioral/motor seizures:

Chronic models (of epilepsy) frequency, severity, mean & cumulative

30 * 6-Hz kindling duration

32 »  LTG-resistant kindled animals (mice, * Impact on behavioral alterations, motor
34 rats) function and cognition*
* Adverse effects (motor coordination

36 * Intrahippocampal kainate model (mice)

38 - Post-traumatic epilepsy (rats) rotarod, Irwin score or functional

Cortical dysplasia model (rats) observation battery)

42 *  Models of Dravet syndrome (mice) *  Therapeutic index (TD50:ED50)
45 * Kindled animals: PHT non-responder
47 subgroup (rats)

49 * Electrical post-SE models: PHB non-
51 responder subgroup (rats) and poor

53 response to selected ASMs

35 *  Canine patients with DRE (dogs)
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LTG = lamotrigine; PHT = phenytoin; PHB = phenobarbital; TD50 = toxic dose 50, commonly based
on % of animals with rotarod failure, ED50 = effective dose 50 protecting 50% of the animals from
induced seizures.

Drug resistance is as proposed by the authors, based on failure to one or more appropriate ASMs. For
further details e.g. see review by Loscher et al (2020).3% 165 16 Please note that some of the models
have been used in different age phases, i.e. in young and adult animals (e.g. Dravet).

*Only assessed in selected studies (e.g. Dravet models; post-SE models)
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10 A. Acute models (of seizures) B. Assessments of drug efficacy

Low-Mg intact cortico-hippocampal * Seizure-like events (SLE), frequency,
preparation duration, field potential

*  Organotypic hippocampal slice cultures * EEG Power, inter-seizure interval

19 * Neonatal seizures/status epilepticus * Spasms / seizures

21 * Reduction in seizure/spasm

23 C. Chronic models (of epilepsy) frequency

25 *  Models of IESS +  Reduction in % of animals
27 *  Multiple-hit rat with spasms / seizures
29 +  ARX knockin mice [Arx(GCo10 7] *  Thermally-induced myoclonic / GTC

«  Models of Dravet syndrome (mice, seizures and mortality:

zebrafish) *  Prevention, increase in

36 *  Models of atypical absence (MAM/AY - thermal threshold
38 9944) *  Swim velocity (zebrafish)
40 *  Genetic models of developmental epileptic *  Bursts frequency/duration

42 encephalopathies (electrophysiology from agar

Two-hit models of pathologies associated immobilized, zebrafish)

with DRE
49 *  Human resected epileptogenic tissue from

51 DRE surgeries

53 AY-9944: cholesterol biosynthesis inhibitor; DRE: drug resistant epilepsy; DRS: drug resistant

55 seizure; IESS: infantile and epileptic spasms syndrome; MAM: methyl-azoxyl-methanol acetate.
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Drug resistance is as proposed by the authors, based on failure to one or more appropriate antiseizure
medications. Models and assessment measures of drug resistance are described in references. 133-140
Seizure-like events (SLE): long bursts of biphasic, evolving epileptiform patterns induced in in vitro

slice recordings that are commonly used to test the antiseizure effects of drugs.
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