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Abstract

Over 50 million people world-wide have epilepsy. Nearly 30% of these cases remain
unsatisfactorily controlled despite >20 antiepileptic drugs available on the market. Moreover, no
treatments exist to prevent the development of epilepsy in those at risk for epileptogenesis due to
any cause. In spite of more than 30 promising preclinical proof-of-concept studies showing anti-
epileptogenic effects of various treatments, there has been no translation of these preclinical
developments to the clinical arena. The development of anti-epileptogenic treatments has been
hampered by the estimated high cost of clinical studies as there are no biomarkers available that
could be used to stratify patients to design an affordable, adequately powered study. In addition to
the need for biomarkers of epileptogenesis, the epilepsy field needs diagnostic and progression
markers. The former would be useful to confirm an epilepsy diagnosis after the first unprovoked
seizure, to recognize cure after epilepsy surgery or remission after treatment discontinuation. The
latter should predict treatment response, progression of epilepsy, severity of epilepsy, and
development of epilepsy-related co-morbidities. We review the recent studies providing proof-of-
concept evidence that identification and use of single or combinatory biomarkers derived from
analysis of electrophysiological, imaging or blood markers in epilepsy is feasible, and outline the

challenges ahead.



Background

More than 50 million people world-wide have epilepsy and an estimated 2.4 million people are
newly diagnosed with epilepsy each year (http://www.who.int/mediacentre/factsheets/fs999/en/).
However, despite the availability of >20 antiepileptic (anti-seizure) drugs, seizures remain
uncontrolled in ~30% of people with epilepsy (PWE). Considerable attention has focused on increasing
the efficacy of anti-seizure drugs with fewer adverse effects’. In addition, there is an increasing
awareness of the need to identify the individuals who are at risk of developing epilepsy, and to

develop preventive or disease-modifying treatments for these groups.

One major impediment to reaching these goals is the heterogeneity of epilepsies. Multiple
different etiologies, or combinations of factors can underlie an increased disposition to generate
seizures. Amongst these are genetic factors, different forms of brain insults such as stroke, traumatic
brain injury (TBI) or peri- and prenatal injury, as well as CNS malformations or tumors. Clearly, this
broad spectrum of disease entities implies a large spectrum of mechanisms that lead to establishment
of an epileptogenic focus, and also potentially diverse mechanisms of functional impairment and
seizure generation. Moreover, even in those comparatively homogeneous groups of PWE in which an
initial injury can be precisely determined, such as stroke or TBI, only <20% of patients will develop
epilepsy within a 1-2 year follow-up?, implying further, intra-syndrome heterogeneity. Accordingly,
there is an increasing awareness that both anti-seizure and anti-epileptogenic treatments have to be
guided on an individualized basis. This is particularly true for anti-epileptogenic treatments, which
would ideally require predicting which individual patients with an initial injury will later develop
epilepsy. Identification of biomarkers that can help in guiding diagnosis and therapy has therefore
been at the center stage of research efforts in the last years. An advantage in these efforts is that the
medical evaluation of patients with first-time seizures or initial injuries is frequently detailed, and thus

detailed clinicopathological data are available.

The consensus definition of the International League against Epilepsy defines a biomarker for
epileptogenesis as an objectively measurable characteristic of a biological process that reliably
identifies the development, presence, severity, progression, or localization of an epileptogenic

abnormality. An epileptogenic abnormality refers to the pathophysiological substrate(s) responsible



for the initiation and/or maintenance of epilepsy’. This rather dry definition nevertheless captures the
important features of the epilepsies that would profit greatly from the availability of diagnostic or
prognostic biomarkers. Diagnostic biomarkers in this context yield information about the current
clinical status, such as i.e. the extent and localization of the epileptogenic area, or the severity of
epilepsy. They may also yield information about sensitivity of the current clinical symptoms to specific

treatments.

Prognostic biomarkers are both of clinically high potential relevance and more problematic to
identify. They are defined as those biomarkers that allow prediction of future clinical features on an
individual basis. They thus report on features of the development or progression of epilepsy, a

3,45

process termed epileptogenesis . This term refers to a process whereby CNS tissue acquires the

capability to generate spontaneous seizures. In addition to unprovoked seizures, epilepsy is also often

678 The evolution of

associated with somatic, cognitive, psychiatric, and behavioral co-morbidities
these co-morbidities is also an important feature of epileptogenesis. Thus, prognostic biomarkers
could yield useful information that epilepsy will develop in the presence of risk factors, the speed of
progression or severity of epilepsy, or the prediction of remission or cure. A further relevant category
of biomarkers could be those predicting the occurrence of co-morbidities (e.g. memory impairments)
or sudden unexpected death. It is important to note that in the discovery of predictive biomarkers, a
critical additional challenge is that these biomarkers are stage-dependent. Thus, even in a cross-
section of clinically well-defined PWE, the stage of epileptogenesis may differ. This is relevant because
the expected proportion of the population being positive for a given biomarker depends on the timing
of sampling relative to disease progression. Perhaps more importantly, the roster of biomarkers that
predict risk may also vary depending on stage of the epileptogenic process. Some may argue that
another kind of biomarkers are the surrogate endpoints, that is, laboratory measurements or physical
signs that can be used in therapeutic trials as a substitute for a clinically meaningful endpoint
(epileptic seizures) and are expected to predict the effect of the therapy °. In our view, however,
surrogate endpoints do not strictly fall within the definition of biomarkers and will not be discussed

here.



Why is it so important to identify diagnostic and prognostic biomarkers for epilepsy? Clearly,
one major objective in the discovery of diagnostic biomarkers is the individualization of therapy. For
prognostic biomarkers, however, an additional crucial goal is the development and appropriate
targeting of anti-epileptogenic therapies. The general feasibility of anti-epileptogenic therapies is
supported by >30 preclinical proof-of-concept studies using animal models of genetic epilepsies,
cortical malformations, status epilepticus (SE), or TBIl. These studies have either reported favorable
anti-epileptogenic (AEG) and/or co-morbidity modifying effects®. However, so far none of these
experimental studies has led to a clinical anti-epileptogenesis trial. One major reason for this
disturbing fact is that the design of appropriately powered clinical trials is not possible when
considering even relatively well-defined patient groups. This is due to the heterogeneity of
epileptogenesis and post-injury recovery mechanisms. As a consequence, adequately powered clinical
AEG trials will only be possible following the identification of biomarkers that allow stratification of

patient populations based on the predicted risk of epileptogenesis.

We will critically review the first proof-of-concept preclinical and clinical studies of biomarker
discovery in epilepsy. So far, most studies examining the validity of biomarkers, in particular
prognostic biomarkers in animal models have relied on animal models with clearly defined initial
injury, such as experimental post-status temporal lobe epilepsy (TLE) models, stroke models or TBI
models. A large portion of the clinical data has also been obtained from TLE patients. Thus, it is
important to bear in mind that most of the biomarker data available reflect a subset of epilepsies, and
may not be applicable over the whole spectrum of the epilepsies. We will discuss biomarkers derived
from different levels of analysis, ranging from genetic analyses, to parameters derived from
circulating markers, to more complex assessments of system function derived from magnetic

resonance imaging (MRI), positron emission tomography (PET), or electrophysiological analyses.

Genetic biomarkers

Genetic mutations can be the cause of epilepsy, make the brain more vulnerable to develop

epilepsy after an acquired brain injury such as ischemic stroke or TBI, and also affect the treatment

response 2. Genetic markers would have great potential as biomarkers as DNA is readily available



from patients at-risk admitted to the hospital after epileptogenic injuries like TBI, new-onset SE, or
stroke. Several genetic variants have been linked to the modulation of post-injury seizure threshold or
to acquired epilepsy (for details see Supplementary Table 1 and references therein). Some of these
genes are involved in GABA-ergic neurotransmission such as the GABA-A receptor subunit genes
GABRB1 '***13 GABRB2 '*, GABRB3 *°, and GABRG2 *Y; the glutamic acid decarboxylase 1 gene
(GAD1, '), and the succinic semialdehyde dehydrogenase gene (ALDH5A1, ). Susceptibility to TLE
has also been associated with polymorphisms in genes involved in serotonergic transmission:

serotonin receptor 5-HT-1B and serotonin transporter 5-HTT 19,2021

. Association of genetic variants
with epilepsy was also found for genes involved in regulation of excitability, such as voltage-gated
sodium channel (SCNIA %), the anticonvulsant peptide prodynorphin (PYDN, 2*), methylene
tetrahydrofolate reductase (MTHFR, ?*) or acid-sensing ion channel 1A (ASCl1a, *°). Association with
epilepsy is not limited to polymorphisms in genes related to neurotransmission and neuronal activity.
but has been detected for a number of pro-inflammatory genes including those encoding the CD40
molecule %°, IL-1B *?® 1-1A *°, and the IL-1 receptor antagonist /L-1RA 2 Another interesting
functional group of genes are those potentially involved in protection against oxidative stress:
mitochondrial aldehyde dehydrogenase 2 (ALDH2), nuclear factor, erythroid 2-like 2 (NFE2L2, *°), or
prion protein PRNP 3L, A possible involvement of glial compartments is highlighted by the association
of a SNP in the ATP-sensitive inward rectifier potassium channel 10 (KCNJ10) with seizure
susceptibility *%, as well as the association of TLE with a SNP in KCNJ10 in combination with SNPs in
the gene encoding the water channel aquaporin 4 (AQP4, *). A SNP in the calcium homeostasis
modulator 1 (CALHM1, **) has been suggested to influence TLE susceptibility by controlling cytosolic
Ca?* concentration and/or modulating A levels. Finally, polymorphisms in genes related to cell-cell
interactions, like protocadherin 7 (PCDH7, ), neuregulin 1 (NRG1, ), brain-derived neurotrophic
factor (BDNF, 3°), or key components of the innate immune system and inflammation with a role in

neuronal plasticity and excitability, like complement 3 >’ have been described.

However, it should be noted that most published association studies of common variants
increasing susceptibility to the epilepsies have been small, none have been replicated and they have
been limited to candidate polymorphisms or genes. There are not yet any common variants currently

in clinical or experimental use as predictors of the development of epilepsy, whether after a brain



insult or not. More recently, there have been a handful of better-powered genome-wide association
studies, suggesting a variety of possible associations in particular populations or epilepsy syndromes
(for review see Leu et al., Current Opinion in Neurology, in press, April 2016). A meta-analysis of 8.696
cases and 26.157 controls %%) identified an association between all types of epilepsy and variation in
SCN1A, a gene already robustly linked to a variety of rare or comparatively rare epilepsy syndromes
typically featuringfebrile seizures as a component. Even this finding is not yet of proven value in the

prediction of risk of epilepsy.

microRNAs

MicroRNAs (miRNA) are small non-coding RNAs that regulate gene expression at post-
transcriptional level 3. They are differentially expressed in the brain under pathological conditions
and may therefore represent both therapeutic targets and diagnostic or prognostic biomarkers for

3940 several studies have already assessed the potential of

neurological diseases, including epilepsy
miRNAs as biomarkers for different aspects of the epileptogenic process*****. Zucchini et al. (2014)
“examined the expression of human miRNAs in hippocampal granule cells of surgical specimens
available from patients with intractable TLE, and identified 12 miRNAs that were differentially
expressed in cases with or without granule cell dispersion. One of these, miR487a, was verified in an
extended cohort of patients. Whether miRNA signature of the resected tissue carries a biomarker
value for any aspects of the surgical outcome remains to be evaluated.

miRNAs are also found in plasma and serum, associated with proteins or with extracellular
vesicles. These circulating miRNAs may represent a new form of intercellular communication, acting

4546 miRNA-containing exosomes can be isolated from brain tissue and

as signaling molecules
potentially cross the blood-brain barrier (BBB), thus providing a possible blood source for biomarker
discovery”’. Importantly, analysis of circulating miRNAs could be a non-invasive approach to be
applied at any stage of the disease process. Two recent studies evaluated circulating miRNAs in PWE.
Wang et al. (2015a)* measured serum miRNA levels in 30 PWE and 30 controls, and validated the

selected miRNAs in a larger cohort of cases. Six miRNAs were altered in PWE and ROC analysis

revealed that miR-106b-5p had the highest sensitivity and specificity for a diagnosis of epilepsy (Table



1). In another study, Wang et al. (2015b)* evaluated 77 drug-resistant and 81 drug-responsive PWEs
as well as 85 healthy controls. Five miRNAs were de-regulated in drug-resistant patients as compared
to the other groups (Table 1). Based on ROC analysis, miR-301a-3p had the best diagnostic value for
drug-resistant epilepsy. As the authors note, prospective studies are needed to justify the true
biomarker value of miRNAs in diagnosis of epilepsy and prediction of drug-refractoriness.

Can circulating miRNAs identify individuals that will develop epilepsy following brain injury?

4930 Ronconet al. (2015) *° analyzed

Attempts in this direction have been made in animal models of SE
miRNAs using micro-arrays in plasma samples collected during the course of epileptogenesis after
systemic pilocarpine-induced SE. Levels of 27 miRNAs differed between the control and pilocarpine-
treated animals. The miRNAs with altered levels before the appearance of the first epileptic seizure,
such miR-9a-3p, represent potential biomarker candidates for epileptogenesis. However, the
pilocarpine model is not optimal for biomarker studies as almost all animals will eventually develop
epilepsy and the progression of epileptogenesis is fast, occurring within the 1-2 weeks post-SE.
Therefore, further studies are needed to confirm the role of miR-9a-3p as a biomarker for
epileptogenesis. However, a preliminary ROC analysis indicated that miR-9a-3p was sensitive and
specific for SE diagnosis.

Even though the data are promising, a detailed validation of the analysis-related steps will be
essential to bring miRNA biomarkers to clinical use. The main concerns relate to establishing
standardized sampling (e.g. elimination of platelet contamination), RNA extraction, and miRNA

analysis protocols >*. Until the methodological protocols are harmonized between the laboratories, it

will be likely that only strongly altered miRNAs will be suitable as pre-clinical or clinical biomarkers.

Structural biomarkers

Structural changes are a notable feature of many epilepsies, in particular in chronic temporal
lobe epilepsy with Ammon's horn sclerosis, which shows characteristic patterns of damage with
segmental neuronal loss, gliosis and axonal reorganization. However, it is still unclear if more subtle
forms of structural damage can be detected early on that predict the development of more severe
pathology and chronic epilepsy. This issue has been addressed mainly in animal models. T2 magnetic

resonance imaging of the amygdala and thalamus has shown promise in the search for biomarkers for

10



epileptogenesis in an experimental model of febrile seizures > Another imaging study has linked
structural abnormalities in the thalamus and the cortex to increased seizure susceptibility in a model
of posttraumatic epilepsy (PTE) induced by lateral fluid-percussion injury . The FEBSTAT study is
collecting MRI data on hippocampal changes in children with febrile convulsions >*. Over the next
decade we will learn whether those pathologies, some of which will eventually present as

hippocampal sclerosis (e.g, T2 hyperintensity) will predict the development of epilepsy.

Other advanced structural imaging parameters have not yet been tested as biomarkers of
epileptogenesis, even though it has been demonstrated that they show significant changes in
epileptogenic focal areas in post-injury brain. For example, diffusion tensor imaging (DTI) with high
spatial resolution can be used to visualize the progression of structural changes in different
hippocampal subfields for months after SE induced by systemic kainic acid or pilocarpine (Fig. 1A-B).
Increased fractional anisotropy in the dentate gyrus correlated with mossy fiber sprouting and

reorganization of myelinated axons in the inner molecular layer >>>°

. It is likely that DTI and more
advanced diffusion MRI techniques such as high angular resolution diffusion imaging (HARDI) (Fig. 1C),
will provide even more specific information about microstructural changes in the brain related to cell
death, reactive gliosis, and structural axonal plasticity. Furthermore, microstructural imaging
techniques probing local magnetic susceptibility differences in the brain, such as phase-imaging and
guantitative susceptibility mapping, will aid sensitive detection of microhaemorrhages, calcification,

and white matter damage (Fig. 1D) *’.

Functional and electrophysiological biomarkers

On a more functional level, electrophysiological parameters have been explored as both
diagnostic and predictive biomarkers. In established epilepsy, recurrent seizures constitute the
defining disease symptom>. An “epileptic seizure” is a transient occurrence of signs and/or symptoms

859 In the context of

due to abnormal excessive or synchronous neuronal activity in the brain
epileptogenesis, the conceptual question is how networks transform from normal state to become
able to generate unprovoked recurrent seizures, and whether there are early excitability signatures
that are less conspicuous than seizures. Such signatures could potentially constitute predictive

11



biomarkers for epileptogenesis. We will first review the evidence from animal and human work that
neuronal excitability biomarkers for the development of epilepsy may exist, and discuss how they
might be validated in PWE. Secondly, we will discuss the major technical issue that will determine
how well such measures can be used in PWE, namely, the development of noninvasive recording

techniques.

Pathological high-frequency oscillations (HFOs). Arguably one of the strongest candidates for a
predictive biomarker signature of neuronal hyperexcitability are pathological high-frequency

606162 There is currently no uniform definition of pathological HFOs. However,

oscillations (HFOs)
most of the work both in animal models and human epilepsy has focused on brief events in the
spectral range of 80-600 Hz, with different appellations being used, depending on the frequency

range (i.e. ripples, 80-250 Hz, fast ripples 250-500 Hz).

In human chronic epilepsy, HFOs may constitute an important interictal marker of focal
epileptogenic zones ®, and have been clinically used to localize such areas ®*. More importantly,

64,656667 Thus, HFOs seem to be

removal of HFO-generating areas led to improved surgical outcomes
reasonably good indicators of the epileptogenic zone. However, studies asking if occurrence of HFOs

is predictive of later development of epilepsy have been much scarcer.

In the kainate SE model of epileptogenesis, two different discriminable types of HFOs appear
before the onset of generalized seizures, and their occurrence predicted the development of later

®1  Region-dependent changes in HFOs have also been observed in the

spontaneous seizures
pilocarpine model of epilepsy, with their predictive nature for the severity of the chronic seizure
disorder being less clear ®.In the pilocarpine model of epilepsy, and in humans, HFOs have been
analyzed in conjunction with interictal spikes. These studies have yielded a complex temporal and

%970 Taken together,

spatial pattern of interictal spikes with and without superimposed HFO patterns
however, HFOs seem to constitute promising candidates for an excitability-based biomarker for

epileptogenesis.

One of the most notable features of virtually all studies examining the relationship of HFOs to
the epileptogenic zone has been that these studies were performed using invasive EEG techniques.

Without question, these have been extremely useful to delineate the seizure onset zone and to

12



validate the application of excitability. However, to provide broadly applicable, clinically useful
predictors of the later disease course, non-invasive recording techniques would have to be
established. These would have to be capable of precisely measuring the incidence and spectral
properties of pathological HFOs, potentially at the cost of anatomical resolution. Studies combining
scalp EEG, invasive EEG, and magnetoencephalography (MEG) will be required to validate such non-
invasive measures. High-sampling rate magnetoencephalography systems might constitute a

promising candidate method to test the validity of HFOs as biomarkers in human epilepsy "’%”*. A

ny
high-resolution technology, however, will have substantial problems to overcome. Firstly, the
management of large amounts of high-sampling-rate data is challenging. Secondly, criteria for
distinguishing HFO signals reliably, and preferentially automatically, have to be developed and

| 775, A presurgical setting with the opportunity to determine

validated, a task that is far from trivia
intracranial local field potential signals and MEG signals in parallel may be extremely valuable for this
purpose. Finally, the use of HFO biomarkers in conjunction with behavioral state, and/or other EEG
markers such as interictal spikes, in a combinatorial fashion may prove to be useful to optimize the
predictive efficacy of HFOs ". Solving these issues will pave the way to adequately powered clinical
studies that repeatedly and noninvasively address cohorts of at-risk patients, and which stand a

chance of prospectively addressing the validity of excitability biomarkers.

Future work should seek to determine more precisely (a) what the spectrum of pathological
HFOs is in humans, and if they constitute multiple classes of excitability signatures ®, (b) which of
these can be more precisely distinguished from normal high-frequency activity, and (c) develop and

validate methods suitable for noninvasive detection of these forms of activity in humans.

Seizure susceptibility. Biomarkers for diagnosis of epileptogenesis would indicate the presence
of lowered seizure threshold without the occurrence of seizures. Seizure threshold, which is thought
to determine the propensity or likelihood for seizure occurrence is decreased after different types of
epileptogenic brain insults in experimental models, including genetic mutation, SE, stroke, or TBI
76.77,78,79,808182 " |nterestingly, Loscher and coworkers have recently assessed the seizure threshold
repeatedly in different animal models of post-SE TLE during the course of epileptogenesis’”’#%2. They

found some overlap in seizure susceptibility between the animals that developed or did not develop

epilepsy, which may have been related to variability in the rate of progression of epileptogenesis

13



between the animals within the follow-up time. Interestingly, Brand et al. (2015) 3 expanded these
studies by combining the follow-up of seizure threshold and behavioral alterations during the first 3
weeks after SE. By generating a combinatorial seizure threshold/behavioral score biomarker they
were able to predict epileptogenesis with high sensitivity and specificity (Fig. 2A, %3). Whether these
data can be generalized to models of PTE and post-stroke epilepsy (PSE), and eventually to humans,

remains to be explored.

In patients evaluated for epilepsy surgery, the area of ictogenic focus shows a lower threshold
for induced electrographic epileptiform or imaging changes after administration of convulsants
(pentylenetetrazol, bicuculline) or electrical stimulation via depth electrodes. These observations
provide some support for the concept of using seizure susceptibility testing in pre-clinical models to

84,85,86,87

diagnose epileptogenesis , even though electrical stimulation was shown to be of limited utility

in determining focus lateralization ¥

Metabolic and neurotransmitter-related biomarkers. In addition to electrophysiological
measurements of function, imaging modalities can report on the functional state of brain tissue by
assessing metabolic parameters noninvasively. On the preclinical level, a longitudinal analysis by
proton magnetic resonance spectroscopy (‘H-MRS) in the hippocampus of rats exposed to SE showed
a progressive increase in myo-inositol (mln) and glutathione (GSH) levels before the rats developed
spontaneous seizures %%, Notably, a negative correlation was found between the levels of these
metabolites during epileptogenesis and the extent of neurodegeneration in chronic epileptic rats.
Moreover, GSH levels during epileptogenesis showed a negative correlation with the frequency of
spontaneous seizures. ROC analyses showed that the levels of these two metabolites during
epileptogenesis are very good discriminators for differentiating control rats from animals that will

develop epilepsy (Fig. 2B, C).

18F-fIuoro-2-desoxy-D-qucose ([*®F]FDG) PET has been used in two preclinical studies to
evaluate the association between glucose metabolism and epileptogenesis after TBI or SE ¥*%°. Both
studies showed abnormalities in [*®F]JFDG PET during epileptogenesis, but the sensitivity and

specificity of the changes remain to be explored. Furthermore, radioisotope imaging studies have

14



assessed GABA, or NMDA receptors 91,92

. However, the potential of receptor labeling studies as
epileptogenesis biomarkers still remains to be demonstrated.

Finally, large scale network alterations have gained momentum as a key concept in epilepsy,
mainly due to advances of non-invasive imaging techniques which provide maps of functional and
structural connectivity in the brain by exploiting resting state fMRI and diffusion MRI based
tractography. While there is strong evidence of functional connectivity changes in PWE, there are
almost no studies addressing connectivity changes during epileptogenesis, before the appearance of
the first unprovoked seizure. In a recent preclinical study, resting state connectivity was measured in
rats 4 months after lateral fluid percussion-induced TBI and compared with hyperexcitability of the
brain assessed by the pentylenetetrazol seizure-susceptibility test. However, no significant correlation
between functional connectivity and seizure susceptibility was found, perhaps due to the small

number of animals in the study ®*. Nevertheless, it is possible that adequately powered network

analysis in animal models can produce clinically testable hypotheses in the search for biomarkers.

Biomarkers of epilepsy-related neuroinflammation

In addition to electrophysiological biomarkers that directly report on neuronal function, it has
been shown that neuroinflammation is a prominent feature of most types of epilepsies.
Neuroinflammation is determined by the synthesis and release of cytokines, danger signals,
chemokines, and down-stream effector molecules, by microglia, astrocytes, neurons and the
microvessel endothelium, in the context of innate immunity activation 93 Clinical evidence shows that
neuroinflammation is a hallmark of the epileptic focus in pharmacoresistant epilepsies. Moreover,
neuroinflammatory mechanisms contribute to seizure generation in experimental epilepsy models

94,95

(ictogenesis) . There is also evidence of rapid onset and persistent neuroinflammation during

96

epileptogenesis in rodents . These findings, together with evidence of disease-modifications

9798 suggest that neuroinflammation plays a

mediated by drugs targeting the inflammatory cascade
role in disease development. Even though it will be critical to separate the changes in inflammatory

markers which relate to injury itself from those that indicate the development of epilepsy,

15



neuroinflammation is not only a promising target for novel therapies but also a potential mechanistic

biomarker of epileptogenesis and ictogenesis.

Molecular brain imaging techniques targeting inflammatory cells and molecules as well as blood
measurements of inflammatory mediators hold promise for monitoring neuroinflammation® in

human epilepsy. Imaging techniques with high translational potential include PET and MRI 1%%% (

see
Fig. 3A for imaging of microglial activation with TSPO ligands). A recent preclinical study made an
attempt to validate an imaging biomarker of epileptogenesis in a rat model of prolonged febrile
seizures (FS), in which only a subpopulation of animals developed epilepsy *2. ROC analysis showed
that a decrease in amygdaloid and medial thalamic T2 relaxation times measured at 2 h post-FS
predicted post-FS epileptogenesis (Table 1). Notably, the reduction was correlated with enhanced
oxygen utilization, increase in venous blood deoxyhemoglobin, and release of the neuroinflammatory
(ictogenic) protein, high-mobility group protein 1 (HMGB1), from amygdaloid neurons **. HMGB1 is
bound to nuclei and its cellular release requires a nucleus-to-cytosol translocation, which is a highly
energy-demanding process. Moreover, the temporal evolution of HMGB1 translocation during
epileptogenesis was congruent with the changes in T2 signal. The early decrease in T2 signal in the
amygdala and the dorsal hippocampus was found to correlate also with the learning disabilities that

some rats developed 2-3 months after FS, even though the sensitivity and specificity of T2 as

biomarker for cognitive decline were not assessed *°.

Up to now, there is only one proof-of-concept clinical study showing that brain imaging can
detect neuroinflammation in human epilepsy. PET ligand of a 18 kDa-translocator protein (TSPO), a
protein mostly induced in activated microglia and astrocytes, was shown to indicate the region of

192 Further

seizure origin and generalization in patients with pharmacoresistant focal onset epilepsy
studies will show whether TSPO-PET, other PET ligands, or MRI tools designed for detecting
neuroinflammation can be used to stratify injured patients with high risk of developing epilepsy,

surgical candidates, or patients who will benefit from anti-inflammatory therapies®®.

The search for blood biomarkers of neuroinflammation relies upon the identification of
molecules that are relatively stable in biological fluids and can be rapidly measured in an affordable
way. The short blood half-life of some neuroinflammatory molecules implicated in epilepsy, such as
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IL-1B has hampered investigations of their biomarker value, and produced discordant results % The
circulating molecules mirroring neuroinflammation may originate by CSF-to-blood diffusion or derive
from activated peripheral leukocytes. Ideally, the inflammatory molecules measurable in blood should
be CNS-specific and their analysis should not be confounded by non-specific release from peripheral
sources (e.g., complement factors released by liver). A recent proof-of-principle study assessed
plasma concentrations of an intercellular adhesion molecule of strictly CNS origin, namely soluble
sICAMS, also known as telencephalin’® (Table 1). This molecule is specifically expressed by
glutamatergic neurons and plays an active role in synapse formation and dendritic spine plasticity.
Additionally, it has anti-inflammatory properties in microglia and lymphocytes. sICAMS5, together with
an array of inflammatory mediators, was measured in blood samples from people with drug-resistant
focal epilepsy during the interictal phase, disregarding timing of the last seizure, and compared with
healthy controls. A 5-fold reduction of sICAM5 was detected in patients, together with a significant
increment in various pro-inflammatory cytokines, the highest of which was the pro-ictogenic cytokine
IL-1B °*. Pollard et al. (2012)'* showed that none of the tested analytes discriminated perfectly
between PWE and controls. However, the ROC analysis indicated AUC1.0 when the plasma ratio
between the chemokine TARC (CCL17) and sICAMS5 was used as biomarker.Together with TSPO-PET
imaging, these data support the idea that markers of neuroinflammatory changes can serve as

biomarkers for different aspects of the epileptogenic process.

Validation of inflammatory and other markers to predict the outcomes of the epileptogenic
process after different genetic abnormalities or brain injuries requires prospective studies in larger
cohorts of well-phenotyped patients with diverse etiology for epilepsy. Three ongoing studies:

FEBSTAT'®, SANAD Il (http://www.sanad2.org.uk/) and HEP (http://humanepilepsyproject.org/)may

soon provide valuable information in this context.

Epilepsy biomarkers derived from brain microvascular injury

Another functional system that is intimately interlinked with neuronal function, and is altered in
many forms of epilepsy is the brain microvascular system. Microvascular injury can mediate delayed

and long-lasting functional and structural changes within the local neurovascular network (Fig. 3B-D).
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Specifically, BBB dysfunction, and the associated leakage of serum proteins (e.g., albumin) after
epileptogenic insults initiate glial activation and inflammatory response — hallmark pathologies of the
epileptogenic brain. In brief, serum albumin activates specific signaling pathways in astrocytes,
leading to a transcriptional response mediating reduction in buffering of extracellular K* and
glutamate, and upsurge of local neuroinflammatory responses, as well as selective excitatory

105,106

synaptogenesis These astrocyte-mediated responses lead to hyperexcitability and

hyperconnectivity within the neuronal network.

Microvasculopathy and BBB failure are prominent features of multiple animal models of
epilepsy induced by TBI, stroke, or SE. Animal studies indicate that the presence of microvascular
injury indicates brain regions undergoing vascular-mediated epileptogenesis. In humans with TBI or
stroke, MRI studies consistently identify microvascular pathology, and these findings have been
confirmed neuropathologically’®. An analysis of resected epileptic tissue from patients with
pharmacoresistant epilepsy also frequently reveals vascular damage and leakage of serum albumin

into the neuropil'%%*09110

. Moreover, cerebrovascular dysfunction correlates well with co-morbidities,
such as behavioral and cognitive deficits*'’. Finally, established neuroimaging methods enable
guantitative measurement of microvascular functional integrity including BBB permeability, cerebral
blood flow (CBF), cerebral blood volume (CBV), angiogenesis, and cerebrovascular reactivity (CVR) in

112,113

animals and humans . The availability of new imaging tools underscores the potential of

microvasculopathy-linked biomarkers for post-injury epileptogenesis.

Currently, however, there are no prospective studies testing the predictive value of
microvascular dysfunction either in animal models or in the clinical setting. The retrospective study of
Tomkins and colleagues (2008)**used contrast-enhanced MRI and quantitative EEG analysis in 37
patients following mild-moderate TBI, of whom 19 had PTE while 18 suffered from post-traumatic
headache and non-specific complaints. Interestingly, all TBI patients showed some EEG slowing
compared to controls (higher delta and theta, and lower alpha), and no differences were found
between patients with or without PTE. In contrast, people with PTE were more likely to demonstrate
BBB lesion when compared to those without PTE. Moreover, in most of the patients with PTE, the BBB
lesion was co-localized with the suspected epileptic region (ROC analysis resulted in AUC of 0.85,

p<0.05, Fig. 3D). Interestingly, the volume of brain tissue with abnormal permeability was on the
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average 6-fold higher in patients with than without PTE, suggesting that test sensitivity and specificity
had been higher if a volume threshold had been applied. While this study confirmed that quantifying
vascular permeability is feasible in TBI patients, it is limited by the small number of patients and
selection bias. Therefore, the study did not allow to draw the conclusion that vascular functions can
predict epilepsy — or in other words, serve as a biomarker for epileptogenesis. On the positive side,
several reports show that BBB dysfunction is co-localized to the site of the epileptic network!*>**¢,

further supporting the notion that microvasculopathy may indeed mirror one relevant aspect of the

epileptogenic network.

Current challenges in identification of biomarkers for epilepsy

As is clear from the above, the past ten years have led to some promising developments in the
biomarker field, but have also served to highlight key challenges in the design of epilepsy biomarker

strategies.

Key challenges related to animal models. Animal models, in particular those in which an initial
injury causes epilepsy, have been successfully used to identify and validate biomarkers in the
preclinical setting. However, while stroke and TBI models might be expected to closely parallel the
etiology of the human subject, this is certainly not the case for all models. Post-status models, for
instance, closely phenocopy TLE with Ammon's horn sclerosis, but it is not clear at all in how far they
copy processes of epileptogenesis in human TLE. Likewise, research into biomarkers has so far mainly
focused on the abovementioned models. It is not clear so far which biomarkers are generally

applicable across models, and which are model-specific.

A further challenge in post-SE models is the fraction of animals that ultimately develop chronic
epilepsy. In rodent models of PSE or PTE, only a subpopulation of animals develops epilepsy. In SE
models, which are the most commonly used models of epileptogenesis, however, almost all animals
develop epilepsy under the current modeling paradigms. This is problematic in biomarker studies as it
is difficult to generate a sufficient number of animals to be stratified into the two populations of

117,118,119

injured animals, namely those that will develop epilepsy and those that will not . Recent
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efforts to refine SE models suggest viable alternatives. By using a drug-cocktail that irreversibly
terminates pilocarpine-induced SE at60, 90, or 120 min post-SE, Brandt and colleagues (2015) **were
able to modify the outcome in such a way that only a subpopulation of animals with SE developed

epilepsy. Similar findings have been previously obtained by terminating chemically or electrically-

120,121 122

induced SE with diazepam or by using younger animals ~°°. Another dimension of model
development is the search for biomarkers that in high-throughput in vitro models would predict the
efficacy of novel anti-epileptogenic treatments in in vivo models and even in human epilepsy*®.
Exploring multiple species may also help to link animal and human studies by exploring shared genetic

susceptibility factors between humans and other species.

Key challenges related to the heterogeneity of the epilepsies. The heterogeneity of epilepsies
and epileptic syndromes has been alluded to above. Clearly, genetic individual heterogeneity,
ethnicity, and gender may have large influences on biomarker expression. Moreover, effects of
medication or co-morbidities on biomarker profiles cannot be excluded. One further important source
of variability is the age of patients. So far, studies have focused on biomarker identification in adults.
However, the onset of epilepsy is often in childhood, which will need to be taken into account in
epilepsy biomarker studies in the future. . Large-scale and deeper genetic association studies (for
example using next-generation sequencing data) may point to mechanisms shared across different

types of epilepsy and may help predict risk after brain insult. Such studies are currently under way.

Key challenges related to accessibility of biomarkers. While basic research has identified
multiple potential biomarkers, translation requires these biomarkers to be accessible to physicians.
This relates to the accessibility of specimens to be analyzed, with brain tissue being accessible only
from a very limited patient population a long way into the disease history, but blood, biological fluids
or - to a lesser extent - CSF are much more readily available. It will be crucial to determine how useful
biomarkers measured from accessible specimens are. Moreover, it will be important to validate
technologies to assess brain function noninvasively (i.e. MEG or functional imaging techniques). In this

context, the cost of biomarker analyses will be a factor in the future broad application.

Key challenges related to identification of biomarker patterns. An underestimated challenge in

the evaluation of biomarkers is the development of biomathematical analysis strategies for the
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complex datasets that are increasingly available from PWE. These may include many of the categories
of data mentioned above. There will be a high demand on resources for mathematical modeling and
pattern-mining, as well as the development of novel analysis tools to define patterns of relevant

biomarkers from large datasets.
The way forward towards multimodal epilepsy biomarker platforms

What, then, is the way forward? Valuable lessons can be learned from other fields. Probably the
field most advanced in terms of biomarker discovery and their clinical use is oncology. This field has
been driven both by technological advances in -omics technologies which allow to dissect out
molecular disease-relevant pathways, and by the wide availability of tumor tissue following resective
surgery. As a consequence, molecular platforms for therapy stratification of people with glioma are

124

already a clinical reality “=". From the lessons learned in the oncology field, and the key challenges we

have identified, we suggest that the following avenues should be focused upon in the future.

Validate animal models. Epilepsy is one of the rare neurological conditions, in which living
human tissue is available for validation of biomarker expression in the focal area, most often at the
end stage of the disease. Moreover, epilepsy is blessed with access to a large variety of animal models
which have led to a successful development of anti-seizure therapies. Still, many of the clinically
prevalent epilepsy syndromes have none or only a limited number of incompletely validated animal
models (e.g., post-stroke epilepsy, cortical dysplasia, pediatric epilepsies). Development of animal
models with a high face validity requires accurate phenotyping of a given human epilepsy syndrome
which can be used in a model design. Examples in this direction are the large studies on TBI in Europe

and USA (TRACK-TBI, CENTER-TBI) which will provide such information.

Establish multimodal biomarker panels. Experiences in the oncology field have shown the value
of combining biomarkers to achieve higher clinical utility. This has several reasons. Firstly, the
pathologies are diverse, and assessing a panel of biomarkers that signal different pathogenic
mechanisms progressing in parallel at any given timepoint may allow a clearer separation of different
disease entities. Secondly, multimodal markers may offer an opportunity for staging the disease
progression. Thirdly, multimodal markers may offer the chance to better delineate biomarker

combinations for specific co-morbidities (Fig. 4). Thus, we suggest that combinatorial, etiology-

21



dependent approaches will be needed both to be sensitive to a given type of epilepsy and to stage the

evolution of the disease in that condition.

Implement collaborative research approaches. Addressing the heterogeneity of human
epilepsies, and developing and analyzing syndrome-specific animal models is a huge task that requires
collaborative efforts. A start has been made with several large consortia that have a chance to

implement appropriately powered analyses in multiple animal models and large patient groups.

Improving sensitivity of analysis platforms. In addition to model refinement, there is a major
need for increasing the sensitivity of analysis platforms. Progress in automated detection of various
soluble biomarkers in body fluids, simultaneous pattern recognition of molecular combinations, and
multiplexed analysis of single cell surface and intracellular macromolecules with next generation flow-
cytometry techniques will undoubtedly advance biomarker identification, not only in patient samples
but also in pre-clinical studies. In fact, animal studies provide only small amounts of blood, CSF, saliva,
eye secretion, microbiota, or urine samples for analysis, which is a factor to be considered when
designing preclinical biomarker studies. High field clinical MRI (=3T) with advanced parallel imaging is
already commonly available making translation of findings from preclinical MRI to clinical settings
feasible. Technical improvements in gradient hardware and pulse sequences will aid more precise and

fast mapping of brain networks.

Improved biomathematical approaches. The availability of datasets from high-throughput
technologies, as well as increasingly complex clinicopathological datasets bears great potential for
identification of biomarkers. However, there are significant biomathematical challenges in evaluating
these complex, multidimensional datasets, and identifying combinatorial biomarker signatures. We
predict that it will be necessary to further develop systems biology approaches that incorporate data-
driven evaluation of complex datasets, but also integrate expert knowledge about the relevant

underlying biological function *%.

Validation and translation of biomarkers to therapies
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The key final goal of biomarker identification is the validation of candidate biomarkers in larger
prospective preclinical and clinical studies across different cohorts and underlying

126,127,128,129,130

pathologies . So far, study cohorts have been relatively small, challenging the statistical

power of the analyses. In addition, phenotyping of epilepsy and co-morbidities has been limited.

40,48
%, An

Finally, validation cohorts for candidate biomarkers have been used only by two studies
additional challenge that will need to be faced is the current lack of standardized preclinical and
clinical study designs for epilepsy biomarker search. However, novel, multistage adaptive clinical

study designs are being developed for other indications .

A cornerstone of any validation of biomarkers will be the recruitment of large numbers of
patients with careful clinicopathological evaluation. This problem has been recognized, and common
data elements (CDEs) for harmonization of studies on epilepsy between centers are already available
for clinical studies (https://commondataelements.ninds.nih.gov/). The first CDEs specifically designed
for harmonization of biomarker and proof-of-concept preclinical studies among laboratories have just

become available (EPITARGET web site: www.epitarget.eu). The work ongoing in the ILAE and

AES/NINDS translational task force for harmonization of preclinical methodologies will extend the
EPITARGET CDEs to a wider spectrum of models and methodologies. The coming ten years will show if
these and related efforts will form a basis for coherent collection of genetic, pathological, functional,
and behavioral epilepsy phenotypes that can be leveraged into successful clinical studies, and that in

turn can feed back onto model development and preclinical biomarker identification.
Conclusions

The development of biomarkers in epilepsy, especially those capable of reliably predicting
clinically-significant epileptogenesis, would be of huge value for creating the essential background for
testing anti-epileptogenic therapies in humans. Whatever final common pathways might be shared
across the human epilepsies in the clinical manifestation of seizures, the process of getting to those
final common pathways, that is, the processes of epileptogenesis are likely to be causation- and
disease-specific. As our knowledge increases, especially from genetics, on how disparate the
conditions that constitute ‘epilepsy’ in humans are, we will need to consider how biomarkers will best

reveal such diversity. Considering the cost and the efforts of developing disease-specific biomarkers
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for each individual epilepsy, data from animal models will be crucial in ensuring that properly-
designed, adequately-powered clinical validation studies can be produced. Combinatorial platforms
would seem most likely to be successful in this context. Although the challenges ahead should not be
underestimated, they should not preclude continuous research in the field since biomarker discovery
would be a major advance in the management of epilepsy in humans. Biomarker discovery could be
considered to be an advance in personalized medicine to the point of prevention in the right person

at the right time, not just symptomatic treatment.

The promising proof-of-concept data on putative epilepsy biomarkers summarized in Table 3
will undoubtedly motivate the design of adequately powered preclinical and clinical studies to
maximize the accuracy and predictability of the biomarkers assessed. Further, inclusion of biomarker
sample collection and analysis into ongoing and planned preclinical and clinical treatment trials will
open the possibility for prediction of treatment efficacy. These tasks require regulatory standards for
biomarker development and use. The final test will be to compare the biomarker platforms between
the clinical study cohorts and corresponding animal models, which has not been vigorously done as
yet in any of the brain diseases. In this regard, the epilepsy field with a large variety of animal models
to assay the human epilepsy syndromes provides an unique opportunity to evaluate preclinical

biomarkers in clinical setting and vice versa.
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Table 1. Epilepsy biomarkers. So far, predictive or diagnostic biomarkers have been discovered for epileptogenesis, epilepsy diagnosis,
severity of epilepsy, and epileptogenicity. Abbreviations: DTI, diffusion tensor imaging; iEC, intracortical (entorhinal cortex); EEG,
electroencephalogram; FA, fractional anisotropy; iHC, intrahippocampal; HFO, high-frequency oscillation; MRI, magnetic resonance imaging; mTLE,
medial temporal lobe epilepsy; P11, postnatal day 11; SE, status epilepticus; sICAM5, telencephalin; TARC, thymus and activation regulated chemokine
(CCL17); T2, a time constant for the decay of transverse magnetization.

Biomarker type and indication Tissue Modality Biomarker Reference
Diagnostic biomarker for epilepsy Serum Molecular analysis  increased level of miR-106b-5p %
Diagnostic biomarker for focal epilepsy Plasma Molecular analysis increased TARC/sICAMS5 ratio 103
Diagnostic biomarker for drug-refractory Serum Molecular analysis  decreased level of miR-301a-3p %
epilepsy
Prognostic biomarker for epileptogenesis after Brain MRI Reduced amygdalaT2 2

hyperthermia-induced SE in P11 rats

Diagnostic biomarker for drug-refractory mTLE Brain MRI reduced temporal lobe white 132

matter FA in DTI

Diagnostic biomarker for localization of seizure Brain iHC or iECEEG occurrence of HFOs 62

onset zone (tissue epileptogenicity) scalp EEG 63
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Supplementary Table 1. Comprehensive list of genes with allelic variants related to the increased susceptibility
to develop epilepsy after acquired brain insults. The gene list was generated based on PubMed search in
November 2015. Abbreviations: VNTR: variable number tandem repeats, DNP: Dinucleotide polymorphism,
TBI: traumatic brain injury, PTS: Posttraumatic seizures, TLE: Temporal lobe epilepsy. MTLE-FS+: Mesial

temporal lobe epilepsy with febrile seizures plus.

SNP or poly- Function & Relevance
Gene .
morphism
Post-traumatic epilepsy
ADORAI, rs3766553 Inhibitory neuromodulation, antiseizure properties; rs3766553
adenosine Al rs10920573 | associated with latency to PTS, rs10920573 associated with late PTS
receptor occurrence'®,
APOE, €4 status Binding, internalization, and catabolism of lipoprotein particles; €4
apolipoprotein E allele increases risk of posttraumatic seizures following TBI**.
GAD1, glutamic rs3828275 Inhibitory neurotransmission, enzyme catalyzing of GABA production
acid rs769391 from L-glutamic acid; rs3828275 associated with risk of early (< 1 wk)
decarboxylase rs3791878 PTS after TBI; rs769391 and rs3791878 associated with risk of PTS > 1
wk — 6 mo post TBI*®
IL-18, interleukin | rs1143634 Proinflammatory cytokine; CT genotype associated with decreased
16 serum /L-18 levels, higher IL-1B CSF/serum ratios, and increased risk of
PTE after TBI'®.
MTHEFR, rs1801133 TT genotype is linked to increased plasma/serum levels of pro-
methylene- convulsive homocysteine; predisposes for epilepsy following TBI in
tetrahydrofolate military personnel®.
reductase
Post-stroke epilepsy
CD40, CD40 rs1883832 Proinflammatory action; T allele associated with increased sCD40L
molecule, TNF plasma levels, CD40 mRNA expression in peripheral blood mononuclear
receptor cells and with increased PSE susceptibility.”.
superfamily 5
ALDH?2, rs671 Alcohol metabolism, protects against oxidative stress; A allele
mitochondrial associated with higher plasma levels of oxidative stress marker 4-
aldehyde hydroxy-2-nonenal (4-HNE), and more frequent in PSE patients.".
dehydrogenase 2
Other (etiology non-specified)
AQP4, aquaporin | ss119336753 | Glial water channel; Combination of three SNPs in AQP4 together with
4 $5119336753 | two SNPs in the KCNJ10 gene associated with TLE *.
rs1058424
ALDH5A1, rs1883415 Metabolism of GABA; C allele influencing Egr-3 binding to ALDH5A1
aldehyde promoter and resulting in higher ALDH5A1 mRNA expression is more
dehydrogenase 5 frequent in TLE patients®™.
family, member
Al
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ASICla, acid- rs844347 Ligand-gated cation channel activated by extracellular H® enhancing

sensing ion neuronal excitability; A allele more frequent in TLE patients®

channel 1a

BDNF, brain- Rs6265 Neurotrophin; Met66 allele frequency lower in TLE *

derived neuro-

trophic factor

CALHM1, Ca* rs11191692 | Ca® channel involved in Ca®* homeostasis and processing of APP; A

homeostasis allele frequency increased in TLE patients®.

modulator 1

CAMSAPI1L1, rs6660197 Cytoskeletal protein regulating organization of cellular organelles;

calmodulin associated with susceptibility to epilepsy in Chinese population ™.

regulated

spectrin-

associated

protein family 2

C3, complement | DNP: Complement activation, participates in synapse elimination during

complement C3 GF100472 development and adult neurogenesis, increased expression in TLE;
associated with susceptibility to MTLE-FS+’.

GABRB1, G1465A GABA, receptor subunit; associated with TLE, A-allele increases risk of

GABA receptor, mTLER12,

Beta 1

GABRB2, rs967932 GABA, receptor subunit; A allele increases risk of mTLE™.

GABA receptor,

Beta 2

GABRBS3, rs4906902 GABA, receptor subunit; G allele influencing MEF-2 binding to GABARB3

GABA receptor, promoter overrepresented in mTLE patients with depression™.

Beta 3

GABRG2, GABA, rs211037 GABA, receptor subunit; rs211037 associated with occurrence of

receptor, Gamma symptomatic epilepsy and partial seizures and rs210987 associated with

2 rs210987 symptomatic epilepsy in Chinese population ***’.

5-HTT, serotonin | VNTR in 2nd | Serotonin transporter; association of frequency of the 10 repeat in TLE

transporter intron patients (conflicting results) >

5-HT-18B, rs6296 Serotonin receptor; G allele overrepresented in TLE patientslg.

serotonin

receptor 1B

SESN3, sestrin 3 rs10501829 Stress responsive protein; rs10501829 in the vicinity of SESN3. SESN3
expression correlates with transcription module relevant for TLE*%..

IL1A (IL- rs1800587 Proinflammatory cytokine; associated with hippocampal sclerosis in TLE

1a),interleukin patients®’.

la

IL1B (IL-18), rs16944 Proinflammatory cytokine; associated with hippocampal sclerosis in TLE

interleukin 13 patients”®?’,

II-1RA, II-1 VNTR in exon | Differences between controls and TLE-HS- patients®.

receptoragonist 2

KCNJ10 (Kird.1), rs1130183 ATP-sensitive inward rectifier K channel 10; missense variation in

inwardly KCNJ10 or a variation in close vicinity is related to general seizure

rectifying K* susceptibility®.
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channel

NRG1, neuregulin | rs35753505 Membrane glycoprotein mediating cell-cell signaling; associated with
1 TLE in males *.
NFE2L2, Nuclear | rs7557529— | Transcription factor regulating the expression of many genes in
Factor, Erythroid | rs35652124— | antioxidant pathway; the haplotype AAGC AGAGG was associated with
2-Like 2 (Nrf2) rs6706649— | an increased risk of TLE *°.
rs6721961-
rs2886161-
rs1806649—
rs2001350-
rs10183914—
rs2706110
PRNP, prion rs1799990 Cu’*-binding membrane sialoglycoprotein involved in protection against
protein oxidative stress, cell adhesion, differentiation, and survival in the CNS; V
allele overrepresented in women with moderate TLE*.
PDYN, VNTR in the Anticonvulsant peptide; low expression allele associated with increased
prodynorphin promoter risk of TLE in patients with family history of seizures®.
SCN1A, Na,1.1 rs6732655 Voltage-gated Na* channel; mutations reported in a range of
Na’channel alpha paroxysmal neurological disorders including familial hemiplegic
subunit migraine and rarely in focal epilepsies; locus relates to an all-epilepsy
group®.
PCDH?7, rs28498976 | Integral membrane protein with putative function in cell-cell
protocadherin 7 recognition and adhesion; mutations in other protocadherins, i.e.
PCDH19, cause epilepsy and mental retardation; locus relates to an all-
epilepsy group®.
RORA, RAR- rs12912233 Nuclear hormone receptor; rs12912233 alone associated with epilepsy
related orphan in Malaysians and having synergistic effect with RORA rs880626 and
receptor A SCN1A rs3812718 ™.
TIMP4, tissue rs3755724 Inflammation-induced factor; associated with susceptibility to focal
inhibitor of epilepsy in Malaysian population **°.
metallo-

proteinase 4
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Glossary

CBF: Cerebral blood flow

CBV: Cerebral blood volume

CDE: Common data elements

CSF: Cerebrospinal fluid

DNP: Dinucleotide polymorphism
DTI, diffusion tensor imaging

EEG, electroencephalogram

FA, fractional anisotropy

GSH: Glutathione

HFO, high-frequency oscillation

iEC, intracortical (entorhinal cortex)
iHC, intrahippocampal

MEG: magnetencephalography

MRI: magnetic resonance imaging
mTLE: medial temporal lobe epilepsy
MTLE-FS+: Mesial temporal lobe epilepsy with febrile seizures plus
PTE: Posttraumatic epilepsy

PSE: Post stroke epilepsy

PWE: People with epilepsy

SE: status epilepticus

T2: a time constant for the decay of transverse magnetization
TBI: traumatic brain injury

TLE: Temporal lobe epilepsy

VNTR: variable number tandem repeats
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Legends to Figures

Figure 1. Clinically translatable approaches to identify microstructural imaging biomarkers for
epileptogenesis. (A, B) Diffusion tensor imaging (DTI): Directionally-encoded color (DEC) fractional
anisotropy (FA)-maps of a control rat (A) and a kainic acid-induced status epilepticus (SE) rat 79 days
after SE (B). White arrowheads indicate microstructural changes in hippocampal subfields. (C) High-
angular-resolution diffusion imaging (HARDI): DEC FA-map overlaid with visualizations of fiber
orientation distribution functions (fODFs) from Q-ball reconstruction of HARDI data from the rat
hippocampus. Squares indicate pixels in three representative areas: corpus callosum, dentate gyrus,
and CA3b from which enlarged fODFs are shown (two columns on right hand). More complex shape is
obtained using the HARDI than DTI, representing the heterogeneity of cellular structures. (D) Phase
imaging: Gradient echo phase images of rat brain five months after lateral fluid- percussion induces
traumatic brain injury. White arrow indicates microbleeds in the external capsule, and black arrow

points at a thalamic calcification.
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Figure 2. Examples of prognostic biomarkers for epileptogenesis utilizing metabolic and excitability
measures. (A) Combination of change in seizure threshold and behavioral hyperexcitability
determined over 3 weeks following pilocarpine-induced status epilepticus (SE) in rats that did or did
not develop epilepsy. Diagnosis of epilepsy was based on continuous video-electroencephalogram
monitoring over the subsequent weeks and months (data from %). ROC analysis using combinatorial
parameter derived from the seizure threshold and behavioral score predicted the development of
epilepsy. Abbreviations: AUC = area under the curve. (B, C) ROC curves using levels of mins (myo-
inositol)/Cr (creatine) and GSH (glutathione)/Cr as indirect measures of astrogliosis and oxidative
stress, respectively, measured by 'H-MRS in the hippocampus of controls and rats exposed to
pilocarpine-induced SE before epilepsy development differentiate control rats from animals that will

develop epilepsy (data was re-analyzed from %%).
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Figure 3. Examples for noninvasive detection of inflammation and neurovascular biomarkers. (A)
Positron emission tomography (PET): TSPO PET, using the novel ligand [*®F]GE180, allows longitudinal
evaluation of neuroinflammation and reveals microglia activation (black arrows) 7 days after
pilocarpine-induced SE in a rat. (B) Severity of blood-brain-barrier leakage after traumatic brain injury
(TBI) as a prognostic biomarker for post-traumatic epileptogenesis. Within anatomically defined blood
vessels, injection of Gd-based contrast agent results in a rapid increase in magnetic resonance
imaging (MRI) T1 signal (y-axis) due to arterial input followed by a signal decrease (washout)(blue
line). When signal dynamics within voxels of a brain tissue with intact BBB are analyzed, the T1 signal
follows the arterial input, but to a smaller magnitude (black line). After TBI when BBB becomes
dysfunctional, the leakage of contrast agent results in a slow increase in T1 signal (red line). The signal
change over time can be measured as the slope of increased signal (dashed line) using a linear
regression analysis or by measuring the total change in signal intensity compared to pre-injection scan
(AT1). (C) Images from a patient following mild traumatic brain injury (TBI) and concussion. Note the
increased slope of the T1 signal change in the injured right temporal lobe. (D) ROC analysis reveals
that, indeed, BBB dysfunction in the injury area is a prognostic biomarker of epileptogenesis after TBI

with an area under curve (AUC) value of 0.85 (data from **).
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Figure 4. Schematic of the time-dependence of epileptogenesis related to a set of biomarkers. (A)
Depending on the analysis time point (x-axis), the roster of candidate biomarkers (BM) can vary. Also
the magnitude of abnormality (y-axis) can differ between the subjects who will eventually develop
epilepsy as compared to those who will not. For example, early time points will likely include markers
released by damaged neurons, glial cells or vasculature whereas markers of cellular plasticity may
become apparent later on. In magnetic resonance imaging, the values of diffusion trace (Df) and T2
also depend on the analysis point, and can be affected by recurrent seizures (asterisk). Understanding
the timing of biomarker expression during the disease process has a significant value for the choice of

a biomarker as well as the analysis platform (e.g., blood vs. imaging) at a given time point.
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