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Abstract

Seizures and epilepsy can result from various aetiologies, yet the underlying cause of several epileptic syndromes remains
unclear. In that regard, autoimmune-mediated pathophysiological mechanisms have been gaining attention in the past years
and were included as one of the six aetiologies of seizures in the most recent classification of the International League Against
Epilepsy. The increasing number of anti-neuronal antibodies identified in patients with encephalitic disorders has contributed
to the establishment of an immune-mediated pathophysiology in many cases of unclear aetiology of epileptic syndromes.
Yet only a small number of patients with autoimmune encephalitis develop epilepsy in the proper sense where the brain
transforms into a state where it will acquire the enduring propensity to produce seizures if it is not hindered by interventions.
Hence, the term autoimmune epilepsy is often wrongfully used in the context of autoimmune encephalitis since most of the
seizures are acute encephalitis-associated and will abate as soon as the encephalitis is in remission. Given the overlapping
clinical presentation of immune-mediated seizures originating from different aetiologies, a clear distinction among the aetio-
logical entities is crucial when it comes to discussing pathophysiological mechanisms, therapeutic options, and long-term
prognosis of patients. Moreover, a rapid and accurate identification of patients with immune-mediated epilepsy syndromes
is required to ensure an early targeted treatment and, thereby, improve clinical outcome. In this article, we review our current
understanding of pathogenesis and critically discuss current and potential novel treatment options for seizures and epilepsy
syndromes of underlying or suspected immune-mediated origin. We further outline the challenges in proper terminology.

1 Introduction

Epilepsy affects approximately 65-70 million people
worldwide [1, 2]. It is estimated that the aetiology of
one-third of all epilepsies in adults remains unknown [3]
posing a significant diagnostic and therapeutic challenge

Identifying immune-mediated seizures is a key challenge
in clinical practice.

Antiseizure medications (ASMs) often fail to stop
immune-mediated seizures and are usually used for
symptomatic control. However, once the underlying
immune-mediated mechanism is correctly identified and
treated, seizures often subside.
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tion of immunomodualtion in immune-mediated seizures
is crucial for outcome.

as the treatment remains restricted to antiseizure medica-
tion (ASM). Overall, it is estimated that about 5% of focal
epilepsy of unknown cause without clinically suspected
autoimmune encephalitis may be immune-mediated [4—8].
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In that regard, immunomodulatory treatment is increas-
ingly seen as a treatment option in some drug-resistant
epilepsy syndromes supporting a potential immune aeti-
ology of epilepsy in these patients. Indeed, mounting
evidence suggests that the immune system—in particu-
lar autoantibodies directed against neuronal cell surface
proteins, intracellular antigens, receptors, or ion channels
[9-11]—plays a significant role in the pathogenesis of a
subset of these treatment-refractory epilepsy syndromes.
In the last years, the significance of such antibodies and
their pathogenicity has been increasingly elucidated, and
the understanding of the underlying immune-mediated
mechanisms is steadily growing. However, there are still
questions surrounding the significance of such antibodies,
their pathogenicity, and the underlying immune-mediated
mechanisms. Moreover, immune-mediated seizures in the
context of autoimmune encephalitis are highly prevalent,
but they do not fulfil the diagnostic criteria of epilepsy.

In this article, we will outline the challenges of terminol-
ogy, shed light on common and distinct pathophysiological
mechanisms, and critically discuss current and novel thera-
peutic options in seizures and epilepsy syndromes of under-
lying or suspected immune-mediated origin.

2 Terminology

Given the overlapping clinical presentation of immune-
mediated seizures originating from different aetiologies
(Fig. 1), i.e., on the one hand, acute seizures in the con-
text of immune-mediated diseases and, on the other hand,
chronic predisposition to seizures due to an underlying
immune-mediated disorder, it is important to clarify the
current terminology, as it allows for a specific, targeted
treatment. It has been proposed to differentiate between
(1) acute symptomatic seizures secondary to autoimmune
encephalitis (ASSAE), where diagnostic criteria are well
defined and early immunotherapy is standard and (2) auto-
immune-associated epilepsy (AAE) [12, 13], a disorder
which so far poses many open questions.

Autoimmune encephalitis (AIE) is defined as a non-
infectious immune-mediated inflammatory disorder of the
brain parenchyma often involving the cortical or deep grey
matter with or without involvement of the white matter and
meninges [14]. The aetiology is generally divided into two
categories: paraneoplastic and non-paraneoplastic.

Acute symptomatic seizures associated with ASSAE
describe repetitive seizures occurring in the acute phase
of AIE and are among the most relevant clinical mani-
festations in AIE [15]. A seizure in general is defined by
the International League Against Epilepsy (ILAE) as a
transient occurrence of signs and/or symptoms due to
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abnormal excessive or synchronous neuronal activity in
the brain [16]. Most frequently, seizures can be found
in AIE with autoantibodies directed against the GABA
receptor, however, they also occur in other types of
AIE. In anti-leucine-rich glioma-inactivated 1- (LGI1-),
-GABA,R-, -GABARR- and -N-methyl-D-aspartate recep-
tor- (NMDAR-) AIE prevalence of seizures range from about
76% to 100% [17]; the occurrence was lower in anti-AMPAR-
and anti-GFAP-AIE with 31% and 28%, respectively [18]
(Table 1). Usually, patients with AIE and seizures respond
well to immunotherapy and ASM can be discontinued after
immunomodulatory treatment [19]. The fact that persistent
seizure-freedom can be obtained after immunotherapy (with
or, in some cases even without ASM), contradicts the con-
ceptual definition of epilepsy as an enduring predisposition to
generate epileptic seizures and by the neurobiological, cogni-
tive, psychological, and social consequences of this condition
as defined by the ILAE [16] and argues that the term epilepsy
is often wrongfully used in seizures associated with AIE.

In contrast, AAE describes unprovoked seizures fol-
lowing an autoimmune-mediated central nervous system
(CNS) disease making the patient prone to seizures as a
result from ongoing autoimmune processes, structural
brain changes or a combination of both. Autoimmune-
associated epilepsy is often falsely used to describe
patients with AIE presenting with seizures. Autoimmune-
associated epilepsy patients generally do not present the
clinical features of acute AIE, but can test positive for
neural autoantibodies, and do not respond well to immu-
notherapy. In this context, the chronic predisposition to
seizure generation, despite immunomodulatory therapy,
fits the current definition of epilepsy [13].

Even though it is crucial to acknowledge this distinction
as it not only holds differing pathophysiological mecha-
nisms, but also therapeutic consequences, the distinction
will not be maintained throughout this review as this is a
new concept and shared as well as divergent pathophysi-
ological mechanisms are still to be understood.

3 Aetiology and Pathophysiology
of Autoimmune-mediated Seizures
and Epilepsy

The identification of the underlying aetiology of the seizure
syndrome is a major aspect for any classification scheme
to provide a directive for clinical practice. In general, the
ILAE proposes to group epilepsy in six different aetiolo-
gies: structural, genetic, infectious, metabolic, immune,
and unknown—the immune aetiology being recognized
only since 2017 by the ILAE as a distinct category [20],
however, the aforementioned distinction between ASSAE
and AAE has not yet been included in the ILAE guidelines.
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Fig.1 Overview of different aetiologies and overlapping pathophysi-
ological mechanisms of autoimmune encephalitis (AIE), acute symp-
tomatic seizures secondary to autoimmune encephalitis (ASSAE),
autoimmune-associated epilepsy (AAE) and epilepsy leading to sei-
zures. Aetiologies of immune-mediated seizures can be grouped into
two main categories, (1) paraneoplastic (e.g., in teratoma or small
cell lung cancer), and (2) non-paraneoplastic encompassing (a) infec-
tious (e.g. in herpes simplex 1 encephalitis or varicella zoster virus

In the following, we will discuss the aetiology and patho-
mechanisms of seizures in different immune-mediated con-
texts (Fig. 1).

3.1 Aetiology and Pathophysiology of Seizures
in Autoimmune Encephalitides

3.1.1 Pathophysiology

It is well accepted that both B and T cells contribute to the
autoimmune processes in AIE and subsequent ASSAE or
AAE (Fig. 2). Antigen-presenting cells present membra-
nous or intracellular antigens, which are released following
neuronal destruction or apoptosis by tumours, pathogens,

Autoimmune
associated epilepsy

encephalitis), (b) systemic/CNS autoimmune disorders (e.g., in mul-
tiple sclerosis or systemic lupus erythematosus), and (c) genetic pre-
disposition (e.g., HLA-associated anti-LGI1 encephalitis). All of the
aetiologies can lead to common pathophysiological mechanisms, such
as the production of pathogenic autoantibodies, inflammation and
subsequent structural damage, which then manifest in seizures in the
context of AIE, ASSAE, AE and epilepsy. Figure was created using
Biorender.

or other mechanisms, which in turn prime T cells to secrete
B cell-activating cytokines, such as interleukin-6 (IL-6).
IL-6 has a variety of functions including the differentiat-
ing of B cells into antibody-producing plasma cells, which
in turn means that a dysregulation of IL-6 can result in
an overproduction of (pathogenic) antibodies leading to
subsequent antibody-dependent cell-mediated cytolysis
(ADCC) by activated macrophages, complement activa-
tion, and perforin (C5a-C9)-mediated cytolysis [21, 22].
CD8™* cytotoxic T cells attack (mostly intracellular) peptides
that antigen-presenting cells have linked to MHC-I com-
plex molecules. Both antibody- and T cell-mediated attacks
finally cause neuronal dysfunction and/or degeneration [23],
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Table 1 Frequency of epileptic activity in EEG and clinical seizures in AIE according to triggering autoantibody and associated seizure manifes-
tation (modified from [226], with permission)

Frequency of seizures (%)

Incidence of limbic

Autoantibody and IgG subclass Distinct seizure manifestation

encephalitis
85-100 High Anti-GABA-IgG,
85-100 High Anti-GAD-IgG
60-100 Low-moderate Anti-Hu-IgG 5 [227, 228]
50-100 High Anti-GABA (1, 12G55 Status epilepticus [70]
40-100 Moderate-high Anti-LGI1-IgG, Faciobrachial dystonic seizures [70]
65-75 High Anti-NMDA1/2-1gG,
50-100 High Anti-neurexin-3a-IgG
47 Moderate Anti-GABA , ,3/60)18G 153
20-65 Low-moderate Anti-Caspr2-IgG,
30-50 Moderate Anti-Glycin-IgG
30-40 Low-moderate Anti-Mal/2-IgG
33 Moderate Anti-AMPA-IgG,
10-30 Low-moderate Anti-VGKC-IgG,
15-25 Low Anti-DPPX-IgG, [70]
20 Low Anti-mGluR5-1gG, [70]
10-20 Low Anti-amphiphysin-IgG
15 Low-moderate Anti-MOG-IgG
Rare Low-moderate Anti-CV2/CRMP5-1gG
Rare Low Anti-Sox1-IgG
Rare Frequent Anti-GFAP-IgG
Rare Low Anti-AQP4-1gG
Never reported Low Anti-Tr-IgG
Never reported Low Anti-Zic4-1gG
Never reported Low Anti-IgLON5-1gG, [229, 230]
Never reported Frequent Anti-Adenylat-Kinase-5-1gG
Never reported Low Anti-ARHGAP26-IgG

AIE autoimmune-encephalitis, AMPA alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid, ARHGAP26 antibody against human Rho,
GTPase activating protein 26, AQP4 Aquaporin-4, Caspr2 contactin-associated protein-2, CV2/CRMP5 Collapsin response-mediator protein-5,
DPPX dipeptidyl-peptidase-like protein 6, EEG electroencephalogram GABA gamma aminobutyric acid, GAD glutamic acid decarboxylase,
GFAP glial fibrillary acidic protein, Hu antineuronal nuclear antibody 1 ANNA1, /gG immunoglobulin G, LGI! leucine-rich glioma-inactivated 1,
mGluR5 metabotropic glutamate receptor 5, MOG myelin oligodendrocyte glycoprotein, NMDA N-methyl-D-aspartate, Sox Sry-like high mobility
group box, VGKC voltage-gated potassium channel, Zic4 Zinc-finger protein 4

inflammation, and structural damage resulting in elevated
susceptibility to seizures.

Autoimmune encephalitis is mediated by the produc-
tion of pathogenic autoantibodies and autoreactive T
cells targeting neuronal surface or intracellular structures
(Fig. 2). In about 40% of encephalitides the cause remains
unknown [24]. Autoimmune encephalitis can either be
associated with tumours—the so called “paraneoplas-
tic” AIE—or “non-paraneoplastic”. Antibodies directed
against intracellular antigens are associated with paraneo-
plastic AIE and are therefore called “onconeural antibod-
ies”. These antibodies are thought not to be directly path-
ogenic; however, their action is mainly mediated through
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cytotoxic T cells resulting in neuronal loss and an overall
worse outcome and response to immunotherapy [25].
Antibodies directed against cell surface antigens are
usually associated with non-paraneoplastic aetiology in
AIE. Non-paraneoplastic AIE are mostly antibody-medi-
ated. Antibody-mediated internalization of neuronal sur-
face receptors or blocking of receptor function [26, 27]
results in reversible neurologic dysfunction, and, hence,
an overall better treatment response to immunotherapy.
Autoantibodies of the immunoglobulin G (IgG) iso-
form have been most extensively studied in AIE. In anti-
NMDAR AIE the predominant IgG subclasses are 1gG,
and IgG;. IgG, and IgG; exhibit high complement activa-
tion and high affinity for Fc receptors, which results in
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Fig.2 Overview of pathophysiological mechanisms in autoimmune
encephalitis (AIE) and related therapeutic targets on the horizon.
Antigens are released following either peripheral cell destruction by
triggers such as apoptosis by pathogens (mostly viral), by tumours,
systemic autoimmune disease or genetic predisposition (1) or direct
neuronal destruction by pathogen invasion through impaired blood
brain barrier (BBB) into the cerebrospinal fluid (CSF) (6). Antigen
presenting cells (APCs) recognise the antigens (2), prime T cells to
secrete B cell-activating cytokines (3). In turn, B cells differentiate
from CD197/CD20* B cells into CD138% plasma cells (4), which
produce and secrete autoantibodies (5). Both antibody- and T cell-
mediated processes lead to neuronal dysfunction and degeneration
(7). Novel therapeutics agents (pink boxes) on the horizon targeting

cell-mediated cytotoxicity, complement activation, induc-
tion of tissue damage and internalization of the antigen.
This stands in contrast to the IgG, subclass, which exhib-
its low affinity for complement and Fc receptors largely
resulting in mild, non-complement-meditated inflamma-
tion and requiring other immunomodulatory treatment.
Predominance of autoantibodies of the IgG, subclass has
been described in, e.g., anti-LGI1 AIE and anti-CASPR2
mediated limbic encephalitis [28-31].

These data underscore differing pathophysiological
mechanisms regarding predominant Ig subclasses, an under-
standing which is crucial for guiding treatment decisions. As
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the above described patho-mechanistic processes, including B cell-
depleting agents [anti-CD19 (inebilizumab), anti-CD20 (rituximab,
ocrelizumab, ofatumumab), anti-CD38 depleting therapy (daratu-
mumab)], agents targeting pathogenic antibodies/plasma cells and
downstream mechanisms [anti-FcRn antibody resulting in IgG deg-
radation (rozanolixizumab, efgartigimod-a), anti-C5 complement
antibody (eculizumab), proteasome inhibitor (bortezomib)], agents
that are targeting or modifying cytokines [anti-IL-6R antibody (toci-
lizumab, satralizumab), anti-IL-1R antibody (anakinra), anti-IL-18R
antibody (canakinumab), low-dose IL-2 therapy and Janus kinase
inhibitor (tofacitinib)] and others [CD80/CD86 ligand blocker (abata-
cept), anti-TNF-a receptor antibody (e.g., adalimumab)]. Figure was
created using Biorender.

an example, eculizumab, an anti-C5—complement protein
antibody [32], could serve as a possible immunotherapeutic
target in AIE with predominant complement-activating Ig
subclasses, such as IgG, and IgG;.

3.1.2 Immune Mechanisms Underlying Seizures

Seizures are frequent in AIE. However, the overall risk of
developing autoimmune-associated epilepsy is generally
small with a higher risk in cases with autoantibodies directed
against intracellular antigens compared to neuronal cell sur-
faces [10].
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In anti-NMDAR-AIE, the autoantibodies block the
NMDAR, which leads to the internalisation of the recep-
tor and a lack of glutamatergic neurotransmission, which
may result in a decrease of excitatory input on inhibitory
interneurons in the limbic structures and basal ganglia, even-
tually causing seizures and excessive hyperkinetic move-
ments, e.g., orofacial dyskinesia [33].

The pathognomonic, a few seconds-lasting, seemingly
tic-like, faciobrachial dystonic seizures (FBDS) in anti-
LGI1-AIE are semiologically quite different from common
seizure types of frontal and temporal origin, and involvement
of subcortical structures, especially basal ganglia has been
observed in imaging studies [34, 35]. The LGI1 protein is
largely expressed in the cortex and hippocampus adjacent to
the voltage-gated potassium channel Kv1.1 [36]. The protein
links its presynaptic receptor ADAM?23 with its postsyn-
aptic receptor ADAM?22. Anti-LGI1-antibodies recognis-
ing the leucine-rich domain lead to internalisation of the
whole protein complex while those antibodies recognising
the epitempin domain hinder the docking of the protein with
both receptors, ADAM22 and 23. The latter may lead to
hyperexcitability and as a clinical result to seizures, and the
former induces memory impairment [37, 38]. In addition,
recent work in rats showed that blocking Kv1.1 potassium
channels by these antibodies launches a cascade of altera-
tions in neuronal excitability and synaptic activity resulting
in large suprathreshold membrane depolarisations forming
the paroxysmal clinical and EEG activity [39].

In anti-a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) receptor-AlE, the autoantibodies cause a
decrease of cell surface receptor clusters by internalisation
and degradation. Single cell recordings revealed that the
antibodies reduce AMPA receptor-mediated currents, espe-
cially inhibitory synaptic currents, while the intrinsic excit-
ability of neurons and short-interval firing increased. These
mechanisms may clinically lead to lower seizure threshold and
repetitive AASAE [40, 41].

Another ictogenic pathomechanism associated with
antineuronal antibodies is allosteric blocking of recep-
tors or their subunits, like in anti-GABA-A receptor-
associated AIE. Hereby, the targeting of the a3-subunit
of GABA , receptors conceivably decreases the inhibi-
tory effect of these receptors on neuronal excitability by
reducing the inhibitory postsynaptic potentials (IPSPs)
while leaving the excitatory postsynaptic potentials
(EPSPs) unaffected. This profound imbalance leads to
severe cortical hyperexcitability and ultimately to clini-
cal seizures and often status epilepticus [42, 43]. Isolated
blocking of the a1l subunit inhibits the ligand binding by
direct antagonism, while antibodies targeting the aly2
subunits block the receptor function by allosteric antag-
onism [44, 45]. Whilst anti-GABA , receptor antibod-
ies act on postsynaptic currents, the antibodies directed
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against the GABAy receptors influence presynaptic
mechanisms and—unlike in anti-NMDAR-, -AMPAR-
and -GABA ,R-AIE—do not lead to internalisation of
the receptors, but reduce excitability of neurons in the
mesial temporal lobe, thus, leading to fewer seizures, but
more profound memory deficits [46].

A distinct pathophysiological mechanism underlies anti-
glutamic acid decarboxylase (GAD) AIE. Glutamic acid
decarboxylase catalyses the direct transformation of the
strongest excitatory neurotransmitter glutamic acid into the
strongest inhibitory neurotransmitter gamma-amino-butyric
acid (GABA) with pyridoxine (vitamin B6) as a cofactor.
The enzyme is located intracellularly, but, unlike the onco-
neuronal antibodies binding in the perinuclear space, is
situated in the cytoplasm next to the endoplasmic reticu-
lum. The GADG65 antibodies may cause seizures not only by
the accompanying immune mechanisms, but essentially by
suppressing GABAergic inhibitory transmission [47]. This
will induce failure of converting excitatory glutamate into
inhibitory GABA and therefore create a permanently hyper-
excitatory state with reduced availability of GABA in the
synaptic cleft [48] and elevated amounts of presynaptic glu-
tamate, eventually resulting in limbic AIE, acute seizures as
well as chronic pharmaco-resistant (autoimmune-associated)
epilepsy [49, 50]. The exact mechanisms and their extent
to these disorders remain to be elucidated. It is difficult to
explain how the antibodies gain access to the intraplasmati-
cally located enzyme GAD and influence its function. Other
authors are puzzled by the variety of anti-GAD-associated
disorders (epilepsy, limbic encephalitis, cerebellar degenera-
tion, stiff-person syndrome, psychosis, etc); however, these
disorders show different titres of these antibodies and, in
particular, the antibodies of a specific disorder recognise
different epitopes on the large 65kD protein [51, 52].

3.1.3 Aetiology

While the aetiology of the majority of non-paraneoplastic
AIE remains unclear, in rare cases they can be the result of
complex immune-mediated processes following viral infec-
tion, where viral-induced neuronal damage leads to a sec-
ondary autoantibody production with subsequent AIE most
prominently described for anti-NMDAR and anti-GABA-
receptor AIE following HSV1 infection [53-57]. Similar
processes have been described for varicella zoster virus
(VZV) [58, 59] and Epstein Barr Virus (EBV) infection
[60] (Fig. 2). More recently, cases of seronegative AIE or
AIE with positive anti-Caspr2 antibodies following SARS-
CoV2 infection have been reported [61]. Although seizures
were associated with SARS-CoV2 infections [61, 62], most
case reports attribute the seizures to the acute viral infection
in the context of the release of pro-inflammatory cytokines
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lowering seizure threshold during the infection, mechanisms
that are not SARS-CoV?2 specific [63].

A few studies have looked at genetic predisposition in
AIE: HLA subtype associations have been shown in anti-
LGI1/anti-NMDAR [64, 65], anti-GADG65 [66] and anti-
CASPR?2 encephalitis [67]. One study by Kim et al. inves-
tigated patients with anti-NMDAR AIE as a control group,
where an HLA association was not observable [68]. Future
studies powered to detect genetic signatures will give a
clearer understanding on the underlying genetic predisposi-
tion of AIE.

Regarding the compartmentalisation of the immune
response, autoantibodies can be found either in serum, cer-
ebrospinal fluid (CSF), both or neither (Fig. 2). It remains
a matter of debate whether intrathecal synthesis of patho-
genic autoantibodies in AIE leads to subsequent seizures
or whether seizure-mediated blood-brain barrier (BBB)
breakdown could result in antigen exposure and production
of CNS-directed autoantibodies [4, 69]. On the other hand,
intrathecal production of antibodies by plasma cells in AIE
potentially points to a compartmentalised CNS process inde-
pendent of BBB disruption, which may explain why some
patients present with severe clinical deficits but have unde-
tectable serum autoantibodies and the limited effectiveness
of therapy with intravenous immunoglobulin (IVIG) and
plasma exchange (PLEX) (showing higher effectiveness in
other systemic antibody-mediated autoimmune diseases such
as myasthenia gravis), which does not act directly on the
CNS compartment [70].

3.2 Aetiology and Pathophysiology of Seizures
in Systemic or CNS-related Autoimmune
Diseases

Seizures are often associated with systemic autoimmune dis-
eases (SAD) with or without direct involvement of the CNS,
such as systemic lupus erythematosus (SLE), diabetes mel-
litus type 1, myasthenia gravis, sarcoidosis, Crohn's disease,
celiac disease, or Hashimoto’s encephalopathy, to name only
a few. Patients with SAD in general have shown to have
about a 2.5-fold increased risk of epilepsy. Specifically,
patients with SLE have up to a 4.5-fold risk of epilepsy. In
turn, patients with epilepsy have been shown to have a 2.5-
to 3.8-fold increased odds ratio of SAD in a meta-analysis
by Lin et al. and a study by Ong et al. [71, 72].

Different mechanisms of epileptogenesis seem likely:
hereby, the adaptative immune system plays a minor role
since the autoantibodies involved in these diseases may not
directly target neuronal structures. Thus, the main effector
cells in epileptogenesis associated with SAD are those of
the innate immune system. While its effector cells (micro-
glia, NK cells) and cytotoxic T cells also may play a minor

role, the general alterations in and exposure to increased
amounts of cyto- and chemokines seem to be the major
causes of icto- and epileptogenesis [73-75]. A systemic
immune activation generating a pro-inflammatory state
with altered cytokine and chemokine secretion in SAD is
likely to result in a lowered seizure threshold [76] by directly
altering expression and function of receptors of inhibitory
and excitatory neurotransmitters or by launching cascades
of molecular signalling, which lead to translational and
post-translational changes of expression of neurotransmit-
ters and/or their receptors. The main components of these
mechanisms are the induction of interleukin-1 receptor-1-
(IL-1R1-) signalling by interleukin-1p- (IL-1f-) and toll-
like receptor-4 (TLR4)- signalling by high mobility group
box1 (HMGBJ1). The subsequent downstream activation of
kinases leads to activation of transcription of inflammatory
genes and/or post-translational changes of neuronal proteins,
like channels and receptors [75]. While short-term exposure
of neurons to IL-1f leads to a reduction of voltage-gated
sodium currents, longer exposure (hours or days) results
in a marked increase and can cause hyperexcitability [77].
The same, time-dependent effects of IL-1f are observed on
GABA-A receptor mediated currents in ganglioglioma [78].
It also has been shown that IL-1f enhances expression of
NMDA receptor subtype 2B leading to an increased Ca®*
influx and hyperexcitability. Similarly, activation of tumour
necrosis factor receptor 1 (TNFR1 or p55) by tumour necro-
sis factor o (TNFa) influences- like IL-1f- sodium, potas-
sium, and calcium currents, and upregulates the expression
of NMDA type 1 and AMPA GluR1 and GluR2 receptors,
thereby increasing Ca** influx, which in sum leads to a state
of hyperexcitability [76].

In addition, the unspecific inflammatory reactions medi-
ated by cyclooxygenase-2 (COX-2) transformation of ara-
chidonic acid into prostaglandins E and F cause neuronal
hyperexcitability by substantial Ca**release from activated
astrocytes [73, 79]. Newer data reported another important
target in the prostanoid pathway: the enzyme monoacylg-
lycerol lipase (MAGL) hydrolyses the endocannabinoid
2-arachnoidonoylglycerol to arachidonic acid; inhibition of
MAGL reduced neuroinflammatory markers in a mice model
and stopped diazepam-resistant status epilepticus (SE) [80].
Neuroinflammation is also reciprocally associated with oxi-
dative stress. Hereby, the activation of toll-like receptors
produces reactive oxygen and nitrogen species. Conversely,
these compounds induce the NLRP3 inflammasome by acti-
vating the antioxidant protein thioredoxin [81, 82].

Furthermore, seizures in SAD could stem from direct
neuronal damage through the formation of immune com-
plexes (sarcoidosis or Hashimoto's encephalopathy), from
vascular changes, especially vasculitis of cerebral vessels
and subsequent ischaemic strokes, as well as perivascular
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haemorrhage, from dysregulation of electrolytes or from
shared genetic predisposition [83].

Blood-brain barrier disruption is another, rather unspe-
cific, effect of immune-mediated neuroinflammation. Pro-
inflammatory chemo- and cytokines gain direct access to
neurons, glial cells, (damaged) endothelial cells and peri-
cytes [84—87], and the cyto-pedesis of immune cells, espe-
cially T and NK cells evoke and maintain neuroinflamma-
tion, cell necrosis, and gliosis of cerebral tissue. In addition,
the extravasation of the important serum protein albumin
results in hyperexcitability by activating transforming
growth factor-p receptor 2 and its downstream signalling,
which leads to substantially altered astrocytic function, i.e.,
downregulation of the glutamate transporters GLT1 and
GLAST, the aquaporin 4 channel, and the inwardly recti-
fying potassium channel Kir, ; eventually summing up in
increased extracellular Kt and glutamate, as well as dis-
turbed water homeostasis [88—90]. It is important to mention
that all these mechanisms may remain activated throughout
the persistence of SAD-associated seizures in a self-repro-
ducing manner and, consequently, maintain a vicious circle.

3.3 Aetiology and Pathophysiology of Epileptic
Syndromes with Suspected Immune Aetiology
without Known Associated Antibodies—the
Example of Rasmussen Encephalitis

There are several very rare epilepsy syndromes, including
West syndrome, Lennox-Gastaut syndrome, Landau Klef-
fner syndrome, and Rasmussen’s encephalitis (RE), which
are often of unknown origin and in some cases associated
with structural or genetic changes. Although an autoim-
mune mechanism has been suspected in some cases, no
known associated autoantibodies have yet been detected.
However, an autoimmune origin is widely accepted in RE.
Patients affected by RE, usually children aged between 3 and
10 years (but onset at both younger and even adult age are
reported), start to suffer from hemispheric cortical inflam-
mation (most pronounced in the motor cortex), which results
in absolutely treatment-refractory focal epilepsy with mainly
motor epilepsia partialis continua and progressive neuro-
logical and, later on, cognitive decline [91]. Initially, the
disease seemed to be caused by antibodies directed against
the glutamate receptor subtype-3 (anti-Glu3) [92], but this
association could not be reliably reproduced in a follow-up
study [93]. The same is true for other anti-neuronal autoan-
tibodies (anti-nicotinic alpha-7-, anti-Munc-18- and the
anti-GluR2/3 (AMPA-R-)-Abs), found in some patients;
they currently are considered merely an epiphenomenon
of the massive inflammatory processes exposing neuronal
antigens, which may serve as epitopes for antigen-present-
ing cells [94]. The disorder is mainly mediated by cytotoxic
granzyme B* CD8 T cells, NK cells, and activated microglia
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expressing IL-1a, IL-18, and caspase-1 [95, 96], which lead
to severe neuroinflammation, necrosis [97] and caspase-
1-mediated pyroptosis [98]. Recent findings examining 27
surgical specimens with control autopsies and people with
non-RE-related epilepsy by whole exome sequencing did not
reveal common pathogenic variants in RE but detected many
variants of unknown significance in genes associated with
severe epilepsies, as well as an accumulation of rare allelic
HLA variants (HAL-DRB1 and HLA-DQA?2) in > 25% of
RE patients, which are represented in < 5% of the general
population. Ribonucleic acid (RNA) sequencing addition-
ally detected significant activation of the crosstalk between
dendritic and NK cells, of neuroinflammatory signalling,
and of phagosome formation [99]. This exciting new data
may pave the way for new therapeutic alternatives in RE,
especially TNFa blockers, and caspase-1 inhibitors, like
belnacasan (VX-765).

4 Clinical Presentation and Diagnosis
4.1 Clinical Presentation and Diagnosis

Since clinical presentation and diagnosis is not the key
focus of this review, we would like to refer to other detailed
reviews in this regard [14, 15, 100, 101]. Here, we will solely
provide a brief overview mainly focusing on the frequency
of seizures and EEG hallmarks of different autoantibody
types.

Autoimmune encephalitis presents clinically heteroge-
neously, often with subacute memory decline, changes in
consciousness, seizures in combination with autonomic
dysregulation, psychiatric symptoms, and other neurologi-
cal deficits. Although varying in presentation, there are a
few pathognomonic signs and symptoms, such as faciobra-
chial dystonic seizures in anti-LGI1-AIE [102], extrapy-
ramidal orofacial dyskinesia in anti-NMDAR-AIE [103]
and refractory status epilepticus in anti-GABA ,-AIE [104]
(Table 1).

Generally, AAE can be suspected if there are pharmaco-
resistant seizures combined with or without suspicion of an
underlying autoimmune disease or if there are seizures hard
to control with ASM that cannot be explained other than
caused by an immune-mediated process. Diagnosis is based
on autoantibody testing in serum as well as in cerebrospinal
fluid (CSF), magnetic resonance imaging (MRI) and electro-
encephalogram (EEG), as well as screening for underlying
oncological cause [tumours are less common in AIE with
neuronal surface antibodies, but frequent in AIE with intra-
cellular antibodies (onconeural antibodies)] [105]. Electro-
encephalogram is informative to detect subclinical seizures,
convulsive/non-convulsive status epilepticus or serve as a
diagnostic tool if brain MRI does not show pathological
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changes. In a study by Steriade et al., it was shown that
up to 58% of patients with AIE experience subclinical sei-
zures [106]. Interestingly, apart from faciobrachial dystonic
seizures, which typically occur in anti-LGI1-AIE and “the
extreme delta brush” in anti-NMDAR-AIE, EEG changes are
similar across different autoantibodies (Table 2).

In addition, ['®F]-FDG-PET imaging, especially the
decreased cortex/striatum ratio, seems to provide support-
ing evidence for the presence of AIE in patients with clinical
suspicion of AIE but normal brain MRI [107] and is also
recommended to be performed in this situation [14].

Diagnostic scoring systems include the Antibody Prevalence
in Epilepsy and Encephalopathy (APE) and APE? score [8, 15,
108], the APES [109] and ACES score [8]; however, further
elaboration lies beyond the scope of this review.

4.2 Acute Symptomatic Seizures and Possible
Progression to Epilepsy

Rada et al. investigated patients with seizures and neuronal
autoantibodies over a time frame of > 3 years and found that

seizures with positive surface autoantibodies are mostly ASSAE
with a good chance of seizure freedom after combining ASM
and additional immunotherapy. Also, titres of surface antibod-
ies- but not intracellular antibodies- decreased over time and
correlated with clinical course [110].

In another study by Ilyas-Feldmann, 1 year after AIE
diagnosis seizure freedom occurred more frequently in
patients with neuronal surface antibodies in comparison with
intracellular antibodies [19]. Chen et al. defined post-AIE
epilepsy as one unprovoked seizure > 6 months after hospi-
tal discharge finding nearly 40% of AIE patients included in
his study which met these criteria. Of these, the majority had
autoantibodies directed against intracellular targets [111].

These findings emphasise that neuronal surface autoan-
tibodies are ictogenic, but not epileptogenic, rendering the
CNS in a state prone to seizures, but once the underlying
condition is treated by a targeted therapy the seizures sub-
side. However, in patients with presence of intracellular
antibodies unprovoked seizures often occur, despite treat-
ment with ASM and immunotherapy, and although seizure
frequency decreases over time, patients rarely attain seizure
freedom and often develop epilepsy [110].

Table 2 Electroencephalogram hallmarks associated with autoimmune encephalitides (mainly anti-NMDAR antibody-associated-AIE) (modified

from [226] with permission)

Antibodies EEG phenomenon EEG signature

Prognosis/clinical significance References

Many antineuronal antibodies Limbic status epilepticus (SE) Synchronous generalized
rhythmic delta activity
around 2 Hz

Anti-N-methyl-D-aspartate “Delta-brush”

(NMDA)-R- antibody

Frontally emphasized GRDA,
frontally overlaid with beta
activity

Anti-NMDAR-antibody Relative increase in delta-
power beta frequencies vs.

the delta frequencies

Enhanced beta/delta power

Anti-NMDAR-antibody No term yet Rhythmic sinusoidal

Alpha activity

Anti-NMDAR-antibody “Alpha-arousal pattern” Virtually generalized, sudden

alpha activity after awaken-
ing
Normal occipital alpha rhythm

Anti-NMDAR-antibody “Probably not anti-NMDAR-

antibody encephalitis”

Rather unfavourable, but with
early onset of immunomodu-
lation favourable outcomes
can also be observed

Rather unfavourable find-
ings and associated with
prolonged course, and earlier
with a poorer prognosis,
but with early onset of
immunomodulation favour-
able outcomes can also be
observed, EEG-signature of
a non-convulsive SE?

"Precursor” of the "extreme
delta brush"?

In younger patients

May help distinguish anti-
NMDAR antibody-associ-
ated AIE from those with
other antibodies

Unclear (n = 3), outcome: 1
patient each with mRS 1, 2,
and 3

Unclear (n = 1), outcome: full
recovery after 9 months with
residuals

Normal initial EEG: prognos-
tically very favourable

[231, 232]

[232-239]

[106, 240, 241]

[242]

[236]

[106, 243-245]

AIE autoimmune-encephalitis, EEG electroencephalogram, GRDA generalized rhythmic delta activity, NMDAR N-methyl-D-aspartate receptor
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5 Pharmacological Treatment

As we have previously discussed, AIE often presents with
seizures (ASSAE), often refractory to ASM, and treatment
is mainly directed to the underlying cause —the dysregulation
of the immune system. Once the dominant type of immune
mechanism is identified and properly treated, most seizures
subside [8] (except those associated with anti-GAD65 anti-
bodies [49]). Therefore, immunomodulation is of major
importance in controlling seizures of immune-mediated
mechanisms. The following section will focus on proposed
practice recommendations of acute and long-term treatment
and will review modes of action of potential novel immuno-
therapeutic agents (Fig. 2, Table 3).

We would like to point out that the following paragraphs
(especially 5.1-5.4) are merely recommendations based on
already available literature, as there are no evidence-based
guidelines available. The second part on novel immunomod-
ulatory approaches is an overview of potential treatment
options on the horizon based on underlying pathophysi-
ological mechanisms; however, they are neither approved,

nor based on a guideline and are mainly derived from single
case reports/ series or from authors’ clinical experience.

As in many other severe acute diseases with the propen-
sity to relapse and/or chronification, the terms “first-line”
and “second-line treatment” have been increasingly used
without a clear definition, but they are mentioned in the first
large series of AIE patients [112] supported by expert opin-
ion [113] and then widely used and investigated [114]. While
corticosteroids, IVIG, and PLEX immunoadsorption were
considered to be first-line treatments, second-line treatments
include many immunomodulating agents administered for
achieving three goals: (1) to intensify the treatment in cases
with insufficiently controlled AIE, (2) to enable a continu-
ous corticosteroid-sparing maintenance therapy, and (3) to
prevent relapses of the disease.

5.1 Treatment of AIE
5.1.1 Acute Treatment in Suspected AIE

Early initiation of treatment correlates with better outcome
for patients. Therefore, empiric treatment in suspected AIE

Table 3 Potential biologicals for AIE and suspected immune-mediated seizures/epilepsy

Group Type Target Mechanism of action Drug
B cell depleting agents Anti-CD20 antibody CD20 Antigen CD20" B cell depletion Rituximab
Ocrelizumab
Ofatumumab
Anti-CD19 antibody CD19 Antigen CD19" B cell depletion Inebilizumab
Anti-CD38 antibody CD38 Antigen CD38* plasma cell depletion Daratumumab
Agents targeting pathogenic  Anti-FcRn antibody frag- FcRn Blocking of IgG recycling Rozanolixizumab,
antibodies/plasma cells and  ment and increased IgG degrada-  Efgartigimod-a
downstream mechanisms tion
Proteasome inhibitor Proteasome Promotion of plasma cell Bortezomib
apoptosis
Anti-C5 complement C5 complement Binding of complement 5 Eculizumab
antibody and prevention of cleavage
into C5a and C5b by C5
convertase
Agents targeting or modify-  Anti-IL-6R antibody IL-6 receptor Blockade of IL-6 receptor Tocilizumab
ing cytokines Satralizumab
Anti-IL-1R antibody IL-1 receptor IL-1 receptor blockade Anakinra
Anti-IL-18R IgG1K anti- IL-1p receptor IL-1p receptor blockade Canakinumab
body
Janus kinase inhibitor Janus kinase 1 and 3 Inhibition of cytokine signal ~ Tofacitinib

Other agents

Low-dose IL-2 therapy

Anti-TNFa receptor IgG1
antibody

CD80/CD86 ligand blocker

IL-2

TNFa receptor

CD80/CD86 ligand

transduction

Activation of T regulatory
cells and suppression of T
effector cells

Blockade of TNFa receptor

Blocking activation of T
cells

Adalimumab, Certolizumab,
Infliximab, Golimumab

Abatacept

CD cluster of differentiation, FcRn neonatal Fc receptor, /gG immunoglobulin G, IL interleukin, TNF tumour necrosis factor
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is usually started before laboratory results for antibody test-
ing return [15, 105]. The initial treatment of choice is high-
dose intravenous corticosteroids. If corticosteroids are con-
traindicated or treatment response is not sufficient, therapy
with IVIG or PLEX can be considered [14]. Starting a dual
therapy [e.g. (1) corticosteroids + IVIG or (2) corticoster-
oids + PLEX] from the onset of disease can be considered
in patients with severe initial presentations. In paraneoplas-
tic AIE with autoantibodies directed against intracellular
antigens, pathogenesis is cell- and not antibody-mediated,
making IVIG an ineffective treatment [14, 115]. Plasma
exchange may be especially effective in cases where high
antibody titres are present as it clears blood of pathogenic
antibodies [116]. An even more refined treatment strategy
consists of immunoadsorption where a specifically prepared
adsorption column targeting the specific pathogenic anti-
body of the patient binds and removes these antibodies from
the serum. This method showed better efficacy than PLEX
with fewer adverse effects in some small studies [117, 118].

5.1.2 Escalation Treatment in Suspected AIE

Second-line agents such as rituximab (RTX) or cyclophos-
phamide (CTX) can be implemented if no clinical improve-
ment is observed 2—3 weeks after the initiation of treatment.
Rituximab is thought to be more effective in patients with
antibody-mediated AIE [14], in contrast, CTX can be the
first choice in cell-mediated AIE where autoantibodies
are usually directed against intracellular antigens [119]. If
this does not lead to clinical improvement, experimental
approaches with IL-6 inhibitors (tocilizumab), low-dose
IL-2 therapy or proteasome inhibitors (bortezomib) can be
evaluated (later covered in more detail under the section of
potential novel immunomodulatory agents).

5.1.3 Symptomatic Treatment of Seizures During AIE

Treating the underlying condition by immunotherapy in
immune-mediated epileptic syndromes is crucial for seizure
control in AIE. Antiseizure medication can be considered
as an add-on therapy. Although there are no clear recom-
mendations for the choice of ASM in AIE, at least in anti-
LGI1 AIE, the inhibition of voltage-gated sodium channels,
for example with carbamazepine, was demonstrated to be
more effective than levetiracetam in reducing seizures [120].
In general, when treating AIE-related seizures, one should
avoid ASMs that are influenced by the hepatic cytochrome
450 (CYP450) enzyme system. Phenytoin, for example, is
mainly metabolised through the CYP450 enzyme system
isoforms CYP 2C9 and 2C19 [121] and reduces plasma
concentration of corticosteroids via enzyme induction while
corticosteroids reduce the availability of phenytoin by the
same mechanism [122, 123]. Carbamazepine and rifampicin

count as the most powerful CYP450 inducers [124, 125],
this also applies to phenobarbital, which shows a slightly
weaker effect [126]; in the context of AIE and AAE, this
is particularly important when using corticosteroids, doses
of which need to be higher by 50-60% and be cautiously
tapered. Valproate, on the other hand, is a CYP450 inhibi-
tor and may enhance the effect of certain medications [127].
Moreover, a recent review by Berman et al. discusses drug-
drug interactions of ASM and therapies using monoclonal
antibodies: although most combinations do not need special
precautions, in some specific combinations, drug monitor-
ing or dose adjustment is needed. It is important to know
that pro-inflammatory cytokines, like IL-6 and TNFa, may
reduce the expression of CYP450 isoenzymes, and therefore
increase the levels of ASM subject to CYP450 metabolism.
Contrarily, the application of antagonists of these cytokines,
like tocilizumab for IL-6, may reduce, i.e., “normalize” the
ASM level [128]. Therefore, potential drug interactions need
to be kept in mind in patients showing limited therapeutic
response when receiving ASM and immunotherapy. As a
general rule, antiseizure medications that alter CYP 3A4/5
and CYP 2C9/19 expression (induction or inhibition), like
carbamazepine, phenytoin, and to a lesser extent, ox-/esli-
carbazepine, phenobarbital, valproic acid, and the new ASM
cenobamate, as well as pure substrates of these CYP450
isoforms, like perampanel, zonisamide, and midazolam (all
3A4/5), and lacosamide and brivaracetam (both 2C19), may
be used with some caution together with cytokine antagonis-
ing antibodies targeting IL-6 and TNFa [129]. Antiseizure
medication, not subject to CYP450 metabolism, like leveti-
racetam, gabapentin, pregabalin, and lamotrigine, may be
preferred in this situation, although levetiracetam has been
shown inferior to sodium channel blockers in anti-LGI1-AIE
[120]. Furthermore, lamotrigine with its mandatorily slow
titration schedule might be a problematic choice in the acute
situation of AIE.

5.1.4 Long-term Treatment and Prevention of Relapse
in AIE

After high-dose immunotherapy, a subsequent bridging
therapy should be initiated as prompt discontinuation of
immunotherapy shows higher risk of relapse. Usually this
is performed by oral administration of corticosteroids with
a gradual corticosteroid taper. Alternatively, regular intra-
venous administration of methylprednisolone or IVIG can
be considered.

Relapses occur in about 20-32% of all patients [108,
130, 131]. In general, antibodies directed against surface
antigens have higher relapse rates than antibodies directed
towards intracellular antigens, especially if the underlying
tumour is treated accordingly [132]. Once a relapse occurs,
long-term immunosuppression is indicated. Azathioprine,
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mycophenolate mofetil, and RTX can be considered as long-
term treatment options. Maintenance therapy in a relapsing
course of disease has been suggested by some authors for up
to 3 years [132, 133].

5.1.5 Treatment of Paraneoplastic Comorbidity

In paraneoplastic AIE, treatment of the underlying neoplasm
is crucial. In some cases, patients do not need additional
immunotherapy as symptoms subside once the neoplasm is
appropriately treated, i.e., by surgery, chemotherapy or radi-
ation. Immune checkpoint inhibitors (ICIs) are used more
and more in oncologic treatment. Unfortunately, treatment
with ICI can be a cause of encephalitis or can contribute
to the exacerbation of AAE, which is why it is advised to
evaluate with treating oncologists if ICI should be discon-
tinued [134].

5.1.6 RITE and RITE? Score

The Response to ImmunoTherapy in Epilepsy (RITE) score
can be used to predict treatment response to immunomodula-
tion in patients with AE. It includes variables from the APE
score as well as the timepoint of initiation of immunotherapy
and the detection of antibodies directed against cell-surface
antigens. A RITE score > 7 predicts a favourable outcome
(reduction in seizure frequency of at least 50% after ini-
tiation of immunotherapy) and is correlated with an early
initiation of treatment and the presence of autoantibodies
directed against membrane-bound epitopes [135].

The RITE score was later modified to the RITE? score.
Dubey et al. investigated the RITE? score retrospectively
in patients with neural autoantibody positivity or favour-
able immunotherapy outcome in order to validate the score,
finding that a RITE? score > 7 had a sensitivity of 96%
for favourable response to immunotherapy. Interestingly,
a RITE? score < 7 was associated with refractoriness to
immunotherapy even among patients with neural-specific
autoantibodies indicating that the RITE* score might iden-
tify patients with pathogenic autoantibodies [136].

5.1.7 NEOS Score

The anti-NMDAR Encephalitis One-Year Functional Sta-
tus (NEOS) score assesses neurologic function 1 year after
diagnosis of anti-NMDAR-AIE. The score is associated with
poorer functional status 1 year after diagnosis. Interestingly,
a significant proportion of the patients with poor functional
status (> 3 points) at 1 year after diagnosis recovered to
good functional status (< 2 points) after 2 years of diagnosis.
So rather than a score to predict outcome, the score could be
used in clinical practice as a tool to evaluate initial course of
clinical improvement [137].
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5.2 Treatment of Autoimmune-associated Epilepsy

Since AAE is not a well-defined disease entity and patho-
physiological understanding is still lacking, there is limited
data available on treatment options for patients with sus-
pected AAE. In a trial by Toledano et al. [138], 110 patients
who reported seizures were screened. Twenty-nine patients
met the criteria for “suspected autoimmune epilepsy”, i.e.,,
presence of > 1 positive neural autoantibody, personal/fam-
ily history, or current signs of autoimmunity on examination
and frequent and pharmacologically uncontrollable seizures.
Seizure frequency was obtained by medical record review,
converted to weekly rates in order to calculate post-baseline
seizure frequency. A 6- to 12-week trial with intravenous
corticosteroids, IVIG or both was initiated, and responders
were defined as > 50% reduction in seizure frequency (cal-
culation of seizure quantification during the periods of time
following initiation as stated above). The study concluded
that 62% of patients were responders, of whom 34% attained
seizure freedom and 52% improved with the first agent.
This trial was not only proposed to justify further trials with
immunotherapy in patients with suspected AAE, but again
highlighted the considerable amount of AAE in patients pre-
senting with seizures and probable underdiagnosing of these
patients. The retrospective study of von Rhein et al. con-
versely looked at the effect of high-dose methylprednisolone
on outcome and its prediction in 28 patients with pharmaco-
resistant anti-neuronal antibody-negative temporal lobe epi-
lepsy with additional features suggestive of an associated
limbic encephalitis [clinical (cognitive decline, behavioural
problems), MRI, inflammatory CSF, PET]. They observed
seizure freedom in almost half of patients (46%) after 18
months of follow-up, but also worsening in one-third of
patients. Unfortunately, outcome was not predictable [139].
Since then, no newer data or randomized controlled trials
have become available on this very important and probably
not rare clinical situation.

5.3 Treatment of Epileptic Syndromes
with Suspected Immune Aetiology
without Known Autoantibodies—the Example
of Rasmussen Encephalitis

Epileptic syndromes with suspected immune aetiology with-
out known autoantibodies respond well to immunomodula-
tion while ASMs remain of limited use. Here we will elabo-
rate further on RE as an example for an epileptic syndrome
without known antibody target. While ASMs are ineffective
in RE [91], some patients improve from the administration
of corticosteroids [140], PLEX [141], IVIG [142] or tacroli-
mus [143] and azathioprine [144]. Other compounds used
in single cases include RTX, natalizumab, methotrexate
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(MTX), and alemtuzumab. In accordance with new find-
ings on the role of TNFa in icto- and epileptogenesis of RE
mentioned above, some patients showed partial benefit from
the TNFa antagonist adalimumab [145]. The most effective
treatment in this desperate situation consists of functional
hemispherectomy in children as early as possible since the
plasticity of the infant brain may lessen the severe sequelae
of the disease as well as of the surgical treatment [146].

5.4 Novel Inmunotherapeutic Players
on the Horizon

Emerging novel therapeutic agents targeting different players
in the immune cascade have arisen by progressively deci-
phering underlying pathomechanisms in AIE (Fig. 2). Some
of the following drugs are approved for other indications but
are off-label for the treatment of AIE and immune-mediated
seizures.

5.4.1 B Cell Depleting Agents

5.4.1.1 Rituximab (Anti-CD20 Antibody) As mentioned,
RTX—a B cell depleting therapy (BCDT) targeting the
CD20 antigen on the surface of B cells—is already used
for AIE as a second-line therapy. However, long-lived
plasma cells are not targeted by RTX [147, 148], which may
result in continuous production of pathogenic autoantibod-
ies and could explain why some AIE are RTX-resistant.
Novel BCDT do not only target CD19" and CD20* for B
cell differentiation but also CD38* and CD138* leading to
the suppression of plasma cell differentiation. Interestingly,
diseases mediated by the IgG, subclass, e.g., anti-MUSK
antibody myasthenia gravis or pemphigus vulgaris, respond
very well to RTX [149, 150], albeit for unclear reasons. It
has been proposed that IgG, production in IgG,-mediated
diseases are not driven by long-lived plasmablasts or if they
are, then potentially by CD20 expressing IgG, plasmablasts
[28, 151]. Considering these aspects, RTX may be a potent
first-line treatment in patients with AIE who are primar-
ily mediated by IgG,, like anti-LGI1-, anti-Caspr2-, anti-
DPPX- and anti-IgLONS5-AIE.

In general, a combination of B cell- and plasma cell-
targeting therapies may represent a therapeutic regimen
of therapy-refractory AIE as it would lead to a complete
suppression of B cells and antibody production. However,
data on efficacy and safety of such combination strategies
are limited. It needs to be kept in mind that—Ilike other
BCDT—effects of long-term B cell suppression can lead to
hypogammaglobulinemia, increased risk of infection/more

severe course of infection as well as lessened response to
vaccinations [152, 153].

5.4.1.2 Ocrelizumab and Ofatumumab (Anti-CD20 Anti-
body) Ocrelizumab is a humanised anti-CD20 monoclonal
antibody, which is used to treat relapse-remitting and primary
progressive multiple sclerosis. By binding to an overlapping
epitope, the mechanism of action is similar to RTX [154].
However, since it is derived from mostly human antibodies,
it is suggested that ocrelizumab might have a better efficacy
and an improved safety profile when compared to RTX [155]
To date, there has been only one prospective, randomised,
placebo-controlled trial aimed at investigating the role of
ocrelizumab in patients with AIE (NCT03835728). Unfor-
tunately, the study could hardly recruit patients, one patient
with anti-NMDAR-AIE (IgG,-mediated) showed improve-
ment, the other patient with anti-LGI1-AIE (IgG,-mediated)
remained clinically stable, one received placebo. No adverse
events were reported [156]. Another CD20-targeting ther-
apy that may be evaluated as a potential immunotherapy in
AIE is ofatumumab, a fully human anti-CD20 monoclonal
antibody that is used to treat relapsing-remitting multiple
sclerosis. To date no clinical trials exist using ofatumumab
to treat AIE.

5.4.1.3 Inebilizumab (Anti-CD19 Antibody) Inebilizumab
is a humanised anti-CD19 monoclonal antibody that is
approved in the USA for the treatment of neuromyelitis
optica spectrum disorders (NMOSD) [157]. As it depletes
CD19* B cells, including plasmablasts and plasma cells, it
is suggested to result in a sustained suppression of B cell
expression. There is currently one trial ongoing (ExTIN-
GUISH; NCT04372615) that investigates inebilizumab
in anti-NMDAR-AIE [158]. Currently, no other trials are
assessing inebilizumab in AIE.

5.4.1.4 Daratumumab (Anti-CD38 Antibody) Daratu-
mumab is a humanised anti-CD38 monoclonal antibody
that is approved for the treatment of multiple myeloma. The
CD38 epitope, an ADP-ribose hydroxylase, is upregulated
in activated plasma cells. Treatment with daratumumab
induces the death of these cells via various mechanisms,
amongst others via complement-dependent cytotoxicity
(CDC) [159]. In a study by Scheibe et al., five treatment-
refractory AIE patients were included and daratumumab
was administered in 4-20 cycles of 16 mg/kg which led
to the clinical improvement of all patients. Moreover, it
induced a significant reduction of autoantibodies in the
serum and CSF suggesting daratumumab as a potential
treatment option in otherwise non-responsive autoantibody-
mediated AIE [160].
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5.4.2 Agents Targeting Pathogenic Antibodies/Plasma
Cells and Downstream Mechanisms

5.4.2.1 Rozanolixizumab, Efgartigimod-a (Blockade
of FcRn) The neonatal Fc receptor (FcRn) is a protein on
endothelial cells that counteracts IgG degradation and
extends IgG half-life by recycling and transcytosis of IgG
within endothelial cells. Therefore, antagonism of FcRn
increases IgG degradation leading to lower circulating lev-
els of IgG (including pathogenic IgG autoantibodies) and
more IgG degradation [161]. The neonatal Fc receptor is
upregulated by proinflammatory cytokines. Emerging ther-
apies use antibody fragments to target the FcRn, with the
advantage of no widespread immunosuppression as in ther-
apies with IVIG or PLEX [161, 162]. Rozanolixizumab is a
humanised monoclonal anti-FcRn receptor IgG, antibody. It
binds the FcRn and therefore hinders recycling of IgG from
the blood and leads to a massive decrease of circulating IgG
[163]. There have been Phase 2 trials using rozanolixizumab
in refractory acetylcholine receptor antibody-positive myas-
thenia gravis [164] and immune-thrombocytopenia [165].
There is currently one study investigating rozanolixizumab
in anti-LGI1-AIE (NCT04875975)[166].

Efgartigimod-« is a humanised monoclonal antibody
fragment that has the same mechanism of action as rozano-
lixizumab and is already used for refractory acetylcholine
receptor antibody-positive myasthenia gravis [167]; how-
ever, no reports of use in AIE exist so far.

5.4.2.2 Bortezomib (Proteasome Inhibitor) Bortezomib is
a proteasome inhibitor that promotes apoptosis in plasma
cells as was shown in SLE [168, 169]. It is successfully
used for the treatment of multiple myeloma [170]. In AIE,
Shin et al. investigated the subcutaneous administration of
bortezomib in five patients with severe first- and second-
line-, as well as tocilizumab-refractory anti-NMDAR-AIE.
Clinical improvement was limited and hardly distinguish-
able from the natural course of disease [171]. However,
clinical improvement or even disease remission, as well as
the reduction of antibody titres upon administration of bort-
ezomib has been reported in two different studies of severe
therapy refractory anti-NMDAR-AIE [172, 173]. In a case
report of a young woman with anti-NMDAR-AIE, bort-
ezomib was administered within 42 days of hospitalisation
after the patient had already received intravenous corticos-
teroids, IVIG, PLEX and RTX and did not improve clini-
cally. The patient showed dramatic improvement within 15
days of bortezomib administration and was released from
ICU [174]. Whether the effect still was due to bortezomib, a
delayed effect of co-administered therapeutic agents, or the
natural course of disease remains to be determined. Overall,
bortezomib might represent a promising escalation therapy
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in severe cases of therapy-refractory AIE, although it has
only been investigated in small cohorts.

Theoretically, and similar to daratumumab, a combination
of B cell- and plasma cell- targeting therapies in refractory
AIE should lead to a complete suppression of antibody pro-
duction. A systematic review by Dinoto et al. [175], under-
took a screening of PubMed literature, employing “Anti-
N-Methyl-p-Aspartate encephalitis AND bortezomib” as
search terms and identified 29 patients from 11 articles with
anti-NMDAR-AIE who had received bortezomib as third-
line therapy. All patients were treated with a CD20-depleting
agent (RTX) beforehand and bortezomib was often adminis-
tered late in the disease course. More than half of all patients
(55%) had a favourable outcome; however, side effects, rang-
ing from haematological, infectious to gastrointestinal, were
reported in over one-third of all patients.

5.4.2.3 Eculizumab (Blocking the Complement Cas-
cade) The activation of the complement cascade has been
discussed to play a significant role in the pathophysiology
of AIE. Eculizumab is a humanised monoclonal anti-C5
complement protein-directed antibody, which acts by bind-
ing complement 5 and prevents cleavage of C5 into C5a and
C5b by convertase [176]. It is administered in anti-MuSK-
antibody-associated or otherwise drug refractory myasthe-
nia gravis [177-179] and could be considered as a potential
novel immunotherapeutic target in AIE with evidence for
complement-mediated pathogenesis [180-182].

5.4.3 Agents Targeting or Modifying Cytokines

5.4.3.1 Tocilizumab and Satralizumab (IL-6 Blockers) Toci-
lizumab and satralizamab are humanized monoclonal
antibodies that are directed against the IL-6 receptor. By
suppressing IL-6, differentiation of B cells into antibody-
producing plasma cells (possibly even into long-lived
plasma cells) driving the production of pathogenic autoanti-
bodies, is reduced [183—-185]. Tocilizumab has been admin-
istered in AIE patients refractory to RTX treatment, show-
ing a favourable clinical response (improvement of modified
Rankin Scale scores > 2 at 2 months) compared to other
immunotherapy strategies, as well as maintaining a long-
term favourable clinical outcome [186]. Studies have dem-
onstrated the successful use of tocilizumab as a second-line
therapy notably in anti-Caspr2 AIE, suggesting that IL-6
activation might play a significant role in this type of AIE
[187, 188]. One study in 2016 by Lee et al. [186] investi-
gated patients with AIE who did not respond to first-line
therapy and subsequent treatment with RTX. They divided
the patients into three groups: (1) the first group was admin-
istered tocilizumab, (2) the second group continued RTX
and (3) the third group was observational. Outcomes were
assessed after 1 to at least 9 months after therapy and sug-
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gested best outcomes in patients receiving tocilizumab
[186].

Another study by Lee et al. [189] in 2021 included 78
patients with paraneoplastic anti-NMDAR-AIE and teratoma
who received the T-SIRT regime (i.e., Teratoma Removal,
Steroids, IVIG, RTX and Tocilizumab). Including tocili-
zumab in the treatment regime lowered Clinical Assess-
ment Scale for Autoimmune Encephalitis (CASE) scores
(collected every 2 weeks for 12 weeks from baseline, every
month for the next 3 months and then every 3 months) when
compared to corticosteroids, IVIG and/or RTX only. They
found that independent of AIE severity, rapid initiation of
treatment yielded better outcome (completion of the SIRT
regime within 1 month of onset resulted in better 1-year
improvements in CASE scores and modified Rankin scale).
However, these findings were only observed in patients
exclusively with anti-NMDAR antibody-mediated- and ter-
atoma-associated AIE. Larger study populations are needed
to confirm these findings and to assess whether tocilizumab
could emerge as a preferred second-line therapy in certain
types of AIE. Moreover, there is also evidence that tocili-
zumab may be effective in paediatric cases; however, data
is limited [190].

5.4.3.2 Anakinra and Canakinumab (IL-1 Blockers) Anak-
inra is a synthetic analogue of the naturally occurring IL-1
receptor antagonist (IL-1Ra) and blocks the function of
proinflammatory IL-1 [191] by blocking the IL-1 receptor
(IL-1R). The effect of anakinra has shown effective preven-
tion in the development of epilepsy following inflammation-
associated epileptic seizures in animal models [192, 193].
One case involving a patient suffering from super refractory
status epilepticus in AIE reported a reasonable recovery
upon treatment with anakinra [194]. However, no clinical
studies in AIE exist to date.

Canakinumab is a human monoclonal antibody directed
against IL-1B and is amongst others used to treat juve-
nile idiopathic arthritis [195] and refractory gout [196].
The use of canakinumab in AIE may be hampered by its
failure to cross the intact BBB [197]; however, the BBB
is likely to become more permissible in AIE and, thus,
canakinumab may penetrate the brain parenchyma, as data
showing that both canakinumab and anakinra can reach
the brain compartment in significant concentration in an
in vitro model [198]. A case report on a patient with gen-
eralised epilepsy and poor response to multiple ASMs-
reported clinical response after therapeutic IL-1 blockade,
first by treatment with anakinra followed by canakinumab
with near resolution of seizures [199]. Additionally, a
recent systematic review by Costagliola et al. showed that
the use of anakinra/canakinumab reduced or arrested sei-
zure frequency in over 50% of all patients [200].

5.4.3.3 Tumour Necrosis Factor-Alpha (TNFaBlocker) Dif-
ferent types of I[gG1 antibodies blocking the TNF-a recep-
tor (such as adalimumab, certolizumab, infliximab, goli-
mumab) are used for the treatment of various autoimmune
diseases. However, anti-TNF-a antibodies have been also
been associated with the exacerbation of autoimmune dis-
eases, in particular multiple sclerosis [201]. There have
been very few case reports investigating infliximab in
AIE and only one report proposed infliximab as a poten-
tial treatment option [202]. Conversely, some patients
developed AIE after the initiation of infliximab treatment
[203]. A recent systematic review by Costagliola et al.,
highlighted a study by Lagarde et al. on the use of adali-
mumab in RE where a decrease in seizure frequency/sei-
zure remission in more than 50% of patients was observed
[145, 200].

5.4.3.4 Tofacitinib (JAK Inhibitor) Tofacitinib is a Janus
kinase inhibitor (JAK1 and JAK3) leading to the inhibi-
tion of signal transduction in cytokines [204]. It passes
well through the BBB and is currently used in refractory
rheumatoid and psoriasis arthritis. A case series by Jang
et al. presented eight patients with AIE who received at
least one of the following drugs: corticosteroids, IVIG,
RTX or tocilizumab without showing clinical improve-
ment. Two of the eight patients showed good response,
three demonstrated partial response and three did not
show clinical improvement (measured via clinical scores)
upon tofacitinib administration. Except for mild nausea
and transient neutropenia without fever in two patients,
no adverse events or signs of acute toxicity were reported
[205].

5.4.3.5 Low-Dose Interleukin-2 Therapy In other cases,
the function of IL-2 can be promoted, as an example: IL-2
activates T regulatory lymphocytes, which can attenuate
autoimmune processes by restricting T effector cells [206].
Lim et al. investigated the effect of a low-dose IL-2 therapy
in patients with AIE and resistance to first- and second-
line immunotherapies. They found that six of ten patients
showed an improvement in the modified Rankin scale, one
patient experienced grade 3 serious adverse event suggest-
ing that IL-2 might be a treatment option in therapy-refrac-
tory patients [207].

5.4.4 Other agents

5.4.4.1 Abatacept (CD80 and CD86 Ligand) Abatacept is a
humanised fusion protein consisting of a human IgG1 Fc
region protein and the extracellular domain of cytotoxic
T-lymphocyte-associated protein-4 (CTLA-4), a protein
receptor that functions as an immune checkpoint and is
used in rheumatoid arthritis. By binding CD80 and CD86,
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abatacept blocks the activation of T cells. To date, one case
of a child with juvenile idiopathic arthritis who was treated
with abatacept developed anti-NMDAR AIE; however, the
exact contribution of abatacept to the development of AIE
is unknown [208].

5.4.4.2 Belnacasan (VX-765) Belnacasan is a potent
inhibitor of caspase-1. This enzyme is involved in inflam-
matory processes and mechanisms associated with pyro-
and apoptosis; it also catalyses pro-interleukin-1 into
its active form Il-1p [209]. Inhibition of the enzyme is
likely to reduce the burden of inflammation, but was also
suspected to reduce epileptic seizures in patients with
chronic pharmaco-resistant focal epilepsy because of the
inflammatory processes associated with chronic epilepsy.
After convincing animal data [210], a Phase IIb study in
pharmaco-resistant epilepsy patients (NCT01501383) was
begun to evaluate safety and efficacy of this drug. The
study was halted after enrolling 40 of the 60 planned
patients by the company without official explanation, but
there were no safety concerns [211]. After this drawback,
the drug is currently in (pre-)clinical evaluation for cardio-
and neuroprotection, and Alzheimer’s disease [212-214].

5.4.5 Therapeutic Drug Monitoring

A study by Syversen et al. [215] investigated the outcome
of therapeutic drug monitoring (TDM) versus standard
therapy in patients with diagnoses of rheumatoid arthri-
tis, spondylarthritis, psoriatic arthritis, ulcerative colitis,
Crohn’s disease and psoriasis receiving infliximab. Thera-
peutic drug monitoring meant that at each infusion serum
levels of infliximab and antidrug antibodies were measured
and results were used to guide dosage increase or decrease
to reach the predetermined therapeutic range. Standard
therapy meant administration of infliximab based on clini-
cal judgement. Patients with TDM had significantly higher
sustained disease control and an absence of disease wors-
ening in follow-up of 52 weeks than patients with standard
therapy (74% of patients in TDM group vs. 56% in stand-
ard group). While to date no studies investigating TDM in
AIE exist, TDM in AIE could potentially be a promising
approach to better sustain disease control.

5.5 Other Treatment Options in Drug-Resistant
Epilepsy

5.5.1 Ketogenic Diet, Dysbiosis in Gut Microbiota
and Probiotics in Drug-Resistant Epilepsy

Ketogenic diet is considered as an additional treatment
option in epilepsy that is not responding to classic ASM,
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e.g., after two failed ASM treatments [216] and it almost
completely abolishes seizure activity in a rare genetic epi-
lepsy syndrome, glucose transporter-1 deficiency, within
days to weeks [217]. In other syndromes, ketogenic diet
can substantially decrease seizure frequency [218]. The
ketogenic diet metabolism shifts the use of glucose to the
use of fatty acids for energy, which results in the devel-
opment of ketone bodies. Ketone bodies are thought to
increase the seizure threshold by opening ATP-sensitive
potassium channels and therefore results in neuronal
membrane hyperpolarisation [219]. Many other mecha-
nisms on a cellular, receptor or neurotransmitter level,
like an increase in synaptic and whole brain GABA,
may play additional roles in the antiseizure effect of the
ketogenic diet [220, 221].

In that regard, it was shown that mice on a ketogenic diet
were protected from electronically induced seizures [222].
Another study showed that gut microbiota were altered in
patients with drug-resistant epilepsy with them yielding an
increase in numerous rare bacteria. Interestingly, gut micro-
biota of epilepsy patients that responded to ASM was simi-
lar to healthy controls [223]. In a clinical trial by Gomez-
Eguilaz et al. [224], patients with drug-resistant epilepsy
underwent probiotic treatment administered for 4 months.
Nearly one-third of all patients showed a > 50% reduction
in number of seizures.

These findings point to changes in gut microbiota as a
possible disease driving mechanism in drug-resistant epi-
lepsy. Restoration of gut microbiota, for example by fae-
cal transplantation or by administration of probiotics, could
potentially serve as a new therapeutical approach.

5.5.2 Epilepsy Surgery

If pharmacological options are exhausted and epilepsy
remains treatment resistant, surgical procedures such as
resection of tissue with epileptogenic potential or the
implantation of a neuromodulatory device can be evalu-
ated. In a study by Li et al. [109], 86 patients with drug-
resistant focal seizures were tested for autoantibodies
before surgical intervention, 33% patients showed unspe-
cific serum autoantibodies and 8% showed CNS-specific
autoantibodies. These patients were potentially missed as
patients with an epilepsy of autoimmune aetiology. Further
diagnostic work-up specifically for underlying immuno-
logical aetiologies based on the APES score, and, if appli-
cable, other treatment options such as immunomodulatory
treatment should be tried before moving to surgical inter-
vention. Even more so as the recent study of Carreno et al.
shows that the outcome of epilepsy surgery in patients with
drug-resistant temporal lobe epilepsy and presence of neu-
ronal antibodies seems to be worse than in other patients
without neuronal antibodies [225].
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6 Conclusion and Perspective

There have been substantial advances in our pathophysio-
logical understanding of immune-mediated seizures and epi-
leptic syndromes in the past years. Yet, navigating through
various clinical syndromes, namely AAE, AIE and ASSAE,
can still pose major challenges in the clinical routine, which
is due to (1) the clinical heterogeneous presentation with
overlapping clinical phenotypes, and (2) the underdefined
and changing terminology resulting in a lack of clear distinc-
tion between different disease entities. Unfortunately, the lat-
ter often results in the wrongful use of the term epilepsy in
acute seizures of immune-mediated cause, which often sub-
side when immune-mediated pathogenesis is correctly iden-
tified and treated. Missing the recognition of the immune-
mediated aetiology not only results in incorrect treatment,
but also in the wrongful diagnosis of epilepsy. This repre-
sents a major impact on patients’ lives by social restrictions
such as driving. It remains a key challenge for physicians to
clearly differentiate between ASSAE and AAE and to iden-
tify patients with epilepsy with an immune-mediated cause.
However, at what timepoint enduring acute seizures are con-
sidered to have progressed to epilepsy remains a key ques-
tion to be answered. Further, whether the higher frequency
of neuronal autoantibodies in patients with epilepsy points
to a pathogenic role of these antibodies or whether they are a
bystander phenomenon raises an additional challenge. Here,
the development of diagnostic scores to determine which
patients with epilepsy to test for neuronal autoantibodies
and subsequently to treat with immunotherapy has marked
a major advancement in clinical practice. Rapid initiation of
immunomodulation in immune-mediated seizures is crucial
as ASMs often fail and are usually only applied add-on for
symptomatic control of seizures.

To this date, no specific immunosuppressive therapy tar-
geting the specific underlying antibody exists. Yet, novel
immunotherapeutic strategies are emerging, targeting spe-
cific immune players of the involved immune cascade. Sev-
eral trials are being conducted implementing these drugs
in AIE. Moreover, new exciting clinical approaches such
as therapeutic drug monitoring to attain better disease con-
trol are gaining attention. In the past years, dysbiosis and
changes in gut microbiota have further been investigated
in patients with therapy-refractory epilepsy, which opens
up a completely novel field for clinical research with great
therapeutic potential.

To conclude, seizures with an underlying immune-
mediated aetiology are common and although the rapid and
accurate identification holds many challenges for clinicians,
immunomodulatory treatment often shows promising effects
for patients. Awareness that seizures of immune aetiology

of different aetiology and pathomechanisms exist is of high
clinical relevance. Whilst pathomechanisms are investigated
every day, we will surely learn more about novel immuno-
therapeutic strategies in the coming years.
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