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This review reports the available evidence on the activation of the innate and adaptive
branches of the immune systemand the related inflammatory processes in epileptic disorders
and the putative pathogenic role of inflammatory processes developing in the brain, as
indicated by evidence from experimental and clinical research. Indeed, there is increasing
knowledge supporting a role of specific inflammatory mediators and immune cells in the
generation and recurrence of epileptic seizures, as well as in the associated neuropathology
and comorbidities. Major challenges in this field remain: a better understanding of the key
inflammatory pathogenic pathways activated in chronic epilepsyandduring epileptogenesis,
and how to counteract them efficiently without altering the homeostatic tissue repair func-
tion of inflammation. The relevance of this information for developing novel therapieswill be
highlighted.

A
major clinical need forepilepsy is to develop

new drugs for controlling seizures in people
with pharmacoresistant epilepsy. Moreover, the

available treatments are symptomatic; therefore,

disease-modifying therapies for preventing the
onset or progression of the disease are missing.

The key molecular mechanisms underlying the

disease onset and its progression are still elusive,
although some signaling pathways have recently

been suggested to play a pathologic role (Pitka-
nen and Lukasiuk 2011). Experimental studies

and clinical evidence obtained in animalmodels

of epilepsy and human brain specimens from

various drug-resistant forms of epilepsy show

the activation of the innate and adaptive im-
munity mechanisms and the induction of the

associated inflammatory processes in the epi-

leptogenic foci (Aronica and Crino 2011; Vez-
zani et al. 2011b). A role of inflammatory mol-

ecules in the generation of seizures had been

first envisagedwhen selected anti-inflammatory
treatments, in particular, steroids, immuno-

globulins, and adrenocorticotropic hormone
(ACTH), were shown to control seizures in

pediatric epilepsies refractory to conventional

anticonvulsive drugs (e.g., infantile spasms,
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continuous spike andwaves in sleep, and epilep-

sy inRasmussen encephalitis [RE]). In addition,
specific epileptic disorders have been associated

with the presence of neuronal antigen-directed

antibodies in plasma or cerebrospinal fluid
(CSF). In some of these forms, the pathogenic

role of some autoantibodies is suspected based

on clinical and experimental findings (Bien et al.
2012). In recent years, immune cells producing

inflammatory molecules were detected in sur-

gically resected brain tissue from patients with
pharmacoresistant epilepsies without an auto-

immune etiology. A significant component of

this inflammatory response was confined to
brain resident cells (i.e., microglia, astrocytes,

and neurons) and is defined as “neuroinflam-

mation” (Vezzani et al. 2011b; Aronica et al.
2012b). Cytokines and related signaling mole-

cules were among the most prominently over-

expressed inflammatory mediators identified
in epileptogenic brain tissue. Besides glial cells,

inflammatory molecules are also produced and

released by neurons and endothelial cells of the
blood–brain barrier (BBB). Leukocytes can also

contribute to the inflammatory responses in ep-

ilepsy (Iyeret al. 2010a;Vezzani et al. 2011b; Bien
et al. 2012). A notable finding is that the inflam-

matory mediators (i.e., cytokines, chemokines,

prostaglandins, complement system) detected
in epilepsy brain specimens are not only effector

molecules of the immune system promoting

local inflammation and tissue recruitment of
peripheral immune cells, but they function as

“neuromodulators” (Vezzani et al. 2011c). In

fact, they activate their cognate receptors ex-
pressed by neurons, thus directly affecting neuro-

nal function and excitability (Viviani et al. 2007;

Vezzani et al. 2011c). Specific inflammatoryme-
diators were reported to significantly contribute

to the mechanisms of seizure generation and

to pharmacoresistence in experimental models
(van Vliet et al. 2010; Vezzani et al. 2011b).

This article will describe the recent evidence

related to the pathologic consequences of innate
and adaptive immunity activation in human

epilepsy, the mechanisms activated by inflam-

matory molecules or autoantibodies in target
cells, and their relevance for the onset and pro-

gression of the disease. Finally, we will discuss

the implications of these findings for epilepsy

therapy.

ACTIVATION OF INNATE IMMUNITY IN
EXPERIMENTAL MODELS OF EPILEPSY

Increasing evidence in animal models of epilep-

sy has shown a prominent role of glial cells in the
biosynthesis and release of the inflammatory

molecules (Aronica and Crino 2011; Vezzani

et al. 2011b; Devinsky et al. 2013). These cells
play the role of intrinsic innate immunity cells

of the brain in concert with extravasated mac-

rophages and granulocytes. In particular, epi-
leptogenic brain injuries (i.e., brain insults lead-

ing to or increasing the risk of the development

of epilepsy) or convulsive events (i.e., provoking
acute seizures) rapidly activate microglia and

astrocytes in the brain regions affected by the

pathologic event (Fig. 1). Glia activation occurs
also in genetic models of epilepsy, such as in

rats with spike-and-wave discharges mimicking

absence seizures (Akin et al. 2011), models of
tuberous sclerosis (Wong and Crino 2012),

and progressive myoclonus epilepsy of Unver-

richt–Lundborg type 1 (Tegelberg et al. 2012;
Joensuu et al. 2014). Notably, glia activation

occurs during epileptogenesis (i.e., the phase

that precedes the onset of the disease and ac-
companies its progression) (Pitkanen and Engel

2014) both in symptomatic and genetic epilepsy

models, and is maintained in the chronic epi-
lepsy phase (when the disease is established).

Both microglia and astrocyte activation corre-

lates with the number of spontaneous seizures
in animal models (Ravizza et al. 2008; Filibian

et al. 2012); in particular, the extent of astrocytes

activation as assessed by their content of myo-
inositol and S100b predicts the extent of cell

loss and the frequency of spontaneous seizures

in epileptic rats, respectively (Filibian et al.
2012). Increased numbers of macrophages and

neurotrophils in the brain have also been report-

ed during epileptogenesis (Fabene et al. 2008;
Zattoni et al. 2011).

On their activation, glial cells release a num-

ber of proinflammatory cytokines, for example,
interleukin (IL)-1b, high-mobility group box 1

(HMGB1), tumor necrosis factor (TNF)-a,
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and relatedmolecules, thus initiating a sustained
cascade of molecular events in the brain and

its microvasculature, which increases neuronal

excitability and lowers seizure threshold as
shown in the experimental setting (Vezzani

et al. 2011c, 2013b; Aronica et al. 2012b). Brain

inflammation may also promote cell loss; in
particular, status-epilepticus-induced up-regu-

lation of neuronal cyclooxygenase 2 (COX-2)

during epileptogenesis has been shown to play
a key role in the occurrence of neuronal cell

death.This effectwasmediatedbyprostaglandin

E2 (PGE2)-induced activation of the E-prosta-
noid 2 (EP2) receptors (Rojas et al. 2014). A role

in cell loss has also been ascribed to the activa-

tion of the complement cascade in neurons and
glia (also eliciting seizures) (Xiong et al. 2003)

and to neurotrophils that may enter the brain

BBB dysfunction

IL-1β HMGB1

Epileptogenic injuries
Resting

glia

Neuronal hyperexcitability Neuronal cell death

Activated 

glia

Figure 1. Pathophysiological consequences of glia activation in epilepsy. Epileptogenic injuries and recurrent
seizures activate glial cells (microglia and astrocytes), which release inflammatory molecules with proictogenic
properties, such as interleukin (IL)-1b and high-mobility group box 1 (HMGB1), therefore triggering neuro-
inflammation. This event leads to changes in brain physiology because cytokines provoke neuronal hyperex-
citability, blood–brain barrier (BBB) dysfunction, and contribute to neuronal cell loss. These pathologic
sequelae (panels in bottom row), in turn, perpetuate neuroinflammation, thereby leading to chronic lowering
of seizure threshold, and thus promoting epileptogenesis and seizure generation. Panels (top and middle rows)
depict confocal microscope pictures from the forebrain tissue of epileptic rats, showing IL-1b and HMGB1
expressed both in activated glial fibrillary acidic protein (GFAP)-positive astrocytes andCD11b-positivemicrog-
lia. No IL-1b staining in glia is detectable in physiological conditions (not shown). IL-1b-positive astrocytes are
observed in epilepsy tissue, also in close apposition to brain vessels (white arrow). HMGB1 is bound to nuclei in
brain physiology (not shown), while it translocates to cytoplasm in epilepsy tissue as depicted in the related
panels by cytoplasmatic and perinuclear staining in activated CD11b-positive microglia and GFAP-positive
astrocytes, respectively. Toll-like receptor 4 (TLR4) mediates the proconvulsive effects of HMGB1; their activa-
tion in astrocytes (second row, bottom panel) promotes neuroinflammation, whereas their activation in neurons
(not shown) mediates hyperexcitability (see Maroso et al. 2010).
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following brain injury (Fabene et al. 2008; Zat-

toni et al. 2011).

The Role of Innate Immunity in Seizures and
Epileptogenesis: Focus on IL-1R/Toll-Like
Receptor (TLR) Pathway

The IL-1 receptor (R)/TLR pathway is the
prototypical innate immunity signal activated

during the tissue response to infections. It

is instrumental for recognition of pathogens
(i.e., pathogen-associated molecular patterns

[PAMPs]) and their removal, thereafter pro-

moting tissue healing by activating the “homeo-
static-type” of tissue inflammation (Ulevitch

and Tobias 1995). In epilepsy, in the absence of

pathogens, this signaling is aberrantly activated
in glia and neurons by endogenous molecules

(i.e., damage-associated molecular patterns

[DAMPs]) released by injured or activated brain
cells, giving rise to the so-called “sterile inflam-

mation” (Bianchi 2007). Although the response

to pathogens engages both the innate and adap-
tive arms of the immune system, sterile inflam-

mation is predominantly driven and sustained

by the activation of innate immunity cells,
pivotally represented in the brain by microglia

and astrocytes. These cells recognize DAMPs,

including HMGB1, S100 proteins, adenosine
triphosphate (ATP), migration inhibitory fac-

tor-related protein 8 (MRP8), products of extra-

cellular matrix degradation, and, together with
IL-1b, they activate inflammatory pathways, in

part overlapping with those activated by in-

fection (Tsan and Gao 2004; Bianchi 2007).
Thesemolecules target their receptors expressed

by glia, neurons, and the microvasculature. Sig-

naling activation in glia is pivotal for generat-
ing tissue inflammation via NF-kB-dependent

transcriptional up-regulation of various inflam-

matory genes. Signaling activation in endothe-
lial cells of the BBB induces up-regulation of

adhesion molecules for the recruitment of cir-

culating leukocytes and provokes breakdown
of tight junctions contributing to BBB damage.

Activation of this pathway in neurons reduces

seizure threshold, thus playing a crucial role
in seizure generation and recurrence in epilepsy

models (Vezzani et al. 2011c, 2013a,b).

Pharmacological studies in neonatal/pre-
adolescent and adult rodents with acute or
chronic seizures, or exposed to a brain or sys-

temic inflammatory challenge using lipo-

polysaccharide (LPS), showed that proinflam-
matory cytokines, such as IL-1b, TNF-a, and

HMGB1, promote seizure generation and re-

currence, and contribute to behavioral deficits
mimicking cognitive dysfunctions and depres-

sion, which often represent epilepsy comorbid-

ities (Riazi et al. 2010; Galic et al. 2012; Pineda
et al. 2013; Vezzani et al. 2013a). Pharmacologic

antagonism of specific proinflammatory path-

ways activated in glia and neurons has been
attempted in animals with acute or chronic sei-

zures: the data showed a reduction of 50%–

70% of seizure recurrence by targeting IL-
1R1/TLR4 signaling or TNF-a/p55 receptors

demonstrating a significant anti-ictogenic effect

of such treatments (Vezzani et al. 2011c; Balosso
et al. 2013; Iori et al. 2013;Weinberg et al. 2013).

Pharmacological blockade of individual pro-

inflammatory pathways after an epileptogenic
injury and before epilepsy develops induced

disease-modifying effects (e.g., neuroprotec-

tion, decreased frequency and severity of chron-
ic seizures, reduced comorbidities) in animal

models, although not preventing the onset of

the disease (Vezzani et al. 2013a,b; Rojas et al.
2014). Accordingly, recent findings show that

TLR4 knockoutmice or rats treated with a cock-

tail of anti-IL-1b drugs and COX-2 inhibitor
develop less severe cell loss and milder epilepsy

after status epilepticus (Iori et al. 2013; Kwon

et al. 2013; Noé et al. 2013). This evidence sug-
gests that complementary anti-inflammatory

strategies may be required for attaining an effec-

tive control of brain inflammation because the
inflammatory process is highly reverberant and

broad, and various pathways are activated in

concert, particularly during epileptogenesis. In
this context, it will be important to identify key

“master regulators” of pathologic brain inflam-

mation in epilepsy for promoting its fast and
efficient resolution, thus preventing the delete-

rious consequences of uncontrolled and persis-

tent brain inflammation. One innovative strat-
egy for attaining upstream efficient control of

brain inflammation is indicated by the identifi-
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4 Cite this article as Cold Spring Harb Perspect Med 2016;6:a022699

w
w

w
.p

e
rs

p
e

c
ti

v
e

si
n

m
e

d
ic

in
e

.o
rg

 on August 24, 2022 - Published by Cold Spring Harbor Laboratory Press http://perspectivesinmedicine.cshlp.org/Downloaded from 

http://perspectivesinmedicine.cshlp.org/


cation of a family of microRNAs (miRNAs),

small noncoding RNAs, acting as key modula-
tors of the innate immune response and the

associated inflammation (Gantier 2010; Quinn

and O’Neill 2011; Jimenez-Mateos and Hen-
shall 2013). Using genome-wide miRNA array

platforms, subsets of differentially expressed

miRNAs have been measured in rodent brain
and blood after ischemic stroke, intracerebral

hemorrhage, and seizures, with unique signa-

tures and specific functions in seizure models
(Liu 2010; Jimenez-Mateos 2012; Gorter et al.

2014). Notably, ≏20% of brain-expressed mi-

RNAs are altered in epilepsy (Jimenez-Mateos
andHenshall 2013). Changes in specificmiRNA

expression occur in glia and neurons in human

temporal lobe epilepsy (TLE) foci, and bioinfor-
matic analysis identified the immune/inflam-

matory responses as their most prominent

targets (Kan et al. 2012a). Accordingly, the
immune/inflammatory responses are the bio-

logical processes more significantly altered dur-

ing epileptogenesis (Gorter et al. 2006). In par-
ticular, miR146a is specifically associated with

the modulation of IL-1R1/TLR4 signaling

(Quinn and O’Neill 2011) and is prominently
up-regulated in glial cells in human TLE, al-

though increased expression has been detected

also in neurons (Aronica et al. 2010). miR146a
expression is induced in human astrocytes cell

cultures by IL-1b andHMGB1 (Iyer et al. 2012).

The increased expression of miR146a induced
by IL-1b is associated with a parallel decrease

of IRAK-1-mediated signaling, thus indicating

that the miR146a inhibits IL-1R1/TLR4 intra-
cellular signal transduction. Transfection with

locked nucleic acid (LNA)–anti-miR146a be-

fore IL-1b stimulation prevented this signaling
down-regulationand, accordingly, enhanced IL-

1b-mediated induction of cytokines and COX-

2. Finally, human astrocytes transfection with a
specific miR146a synthetic mimic reduces IL-

1b-induced signaling cascade and the related ef-

fector molecules (Iyer et al. 2012). These data
suggest that miR146a is induced by cytokines

inhumanglial cells as anegative-feedbackmech-

anism to control the neuroinflammatory re-
sponse. In epilepsy, however, this control mech-

anismmay be inefficient as previously shown for

other defective endogenous anti-inflammatory

mechanisms, such as the insufficient induction
of IL-1R antagonist (IL-1Ra) (De Simoni et al.

2000; Oprica et al. 2003; Ravizza et al. 2006),

which is pivotal for controlling IL-1b signaling,
the CD59 inhibitor of the complement cascade,

or the ATF-3 transcriptional factor-inhibiting

TLR4gene expression (Aronica et al. 2007; Pern-
horst et al. 2013). Implementation of miR146a

effects may represent, therefore, a novel strategy

for upstream control of the pathologic brain
inflammatory response in epilepsy. Our recent

evidence indeed shows that synthetic miR146a

mimics significantly reduced seizures in mice
(unpubl.).

Mechanisms of Hyperexcitability Induced
by Inflammatory Mediators

Proinflammatory molecules, such as cytokines,
chemokines, and prostaglandins, have an in-

creasingly recognized “neuromodulatory” role

mediated either by the direct activation of their
cognate receptors in neurons or, indirectly, by

autocrine receptor stimulation in glia leading

to alterations of glial cell physiology, which, in
turn, perturb glioneuronal communications

(Aronica et al. 2012b; Devinsky et al. 2013).

IL-1b, TNF-a, and IL-6 and prostaglandins,
such as PGE2 and PGF2a, modify voltage- and

receptor-gated ion channel function via rapid

activation of posttranslational mechanisms in
neurons involving protein kinases (Viviani

et al. 2007; Kulkarni and Dhir 2009; Vezzani

et al. 2013b). Cytokines also promote changes
in neuronal glutamate (N-methyl-D-aspartate

[NMDA] and AMPA) and g-aminobutyric acid

(GABA)A receptor expression, and alter their
molecular subunit composition by activating

protein kinases (Stellwagen et al. 2005; Balosso

et al. 2009). Cytokines may increase neuro-
nal excitability also by inducing transcriptional

down-regulation of glutamate transporter GLT-1

in astrocytes, and by promoting astrocytic re-
lease of ATP, glutamate, glycine, and D-serine,

which, in turn, activate their neuronal receptors

and enhance glutamatergic transmission (De-
vinsky et al. 2013). Cytokines are also released

by perivascular astrocytes and microglia, there-
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by contributing to BBB dysfunction in epilepsy

(Vezzani and Friedman 2011). This phenome-
non leads to brain extravasation of serum albu-

min, which promotes seizures by inducing cyto-

kines in glia, and reducing Kir4.1 channels and
gap-junction coupling in astrocytes (Friedman

et al. 2009; Braganza et al. 2012; Frigerio et al.

2012).
Importantly, the same inflammatory mole-

cules, their cognate receptors, and cell signaling

contributing to experimental seizure generation
were found to be induced in human brain spec-

imens surgically resected from individuals af-

fected by various drug-resistant forms of epilep-
sy (Vezzani et al. 2011b). This set of evidence

reported in the next section highlights that the

presence of these inflammatory molecules in
the brain may represent a common pathologic

substrate contributing to seizuremechanisms in

different forms of symptomatic and genetically
determined epilepsies.

LEUKOCYTES IN SEIZURES

There is evidence for the presence of the periph-

eral immune cells in models of epilepsy, and
such a contribution differs depending on the

nature of the epileptogenic stimuli. In particu-

lar, lymphocytes have been found in the hippo-
campus after status epilepticus induced by sys-

temic injection of pilocarpine (Fabene et al.

2008) or intrahippocampal administration of
kainic acid in mice (Zattoni et al. 2011). Active

brain extravasation of these cells may contribute

to alter BBB permeability properties (Fabene
et al. 2008). The crucial question remains

whether this phenomenon is relevant for tissue

hyperexcitability or neuropathology. In pilocar-
pine-treated mice, leukocytes (i.e., neurotro-

phils, macrophages, and T cells) appear to play

a detrimental role in epileptogenesis because
mice lacking key adhesion molecules or those

treated with anti-integrin antibodies develop a

milder form of epilepsy and less neuropatholo-
gy (Fabene et al. 2008). Differently, in intrace-

rebral kainic acid–treated mice, macrophages

and T cells play a protective role by preventing
neurotrophil extravasation and delaying the on-

set and reducing the recurrence of spontaneous

seizures (Zattoni et al. 2011). As in human TLE

epilepsy tissue, the extent of T-cell infiltrates in
the rodent brain is limited andmostly restricted

to the perivascular space (Ravizza et al. 2006,

2008; Fabene et al. 2008;Marchi et al. 2010; Bien
et al. 2012).

INFLAMMATION IN PATIENTS WITH
REFRACTORY FOCAL EPILEPSY

Over the past decade, an increasing number of

clinical and neuropathological observations

show that activation of inflammatory processes
occurs in a variety of focal epilepsies without

infectious or immune-mediated etiology, such

as hippocampal sclerosis (HS) and focalmalfor-
mations of cortical development (MCD), focal

cortical dysplasia (FCD), and cortical tubers in

tuberous sclerosis complex (TSC) (Fig. 2) (for
reviews, see Aronica and Crino 2011, 2014; Vez-

zani et al. 2011a, 2013a; Aronica et al. 2012b).

HS

HS is the most common neuropathological

finding in patients undergoing surgery for in-
tractable TLE (Blumcke et al. 2013). Neuro-

pathological examination of surgical specimens

fromTLE patients withHS provides evidence of
a sustained activation of the innate immune

response, which involves both astrocytes and

cells of the microglia/macrophages lineage
(Sheng et al. 1994; Beach et al. 1995; Aronica

and Gorter 2007; Ravizza et al. 2008).

Positron emission tomography (PET) has
been used in an attempt to image activation of

astrocytes and microglial/macrophages in vivo

using radioligands for the detection of the
translocator protein (TSPO) (18 kDa, a marker

of neuroinflammation) (Chen and Guilarte

2008; Cosenza-Nashat et al. 2009). A recent
study reported an increased uptake of radioac-

tivity after injection of 11C-PBR28 (a new tracer

for the detection of TSPO) ipsilateral to the
seizure focus (within the hippocampus) of TLE

patients, particularly in patients with HS (Hir-

vonen et al. 2012). Additional studies are, how-
ever, needed to determine the clinical utility of

imaging TSPO, and to correlate increases in

A. Vezzani et al.
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TSPO binding with the neuropathological find-

ing in patients undergoing epilepsy surgery.
Large-scale gene-expression data, as well as

immunohistochemical studies, support the as-

sociation of astrogliosis and microglial cell ac-
tivationwith the induction of major proinflam-

matory pathways in patients with TLE (Crespel

et al. 2002; Aronica and Gorter 2007; Ravizza
et al. 2008; vanGassen et al. 2008). In particular,

the IL-1R/TLR-signaling pathways, which are

activated in experimental models of seizures
(see above), have been shown to be up-regulated

(Vezzani et al. 2011a; Aronica et al. 2012b).

Prominent overexpression of IL-1b and its re-
ceptor, IL-1R1, as well as TLR4 and its ligand,

HMGB1, has been detected in HS specimens

with a cellular and subcellular localization,

which confirms the findings reported in chronic
epileptic animals (Ravizza et al. 2008; Maroso

et al. 2010). Moreover, a recent study shows a

substantial correlation between TLR4 gene ex-
pressionand seizure frequency in thehippocam-

pus of patients with TLE (Pernhorst et al. 2013).

The complement system is another impor-
tant mediator of the innate response. Com-

ponents of the complement cascademay poten-

tially contribute to a sustained inflammatory
response and a destabilization of neuronal net-

works increasing vascular permeability, recruit-

ing immune cells, activating glial cells, and
enhancing production of chemokines and pro-

inflammatory cytokines, such as IL-1b (for re-

Innate immune

response

HS

Pathology

Innate and adaptive immune response
TSC

FCD
GNT T lymphocytes

Microglia

Inflammatory mediators

Cytokines, chemokines,

prostaglandins, components of the

complement system

Induction of various inflammatory pathways

e.g., IL-1R/TLR signaling pathways

Astrocytes

Figure 2. Inflammation in the brain of patients with refractory focal epilepsy. Schematic drawing summarizing
neuropathological observations that indicate the activation of inflammatory processes, and the concomitant
synthesis and release of inflammatory molecules (with neuromodulatory properties) in a variety of focal
epilepsies, such as hippocampal sclerosis (HS), focal malformations of cortical development (MCD) (focal
cortical dysplasia [FCD] type II, and cortical tubers in tuberous sclerosis complex [TSC]) and glioneuronal
tumors (GNTs). Neuropathological examination of surgical specimens from patients withHS provides evidence
of a sustained activation of the innate immune response, which involves both astrocytes and microglial cells.
Neuropathological examination of surgical specimens from patients with FCD, TSC, and GNT provides evi-
dence of activation of both innate and the adaptive immune response (with the presence of T lymphocytes
within the lesion). The identification of proinflammatory pathways, such as the interleukin (IL)-1R/toll-like
receptor (TLR)–signaling pathway, involved in ictogenesis in experimental models may create the basis to
develop effective therapeutic strategies to control pharmacoresistant seizures.
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view, see Lucas et al. 2006). Activation of the

classical complement pathway observed in ex-
perimental models of epilepsy has been report-

ed in human HS specimens with consistent as-

troglial and microglial expression of different
complement components, such as C1q, C3c,

and C3d, particularly, within regions in which

neuronal cell loss occurs (Aronica et al. 2007).
Activation of the plasminogen system, involving

neurons, reactive glial cells, and vascular endo-

thelium, may act in concert contributing to the
disturbance of the BBB and inflammation (Lo

et al. 2002; Del Rosso et al. 2008). Accordingly,

induction of both tissue plasminogen activator
(tPA) and urokinase plasminogen activator

(uPA) observed in different experimental mod-

els of epilepsy has been confirmed in HS spec-
imens (Iyer et al. 2010b).

Several studies point to the critical role of

chemokines in the control of acute and chronic
neuroinflammation in epilepsy (for review, see

Fabene et al. 2010). Both experimental and

human TLE studies provide evidence of an
up-regulation of components of the chemokine

signaling pathways (de Lanerolle and Lee 2005;

Aronica and Gorter 2007; van Gassen et al.
2008; Kan et al. 2012b; Xu et al. 2012). Interest-

ingly, the chemokine fractalkine/CX3CL1 has

been shown to modulate GABA-evoked cur-
rents in human epileptic brain tissue and the

expression of its receptor CX3CR1 was in-

creased in microglial cells, supporting the rela-
tion between neuroinflammation and GABAer-

gic function in human TLE (Roseti et al. 2013).

The immunoproteasome is an emerging
key player in antigen presentation, but also in

cytokine regulation (Ferrington and Gregerson

2012; Bellavista et al. 2013), which has been
recently shown to be deregulated in tissue from

TLE patients (Mishto et al. 2011). Additional

studies are, however, needed to better define
the cellular distribution and the significance of

this macromolecular complex in relation to the

clinical course of epilepsy.
Recently, attention has been focused on

the role of miRNAs as a new class of regulators

of the innate and adaptive immune response
(Sonkoly et al. 2008; Gantier 2010; Quinn and

O’Neill 2011). Differential expression of several

miRNAs implicated in the regulation of the IL-

1R/TLR–signaling pathways, such as miR146a,
has been shown in both animal models and hu-

man TLE (Aronica et al. 2010; Iyer et al. 2012;

Omran et al. 2012; Gorter et al. 2014). These
observations suggest the potential for targeting

miRNAas strategy formodulating inflammatory

pathways in TLE, as well as in different epilepsy-
associated glioneuronal lesions (Iyer et al. 2012).

Focal Malformations of Cortical
Development

These forms, which include FCD and cortical
tubers of patients with TSC, as well as glioneu-

ronal tumors (GNTs), are among the most

common causes of pharmacologically intracta-
ble epilepsy (Blumcke et al. 2009; Sisodiya et al.

2009; Aronica et al. 2012a; Barkovich et al. 2012;

Thom et al. 2012; Aronica and Crino 2014).
Neuropathological examination of surgical

specimens from patients with FCD provides

evidence of activation of both the innate and
adaptive immune responses and concomitant

induction of various inflammatory pathways

(Boer et al. 2006; Ravizza et al. 2006; Choi et
al. 2009; Iyer et al. 2010a). Moreover, in a cohort

FCD II case, the density of activated microglial

cells significantly correlates with the duration of
epilepsy, as well as with the frequency of seizures

before surgical resection (Boer et al. 2006).

Moreover, the number of activated microglial
cells and CD3/CD8 positive T cells, as well as

the expression of the major histocompatibility

complex class I (MHC-I) in neuronal cells and
the expression of complement components, IL-

1b and chemokines, was significantly higher in

FCD type II than in FCD type I cortical speci-
mens (Ravizza et al. 2006; Iyer et al. 2010a; Pra-

bowo et al. 2013a), supporting the notion that

these two types of FCD are pathologically dis-
tinct (Aronica and Crino 2014). In FCD II,

there is also evidence of activation of the plas-

minogen system (Iyer et al. 2010b), overexpres-
sion of HMGB1 and its receptors (TLR2, TLR4,

and RAGE) (Zurolo et al. 2011), and focal BBB

disruption (Prabowo et al. 2013a). These obser-
vations together support the critical role of a

sustained inflammatory response in FCD type

A. Vezzani et al.
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II, thus revealing pathways common to different

epileptogenic lesions (see above) (Aronica and
Crino 2011, 2014; Vezzani et al. 2011a, 2013a).

Similarly to FCD II, a complex activation of

proinflammatory signaling pathways has been
reported in cortical tubers in TSC patients

(Boer et al. 2008, 2010; Iyer et al. 2010b; Zurolo

et al. 2011; Aronica and Crino 2014). Interest-
ingly, evaluation of fetal TSC cases showed a

prenatal activation of the innate immune re-

sponse with premature activation of key inflam-
matory pathways, such as TLR signaling (Pra-

bowo et al. 2012).

Finally, both gene expression and immuno-
cytochemical studies provide evidence for a

prominent activation of both innate and adap-

tive immune systems in GNT with prominent
up-regulation of components in the IL-1R/
TLRpathways and the complement cascade (Ar-

onica et al. 2005, 2008; Ravizza et al. 2006; Pra-
bowo et al. 2013a). In ganglioglioma (GG), the

inflammatory changes are associated with evi-

dence of alterations in BBB permeability, albu-
min extravasation, and its uptake in tumor as-

trocytes (Prabowo et al. 2013a,b; Schmitz et al.

2013). Moreover, in GG, the expression of pS6
(marker of mammalian target of rapamycin

[mTOR] pathway activation) positively corre-

lates with the presence of perivascular cuffs of
lymphocytes, as well as with the MHC-I and

MHC-II expression and albumin extravasa-

tion/glial uptake within the tumor (Prabowo
et al. 2013b). These observations may support

thepotential relationshipbetween the induction

of the immune response and the activation of
mTOR, which may represent the link between

GNTandother focal epileptogenicdevelopmen-

tal lesions, such as FCD and TSC (for reviews,
see Crino 2011 and Aronica and Crino 2014).

Whether a deregulation the inflammatory

response during brain development may con-
tribute to progressive cognitive dysfunction de-

serves further investigation (Cohly 2005; Chew

et al. 2006; Chavan et al. 2012). Interestingly,
evidence of cell injury and premature neurode-

generation has been reported in TSC, FCD, and

GNT (Maldonado et al. 2003; Sen et al. 2007;
Boer et al. 2008, 2010; Choi et al. 2009; Iyer et al.

2014; Prabowo et al. 2014).

ADAPTIVE IMMUNITY IN EPILEPSY

The adaptive (or acquired) immune system is

the part of the immune system that prepares the

body for current and future challenges from
pathogens. However, it can also be maladaptive

and react to self-antigens, thus resulting in au-

toimmunity. Both antibody-mediated mecha-
nisms and T-cell cytotoxicity can be involved

in epilepsy and other seizure-related disorders.

Investigations of the brains of patients with
long-standing epilepsies have shownchanges in-

dicative of BBB damage with evidence of albu-

min and IgG extravasation in brain parenchyma
(Rigau et al. 2007; van Vliet et al. 2007; Ravizza

et al. 2008), although it is unclear how the BBB

becomes compromised initially.More recently, a
direct role has also been suggested for autoanti-

bodies in seizure-related diseases, such as RE,

forms of viral encephalitis, and encephalitides,
which are defined by the presence of specific

neural antibodies in serum and/or CSF (Table

1). Finally, autoantibodies are now being detect-
ed in patients inwhom seizures are the predom-

inant presenting symptom (Table 2).

Antibody-Associated Encephalitis

The antibodies associated with the autoim-
mune encephalitides can be divided into those

that are directed against intracellular targets

(such asGAD65, amphiphysin, and the oncoan-
tigens Hu, Yo, CRMP5, and Ma2) and antibod-

ies directed to surface receptors and the associ-

ated proteins: voltage-gated potassium channel
(VGKC)-complex, glutamate (NMDA, AMPA)

receptors, and the GABAA and GABAB recep-

tors. It is unlikely that autoantibodies to intra-
cellular antigens have the potential to be path-

ogenic and may simply represent a secondary

antibody response; however, there is growing
evidence that antibodies against surface recep-

tors may have a direct pathogenic role.

Paraneoplastic Encephalitides

The role of the cellular arm of the adaptive im-

mune system is most obvious in the paraneo-
plastic encephalitides, in which the serum anti-

bodies detected, so far, are directed against

Immunity and Inflammation in Epilepsy
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intracellular antigens. Neuropathological studies

have shown CD8þ T-cell infiltrates in the central

nervous system (CNS), although the direct target
antigen of these T cells is unknown (Graus et al.

1990; Posner 1991; Jean et al. 1994; Verschuuren

et al. 1996; Giometto et al. 1997; Dalmau et al.
1999; Bien et al. 2012). These T cells, reminiscent

of those reported in RE, are found in the vicinity

of neurons where they are posed to release cyto-
toxic granules and may, therefore, be directly in-

volved in neuronal cell death (Tanaka et al. 1998,

1999; Bernal et al. 2002; Bien et al. 2002, 2012;
Blumenthal et al. 2006).

RE

The first epilepsy syndrome in which the auto-

immune system was thought to play a signifi-
cant pathologic role was RE. Rabbits immu-

nized with recombinant glutamate receptor

type 3 (GluR3) developed severe seizures and

had inflammatory histopathological changes
in their brains similar to those found in patients

with RE. In addition, antibodies to GluR3 were

detected in the sera of some RE patients, and
plasma exchange in one child significantly re-

duced the serum titers of GluR3 antibodies, de-

creased seizure frequency, and improved neuro-
logic function (Rogers et al. 1994). However,

further studies failed to support these findings;

anti-GluR3 antibodies were infrequently found
in RE or intractable epilepsies (Wiendl et al.

2001; Watson et al. 2004) and few patients

showed sustained clinical improvement follow-
ing plasmapheresis (Andrews et al. 1996; Gra-

nata et al. 2003).Additionally, antibodies against

a number of other autoantigens, such as the a7-
nicotinic receptor or Munc-18-1, have been re-

ported in sera of a few RE patients (Watson et al.

2005; Alvarez-Baron et al. 2008), and the rele-
vance of these antibodies is questionable. How-

ever, the presence of autoantibodies suggests

that there is activation of the adaptive immune
system and may be a secondary phenomenon

following the intervention of cytotoxic T lym-

phocytes into the brain. Examination of the
brains from RE patients have shown that most

inflammatory T cells in the parenchyma are

CD8þ, with ≏10% of these cells being GrBþ

cytotoxic T cells. These cells are found polarized

toward neurons and astrocytes (Bien et al. 2002;

Bauer et al. 2007), and spectratyping of the
T cells extracted from active lesions show expan-

sion from discrete epitope-recognizing precur-

sor T cells (Li et al. 1997; Schwab et al. 2009).
Although it is unlikely that these T cells directly

cause the seizures, they certainly contribute to

the activation of the immune system in these
patients and play a major part in the neurode-

generative progression of disease.

NMDA Receptor (NMDAR) Antibodies
Encephalitis

The first of the antibody-mediated encephalitis

to be described was NMDAR-antibody enceph-

alitis, associated with autoantibodies against
the NR1 subunit of the NMDAR. This disorder

was first described in young women presenting

Table 1. Autoantibodies in seizure-related diseases

Disorder

Autoantibodies

to

Seizures

(% patients)

Limbic

encephalitis

VGKC-complex

(including

LGI1 and

CASPR2)

60–90

AMPA-receptor 40

GABAA-receptor 100

GABAB-receptor 100

GAD ≏100

Encephalitis with

hyperexcitability

DPPX 0–15

NMDAR-

encephalitis

NMDAR 77–100

Encephalitis

lethargica

NMDAR 50

Neuromyelitis

optica

Aquaporin 4 0

Cerebellar ataxia VGCC 0

GAD 0

Amphiphysin 0

mGlutamate-

receptor 1

0

VGKC, Voltage-gated potassium channel; VGCC, voltage-

gated calcium channel; LGI1, leucine-rich, glioma-inactivat-

ed 1; CASPR2, contactin-associated protein-like 2; GABA,

g-aminobutyric acid; GAD, glutamic acid decarboxylase;

NMDA, N-methyl-D-aspartate; NMDAR, NMDA receptor.
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Table 2. Autoantibodies in epilepsy (cohort studies)

Epilepsy N

Positivity

(%)

Autoantibodies

detected Notes References

Mixed Total 139 19 (13.6) 16 VGKC-c;

3 GAD

Patients with

highest VGKC

titers; all had

short duration

and additional

symptoms

consistent with

LE

McKnight

et al.

2005

AID or

suspected/
AID

72 15 (21) 14 VGKC-c;

1 GAD

VGKC-c high

DRE 67 4 (6) 2 VGKC-c;

2 GAD

VGKC-c low, GAD

titers high

Long-standing Total 106 (female) 6 (5) 5 VGKC-c;

1 VGCC

Majoie

et al.

2006

Mixed Total 416 46 (11) Highest prevalence

of antibodies

found in focal

epilepsies of

unknown cause

Brenner

et al.

2013

Consecutive

clinic

cohort

235 26 (11) 8 VGKC-c;

10 GlyR;

3 NMDA; 4

GAD; 1

VGKC/GlyR
NDC 181 20 (11) 12 VGKC-c;

1 GlyR; 4

NMDA; 3

GAD

Adult onset Total 144 6 (4.2) 6 VGKC-c (1

CASPR2; 1

LGI1)

Only looked for

antibodies to

VGKC-c

(,400 pM);

patients had

favorable

response to

immunotherapy

Lilleker

et al.

2013

Highly selective Patients in

whom AID

was known

or highly

suspected

32 29 (91%) 18 VGKC-c

(including

LGI1,

CASPR2);

7 GAD;

2 CRMP5;

1 MA2;

1 NMDAR

Patients were

highly selected

for autoimmune

profile;

immunotherapy

produced

improvement in

81% of patients;

18 were seizure

free

Quek et al.

2012

Adult

consecutive

with either

Total 81 13 (16%) Psychotic attacks,

nonspecific

MRI, and poor

AED drug

Ekizogluet

et al.

2014

FEoUC 55 7 (12.7) 4 GlyR;

2 NMDAR;

1 VGKC-c

Continued
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with an ovarian teratoma and, so, initially it

was considered to be paraneoplastic (Dalmau
et al. 2007, 2008). However, further studies

show that this occurs in both men and women,

and many patients are nonparaneoplastic (Irani
et al. 2010b). Clinically, a prodromal stage with

symptoms, such as fever, nausea, vomiting, or

diarrhea, can occur (Iizuka et al. 2008). Patients
may then go onto developing seizures (partial),

status epilepticus, short-term memory loss,

and, in addition, often show major psychiatric
symptoms, such as anxiety, fear, mania, and

paranoia. Without effective treatment, patients

will show severe movement disorders and a de-
crease in consciousness with effects on the

autonomic, system, which could result in death

(Dalmau et al. 2011). Children as young as 18
months have also been shown to be affected,

and it is harder to diagnose (Dale et al. 2009;

Florance-Ryan andDalmau 2010); the outcome
is usually good, but the recovery is slow with

frequent protracted symptoms.

Despite severe clinical signs, many patients
recover completely, but often requiring pro-

longed courses of immunomodulatory therapy.

Obviously, in paraneoplastic patients, most fre-
quently ovarian teratoma, tumor resection plays

an important role in clinical improvement. An

algorithm for immunotherapy administration

to these patients (Dalmau et al. 2011) involves
the use of second-line treatments, such as ri-

tuximab and cyclophosphamide, when first-

line therapies are noneffective. Further studies
focusing particularly on the cognitive deficits

have shown that there is a long-term morbidity

in this disorder, with a good outcome for the
patient dependent on early and aggressive treat-

ment (Finke et al. 2012). The brains of these

patients show few inflammatory cells (mostly
T cells) (Tuzun et al. 2009; Camdessanche et

al. 2011; Martinez-Hernandez et al. 2011; Bien

et al. 2012) and magnetic resonance imaging
(MRI), and pathological studies show that the

neuronal loss in most cases is remarkably mild

(Dalmau et al. 2007; Iizuka et al. 2010; Bien et al.
2012). The antibodies have been shown to be

pathogenic, at least in vitro. Incubation of ro-

dent hippocampal neurons with patient serum
IgG has shown marked cross-linking and in-

ternalization of the NMDARs, which, theoreti-

cally, could lead to a reduction of NMDAR
and to a state of reversible NMDAR hypofunc-

tion (Hughes et al. 2010). Very recently, a report

of a cohort of children who had neurological
relapses following an initial Herpes simplex

virus encephalitis (HSVE) were shown to have

Table 2. Continued

Epilepsy N

Positivity

(%)

Autoantibodies

detected Notes References

FEoUC or

MTLE-HS

response were

observed in

seropositive

patients

MTLE-HS 26 6 (23.1) 4 CASPR2;

1 GlyR; 1

VGKC-c

Children 114 11 (9.7) 4 VGKC-c;

3 CASPR2;

2 NMDAR; 2

NMDAR/
VGKC-c

Classification of

“unknowncause”

was higher in the

antibody-positive

patients (63%)

compared with

the antibody-

negative subjects

(26.7%)

Suleiman

et al.

2013

AID, Autoimmune disease; VGKC, voltage-gated potassium channel; GAD, glutamic acid decarboxylase; NMDA, N-

methyl-D-aspartate; NMDAR, NMDA receptor; DRE, drug-resistant epilepsy; LE, limbic encephalitis; CASPR2, contactin-

associated protein-like 2; LGI1, leucine-rich, glioma-inactivated 1; VGCC, voltage-gated calcium channel; FEoUC: focal

epilepsy of unknown cause; MTLE-HS, mesial temporal lobe epilepsy-hippocampal sclerosis; AED, antiepileptic drugs;

MRI, magnetic resonance imaging.
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antibodies to NMDAR, indicating that neuro-

logical relapses after HSVE could be immune
mediated.

VGKC Complex Antibodies Encephalitis

VGKC-complex antibody encephalitis can be
found both in paraneoplastic (Buckley et al.

2001) and nonparaneoplastic forms (Thieben

et al. 2004; Vincent et al. 2004). Although ini-
tially detected by their ability to immunopre-

cipitate radiolabeled-VGKC-complexes, it has

now been shown that these antibodies aremain-
ly directed to accessory proteins rather than the

VGKC itself. Three associated proteins have, so

far, been recognized: contactin-associated pro-
tein-like 2 (CASPR2) (Vincent et al. 2009; Irani

et al. 2010a; Vincent and Irani 2010; Lancaster

et al. 2011), leucine-rich, glioma-inactivated 1
(LGI1) (Irani et al. 2010a; Lai et al. 2010) and

contactin-2 (Irani et al. 2010a). Clinically, these

patients present with memory loss, confusion,
behavioral changes, and often prominent sei-

zures (Vincent et al. 2004; Chan et al. 2007).

Most of these patients do not have an underly-
ing tumor. A useful serummarker appears to be

the presence of a hyponatremia. An MRI typi-

cally shows a high signal in the temporal lobes,
but an increasing number of patients are being

diagnosed with normal imaging. However,

pathological investigation of brain tissue from
patients with VGKC-complex antibodies have

shown neuronal degeneration in the hippocam-

pus with infiltrating T cells (Bien et al. 2012),
and the presence of human IgG and compo-

nents of the complement cascade (Bien et al.

2012). Steroids, intravenous immunoglobulins
and plasmapheresis, and, occasionally, cyclo-

phosphamide have been found to improve the

neurological deficits, suggesting that the auto-
antibodies are pathogenic (Vincent et al. 2004;

Wong et al. 2010).

Autoantibodies to Glutamic Acid
Decarboxylase (GAD)

Antibodies to the intracellular enzyme GAD are

found at low to moderate levels in patients with

diabetes. However, high levels of GAD antibod-

ies have been recorded in a number of neuro-
logical syndromes, including stiff-person syn-

drome, cerebellar ataxia, and epilepsy. High

GAD levels have been found in ≏2% of patients
with focal drug-resistant epilepsies (Errichiello

et al. 2009; Liimatainen et al. 2009), and 6% of

childrenwith myoclonic epilepsy (Aykutlu et al.
2005). Malter and colleagues (2010) investigat-

ed a large cohort (n ¼ 138) of recent-onset ep-

ilepsy patients of whom nearly half fulfilled the
criteria for LE. Antibodies to VGKC-complex

antibodies were detected in 10 patients and

GAD antibodies in nine patients. The GAD-an-
tibody positive patients were more resistant to

immunotherapy and antiepileptic drug (AED)

treatments than patients with antibodies to
VGKC-complex and, so, represent a nonpara-

neoplastic chronic form of the disorder, which

should be included in the differential diagnosis
of TLE (Malter et al. 2010). Immunotherapies

offered to these patients have sometimes result-

ed in benefit, but, overall, the treatment prog-
nosis is poor (Giometto et al. 1999).

Although GAD is an intracellular enzyme

and, so, autoantibodies are unlikely to be path-
ogenic, recent studies have shown that the se-

rum anti-GAD antibody levels inversely corre-

late with cortical GABA levels as measured by
magnetic resonance spectroscopy (Stagg et al.

2010). Direct pathogenic activity of this sera

has also been shown electrophysiologically on
cultured hippocampal neurons using patch-

clamp techniques in which application of

GAD-positive sera onto cultured hippocampal
neurons increases the frequency of the postsyn-

aptic inhibitory potentials (IPSPs) resulting in

neuronal inhibition. Although this evidence
does not necessarily show a pathogenic role

for the anti-GAD antibodies, it supports the

hypothesis of pathologically active components
being present in the patient’s sera (Vianello et al.

2008).

Autoantibodies in Faciobrachial Dystonic
Seizures (FBDSs)

FBDSs have recently been reported as an immu-

notherapy-responsive disorder associated with

Immunity and Inflammation in Epilepsy
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antibodies to the VGKC-complex accessory

protein LGI1 (Irani et al. 2008, 2011; Barajas
et al. 2009). Patients present with frequent (me-

dian of 50 a day), short, unilateral paroxysmal

dystonic attacks, in associationwith sensory au-
ras, automatisms, and cognitive disturbances.

EEG changes have been recorded in a number

of these patients. FBDSs appear to predate the
onset of amnesia, which is seen in the “full-

blown” encephalitis (Irani et al. 2011), and it

is hypothesized that if an FBDS was identified
and treated early enough, then the progression

to LE could be avoided. Interestingly, treatment

with immunotherapy (corticosteroids) in these
patients is particularly effective and, in contrast,

FBDSs tend to respond poorly to AEDs (Irani

et al. 2011). In a recent studyof 10 patients, all of
whom received AED initially, in only one

patient was the seizure frequency reduced by

AEDs; however, on addition of immunothera-
py, a reduction of seizure frequency was ob-

served in the other nine patients. As well as

being ineffective in these patients, in several cas-
es, side effects that included marked cutaneous

reactions were recorded. It is, therefore, reason-

able to postulate that FBDSs represent an im-
munotherapy-responsive form of epilepsy asso-

ciated with a specific autoantibody to the

protein LGI1.

Autoantibodies in Idiopathic Epilepsies

Although unlikely to be the cause in the major-

ity of cases of epilepsy of unknown source, an

increasing number of studies have detected au-
toantibodies in the sera of a significantminority

of patients. Serum autoantibodies to compo-

nents of the VGKC-complex have been detected
in ≏7% of large cohorts of unselected patients

with epilepsy (McKnight et al. 2005; Majoie

et al. 2006). As more autoantibodies are being
discovered, the number of patients in which

these autoantibodies are detected is rising.

This is especially true in patients with acute or
subacute onset focal epilepsy of unknown cause

(Table 2), inwhich TLEwithHS canmanifest in

adult life. Around half of the patients have evi-
dence consistent with an autoimmune process

(Bien et al. 2007).

PATHOLOGICAL RELEVANCE OF
AUTOANTIBODIES IN EPILEPSY

Autoantibodies to a large range of neuronal

channels, receptors, and accessory proteins
have been described in patients with seizure-re-

lated disorders. A pathogenic role for these an-

tibodies is suggested by the clinical improve-
ment of the patients to immunomodulatory

therapy and the inverse relationship between

antibody titer and clinical status. However, the
precise mechanism of antibody action is largely

unknown. A number of experimental studies

have shown modulation, cross-linking, and
down-regulation of the target antigen by anti-

bodies to NMDA and AMPA (Lai et al. 2009;

Hughes et al. 2010). This down-regulation ap-
peared to dramatically reduce the synaptic lo-

calization of NMDARs on the hippocampal

neuron; however, in themodel system, the effect
was reversible and does not explain the role of T

cells in the system. Direct effects of antibodies

to AMPA receptors on the electrical currents
(mEPSC) on hippocampal neurons were also

shown using whole-cell patch-clamp studies,

whereas application to cultured hippocampal
neurons resulted in a significant reduction in

the number and density of the AMPA receptors

on the cell surface (Lai et al. 2009).
Similar direct effects were shown by Lalic

et al. (2010), who used whole-cell patch-clamp

recordings of rat CA3 pyramidal cells in hippo-
campal slices to investigate the action of VGKC-

complex antibodies. Synaptic stimulation of

CA3 neurons incubated in anti-VGKC-c IgG
induced epileptiform activity and increased the

tonic firing rate.

CONCLUSIONS

Clinical and experimental studies show the
presence of activated inflammatory cells (mi-

croglia, astrocytes, and leukocytes) and an in-

crease of various proinflammatory molecules
with the induction of the related signaling path-

ways in brain specimens of various drug-resis-

tant forms of epilepsies. There is also evidence
of serum autoantibodies in some forms of epi-

lepsy or seizure disorders. The relative contri-
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bution of the innate and adaptive immune sys-

tems to brain inflammation appears to vary de-
pending on the underlying epilepsy etiology.

Although activation of innate immunity, chiefly

involving glial cells, is commonly observed in
brain tissue surgically resected for therapeutic

reasons from drug-resistant epilepsies, activated

T cells, or circulating autoantibodies, are re-
stricted to more specific cases.

This evidence highlights a possible patho-

genetic role of either innate or adaptive
immunity response, or both, in epilepsy. Ac-

cordingly, in some cases of drug-refractory sei-

zures, anti-inflammatory or immunosuppres-
sive treatments have therapeutic effects.

The triggering factors of brain inflammation

reportedly shown in chronic epilepsy are still
hypothetical. In this context, experiments in an-

imalmodels show that epileptogenic brain inju-

ries (e.g., trauma, hypoxia/ischemia), mimick-
ing bacterial or viral infections (Galic et al. 2008,

2009; Riazi et al. 2010; Stewart et al. 2010), or

recurrent seizure activity per se (Vezzani et al.
2011c) can induce a prominent innate im-

munity response in glia, which activates rapid

and self-perpetuating inflammatory processes
in brain tissue (Aronica et al. 2012b; Vezzani

et al. 2013a,b). Notably, this innate immunity

response has a significant role in experimental
seizure generation, cell loss, and comorbidities

developing in the animals. As yet, no evidence is

available that the adaptive immune system can
contribute to seizures directly; however, indirect

mechanisms can be envisaged via secondary ac-

tivation of inflammatory processes in glia, cyto-
toxicity leading to neurodegeneration, or per-

turbation of BBB permeability.

The challenge for the exploitation of this
evidence for therapeutic purposes is to discover

the key molecular events inducing pathologic

inflammatory changes in the brain, and which
are the pivotalmechanisms bywhich inflamma-

tory cells and related molecules may compro-

mise brain function, thus promoting seizure
generation and brain pathology. These aspects

are under intensive investigation in animal

models of TLE, and increasing findings provide
proof-of-concept evidence of anticonvulsive or

neuroprotective effects of novel anti-inflamma-

tory treatments, which given alone or in com-

bination can inhibit pharmacoresistant seizures
and delay the progression of the disease. This

encouraging finding may have a high transla-

tional impact because various anti-inflammato-
ry treatments effective in animal models are

already in clinical use or have been clinically

tested in peripheral inflammatory diseases in
humans or in other CNS diseases with an in-

flammatory brain component (ClinicalTrials

.gov 2010; Vezzani et al. 2010, 2011a).
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Ravizza T, Gagliardi B, Noé F, Boer K, Aronica E, Vezzani A.
2008. Innate and adaptive immunity during epileptogen-
esis and spontaneous seizures: Evidence from experimen-
tal models and human temporal lobe epilepsy. Neurobiol
Dis 29: 142–160.

Immunity and Inflammation in Epilepsy

Cite this article as Cold Spring Harb Perspect Med 2016;6:a022699 19

w
w

w
.p

e
rs

p
e

c
ti

v
e

si
n

m
e

d
ic

in
e

.o
rg

 on August 24, 2022 - Published by Cold Spring Harbor Laboratory Press http://perspectivesinmedicine.cshlp.org/Downloaded from 

http://perspectivesinmedicine.cshlp.org/


Riazi K, Galic MA, Pittman QJ. 2010. Contributions of pe-
ripheral inflammation to seizure susceptibility: Cyto-
kines and brain excitability. Epilepsy Res 89: 34–42.

Rigau V, Morin M, Rousset MC, de Bock F, Lebrun A,
Coubes P, Picot MC, Baldy-Moulinier M, Bockaert J,
Crespel A, et al. 2007. Angiogenesis is associated with
blood–brain barrier permeability in temporal lobe epi-
lepsy. Brain 130: 1942–1956.

Rogers SW, Andrews PI, Gahring LC, Whisenand T, Cauley
K, Crain B, Hughes TE, Heinemann SF, McNamara JO.
1994. Autoantibodies to glutamate receptor GluR3 in
Rasmussen’s encephalitis. Science 265: 648–651.

Rojas A, Jiang J, Ganesh T, YangMS, Lelutiu N, Gueorguieva
P, Dingledine R. 2014. Cyclooxygenase-2 in epilepsy.
Epilepsia 55: 17–25.

Roseti C, Fucile S, Lauro C, Martinello K, Bertollini C, Es-
posito V, Mascia A, Catalano M, Aronica E, Limatola C,
et al. 2013. Fractalkine/CX3CL1 modulates GABAA

currents in human temporal lobe epilepsy. Epilepsia
54: 1834–1844.

Schmitz AK, Grote A, Raabe A, Urbach H, Friedman A, von
Lehe M, Becker AJ, Niehusmann P. 2013. Albumin stor-
age in neoplastic astroglial elements of gangliogliomas.
Seizure 22: 144–150.

Schwab N, Bien CG, Waschbisch A, Becker A, Vince GH,
Dornmair K, Wiendl H. 2009. CD8þ T-cell clones dom-
inate brain infiltrates in Rasmussen encephalitis and per-
sist in the periphery. Brain 132: 1236–1246.

Sen A, ThomM, Martinian L, Harding B, Cross JH, Nikolic
M, Sisodiya SM. 2007. Pathological tau tangles localize
to focal cortical dysplasia in older patients. Epilepsia 48:
1447–1454.

Sheng JG, Boop FA, Mrak RE, Griffin WS. 1994. Increased
neuronal b-amyloid precursor protein expression in hu-
man temporal lobe epilepsy: Association with interleu-
kin-1 a immunoreactivity. J Neurochem 63: 1872–1879.

Sisodiya SM, Fauser S, Cross JH, Thom M. 2009. Focal
cortical dysplasia type II: Biological features and clinical
perspectives. Lancet Neurol 8: 830–843.

Sonkoly E, Stahle M, Pivarcsi A. 2008. MicroRNAs and im-
munity: Novel players in the regulation of normal im-
mune function and inflammation. Semin Cancer Biol 18:
131–140.

Stagg CJ, Lang B, Best JG, McKnight K, Cavey A, Johansen-
Berg H, Vincent A, Palace J. 2010. Autoantibodies to
glutamic acid decarboxylase in patients with epilepsy
are associated with low cortical GABA levels. Epilepsia
51: 1898–1901.

Stellwagen D, Beattie EC, Seo JY, Malenka RC. 2005. Differ-
ential regulation of AMPA receptor and GABA receptor
trafficking by tumor necrosis factor-a. J Neurosci 25:
3219–3228.

Stewart KA, Wilcox KS, Fujinami RS, White HS. 2010. De-
velopment of postinfection epilepsy after Theiler’s virus
infection of C57BL/6 mice. J Neuropathol Exp Neurol
69: 1210–1219.

Suleiman J, Wright S, Gill D, Brilot F, Waters P, Peacock K,
Procopis P, Nibber A, Vincent A, Dale RC, et al. 2013.
Autoantibodies to neuronal antigens in children with
new-onset seizures classified according to the revised
ILAE organization of seizures and epilepsies. Epilepsia
54: 2091–2100.

Tanaka M, Tanaka K, Shinozawa K, Idezuka J, Tsuji S. 1998.
Cytotoxic T cells react with recombinant Yo protein from
a patient with paraneoplastic cerebellar degeneration and
anti-Yo antibody. J Neurol Sci 161: 88–90.

Tanaka K, Tanaka M, Inuzuka T, Nakano R, Tsuji S. 1999.
Cytotoxic T lymphocyte-mediated cell death in paraneo-
plastic sensory neuronopathy with anti-Hu antibody. J
Neurol Sci 163: 159–162.

Tegelberg S, Kopra O, Joensuu T, Cooper JD, Lehesjoki AE.
2012. Early microglial activation precedes neuronal loss
in the brain of the Cstb–/– mouse model of progressive
myoclonus epilepsy, EPM1. J Neuropathol Exp Neurol
71: 40–53.

Thieben MJ, Lennon VA, Boeve BF, Aksamit AJ, Keegan M,
Vernino S. 2004. Potentially reversible autoimmune lim-
bic encephalitis with neuronal potassium channel anti-
body. Neurology 62: 1177–1182.

ThomM, Blumcke I, Aronica E. 2012. Long-term epilepsy-
associated tumors. Brain Pathol 22: 350–379.

Tsan MF, Gao B. 2004. Endogenous ligands of Toll-like re-
ceptors. J Leukoc Biol 76: 514–519.

Tuzun E, Zhou L, Baehring JM, Bannykh S, Rosenfeld MR,
Dalmau J. 2009. Evidence for antibody-mediated patho-
genesis in anti-NMDAR encephalitis associated with
ovarian teratoma. Acta Neuropathol 118: 737–743.

Ulevitch RJ, Tobias PS. 1995. Receptor-dependent mecha-
nisms of cell stimulation by bacterial endotoxin. Annu
Rev Immunol 13: 437–457.

van Gassen KL, de Wit M, Koerkamp MJ, Rensen MG, van
Rijen PC, Holstege FC, Lindhout D, de Graan PN. 2008.
Possible role of the innate immunity in temporal lobe
epilepsy. Epilepsia 49: 1055–1065.

van Vliet EA, da Costa Araujo S, Redeker S, van Schaik R,
Aronica E, Gorter JA. 2007. Blood–brain barrier leakage
may lead to progression of temporal lobe epilepsy. Brain
130: 521–534.

van Vliet EA, Zibell G, Pekcec A, Schlichtiger J, Edelbroek
PM, Holtman L, Aronica E, Gorter JA, Potschka H. 2010.
COX-2 inhibition controls P-glycoprotein expression
and promotes brain delivery of phenytoin in chronic ep-
ileptic rats. Neuropharmacology 58: 404–412.

Verschuuren J, Chuang L, Rosenblum MK, Lieberman F,
Pryor A, Posner JB, Dalmau J. 1996. Inflammatory infil-
trates and complete absence of Purkinje cells in anti-Yo-
associated paraneoplastic cerebellar degeneration. Acta
Neuropathol 91: 519–525.

Vezzani A, Friedman A. 2011. Brain inflammation as a bio-
marker in epilepsy. Biomark Med 5: 607–614.

Vezzani A, Balosso S, Maroso M, Zardoni D, Noé F, Ravizza
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