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Introduction
Epilepsy affects approximately 1% of the population and can lead to a substantial decrease in quality of life and 
death in up to 5% of patients (1). Current treatment options focus on symptomatic control of neuronal hyper-
activity. Despite the development of numerous antiseizure medications (ASMs), nearly one-third of patients 
with epilepsy have drug-resistant epilepsy (2). The preponderance of epilepsy research has focused on altering 
neuronal activity, but there have been several exceptions focused on immunomodulation (3–5). Clinical evi-
dence for the role of neuroinflammation in epilepsy includes the use of corticosteroids in super-refractory epi-
lepsy and the antiinflammatory effects of several common ASMs (6–8). Longitudinal profiling of preclinical 
murine models such as pilocarpine-induced status epilepticus (SE) similarly implicate the immune system in 
epilepsy by demonstrating a transient increase in activated CD11b+ and F4/80+ macrophages followed by an 
increase in CD3+ T cells in the brain (9). Genetic and pharmacological manipulation of immunoreactivity also 
influences seizure prevention, threshold, frequency, and induction in preclinical models (10–13). More specifi-
cally, IL-1 receptor (IL-1R) upregulation has been noted after seizure activity, and Toll-like receptor (TLR) acti-
vation results in changes in synaptic transmission and long-term potentiation (LTP) (11). Reduced Ca2+ current 
repolarization and γ-aminobutyric acid (GABA) activity is associated with IL-1B activation (14). Furthermore, 
astrocytes have been shown to increase the excitatory neurotransmitter glutamate following IL-1R/TLR path-
way activation (15). Within the emerging field of metabolomics, many of which have immunomodulatory 
properties, there is increasing evidence that the immune system may be modulating epilepsy.

Types of human epilepsy
Human epilepsy encompasses a spectrum of  heterogeneous etiologies, with causality spanning from 
genetic to environmentally induced disease (Figure 1). The International League Against Epilepsy 
(ILAE) classifies epilepsy based on three diagnostic levels, including seizure type, epilepsy type, and 

Epilepsy has a profound impact on quality of life. Despite the development of new antiseizure 
medications (ASMs), approximately one-third of affected patients have drug-refractory epilepsy 
and are nonresponsive to medical treatment. Nearly all currently approved ASMs target neuronal 
activity through ion channel modulation. Recent human and animal model studies have implicated 
new immunotherapeutic and metabolomic approaches that may benefit patients with epilepsy. 
In this Review, we detail the proinflammatory immune landscape of epilepsy and contrast this 
with the immunosuppressive microenvironment in patients with glioma-related epilepsy. In the 
tumor setting, excessive neuronal activity facilitates immunosuppression, thereby contributing 
to subsequent glioma progression. Metabolic modulation of the IDH1-mutant pathway provides 
a dual pathway for reversing immune suppression and dampening seizure activity. Elucidating 
the relationship between neurons and immunoreactivity is an area for the prioritization and 
development of the next era of ASMs.
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epilepsy syndrome (16). Seizure type is based on what part of  the brain is involved. Focal seizures 
originate in one hemisphere, whereas generalized seizures involve bilateral hemispheres and can be 
of  unknown origin, with insufficient data to discern onset. For epilepsy type, it is critical to determine 
whether an initial seizure is provoked or unprovoked. A provoked acute symptomatic seizure may be 
attributed to an identifiable cause, such as a drug, toxin, metabolic disturbance, or acute structural 
injury. An unprovoked seizure occurs in the absence of  an inciting factor or more than one week after 
an acute insult/injury. Epilepsy syndrome is the third level of  identification and is based on a constel-
lation of  signs, symptoms, and diagnostic tests that are common to a specific disorder. Key diagnostic 
information includes clinical history, seizure type(s), electroencephalography, and imaging. These syn-
dromes are more commonly identified in childhood and have a broad range of  etiologies. The identifi-
cation of  an epilepsy type and syndrome can help inform individuals as to their risk of  potential asso-
ciated comorbidities such as intellectual disability, psychiatric symptoms, sleep disturbances, and more.

The underlying etiology of  a person’s epilepsy, such as structural, genetic, infectious, metabolic, 
immune, unknown, or a combination thereof, guide treatment and prognostication (16). Despite advances 
in diagnostic testing, up to one-third of  patients with epilepsy have an unknown underlying etiology (16). 
The most common surgically treated epilepsy syndrome is mesial temporal lobe epilepsy (MTLE), often 
associated with hippocampal sclerosis (16). Although this syndrome may be an acquired cause of  epilepsy, 
certain genetic factors may contribute to the development of  hippocampal sclerosis (17, 18). Other acquired 
structural pathologies that can result in a seizure include stroke, traumatic brain injury, tumor, or CNS 
infections (e.g., herpes simplex virus). Some structural abnormalities may be genetic, such as malforma-
tions of  cortical development. Genetic epilepsies are associated with known or presumed genetic mutations 
that may be complex and involve multiple genes and/or environmental factors. In certain circumstances, 
such as tuberous sclerosis or focal cortical dysplasia, seizures are due to a combination of  genetics and 
structural lesions. Metabolic disorders due to genetic aberrations may also ultimately result in disruption 
of  biochemical pathways. Downstream effects of  abnormal metabolism include accumulation of  toxic sub-
stances and disruption of  electrolyte levels that may lead to seizures.

The immune system likely contributes to the development of  epilepsy, with some types of  epilepsy 
having a clear connection to immune dysfunction, such as paraneoplastic encephalitis and autoimmune 
encephalitis (e.g., NMDA receptor encephalitis). Over the last decade, studies have implicated the immune 
system in other types of  epilepsy and syndromes that were not traditionally attributed to the immune sys-
tem by the ILAE (19–21); however; in 2017, the ILAE introduced a new classification of  “autoimmune 
epilepsy” in light of  the growing research recognizing the importance of  immune etiologies for epilepsy.

Immunological reactivity in human epilepsy
There is a paucity of  human data regarding immune cell profiling in patients with epilepsy and existing stud-
ies often include various epilepsy types. The prototypical example of  inflammatory epilepsy is Rasmussen 
encephalitis, which is possibly triggered by autoimmunity or a yet to be identified virus (22, 23). Analysis 
using immunohistochemistry, flow cytometry, and T cell receptor sequencing of  brain tissue from Rasmus-
sen patients revealed an activated and proinflammatory T cell response (24). More recent studies spanning 
various types of  epilepsy such as Sturge Weber, focal cortical dysplasia, temporal lobe epilepsy, etc., identi-
fied an activated microglial population that may be interacting with T cells based on physically interacting 
cell sequencing analysis (20). However, a limitation of  this study was the use of  postmortem brain, which 
likely had degradation of  mRNA subgroups (25). Additionally, this study included a heterogeneous epilepsy 
population, with variable immunoreactivity skewing specific immune signatures. Other studies using human 
samples have found a substantial T cell population within epileptic pediatric patients. Flow cytometric anal-
ysis of  brain specimens from a variety of  pediatric epilepsy patients (n = 33, including MTLE, focal cortical 
dysplasia, encephalomalacia, and Rasmussen encephalitis) found frequent myeloid cell and CD4+ and CD8+ 
T cell infiltration (19). Deeper analysis of  myeloid cell composition showed that activated blood-derived 
immune cells, but not microglia, correlated with seizure frequency. Most strikingly, γδ T cells were frequently 
identified and directly correlated with disease severity, whereas Tregs inversely correlated with disease severi-
ty (19). Preclinical mouse models corroborated these results. Mass cytometric approaches revealed increased 
IL-17–producing CD4+ and CD8+ T cells, with decreased LAG3+CD8+ T cells in the peripheral blood (21). 
Immunohistochemistry of  nine patients with MTLE displayed increased activation of  microglial cells and 
vessel-associated leukocytes (26). However, this analysis was confounded by the lack of  a microglia-specific 
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marker and relied on morphology and CD45+ staining, which cannot discriminate between peripherally 
derived immune cells. An immunohistochemistry-based study of  cortical tissue from 13 patients with vari-
ous epileptic syndromes found increased IL-1B, IL-8, IL-12p70, and MIP-1b in the epileptogenic focus (27). 
It is likely that there are significant differences in the types and extent of  immunoreactivity between the 
various etiologies of  epilepsy and clarification of  immunomodulatory targets would provide supplementary 
strategies for therapeutic manipulation. There is insufficient information at this time to guide clinicians to 
specific precision medicine immunomodulatory strategies, because the immune characterization and profil-
ing of  targets have not yet been done in a sufficiently rigorous fashion to make a recommendation.

Preclinical murine models of epilepsy
Multiple preclinical murine models of  epilepsy have been developed to study the pathophysiology of  both 
acute and chronic epilepsy and to evaluate potential novel treatment approaches. Kainic acid (KA) and 
pilocarpine are the two most common chemoconvulsants used to study chronic epilepsy (28). The KA and 
pilocarpine models were designed to mimic temporal lobe epilepsy (TLE) and display a similar clinical 
course and pathological findings as patients with chronic epilepsy (28–31). Specifically, these models show 
that an initial injury of  the hippocampus/temporal lobe causes SE, with a latent period before spontaneous 
seizures that are followed by chronic spontaneous recurrent seizures. Histology in the preclinical models 
closely recapitulates the disease within human patients. The KA model causes recurrent seizures, with 
hippocampal sclerosis. The damage in the KA models is restricted to the hippocampus, which can be ben-
eficial for studying behavioral changes; however, when seizures spread in patients with MTLE, the entire 
temporal lobe may be involved. There is age-dependent seizure penetrance in these models, with younger 
animals being more susceptible to KA, which must be considered when modeling pediatric versus adult 
MTLE. The pilocarpine model resembles human hippocampal seizures and shows similarities in affected 
networks and the neurochemical changes observed in patients with TLE (32–34). Importantly, pilocarpine 
administration causes neocortical lesions. While pilocarpine induces a more uniform spontaneous seizure 
frequency compared with KA, the duration of  the SE is still variable, ranging between 30 minutes and 2 
hours, which may affect immune cell infiltration following the initial induction. Shared limitations for 
both models include time constraints to reach chronic epileptic states, high mortality, and heterogeneity in 
spontaneous seizure frequency and severity. In both models, the seizure-inciting etiology is known but in 
humans, the initial injury is often unknown and the immune infiltration may be a component of  the initial 
inducing event, which is not currently modeled in animals. Similarly, the temporal dynamics cannot be 
fully captured by such models given the heterogeneity and uncertainty in humans. In addition to induced 

Figure 1. Schematic overview of epilepsy diagnosis and common etiologies of epilepsy, from genetic to environmental. 
TBI, traumatic brain injury.
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chronic epilepsy models, acute seizure models are typically used for drug screening, where ASMs are com-
monly given one hour before electroshock and seizure frequency is measured (35). These models may be 
appropriate for testing seizure-terminating drugs but their utility in assessing immune therapeutics is uncer-
tain, as these drugs would likely be intended to modulate the development of  chronic epilepsy.

T cell responses during acute epilepsy
T cell brain invasion has been noted in mice with KA-induced epilepsy and tissue obtained from patients with 
TLE (26). However, a recent single-cell analysis of  RNA from human epileptic tissue showed few T cells, 
corroborating prior immunohistochemical analysis of  the hippocampus from patients with TLE (20, 36). In 
RAG1-KO mice, which lack T and B cells, KA administration increased neurodegeneration and resulted in 
earlier onset of  seizures, suggesting a potential neuroprotective effect of  T cells (26). In KA murine models, 
γδ T cell– and IL-17RA–deficient mice had decreased seizure activity compared with Treg-depleted mice, 
with increased seizure activity, thus highlighting immune modulation as a potential therapeutic option (19). 
Immune profiling of  children with febrile infection–related epilepsy syndrome (FIRES) found decreased 
circulating naive T cells and Tregs and impaired TLR responses in peripheral blood (37). However, the role 
of  T cells might not be so clear, as a recent study using OT-1/Rag1–/– mice found that CD8+ T cells exert 
neurotoxic effects on hippocampal neurons, which lead to TLE secondary to limbic encephalitis (38).

Differences noted between human and murine models may be attributed to the time point analyzed. 
Human tissue obtained during routine epilepsy surgery is acquired from patients who have failed multiple 
ASMs and are in the chronic stage of  the disease. In contrast, murine model analysis is typically done in a 
more acute setting. Even in models such as pilocarpine and KA that attempt to recapitulate the chronic set-
ting, mice are analyzed after just a couple weeks of  seizures relative to the many years of  seizures patients 
often endure before undergoing epilepsy surgery.

Microglia surveil and prune neuronal activity
Microglial cells are the primary resident immune cells of  the brain surveying the CNS to remove debris and 
direct proinflammatory responses. During CNS development, synapses are initially overproduced and then 
pruned based on neuronal activity. Microglia are crucial for healthy neuronal development and synaptic 
maturation, where they play a major role in this synaptic pruning (39–41). While the mechanism of  synaptic 
pruning has not been fully elucidated, the CX3CR1/CX3CL1 pathway has been implicated, as neurons 
upregulate CX3CL1 during maturation. Indeed, CX3CR1-KO mice have higher numbers of  synapses and 
a higher frequency of  miniature excitatory postsynaptic currents. Even after development, microglia can 
sense glutamate and GABA concentrations in the extracellular matrix through various glutamate transport-
ers (EAAT/SLC1A3 and xCT) and GABA receptors (GABABRs) (42–44). Of  note, expression of  these 
transporters relies heavily on the location and activation state of  the microglia. Microglia upregulate these 
transporters, and chronic activation of  these receptors and binding of  glutamate onto microglial AMPA and 
kainate receptors leads to the release of  proinflammatory cytokines like TNF (Figure 2A). A feedforward 
loop can be set up through glutamate activity in which microglia may also secrete additional glutamate and 
TNF (42, 45–47). Microglia express metabotropic glutamate receptors, including mGluR2/3/5. Activation 
of  mGluR2 promotes neuroinflammation through the release of  inflammatory cytokines and glutamate; in 
contrast, mGluR5 activation is neuroprotective (28–50). However, the expression of  mGluRs on microglia 
may be limited, and the physiological role of  these receptors still needs to be elucidated. Additionally, activa-
tion of  microglia leads to increased MHC-II expression and glutamate release, potentially leading to a toxic 
feedback loop that increases neural activity, microglial activation, and aberrant synaptic pruning (42–50).

Microglia are capable of  sensing GABA through GABABR and a unique population of  GABBR1- and 
GABBR2-expressing microglia specifically prune inhibitory (GABAergic) synapses, thus providing a poten-
tial mechanism for microglia-dependent epileptic activity through reduction of  miniature inhibitory postsyn-
aptic currents. These studies focused on understanding the role of  microglia in normal brain development 
but also suggest that deficits in microglia might contribute to neurological disorders that involve aberrant 
electrical and synaptic activity, i.e., epilepsy. For example, chronic immune activation and neural signals 
can promote excessive pruning, leading to destruction in synaptic architecture and suggesting that reducing 
microglial synaptic pruning has therapeutic potential (51). Interestingly, conditional KO of  GABBR1 on 
CX3CR1 cells did not result in increased KA sensitivity in the acute setting; however, the chronic epileptic 
phase of  KA administration was not tested in these mice (43, 44).
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Brain-resident microglia likely support chronic epilepsy
Given the ability of  microglia to preferentially prune either excitatory or inhibitory receptors based on 
expression and activation states, aberrant microglial activity may promote epileptogenic activity. The role 
of  microglia as either pro- or antiepileptic is controversial and may be a function of  distinct phenotypic 
morphology and activation states based on distance from epileptic foci and chronicity/type (52–54). In 
the epileptogenic foci and sclerotic areas, activated proepileptic microglia are the most frequent (26). 
Morphological, functional, and transcriptomic analyses show increased activated microglia with com-
panying proinflammatory cytokines in sclerotic areas of  the hippocampus compared with nonsclerotic 
areas (53). Murine models are consistent in showing increased IL-1β, CXCL8, and TNF-α after seizures 
in the focal areas. Microglia have been shown to produce elevated ROS levels in both SE and other refrac-
tory epilepsy models (54–58). In pilocarpine-induced epilepsy models, NOX2 is the main source of  ROS 
and is produced by microglia (59). ROS have been shown to support LTP and long-term depression of  
neuronal activity through activation of  various protein kinases, including those of  the ERK pathway (60, 
61). MyD88, which promotes cytokine secretion and subsequent peripheral immune cell recruitment, 
is another key pathway implicated in the epileptogenic role of  microglia (62, 63). Inhibition of  MyD88 
increased microglia polarization to the M2 phenotype and improved outcomes after SE (64). Several oth-
er proinflammatory modulators on microglia may dampen seizure activity. Apoptosis signal–regulating 
kinase 1 (ASK1) participates in inflammation, apoptosis, and cell proliferation (65). Studies have shown 
increased levels of  ASK1 in hippocampal slices from patients with epilepsy and in preclinical rat models 
(66, 67). ASK1 is highly expressed in microglia and macrophages during the acute phase of  epilepsy, and 
ASK1 KO reduced seizure activity in the acute phase and the frequency of  spontaneous recurrent seizures 
in the chronic phase (65). Cumulatively, these data indicate that microglia might have a role in prolonging 
neuronal hyperexcitation and chronic epileptic states.

Figure 2. Proinflammatory microglia facilitate chronic epilepsy. (A) Microglia facilitate chronic epilepsy through direct and indirect interactions with 
excitatory and inhibitory neurons, leading to sustained aberrant electrical activity and scar formation. Microglia interact with both excitatory and inhibi-
tory neurons. During development, signaling through GABAB receptors leads to inhibitory synaptic pruning. Microglia also have various glutamate recep-
tors on their surface, including EAAT and AMPA. Signaling through these receptors leads to production of proinflammatory cytokines, which promote 
increased glutamate release from presynaptic excitatory neurons and damage to the cortex. Toxic damage to surrounding axons causes myelin shedding, 
which through autophagic pathways ends up in lipid droplets within the microglia and leads to scar formation and lesional epilepsy. (B) The temporally 
distinct dual role of microglia. Acutely, M2-like microglia attenuate seizure activity through the production of immunosuppressive cytokines along with 
upregulation of cell surface receptors. Chronically, epileptic microglia may become proinflammatory, releasing cytokines into the microenvironment that 
facilitate chronic epileptic states.
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While most literature suggests a proepileptogenic role for microglia, microglia may also suppress 
abnormal neuronal activity in SE, particularly in the acute phase (Figure 2B) (54, 68, 69). Neuro-
genesis has been noted in preclinical MTLE models, and the role of  microglia in synaptic pruning 
and engulfment of  new granule cells might be beneficial in curbing the creation of  aberrant neuronal 
connections that lead to abnormal electrical activity and seizures (69, 70). Cannabinoid compounds, 
such as N-acylethanolamine palmitoylethanolamide (PEA), have also been investigated as potential 
antiepileptic therapeutics (71–77). The mechanism of  PEA is still unclear; however, leading hypoth-
eses include potential immune system–related effects such as downregulation of  mast cell activation 
and direct and indirect cannabinoid receptor (CB1 and CB2) activation (78). Notably, CB2 is highly 
expressed in various immune cells (79, 80), including reactive microglia where its activation may sup-
press reactivity and have a neuroprotective effect. Additionally, TLR9 activation on microglia in KA 
seizure models attenuates neurogenesis (81). Similarly, rosiglitazone, a PPARγ agonist, increased M2 
polarization and prevented neuronal loss in pilocarpine-induced TLE mouse models (82). Further 
evaluation of  the activation state of  microglia might provide insight into their potentially conflicting 
roles in epilepsy, with evidence than an M1 phenotype decreases neurogenesis, while an M2 pheno-
type promotes neurogenesis (83–85). Therefore, activation and polarization of  M1-like microglia early 
in epilepsy warrants further investigation. This discrepancy in microglial function may be due to dif-
ferences in kinetics, with a more proinflammatory role during the active or early stages of  epilepsy and 
an immunologically suppressive role during later chronic epilepsy. A key confounder in the analysis 
of  innate immunity is the marked heterogeneity in cell surface markers used to classify macrophages, 
monocytes, and microglia that may also lead to contradictory results.

Microglia as a function of epilepsy type
Neurotoxicity and chronic inflammation lead to demyelination and cell death. Microglia, and to a less-
er extent peripheral immune cells, are the main cells responsible for debris removal (86). Through the 
autophagic lysosomal pathway, microglia degrade engulfed debris containing lipid-dense myelin frag-
ments; however, accumulation of  these lipid droplets impairs microglial function and is toxic (86–88). 
In multiple sclerosis models, microglia likely contribute to lesion formation. The inhibition of  the auto-
phagic lysosomal pathway in microglia or supplementation with conjugated linoleic acid attenuates 
inflammation and may improve recovery from CNS demyelination injuries, thereby improving neuro-
logic outcomes (89, 90). Given the abundance of  activated immune cells specifically localized to the 
seizure focus in epileptic tissue, toxic autophagic lysosomal clearance of  myelin debris may occur, pos-
sibly leading to structural lesions associated with epilepsy. The prevalence of  immune cells in lesions 
also suggests a potential difference in the immune activation states between lesional and nonlesional 
epilepsy and awaits future analysis.

Context-dependent role of peripherally derived monocytes in seizures
Peripherally derived immune cells such as monocytes and macrophages also contribute to the proinflam-
matory signature seen in patients with epilepsy (21, 91–93). While monocyte infiltration in the brain is 
associated with viral encephalitis–induced seizures, monocyte inhibition did not prevent hippocampal 
damage. Therefore, monocytes might contribute to seizure activity but not the cortical damage seen in 
chronic epilepsy (94). Further studies showed that the depletion of  CCR2+ monocytes following SE was 
neuroprotective and reduced blood-brain barrier (BBB) disruption (27, 95–98). However, a recent report 
found that CCR2 ablation did not affect seizure susceptibility and inflammation in preclinical pediatric 
traumatic brain injury models, highlighting a potential disease-specific role of  CCR2 and seizures (99). The 
role of  peripheral immune cells is also likely model dependent. In pilocarpine models, SE onset requires 
induction of  peripheral inflammation, and antagonism of  peripheral inflammation interferes with this phe-
notype (100, 101). In contrast, KA, an analog of  glutamate, works directly on neurons to induce SE, with 
immune inflammation occurring after SE onset (102).

Transient CD11C+OX62+ DC infiltration after seizure
While most prior work has focused on the role of  microglia and astrocytes in epilepsy, given their direct role 
in synaptic homeostasis in healthy parenchyma, several reports have suggested a potential role for CD11c+ 
cells in proinflammatory immune responses following SE. These cells may be DCs, but additional marker 



7

R E V I E W

JCI Insight 2024;9(1):e174753  https://doi.org/10.1172/jci.insight.174753

validation is needed for verification. At steady state, there is a lack of  detectable DCs in the brain paren-
chyma due to the BBB (103). However, DCs have been reported within the CNS in many infections and 
autoimmune conditions when the BBB has been disrupted, thus providing rationale for a potential role of  
DCs in epilepsy (104–106). In pilocarpine-induced seizure models, immunohistochemistry demonstrated 
CD11c+ cells concentrated in the hippocampus, thalamus, and temporal cortex one day after SE (107). In 
these models, OX62+ DCs peaked three days after SE and by day 12, the parenchyma was devoid of  OX62+ 
DCs, similar to baseline. This pattern of  OX62+ DCs mirrors the temporal increase in CD11c+ DCs in the 
same model and mirror the temporal pattern of  lymphocytes (107–109). To look for evidence of  direct 
DC–T cell interactions, the investigators tried to find colocalization of  OX62 with T cell surface markers, 
but none were found (109). However, DC–T cell interactions could still be playing a role in epilepsy through 
soluble factors, such as inflammatory cytokines, or these interactions may be present but not within the 
epileptic foci. Total body–irradiated mice were examined to better understand the origin of  the DCs in the 
brain after KA administration. Mice undergoing total body radiation before induction of  an excitotoxic 
lesion showed decreased infiltration of  OX62+ DCs in the brain, indicating that these DCs are peripheral 
blood derived (109). The unique timeline of  DC recruitment raises questions regarding their function in the 
immune response following SE (Figure 2B). As DCs appear more than 24 hours after initial seizure events, 
they are unlikely to contribute to the acute response after SE but may facilitate chronic epileptic states in 
these models. Unfortunately, these studies only examined the cortex following one seizure and did not report 
on the chronic epileptic state where mice experience several spontaneous recurrent seizures per day.

Glioma-related epilepsy
Interplay between neurons, glioma cells, and microglia. Brain tumor patients often clinically present with epilepsy, 
and depending on tumor type, over 40% of  patients have glioma-related epilepsy (GRE) (110). Distinct from 
the general proinflammatory microenvironment in non-GRE, the glioma tumor microenvironment (TME) 
is for the most part immunosuppressive (111). An understanding of  this apparent discrepancy between 
similar electrical activity providing/assisting to create two opposing environments may provide important 
insights into both diseases. There are likely other differences in the underlying microenvironments, such as 
metabolites and cellular interactions, that ultimately arbitrate aberrant neuronal firing (Figure 3).

Neuron-glioma synapse
Direct and indirect functional synapses between neurons and glioma cells have been found in high-grade 
gliomas (111–115). Neuronal release of  activity-dependent soluble factors, such as glutamate, neuroli-
gin-3 (NLGN3), and brain-derived neurotrophic factor (BDNF), promote glioma progression (115–117). 
Within the neuron-glioma synapse (NGS), glioma cells express AMPAR that binds to glutamate, leading 
to increased proliferation and invasion. Monocyte-produced metalloprotease (MMP) ADAM10 caus-
es the release of  soluble synaptic protein NLGN3, which, through the PI3K/mTOR pathway, induces 
glioma growth. Reciprocally, glioma progression can mediate neuronal hyperexcitation through mass 
effect and molecular mechanisms. Glioma cells secrete aberrant glutamate through the xCT glutamate/
cystine antiporter, leading to glioma progression and hyperexcitation on surrounding peritumoral neu-
rons (118). Additionally, secretion of  TSP2 promotes peritumoral excitatory synapse formation through 
the a2δ-1/Rac1 signaling pathway (119, 120). Glioma-derived MMPs break down the perineuronal nets 
(PNNs) that stabilize inhibitory interneurons (121). Glioma-specific mutations in PIK3CA have been 
implicated in seizure onset, with glypican-3 (GPC3) emerging as a driver of  synaptogenesis and hyper-
excitation. GPC3 from gliomas impairs KCC2 channels in neurons, leading to a paradoxical depolariza-
tion response to GABA. KCC2 impairments have been linked to Src/TrkB-mediated pathways that are 
secondary to increased neuronal Zn2+ concentrations. Reduced KCC2 may also be related to prolonged 
NMDAR activation from the increased glutamate pool (122). Finally, BDNF, secreted by neurons and 
microglia, decreases the surface expression of  KCC2 through Src/TrkB pathways (123, 124).

Neuron-microglia interaction
Microglia infiltration correlates with late spontaneous seizure activity in murine models. As discussed above, 
the role of  microglia in synaptic pruning and formation in healthy and disease states supports potential 
mechanisms by which microglia might alter the NGS. Microglia may mediate NGS through direct neuronal 
connections as seen in epilepsy models and/or through the secretion of  soluble proteins such as MMPs 
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(PNN breakdown), BDNF, IL-10, and TGF-β, which have all been shown to increase hyperexcitation (117). 
Activation of  TGFβR1 increases glutamate and K+ concentrations through surface expression of  aquaporin 
4 (AQP4), thus promoting hyperexcitability and immunosuppression on the microglia themselves. It has 
also been hypothesized that microglia express the xCT antiporter, which might contribute to the large glu-
tamate pool in the peritumoral environment (125). Reciprocally, spreading depolarizations in peritumoral 
neurons have been linked to microglia recruitment (111).

Isocitrate dehydrogenase–mutant glioma-associated seizures: convergence 
of metabolomic and immune modulation
Patients with gliomas with isocitrate dehydrogenase (IDH) mutations are more likely to present with sei-
zures, because the metabolic product of  mutant IDH, D-2-hydroxyglutarate (D-2HG), synchronizes neuro-
nal activity in a similar manner to the hypersynchronous neuronal firing that drives seizures (126). D-2HG 
levels are low in cells and tissues and becomes elevated 10- to 100-fold in IDH-mutant gliomas. D-2HG acts 
as a competitive inhibitor of  many enzymes, including dioxygenases that demethylate DNA and histones 
(127, 128). Thus, the D-2HG–mediated inhibition of  such demethylases gradually shifts the IDH-mutant 
cell toward DNA and histone hypermethylation. This hypermethylated state in immune cells prevents dif-
ferentiation and effector T cell functions (129, 130). The addition of  D-2HG to murine primary neuron-glia 
cultures produces a distinct seizure pattern compared with that generated when only glutamate is added 
to the same culture, suggesting that while D-2HG is a glutamate analog, its epileptogenicity is not sim-
ply through activation of  conventional glutamate receptors (126). As such, the underlying mechanism of  
D-2HG in seizure production has not yet been elucidated. D-2HG also has an immunological role, as it 
is taken up by CD8+ T cells and reduces their cytotoxicity and impairs IFN-γ signaling by inhibiting gly-
colysis. D-2HG accumulates in the latter stages of  macrophage activation and ultimately serves to inhibit 
inflammatory macrophage responses (129, 131). Myeloid cells become tolerized in the IDH-mutant TME 
through the re-orchestration of  tryptophan metabolism, resulting in activation of  the aryl hydrocarbon 
receptor. Ultimately, the pharmacological inhibition of  tryptophan metabolism can partially reverse immu-
nosuppression (132). The cytokine modulatory properties of  D-2HG also inhibit microglial activation via 
the AMPK/mTOR/NF-κB pathway and IL-12 secretion from DCs (133, 134). Other immunoregulatory 
functions include inhibiting the activation of  complement by both the classical and alternative pathways, 
attenuating complement-mediated tumor cell damage, decreasing cellular opsonization, and impairing 
complement-mediated phagocytosis (135). As such, therapies that target IDH1 mutations and downstream 
metabolic products, beyond having direct effects on delaying progression-free survival in low-grade gliomas 
(136), need to be considered in the context of  immunomodulatory strategies. As IDH-mutant inhibitors 

Figure 3. Major glioma-intrinsic mechanisms of epileptogenesis. The TME of GRE is distinct from other forms 
of epilepsy due to the presence of glioma cells. The metabolic landscape includes high adenosine concentrations 
achieved through the CD39/CD73 pathway expressed within the TME, which is immunosuppressive but also a seizure 
suppressant. On the other hand, several proepileptic pathways exist on glioma cells, including (i) aberrant glutamate 
flux through xCT channels; (ii) secretion of TSP1/2, leading to excitatory stimulation; (iii) secretion of GPC3 from 
PIK3CA-mutant gliomas, which inhibits normal KCC2 channels on peritumoral neurons; and (iv) the presence of the 
oncometabolite D-2HG in IDH-mutant (IDH-mt) gliomas, which directly increases neuronal activity.
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decrease seizure frequency in mice bearing IDH-mutant gliomas (126), future clinical trials with IDH-mu-
tant inhibitors (137) should include seizure frequency outcomes as a priority endpoint.

The role of adenosine metabolism in GRE
Adenosine is an endogenous antiseizure metabolite that can acutely terminate seizure activity by directly inhib-
iting presynaptic action potentials (138, 139). Adenosine clearance occurs through the activity of adenosine 
kinase (ADK) to form AMP (140, 141). Astrocytes upregulate ADK in response to chronic activation and sei-
zure activity (142, 143), which is observed in patients with MTLE (144, 145). Paradoxically, in animal models, 
overexpression of ADK alone can lead to seizure activity (146, 147). While the epileptic microenvironment 
is adenosine depleted through upregulation of ADK due to astrogliosis, the glioma TME is adenosine rich, 
which would therefore dampen epileptic activity. High adenosine concentration within the glioma TME occurs 
through hydrolyzation of extracellular ATP to AMP by CD39 and then into adenosine by CD73-expressing 
cells. In this context, adenosine has been shown to promote gliomagenesis through increased immunosup-
pression by binding to A2 adenosine receptors expressed on immune cells within the glioma TME (148, 149). 
This adenosine production triggers the generation of immunosuppressive IL-10, arginase 1, and TGF-β, while 
decreasing proinflammatory IFN-γ and TNF-α. These data would suggest that an adenosine-poor environment 
in the epileptic brain would not be conducive for the development and growth of gliomas.

Development of immunomodulatory strategies for epilepsy
Cumulatively, these data provide rationale for considering modulation of the immune system and cytokines 
beyond the standard clinical practice of steroids in the treatment of some epilepsies. Prioritization of preclin-
ical immunotherapeutic and cytokine targets should include (a) high expression and frequency of the gene/
cell target that will be modulated, (b) a well-defined causal role in epileptogenesis, (c) selection of appropriate 
preclinical model(s) that recapitulate the human biology, and (d) a clinically feasible route of administration. 
The difference in T cell infiltration in mouse models versus humans is likely secondary to the kinetics of the 
immune responses. Although the brains of mice can be sampled during acute phases of epilepsy initiation, 
human brain specimens are usually only obtained during chronic epilepsy. The evidence seems to indicate 
that T cell–directed therapies may have a larger impact if  administered early in the disease course and could 
potentially alter the chronicity of the disease. Notably, ASMs are largely effective and safe in the acute setting 
and there are limited biomarkers to identify which patients may develop drug-resistant epilepsy. As such, the 
development of T cell strategies would likely have a limited market and the focus should be on modulation of  
the myeloid compartment, including microglia, especially for patients with drug-resistant epilepsy.

Given the heterogeneous nature of  epilepsy and the available preclinical models, the selection of  
appropriate animal models is crucial for vetting clinically relevant therapeutics (35). Immunological char-
acterization, including the kinetics of  the various preclinical epilepsy models, would provide necessary 
foundational knowledge for the field. A translational strategy to be considered includes complementary 
pharmacological and genetic knockout or overexpression of  target(s) in the KA or pilocarpine models with 
initial screening of  target-directed therapeutics in the acute electroshock models. Delivery of  peripherally 
administered drugs to the CNS is hampered by the BBB, a common obstacle faced in developing neurologic 
therapeutics. However, disruption of  the BBB has been shown in both patients with epilepsy and animal 
models of  epilepsy (19, 150–154). Immunohistochemical analysis of  tissue from patients with TLE has 
shown increased levels of  CCL2 linked to BBB disruption and epileptogenesis (36, 152, 153). Therefore, 
systemic delivery of  immunotherapies may be a viable strategy for these patients, presenting an advantage 
over treating other CNS diseases not accompanied by BBB disruption. If  possible, the selection of  targets in 
regions where BBB disruption is occurring may improve therapeutic responsiveness. The rapid emergence 
of  pharmacological, ultrasonic, and mechanical means for opening the BBB could provide ways to acutely 
circumvent the BBB for strategies to treat epilepsy and other CNS diseases. Finally, the determination of  
the extent of  BBB disruption and any alterations in the composition of  vasculature in these epileptogenic 
regions is an area that needs future investigation.

Conclusions
More recent profiling of  human epilepsy specimens using more contemporaneous methodologies has iden-
tified an activated microglial population that may be interacting with T cells (20). Modeling epilepsy in 
preclinical murine models has suggested that CD8+ T cells may exert neurotoxic effects on hippocampal 
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neurons, leading to TLE (38). While the immunosuppressive microenvironment in GRE should generally 
be beneficial if  epilepsy has a proinflammatory immune landscape, patients with glioma have seizures. This 
apparent contradiction is partially resolved by the identification of  glioma-elaborated or -induced factors, 
such as D-2HG and adenosine that are involved in seizure activity, but there are likely others. An improved 
understanding of  the interplay between immune cells and neurons is required to help prioritize specif-
ic targets for the next generation of  ASMs. Additionally, given the heterogeneity of  epileptic etiologies, 
understanding differences between non-glioma epilepsy immune mechanisms and GRE mechanisms and 
other epilepsy syndromes is crucial to development of  epilepsy subtype–specific therapeutics. For example, 
patients with IDH-mutant glioma may benefit from front-line IDH-mutant inhibitors to reduce seizure 
activity. Precision medicine strategies for epilepsy, rather than more generalized symptomatic control, may 
ultimately be of  greater benefit to patients. Finally, cell type–specific therapeutics that target the myeloid 
compartment may emerge to prevent chronic epilepsy. Mouse models and human studies have provided 
important information regarding the contribution of  the immune system to epileptic seizure developments; 
however, several key factors must be considered for future studies: (a) immune characterization and profil-
ing of  various types of  epilepsy would be informative for the selection of  immunomodulatory therapeutics, 
(b) preclinical murine models of  epilepsy need to be aligned to clinical conditions to select and optimize 
the next generation of  therapeutics, and (c) comprehensive metabolomic profiling should be conducted on 
epilepsy specimens to prioritize potential targeting strategies.

Address correspondence to: Amy B. Heimberger, Northwestern University; SQ6-516; 303 E. Superior 
Street Chicago, Illinois 60611, USA. Phone: 312.503.3805; Email: Amy.heimberger@northwestern.edu.

 1. Puteikis K, Mameniskiene R. Mortality among people with epilepsy: a retrospective nationwide analysis from 2016 to 2019. 
Int J Environ Res Public Health. 2021;18(19):10512.

 2. Guery D, Rheims S. Clinical management of  drug resistant epilepsy: a review on current strategies. Neuropsychiatr Dis Treat. 
2021;17:2229–2242.

 3. Knupp KG, et al. Response to treatment in a prospective national infantile spasms cohort. Ann Neurol. 2016;79(3):475–484.
 4. Grosso S, et al. A comparative study of  hydrocortisone versus deflazacort in drug-resistant epilepsy of  childhood. Epilepsy Res. 

2008;81(1):80–85.
 5. You SJ, et al. Efficacy and prognosis of  a short course of  prednisolone therapy for pediatric epilepsy. Eur J Paediatr Neurol. 

2008;12(4):314–320.
 6. Sheikh Z, Hirsch LJ. A practical approach to in-hospital management of  new-onset refractory status epilepticus/febrile infection 

related epilepsy syndrome. Front Neurol. 2023;14:1150496.
 7. Dey A, et al. Anti-inflammatory small molecules to treat seizures and epilepsy: from bench to bedside. Trends Pharmacol Sci. 

2016;37(6):463–484.
 8. Tomic M, et al. Antiepileptic drugs as analgesics/adjuvants in inflammatory pain: current preclinical evidence. Pharmacol Ther. 

2018;192:42–64.
 9. Neumann AM, et al. Mycophenolate mofetil prevents the delayed T cell response after pilocarpine-induced status epilepticus in 

mice. PLoS One. 2017;12(11):e0187330.
 10. Holtman L, et al. Effects of  SC58236, a selective COX-2 inhibitor, on epileptogenesis and spontaneous seizures in a rat model 

for temporal lobe epilepsy. Epilepsy Res. 2009;84(1):56–66.
 11. Li TR, et al. The role of  the microRNA-146a/complement factor H/interleukin-1β-mediated inflammatory loop circuit in the 

perpetuate inflammation of  chronic temporal lobe epilepsy. Dis Model Mech. 2018;11(3):dmm031708.
 12. Ravizza T, et al. Innate and adaptive immunity during epileptogenesis and spontaneous seizures: evidence from experimental 

models and human temporal lobe epilepsy. Neurobiol Dis. 2008;29(1):142–160.
 13. Srivastava A, et al. Role of  inflammation and its miRNA based regulation in epilepsy: implications for therapy. Clin Chim Acta. 

2016;452:1–9.
 14. Zhu G, et al. Effects of  interleukin-1beta on hippocampal glutamate and GABA releases associated with Ca2+-induced Ca2+ 

releasing systems. Epilepsy Res. 2006;71(2–3):107–116.
 15. Li L, et al. Role of  astroglial Toll-like receptors (TLRs) in central nervous system infections, injury and neurodegenerative dis-

eases. Brain Behav Immun. 2021;91:740–755.
 16. Scheffer IE, et al. ILAE classification of  the epilepsies: position paper of  the ILAE commission for classification and terminolo-

gy. Epilepsia. 2017;58(4):512–521.
 17. Belhedi N, et al. Increased CPA6 promoter methylation in focal epilepsy and in febrile seizures. Epilepsy Res. 2014;108(1):144–148.
 18. Shen N, et al. Role of  BDNF Val66Met functional polymorphism in temporal lobe epilepsy. Int J Neurosci. 2016;126(5):436–441.
 19. Xu D, et al. Peripherally derived T regulatory and γδ T cells have opposing roles in the pathogenesis of  intractable pediatric epi-

lepsy. J Exp Med. 2018;215(4):1169–1186.
 20. Kumar P, et al. Single-cell transcriptomics and surface epitope detection in human brain epileptic lesions identifies pro-inflam-

matory signaling. Nat Neurosci. 2022;25(7):956–966.
 21. Kumar P, et al. Pro-inflammatory, IL-17 pathways dominate the architecture of  the immunome in pediatric refractory epilepsy. 

JCI Insight. 2019;5(8):e126337.



1 1

R E V I E W

JCI Insight 2024;9(1):e174753  https://doi.org/10.1172/jci.insight.174753

 22. Bien CG, et al. The natural history of  Rasmussen’s encephalitis. Brain. 2002;125(pt 8):1751–1759.
 23. Bauer J, et al. Astrocytes are a specific immunological target in Rasmussen’s encephalitis. Ann Neurol. 2007;62(1):67–80.
 24. Al Nimer F, et al. Phenotypic and functional complexity of brain-infiltrating T cells in Rasmussen encephalitis. Neurol Neuroimmunol 

Neuroinflamm. 2018;5(1):e419.
 25. Piwecka M, et al. Single-cell and spatial transcriptomics: deciphering brain complexity in health and disease. Nat Rev Neurol. 

2023;19(6):346–362.
 26. Zattoni M, et al. Brain infiltration of  leukocytes contributes to the pathophysiology of  temporal lobe epilepsy. J Neurosci. 

2011;31(11):4037–4050.
 27. Choi J, et al. Cellular injury and neuroinflammation in children with chronic intractable epilepsy. J Neuroinflammation. 2009;6:38.
 28. Kandratavicius L, et al. Animal models of  epilepsy: use and limitations. Neuropsychiatr Dis Treat. 2014;10:1693–1705.
 29. Kandratavicius L, et al. Distinct increased metabotropic glutamate receptor type 5 (mGluR5) in temporal lobe epilepsy with and 

without hippocampal sclerosis. Hippocampus. 2013;23(12):1212–1230.
 30. Mathern GW, et al. Hippocampal neuron damage in human epilepsy: Meyer’s hypothesis revisited. Prog Brain Res. 

2002;135:237–251.
 31. Lothman EW, et al. Epileptogenic effects of  status epilepticus. Epilepsia. 1993;34 Suppl 1:S59–S70.
 32. Knopp A, et al. Cellular and network properties of  the subiculum in the pilocarpine model of  temporal lobe epilepsy. J Comp 

Neurol. 2005;483(4):476–488.
 33. Mudo G, et al. Change in neurotrophins and their receptor mRNAs in the rat forebrain after status epilepticus induced by pilo-

carpine. Epilepsia. 1996;37(2):198–207.
 34. Leite JP, et al. Learning impairment in chronic epileptic rats following pilocarpine-induced status epilepticus. Braz J Med Biol 

Res. 1990;23(8):681–683.
 35. Loscher W. Critical review of  current animal models of  seizures and epilepsy used in the discovery and development of  new 

antiepileptic drugs. Seizure. 2011;20(5):359–368.
 36. Broekaart DWM, et al. Activation of  the innate immune system is evident throughout epileptogenesis and is associated with 

blood-brain barrier dysfunction and seizure progression. Epilepsia. 2018;59(10):1931–1944.
 37. Hsieh MY, et al. Diminished Toll-like receptor response in febrile infection-related epilepsy syndrome (FIRES). Biomed J. 

2020;43(3):293–304.
 38. Pitsch J, et al. CD8+ T-lymphocyte-driven limbic encephalitis results in temporal lobe epilepsy. Ann Neurol. 2021;89(4):666–685.
 39. Paolicelli RC, et al. Synaptic pruning by microglia is necessary for normal brain development. Science. 2011;333(6048):1456–1458.
 40. Matcovitch-Natan O, et al. Microglia development follows a stepwise program to regulate brain homeostasis. Science. 

2016;353(6301):aad8670.
 41. Schafer DP, Stevens B. Microglia function in central nervous system development and plasticity. Cold Spring Harb Perspect Biol. 

2015;7(10):a020545.
 42. Noda M, et al. AMPA-kainate subtypes of  glutamate receptor in rat cerebral microglia. J Neurosci. 2000;20(1):251–258.
 43. Favuzzi E, et al. GABA-receptive microglia selectively sculpt developing inhibitory circuits. Cell. 2021;184(22):5686.
 44. Logiacco F, et al. Microglia sense neuronal activity via GABA in the early postnatal hippocampus. Cell Rep. 2021;37(13):110128.
 45. Takeuchi H, et al. Blockade of microglial glutamate release protects against ischemic brain injury. Exp Neurol. 2008;214(1):144–146.
 46. Takeuchi H, et al. Tumor necrosis factor-alpha induces neurotoxicity via glutamate release from hemichannels of  activated 

microglia in an autocrine manner. J Biol Chem. 2006;281(30):21362–21368.
 47. Haroon E, et al. Inflammation, glutamate, and glia: a trio of  trouble in mood disorders. Neuropsychopharmacology. 

2017;42(1):193–215.
 48. Piers TM, et al. Positive allosteric modulation of  metabotropic glutamate receptor 5 down-regulates fibrinogen-activated 

microglia providing neuronal protection. Neurosci Lett. 2011;505(2):140–145.
 49. Taylor DL, et al. Stimulation of  microglial metabotropic glutamate receptor mGlu2 triggers tumor necrosis factor alpha-induced 

neurotoxicity in concert with microglial-derived Fas ligand. J Neurosci. 2005;25(11):2952–2964.
 50. Lu-Emerson C, et al. Increase in tumor-associated macrophages after antiangiogenic therapy is associated with poor survival 

among patients with recurrent glioblastoma. Neuro Oncol. 2013;15(8):1079–1087.
 51. Brites D, Fernandes A. Neuroinflammation and depression: microglia activation, extracellular microvesicles and microRNA 

dysregulation. Front Cell Neurosci. 2015;9:476.
 52. Kinoshita S, Koyama R. Pro- and anti-epileptic roles of  microglia. Neural Regen Res. 2021;16(7):1369–1371.
 53. Morin-Brureau M, et al. Microglial phenotypes in the human epileptic temporal lobe. Brain. 2018;141(12):3343–3360.
 54. Luo C, et al. Microglia engulf  viable newborn cells in the epileptic dentate gyrus. Glia. 2016;64(9):1508–1517.
 55. Dal-Pizzol F, et al. Lipid peroxidation in hippocampus early and late after status epilepticus induced by pilocarpine or kainic 

acid in Wistar rats. Neurosci Lett. 2000;291(3):179–182.
 56. Sleven H, et al. Depletion of  reduced glutathione precedes inactivation of  mitochondrial enzymes following limbic status epi-

lepticus in the rat hippocampus. Neurochem Int. 2006;48(2):75–82.
 57. Ryan K, et al. Temporal and spatial increase of  reactive nitrogen species in the kainate model of  temporal lobe epilepsy. Neurobi-

ol Dis. 2014;64:8–15.
 58. Shekh-Ahmad T, et al. Reactive oxygen species in status epilepticus. Epilepsy Behav. 2019;101(pt b):106410.
 59. McElroy PB, et al. Scavenging reactive oxygen species inhibits status epilepticus-induced neuroinflammation. Exp Neurol. 

2017;298(pt a):13–22.
 60. Kishida KT, Klann E. Sources and targets of  reactive oxygen species in synaptic plasticity and memory. Antioxid Redox Signal. 

2007;9(2):233–244.
 61. Kishida KT, et al. NADPH oxidase is required for NMDA receptor-dependent activation of  ERK in hippocampal area CA1. 

J Neurochem. 2005;94(2):299–306.
 62. Almeida C, et al. Distinct cell-specific roles of  NOX2 and MyD88 in epileptogenesis. Front Cell Dev Biol. 2022;10:926776.
 63. Choi J, Koh S. Role of  brain inflammation in epileptogenesis. Yonsei Med J. 2008;49(1):1–18.
 64. Liu JT, et al. Inhibition of  MyD88 signaling skews microglia/macrophage polarization and attenuates neuronal apoptosis in the 



1 2

R E V I E W

JCI Insight 2024;9(1):e174753  https://doi.org/10.1172/jci.insight.174753

hippocampus after status epilepticus in mice. Neurotherapeutics. 2018;15(4):1093–1111.
 65. Zhang Y, et al. Conditional knockout of  ASK1 in microglia/macrophages attenuates epileptic seizures and long-term neu-

robehavioural comorbidities by modulating the inflammatory responses of  microglia/macrophages. J Neuroinflammation. 
2022;19(1):202.

 66. Yamamoto A, et al. Evidence of  tumor necrosis factor receptor 1 signaling in human temporal lobe epilepsy. Exp Neurol. 
2006;202(2):410–420.

 67. Shkrob LO, et al. [Effects of  the open method of  treatment on the status of  the immune system in patients with deep thermal 
injuries]. Khirurgiia (Mosk). 1989;(4):109–112.

 68. Eyo UB, et al. Neuronal hyperactivity recruits microglial processes via neuronal NMDA receptors and microglial P2Y12 recep-
tors after status epilepticus. J Neurosci. 2014;34(32):10528–10540.

 69. Vinet J, et al. Neuroprotective function for ramified microglia in hippocampal excitotoxicity. J Neuroinflammation. 2012;9:27.
 70. Zhou QG, et al. Chemogenetic silencing of  hippocampal neurons suppresses epileptic neural circuits. J Clin Invest. 

2019;129(1):310–323.
 71. Lambert DM, et al. Anticonvulsant activity of  N-palmitoylethanolamide, a putative endocannabinoid, in mice. Epilepsia. 

2001;42(3):321–327.
 72. Citraro R, et al. Pharmacokinetic-pharmacodynamic influence of  N-palmitoylethanolamine, arachidonyl-2’-chloroethylamide 

and WIN 55,212-2 on the anticonvulsant activity of  antiepileptic drugs against audiogenic seizures in DBA/2 mice. Eur J Phar-
macol. 2016;791:523–534.

 73. Citraro R, et al. Antiepileptic action of  N-palmitoylethanolamine through CB1 and PPAR-α receptor activation in a genetic 
model of  absence epilepsy. Neuropharmacology. 2013;69:115–126.

 74. Post JM, et al. Antiepileptogenic effect of  subchronic palmitoylethanolamide treatment in a mouse model of  acute epilepsy. 
Front Mol Neurosci. 2018;11:67.

 75. Sheerin AH, et al. Selective antiepileptic effects of  N-palmitoylethanolamide, a putative endocannabinoid. Epilepsia. 
2004;45(10):1184–1188.

 76. Aghaei I, et al. Palmitoylethanolamide attenuates PTZ-induced seizures through CB1 and CB2 receptors. Epilepsy Res. 
2015;117:23–28.

 77. Bortoletto R, et al. Is it time to test the antiseizure potential of  palmitoylethanolamide in human studies? A systematic review of  
preclinical evidence. Brain Sci. 2022;12(1):101.

 78. Petrosino S, Di Marzo V. The pharmacology of  palmitoylethanolamide and first data on the therapeutic efficacy of  some of  its 
new formulations. Br J Pharmacol. 2017;174(11):1349–1365.

 79. Bie B, et al. An overview of  the cannabinoid type 2 receptor system and its therapeutic potential. Curr Opin Anaesthesiol. 
2018;31(4):407–414.

 80. Yousaf  M, et al. Neuroprotection of  cannabidiol, its synthetic derivatives and combination preparations against microglia-medi-
ated neuroinflammation in neurological disorders. Molecules. 2022;27(15):4961.

 81. Matsuda T, et al. TLR9 signalling in microglia attenuates seizure-induced aberrant neurogenesis in the adult hippocampus. 
Nat Commun. 2015;6:6514.

 82. Peng J, et al. Rosiglitazone polarizes microglia and protects against pilocarpine-induced status epilepticus. CNS Neurosci Ther. 
2019;25(12):1363–1372.

 83. Ekdahl CT, et al. Inflammation is detrimental for neurogenesis in adult brain. Proc Natl Acad Sci U S A. 2003;100(23):13632–13637.
 84. Butovsky O, et al. Microglia activated by IL-4 or IFN-gamma differentially induce neurogenesis and oligodendrogenesis from 

adult stem/progenitor cells. Mol Cell Neurosci. 2006;31(1):149–160.
 85. Nikolakopoulou AM, et al. Activated microglia enhance neurogenesis via trypsinogen secretion. Proc Natl Acad Sci U S A. 

2013;110(21):8714–8719.
 86. Bogie JFJ, et al. Stearoyl-CoA desaturase-1 impairs the reparative properties of  macrophages and microglia in the brain. J Exp 

Med. 2020;217(5):e20191660.
 87. Wang X, et al. Macrophages in spinal cord injury: phenotypic and functional change from exposure to myelin debris. Glia. 

2015;63(4):635–651.
 88. Van der Laan LJ, et al. Macrophage phagocytosis of  myelin in vitro determined by flow cytometry: phagocytosis is mediated by 

CR3 and induces production of  tumor necrosis factor-alpha and nitric oxide. J Neuroimmunol. 1996;70(2):145–152.
 89. Zhou LQ, et al. Staged suppression of  microglial autophagy facilitates regeneration in CNS demyelination by enhancing the 

production of  linoleic acid. Proc Natl Acad Sci U S A. 2023;120(1):e2209990120.
 90. Zia S, et al. Single-cell microglial transcriptomics during demyelination defines a microglial state required for lytic carcass clear-

ance. Mol Neurodegener. 2022;17(1):82.
 91. Howe CL, et al. Inflammatory monocytes damage the hippocampus during acute picornavirus infection of  the brain. J Neuroin-

flammation. 2012;9:50.
 92. Howe CL, et al. Hippocampal protection in mice with an attenuated inflammatory monocyte response to acute CNS picornavi-

rus infection. Sci Rep. 2012;2:545.
 93. Cusick MF, et al. Infiltrating macrophages are key to the development of  seizures following virus infection. J Virol. 

2013;87(3):1849–1860.
 94. Waltl I, et al. Macrophage depletion by liposome-encapsulated clodronate suppresses seizures but not hippocampal damage 

after acute viral encephalitis. Neurobiol Dis. 2018;110:192–205.
 95. Varvel NH, et al. Infiltrating monocytes promote brain inflammation and exacerbate neuronal damage after status epilepticus. 

Proc Natl Acad Sci U S A. 2016;113(38):E5665–E5674.
 96. Tian DS, et al. Chemokine CCL2-CCR2 signaling induces neuronal cell death via STAT3 activation and IL-1β production after 

status epilepticus. J Neurosci. 2017;37(33):7878–7892.
 97. Cerri C, et al. The chemokine CCL2 mediates the seizure-enhancing effects of  systemic inflammation. J Neurosci. 

2016;36(13):3777–3788.
 98. Arisi GM, et al. Increased CCL2, CCL3, CCL5, and IL-1β cytokine concentration in piriform cortex, hippocampus, and neo-



1 3

R E V I E W

JCI Insight 2024;9(1):e174753  https://doi.org/10.1172/jci.insight.174753

cortex after pilocarpine-induced seizures. J Neuroinflammation. 2015;12:129.
 99. Sharma R, et al. Ccr2 gene ablation does not influence seizure susceptibility, tissue damage or cellular inflammation after 

murine pediatric traumatic brain injury. J Neurotrauma. 2022;40(3–4):365–382.
 100. Marchi N, et al. Antagonism of  peripheral inflammation reduces the severity of  status epilepticus. Neurobiol Dis. 

2009;33(2):171–181.
 101. Vezzani A. Pilocarpine-induced seizures revisited: what does the model mimic? Epilepsy Curr. 2009;9(5):146–148.
 102. Yu H, et al. Rufinamide (RUF) suppresses inflammation and maintains the integrity of  the blood-brain barrier during kainic 

acid-induced brain damage. Open Life Sci. 2021;16(1):845–855.
 103. Hart DN, Fabre JW. Demonstration and characterization of  Ia-positive dendritic cells in the interstitial connective tissues of  rat 

heart and other tissues, but not brain. J Exp Med. 1981;154(2):347–361.
 104. Trifilo MJ, Lane TE. The CC chemokine ligand 3 regulates CD11c+CD11b+CD8alpha- dendritic cell maturation and activation 

following viral infection of  the central nervous system: implications for a role in T cell activation. Virology. 2004;327(1):8–15.
 105. Stichel CC, Luebbert H. Inflammatory processes in the aging mouse brain: participation of  dendritic cells and T-cells. Neurobiol 

Aging. 2007;28(10):1507–1521.
 106. Plumb J, et al. CD83-positive dendritic cells are present in occasional perivascular cuffs in multiple sclerosis lesions. Mult Scler. 

2003;9(2):142–147.
 107. Li XW, et al. Brain recruitment of  dendritic cells following Li-pilocarpine induced status epilepticus in adult rats. Brain Res Bull. 

2013;91:8–13.
 108. Bulloch K, et al. CD11c/EYFP transgene illuminates a discrete network of  dendritic cells within the embryonic, neonatal, 

adult, and injured mouse brain. J Comp Neurol. 2008;508(5):687–710.
 109. Newman TA, et al. Blood-derived dendritic cells in an acute brain injury. J Neuroimmunol. 2005;166(1–2):167–172.
 110. Bernardino MR, et al. Refractory epilepsy in children with brain tumors. The urgency of  neurosurgery. Arq Neuropsiquiatr. 

2016;74(12):1008–1013.
 111. Hatcher A, et al. Pathogenesis of  peritumoral hyperexcitability in an immunocompetent CRISPR-based glioblastoma model. 

J Clin Invest. 2020;130(5):2286–2300.
 112. Huang-Hobbs E, et al. Remote neuronal activity drives glioma progression through SEMA4F. Nature. 2023;619(7971):844–850.
 113. Curry RN, et al. Glioma epileptiform activity and progression are driven by IGSF3-mediated potassium dysregulation. Neuron. 

2023;111(5):682–695.
 114. Goethe EA, et al. The role of  hyperexcitability in gliomagenesis. Int J Mol Sci. 2023;24(1):749.
 115. Yu K, et al. PIK3CA variants selectively initiate brain hyperactivity during gliomagenesis. Nature. 2020;578(7793):166–171.
 116. Venkatesh HS, et al. Targeting neuronal activity-regulated neuroligin-3 dependency in high-grade glioma. Nature. 

2017;549(7673):533–537.
 117. Yang Y, et al. Brain tumor networks in diffuse glioma. Neurotherapeutics. 2022;19(6):1832–1843.
 118. Dahlmanns M, et al. Glial glutamate transporter-mediated plasticity: system xc

-/xCT/SLC7A11 and EAAT1/2 in brain diseas-
es. Front Biosci (Landmark Ed). 2023;28(3):57.

 119. Risher WC, et al. Thrombospondin receptor α2δ-1 promotes synaptogenesis and spinogenesis via postsynaptic Rac1. J Cell Biol. 
2018;217(10):3747–3765.

 120. Wang YH, et al. Glioma-derived TSP2 promotes excitatory synapse formation and results in hyperexcitability in the peritumor-
al cortex of  glioma. J Neuropathol Exp Neurol. 2021;80(2):137–149.

 121. Yang T, et al. Perineuronal nets degradation and parvalbumin interneuron loss in a mouse model of  DEPDC5-related epilepsy. 
Dev Neurosci. 2023;44(6):671–677.

 122. Lee HH, et al. NMDA receptor activity downregulates KCC2 resulting in depolarizing GABAA receptor-mediated currents. 
Nat Neurosci. 2011;14(6):736–743.

 123. Coull JA, et al. BDNF from microglia causes the shift in neuronal anion gradient underlying neuropathic pain. Nature. 
2005;438(7070):1017–1021.

 124. Coull JA, et al. Trans-synaptic shift in anion gradient in spinal lamina I neurons as a mechanism of  neuropathic pain. Nature. 
2003;424(6951):938–942.

 125. Buckingham SC, Robel S. Glutamate and tumor-associated epilepsy: glial cell dysfunction in the peritumoral environment. Neu-
rochem Int. 2013;63(7):696–701.

 126. Drumm MR, et al. Postoperative risk of  IDH-mutant glioma-associated seizures and their potential management with IDH-mu-
tant inhibitors. J Clin Invest. 2023;133(12):e168035.

 127. Xu W, et al. Oncometabolite 2-hydroxyglutarate is a competitive inhibitor of  α-ketoglutarate-dependent dioxygenases. Cancer 
Cell. 2011;19(1):17–30.

 128. Lu C, et al. IDH mutation impairs histone demethylation and results in a block to cell differentiation. Nature. 
2012;483(7390):474–478.

 129. Notarangelo G, et al. Oncometabolite d-2HG alters T cell metabolism to impair CD8+ T cell function. Science. 
2022;377(6614):1519–1529.

 130. Figueroa ME, et al. Leukemic IDH1 and IDH2 mutations result in a hypermethylation phenotype, disrupt TET2 function, and 
impair hematopoietic differentiation. Cancer Cell. 2010;18(6):553–567.

 131. de Goede KE, et al. d-2-Hydroxyglutarate is an anti-inflammatory immunometabolite that accumulates in macrophages after 
TLR4 activation. Biochim Biophys Acta Mol Basis Dis. 2022;1868(9):166427.

 132. Friedrich M, et al. Tryptophan metabolism drives dynamic immunosuppressive myeloid states in IDH-mutant gliomas. Nat Can-
cer. 2021;2(7):723–740.

 133. Han CJ, et al. The oncometabolite 2-hydroxyglutarate inhibits microglial activation via the AMPK/mTOR/NF-κB pathway. 
Acta Pharmacol Sin. 2019;40(10):1292–1302.

 134. Ugele I, et al. D-2-hydroxyglutarate and L-2-hydroxyglutarate inhibit IL-12 secretion by human monocyte-derived dendritic 
cells. Int J Mol Sci. 2019;20(3):742.

 135. Zhang L, et al. D-2-hydroxyglutarate is an intercellular mediator in IDH-mutant gliomas inhibiting complement and T cells. 



1 4

R E V I E W

JCI Insight 2024;9(1):e174753  https://doi.org/10.1172/jci.insight.174753

Clin Cancer Res. 2018;24(21):5381–5391.
 136. Mellinghoff  IK, et al. Vorasidenib in IDH1- or IDH2-mutant low-grade glioma. N Engl J Med. 2023;389(7):589–601.
 137. Kamson DO, et al. Impact of frontline ivosidenib on volumetric growth patterns in isocitrate dehydrogenase (IDH) mutant astrocytic 

and oligodendroglial tumors [published online June 29, 2023]. Clin Cancer Res. https://doi.org/10.1158/1078-0432.CCR-23-0585.
 138. During MJ, Spencer DD. Adenosine: a potential mediator of  seizure arrest and postictal refractoriness. Ann Neurol. 

1992;32(5):618–624.
 139. Weltha L, et al. The role of  adenosine in epilepsy. Brain Res Bull. 2019;151:46–54.
 140. Boison D. Adenosine kinase: exploitation for therapeutic gain. Pharmacol Rev. 2013;65(3):906–943.
 141. Studer FE, et al. Shift of  adenosine kinase expression from neurons to astrocytes during postnatal development suggests dual 

functionality of  the enzyme. Neuroscience. 2006;142(1):125–137.
 142. Boison D, Steinhauser C. Epilepsy and astrocyte energy metabolism. Glia. 2018;66(6):1235–1243.
 143. Steinhauser C, Boison D. Epilepsy: crucial role for astrocytes. Glia. 2012;60(8):1191.
 144. Aronica E, et al. Upregulation of  adenosine kinase in astrocytes in experimental and human temporal lobe epilepsy. Epilepsia. 

2011;52(9):1645–1655.
 145. Masino SA, et al. Purines and neuronal excitability: links to the ketogenic diet. Epilepsy Res. 2012;100(3):229–238.
 146. Li T, et al. Adenosine kinase is a target for the prediction and prevention of epileptogenesis in mice. J Clin Invest. 2008;118(2):571–582.
 147. Li T, et al. Adenosine dysfunction in astrogliosis: cause for seizure generation? Neuron Glia Biol. 2007;3(4):353–366.
 148. Burnstock G, Boeynaems JM. Purinergic signalling and immune cells. Purinergic Signal. 2014;10(4):529–564.
 149. Goswami S, et al. Immune profiling of  human tumors identifies CD73 as a combinatorial target in glioblastoma. Nat Med. 

2020;26(1):39–46.
 150. van Vliet EA, et al. Blood-brain barrier leakage may lead to progression of  temporal lobe epilepsy. Brain. 2007;130(pt 2):521–534.
 151. Xu D, et al. Immune mechanisms in epileptogenesis. Front Cell Neurosci. 2013;7:195.
 152. Marchi N, et al. Seizure-promoting effect of  blood-brain barrier disruption. Epilepsia. 2007;48(4):732–742.
 153. Seiffert E, et al. Lasting blood-brain barrier disruption induces epileptic focus in the rat somatosensory cortex. J Neurosci. 

2004;24(36):7829–7836.
 154. Librizzi L, et al. Peripheral blood mononuclear cell activation sustains seizure activity. Epilepsia. 2021;62(7):1715–1728.


